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EXECUTIVE SUMMARY

In light of the devastating landslides of the winter of 1996/97, Seattle Public Utilities (SPU)
created a new landslide policy and undertook a program of landslide awareness and mitigation.

One part of that program is an evaluation of landsliding in Seattle.

Landsliding in Seattle is caused by a combination of geologic conditions, steep topography,
concentration of rainfall in the winter months, and the influences of an urban environment. The
geologic conditions are primarily a legacy of repeated glacial incursions during the past 2 million
years. The topography is the result of mass wasting in the past 13,000 years, since the
disappearance of the last glacial ice. Although Seattle does not receive a large volume of
precipitation, concentrations of rainfall in the winter months can be significant enough to saturate
the glacial and colluvial soils. Overlying this natural setting is the human pattern of residential,

commercial, and industrial development, and the infrastructure that binds it together.

Seattle is unique in that it has a rich record of landslides that dates back as far as 1890. A
database was created with 1,326 landslides. Information in the database includes the location,
date, type of landslide, geologic conditions, and possible contributing factors. The landslides
were also plotted on maps using Arcview Geographic Information System (GIS) technology, and
then the locations were field checked to reduce the error. In spite of this verification process,
some of the locations are still approximate. The database and GIS maps are useful tools for City
of Seattle (City) departments.

Four landslide types were recognized from the data amassed in the study:

e High Bluff Peeloff — blockfalls of soil from the high bluffs that are found primarily along
‘ the cliffs of Puget Sound.

(2) Groundwater Blowout —catastrophic groundwater/soil bursts caused by the buildup of
groundwater pressures along the contact of pervious/impervious soil units.

3) Deep-Seated Landslides — deep, rotational or translational sliding and slumping caused
by groundwater pressures within a hillside.

@) Shallow Colluvial (Skin Slide) — shallow rapid sliding of the outer rind of a hillside slope,
sometimes also resulting in a debris flow.

The most common type of slide is the shallow colluvial slide, particularly in response to an

intense, short-duration storm. The largest and commonly most destructive are deep-seated
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landslides; however, they are not activated as frequently as the othef types of slides. The
preponderance of landslides occur in January after the water table has risen in the previous
months, although destructive landsliding can sometimes last until March. The landsliding occurs
in only about 1 percent of the City, around the edges of the steep, mostly linear hills. Although
all of the steep slopes on the hill margins are susceptible to sliding, the GIS maps clearly show
that certain areas are highly susceptible to slope instability. Contributing causes of landsliding
may be myriad, but water is involved in nearly all of the cases. Consistent with other studies in
the City and the region, 84 percent of the reported landslides may have had some factor of
human influence associated with them.

Of the total number of landslides in the database, 58 percent were within existing potential slide
areas and 76 percent were within the steep slope areas, as defined by the Department of Design
Construction and Land Use (DCLU). The percentage of landslides within either a steep slope or
existing potential slide area was 88. Several dense clusters of slides were clearly outside of
existing mapped potential slide areas, so studies were performed to remap the potential slide
areas throughout the City using the historical record as the—primary factor.

Typical improvements to slope instability in Seattle are presented for each of the types of
landslides. They include surface water and groundwater improvements, retaining structures, soil
reinforcement, grading, and catchment or diversion structures. Unit cost estimates were prepared
for each of the landslide improvement features. The role of vegetation to maintain stable slope
conditions and reduce erosion is discussed. The role of utilities and roads in landslides and how
to reduce landsliding through the design of utilities are also presented.

Forty-three stability improvement areas were defined throughout the City. They are areas that
share somewhat similar geologic and groundwater conditions, and are geographically

contiguous. For each of these stability improvement areas, engineering solutions were tabulated,
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so rough cost estimates could be made by the City; however, no site-specific subsurface

explorations were performed.

SHANNON & WILSON, INC.

Sl D Zl

William D. Nashem
Geologist

William T. Laprade, C.E.G.
Vice President

2/1/ 2000

Thomas E. Kirkland, P.E.
Vice President/Staff Consultant

WDN:WTL:CAR:TEK/lkd

W7992-07.RP2.doc/pec/njg
iii

s
Yea®

Mexpines. 11[2%]00

|

Christopher A. Robertson, P.E.

Associate

W-7992-07



TABLE OF CONTENTS

VOLUME 1. GEOTECHNICAL REPORT

Page
EXECUTIVE SUMMARY ...oocttiitieiiiteerteresttesser et eeeesieesbeseeesresbesssaesasestsessesneenseonsesnsassnesssesnesanees i
PREFACE

1.0 INTRODUCGCTION ... .ooiiiiitiieee ettt ettt ettt ettt et st st et sn e s eaesaeeseeneens 1

L1 PUIPOSE ettt ettt ettt na e b e e ae e eana s 1

1.2 SCOPE OF SEIVICES..euiriieriiiiiiitieieeteettt ettt sesesn e e sa e saas b aesaeeas 2

1.3 RepOrt OrganizZatiOn......ccocieieeeeirireenrenierieentesie s sieeee e sttt ees e s srs s s asareens 3

1.4 AUTROTIZALION ... oe e ieteertie ettt e et s e e et iserbrr b et e eeassaessesssnsraeaaasaesaansssarsrnneneranns 4

1.5 LAMItALIONS ...eeitiiiieeieriie ettt ettt sttt et et saesab s sbesanesaessans e ne s 4
PART 1. LANDSLIDE INVENTORY AND ANALYSES

2.0 GEOLOGIC CONDITIONS .....coiiitiiitere ettt si e sbe et ne e s nenbe s 9

2.1 TOPOZIAPNY ettt et s e e 9

2.2 SHratiGraPRY...cccveerererienieriee ettt 10

2.2.1  Tertiary Bedrock .......coeevviiienieiniiiiiniiiiiecrcrecr e 10

2.2.2  Pre-Vashon DEPOSItS ....ceeceeiiiiiiiiieeieeie st 10

2.2.3 Vashon Glacial Deposits..........cccoeeverneens o eeeereenieeeebeesre s te e e e nare e beeareeanteeniaees 11

2.2.4  HolOCENE DEPOSILS c.eeeueiiieiieiiiriieciet ettt ettt ettt e sre s s 12

2.3 Groundwater and Wet Weather ........ocovviiiiiiii e 12

3.0 METHODOLOGY .coosoeseoesoressosseoeessoeessseeessoesssesseessseessoessoesseessoesssersoes 14

3.1 DatA SOUICES ...uuuveiiiiiiieii ettt ettt se s e s s ban s e sesar et e ot et e s e snras e s e e s sanaes 14

3.2 Data DEeSCIIPLION ..evrieeiereeeie ettt sttt ettt sbe b sanesn e sneeaeea 15

3.2.1 Landslide [dentification ........cccovieriireeiiiiiiniciciee e 15

3.2.2 Landslide CharacteriStiCs ... uuueurriariieniirieenieeieeniieeereeneeesresreesnesesaeennsesnnens 17

3.2.3  Stratigraphy (GEOlOZY) .oooveeveiiiiiieiiieiicc et 18

3.2.4 Landslide Trigger MeChaniSms .........cccuecveverieieeiesiernenieneerenieecessesseseesenennes 18

3.2.5 Roads and Public Utility Impact..........ccceceeiimmmieriiineniiinneeiiceciecieen 19

3.2.6 Damage and Repair (IMitigation) .......ccceveeeiieniienieieneenecrreeeeeceis e 20

3.3 Data PrOCESSINE ..oecuieriieeiiieeeieeieeiee et ee et et eb st e st e e see e stsesseesanaesnsssraeebasenaeae 21

4.0 LANDSLIDES ..ottt sttt nts ettt sttt sa st e e s eseea et sme e e ses e sanssssnbsenennens 22

‘ 4.1 Landslide Ty Pes..cuii oottt et e e 22

W7992-07.RP2.DOC/WP/IBB W-7992-07

v



TABLE OF CONTENTS (cont.) | Ss’“”\i\é\ﬂua SWILSON, INC,

Page

4.1.1 High BIuff Peeloff .......ocioioiieriiiiieece e 22

4.1.2  Groundwater BIOWOUL ........coouiiiiiiiiiiiieieerie et 23

4.1.3 Deep-Seated Landslides.......ccocevirvveriiiiiniininiiiiiicee 23

4.1.4 Shallow Colluvial (SKin SHAe) .....ccceeeviimniiiiierieeete e 24

4.2 Timing of LandsSHdes .....cccovirieiieneniieiectre ettt s s 24

4.3 Landslide ATEAS .....ccceerviirireeieetieiieariie e ettt et e st ettt et e st e ser e et e e e eneere e e e e sans 26

4.4 Causes of Landslides ......oovieiiiiiiiiiieniine e 28

4.5 Potential Slide and Steep S10PE ATEAS ......oevueieiiriiieiiiertcereceeeeee et 30
PART 2. GEOTECHNICAL EVALUATIONS

5.0 PURPOSE AND SCOPE .....oootioieieeieieee ettt st sttt sae et esae s s sen e sene e 32

5.1 Purpose of Geotechnical Evaluations ........c.ccocevverieiiccionieniiiceeneccrineene e 32

5.2 Scope of Geotechnical Evaluations .........cccccceeviericrniiinieniceeciee e 32

6.0 TYPICAL IMPROVEMENTS RELATED TO LANDSLIDE TYPE .....cccccovoiiiina 33

6.1 Geologic Conditions that Contribute to Landsliding and Instablhty ............................ 33

6.2 Typical Approaches to Improve Stability............ et ettt b et e e et 35

6.3 High Bluff Peeloff Landslides.........ccovieriiiiiieiiiiiiicicerc e 37

6.4 Groundwater Blowout LandsSlides .........ccceviveiirieriiniiciiiec it 38

6.5 Deep-Seated Landslides.......ccceoverierricnininiieiiiieene et 39

6.6 Shallow Colluvial Landslides .........cceecueriuiiiiiie e 41

7.0 DETAILS REGARDING IMPROVEMENTS ....cccoiiiiiiiiiiieee ettt svee e 43

7.1  Surface Water IMProvements ..........coceeoimiirriiiiiiiinii s 43

‘ T L1 TIGHHNES c..ociiiiii e 44

7.1.2  Surface Water Systems — Maintenance .........ccuveeevereeerreeariennieeenerenaereesnneees 45

7.2 Groundwater IMProVEMENTS ........ccoiiriiiiiieieente ettt ettt et ree e e 46

7.2.1 Interceptor Trench Subdrains and Finger Drains..........ccccoeveniviininiinninnnn 47

7.2.2  Springhead Drains .........ccccoviiiiiiiiiiiiiiee e 51

7.2.3 Drainage Blankets........ccoccvveiiiiiiiiiiiecrs et 52

7.2.4  Drilled DIains ....oc.oorveriiiiieeieeiiece ettt e s s 52

7.2.5 Other Subsurface Drainage Systems.............. ereeeeteeere e eee bt be e re e bt enreeennbeanae 55

7.2.6 Monitoring and Maintaining Subsurface Drainage Systems.........ccccecvevvrinneas 56

7.3 Retalning STIUCTUIES. ..c.ueirvieerrerieeeriesiveerseaeteeeseesteesseeassreeteeaaseeaseeesnsesasesnesnsessaeassiness 57

731 I ST WALLS 1t 58

7.3.2  Gravity WallS...coooiiciiiiiieiieniie ettt ettt sebe e 60

7.4 S0il ReINFOICEMENT .....ciiiieeiiiiiiiiece ettt eeee e sibe e e e eeesanes 61

7.4.1 Reinforced Soil WallS......ccooiiiiiiiieriieceee e 61

7.4.2  Soil Nail Walls....oooiiii e 62

7.5 GIAINIE ..voveveeerieeeeeeeeeee ettt ettt et essete et ese s ese e e b ana s se e enean i 62

W7992-07.RP2.DOC/WP/IBB W-7992-07



TABLE OF CONTENTS (cont.) SHANNON &WILSOM, INC.

Page
7.5.1 Drainage IMpProvements.........coveereerieciriieniieiienie e 63
7.5.2 Decrease Driving Weight .......ccccciniiiiiiiiiiiii 64
7.5.3 Increase Resisting Weight ......occvvirieiiiniiniiiiicrcccnencec e 65
7.5.4 Increase Soil Strength.....cccooeeviiiiiiini 66
7.5.5 Remove Unstable SOl .....ccovieriieiirieiie et 67
7.6 Catchment or Diversion Structures........ccceveevveevncerieeneneen. e e eea e raearresreeeanraaas 67
7.7 VEZEIAtION . ccuteeenieeieeeieit ettt et et b e b b s bbb e et 68
8.0 COST ESTIMATE ..ottt ettt ettt sttt ettt s et sae e s reenesaesae s sasesnnsenis 70
9.0 CITY UTILITIES AND STREETS ...oioiiiieiiiiirccenitectenec e 71
0.1 SHIEELS 1veeieree ittt eect e et e et e et e e e e e e ettt et e s r e e e s b e e et e e et e et e st e sn e s e s e s 71
9.1.1  Reduce INfIration .....eeceeieiiieerieee ettt e 72
9.1.2  Storm Water Runoff Control ........ccoeciiriiiiiiiiiiiiieieeee e 72
9.1.3  Subsurface Drainage........ccceveeiriiniieiieeicee e s 73
9.1.4 Structures and Grading Improvements .........ccccovcueeereeenieniinieeiienececnnnece 75
0.2 BUried ULIHTIES. ...eeeiiiie ettt sttt r e e n s eene s saae s e 75
9.2.1 Subsurface Drainage.............. et et e et erreeree e eneenbeeeens .76
9.2.2  Groundwater CONIOLS ...icuiiirieieiienie et 77
0.2.3  Old Buried UIIHES .....eoeieereeteetieteetceieetee sttt senesne s 78
9.2.4 Grading IMProVemMENts ......cceeerrerrrerieerienrertenitesiee et s sees e saneens 79
9.2.5  Other ConsSiderations .......oueeveeceeriieniee e ettt e eae e ssba e ns 79
" PART 3. LANDSLIDES IN THREE STUDY AREAS

WEST SEATTLE, MAGNOLIA/QUEEN ANNE, MADRONA
TO.O GENERAL ..ottt sttt st et s e sateseteneeebeameeaseebsensesraeesnnens 81
10.1 PurpoSe and SCOPE....cocuereerrierierieriienienteeteteeiee st enteesae st esree e ssesassnse s snnsaaesreesneeaes 81
10.2 ACHONS DY CILY cneteeieeiiiete ettt st s s 83
10.3 Actions by Private Property OWNErS .......ccocevvuriiiereiriiene e 85
10.4 Additional Considerations .......c.ceeueieeeiirrieiiiieeniereeee e e e saesre s eaan e 85
11.0 WEST SEATTLE.....oo oottt ettt st sne st ea b ende s s 86
11,1 Site DESCIIPLION ..eviieiiiieeiieeie ettt s e e 87
11.2 S0l Sati@raphy ..eeeeve et 87
11.3 GIOUNAWALET ..evviieieiieiiieciieeie ettt este ettt e et essteesaseeenesenesesaeestn e meessaesaaessosnnas 88
11,4 LandsSlide TyPeS...coocuiiriereeeriert ettt ettt et e strr s seee s e e reessae s esmessanasisesraeessaneen 89
11.4.1 High Bluff Peeloff Landslides .........cceoveeriererniiiiioieniecicniee e 89
11.4.2 Groundwater Blowout Landslides ...........cocceiriiiniiniienicie e 89
11.4.3 Deep-Seated Landslides........coooieiiiiiiiiiiiiieieeeceecee e 89
11.4.4 Shallow Colluvial Landslides......c.cccoveeriiiiiiieiiiniieeiceiceecee e 90
11.5 Landslides with Debris FIOWS .....cccviiiiiiiiiieiiiiiiereiee ettt 91
11.6 Timing of LandsHdes .......c..ooiiiiiiiic e 92
11.7 Severe Storm-Related Landslides.........cocveviiiiieriiiiiiiiiee et 92
W7992-07.RP2.DOC/WP/JBB W-7992-07

vi



TABLE OF CONTENTS (cont.)

SHANMON BWILSON, INC,

Page

11.8 Potential SHAE ATCaS.....uuvii ittt e et e e e stra e e stvr e e s rrb e e e e s snrnrasaaeas 92
11.9 Stability IMProvements........cccoeriirereinienieiieiieniesie e 92
11.9.1 23rd AVENUE S.W . oottt eeare e e e e e avaeeeeraaeaas 93
11.9.2 AdMIral WaY.....oooiiieiieeienecieee ettt et e sr e et 94
11.9.3 Fairmount GUICH .....coviiiiie et e e s e e e 95
11.9.4 Harbor AVENUE.........oooiiiiiiiiiiiiee ettt vt e e e e e e eeseteseeseeeeesssssessesssse e e e anenaes 96
11.9.5 ALKI AVEIUE .....ovvveiieirie et ettt e e e eerie e e e e e e e eatae e e eeareeeeesneeeesenteeeseassasnssaaeens 98
11.9.6 Boyd Place/Chilberg Place ..........cooceeiiiiiniiiiiiiiieeicececereeee e 99
11.9.7 JacobsSen ROA .....ocooiiiiiiiiriieeiiitiee ettt e e et e e eaea e e e s 100
11.9.8 Beach Drive/Atlas Place ....cccoioviiiiviiiiriieriereeieece e eeseerivrree e s e snrer e e e e reaaes 101
11.9.9 471h AVENUE S.W . oevieiiiie ittt ettt e e s essebrabeesessssvsresrressanens 102
11.9.10 Se0la BEACh .. .covviiiiiieiiiciee e e e 103

12.0 MAGNOLIA/QUEEN ANNE ..ottt ettt ettt sttt st et 104
12.1 Site DIESCIIPLION .eoreieieiiieiiieieeeteeitete ettt ettt et e sre e sae e s s san s eaneas 104
12.2 SOl Strati@raphY ...everveeierrerieieeree ettt e 105
12.3 GIOUIAWALET ..euvveiveiiieiieieeeereeeieiirreeeesveessesesserseesseeseseeasaeaasseeseasstareeeaeesassrarneransenaareenes 105
12.4 Landslide Types....c.coeevrerienerveneeennnnes e et vt eas 105
12.4.1 High BIuff Peeloff ........ooiiiiieiieeee e 105
12.4.2 Groundwater Blowout Landslides ........ccccoeeiiieiiiiiiii e 106
12.4.3 Deep-Seated Landslides........coecveeriiriiniiiiiiiiiiiiiicrirc e 106
12.4.4 Shallow Colluvial Landslides.........coooviviriiiieiiiririceeeieie et ceciie e cvareree e 106

12.5 Landslides With DebriS FIOWS ....coouuiiiiiiiee et 107
12.6 Timing of Landsldes . .......cccoiiiiiiiiiiiiiec e 107
12.7 Severe Storm-Related Landslides.........ccoooiiiiiiiiiiiciiice e 107
12.8 Potential SHHAE ATCaS.....uuuiviiiiiiiiiiirierieereeeisiierirrtrerrrsrrerrerreseeseeriiarereesesissssrrreessserersees 108
12.9 Stability IMProvements. .....ccooieiiiiiriiceiiie ettt 108
12.9.1 Perkins Lane NOTTR .......oooiiiiiiiiie ettt et e e ee s 109
12.9.2 Perkins Lane SOUth........covviiiiiiiiir ettt e tre e e e e e 110
12.9.3 320 AVEINUE W oottt eeeeee st esr et s e s eesataaresaseseasesanessnnnannen 112
12.9.4 W. Galer STTEET oot ces ettt es e eseerasereseseansransenensarens 113
12.9.5 Magnolia Way.....cocveuiiiiieiieiee ettt sttt e bee e s e e nneens 114
12.9.6 KiNNEAr Park ......oooiioiiiiiiiiiii ettt ettt e e e sarae e e e e e e eenes 115
12.9.7 West QUEEN ANIE ..couvieeeieiieeiiieeesserree e e e rieere e e ssbbeessibaeessreeeesamreereaeeesenns 117
12.9.8 Northwest QUEEN ANNC.......ccocveeeiiriieiiiiereirrieeerereeeseeresereesaeesrreesreeesenseesessne 119
12.9.9 East QUEEN ANNE ......eoeiiriiieiieiiieeii et eitee et e sttt sbee e sre e e snenesmaeeesns 119

I3.0 MADRONA ...ttt et e e e e et e et e e e e e bt et e e eeeabreeeeetaeeeetaeeeasbeeaeessnsananes 120
13.1 Site Description .......ceevevevveerrnrneerveerenns eteeeere e hee e bae et et e e et e be e bt e bt e err e et e e e e e 121
13.2 Soil Stratigraphiy ..cc..ccieeeeee et .. 121
13.3 GIOUNAWALET «.ovvvveeeieiceiiiee ettt e e e et e e e etaeeeetaseasasssaeessaseeeeeseannnes 121
13.4 Landslide TyPes...ccueiieiiiie ettt ettt s 122
W7992-07.RP2.DOC/WP/JBB W-7992-07

vii



- TABLE OF CONTENTS (cont.) SHANNON &WILSON, INC.

Page
3.4.1 High Bluff Peeloff Landslides .........c.cicoceniinniniiiciecienrcece e 122
13.4.2 Groundwater Blowout Landslides ........ccoocoeeiviieiiiiinneenn. ST 122
13.4.3 Deep-Seated Landslides........ccovviviiiiiiiiniiiiiii 122
13.4.4 Shallow Colluvial Landsldes......cccccccovvieiiiiiniiiiiiiieinee e eessesseee e 122
13.5 Landslides With Debris FIOWS ......ooovciiiiiirriiiiieinieiecreeiicnirieeeeere e e eecsirenees e s esesenseeaeeeas 123
13.6 Timing of LandSlides .......cccooeririertinieriieineeercee ettt eeree st ss e 123
13.7 Severe Storm-Related Landslides.........uveriioiiiiiiiiiiiiiiie ettt esreee e eeee s 123
13.8 Potential SIHAE ATEAS.......vviiiiceeeiiiieee e e et e e e e e et e e eeta e e e searaeaeesensassneeees 123
13.9 Stability IMPrOVEMENTS....ccverieierieririieeeere ettt st sne e et 124
13.9.1 HISIAE DITVE...cooieoieiii ettt ettt e e tee e s e e e e s e eenen 124
13.9.2 32nd AVENUE E. oo e e s et e e e e e e e 125
13.9.3 MadIona DIIVE ...cooeviiiiiiie ettt s ae e s eenans 126
13.9.4 Madrona Park........cooooeiiiiiii e 127
13.9.5 Lake DIl coovivviiiiiiiii ettt ettt eeesae b s e s e e e s e see s aaaaeeas 128
13.9.6 Lakeside NOTTH......vciiiiiiiiiciieee ettt e e e e e are e e s e e e e 129
13.9.7 Lakeside SOUtN.......oiiiiiiiiiciee et e e s 130

PART 4. LANDSLIDES IN NORTH, CENTRAL, AND SOUTH SEATTLE
T4.0 GENERAL ..ottt ettt e et e e e e taa e s e tte e e e bsaessbaaeasassasassaesssaseessaeesnssaeeenan 132
14.1 Purpose and SCOPE....coeeuieieieeiieieierte ettt ettt et et ene s sba e 132
14.2 ACHIONS DY CILY oviiitiiiieieiieee ettt ettt otae s e st s e e e 134
14.3 Actions by Private Property OWNETS ........cceoieeiieeiireiieiieeie e e 136
15.0 NORTHWEST SEATTLE .....cootiiotteeitie ettt e et e ettt e e e evaeesane e svaeesasaeesnseeasannnes 138
15,1 Site DIESCIIPLION w.eviviiiieeeiiietieteeeetest ettt eseesres e be b se et e e b se e s e e e see st eseeneeseenneeaens 138
15.2 Stability IMpProvements. .....cooueirriiiieiieeec et e 138
15.3 BIOAAVIEW ...oueiiiiieeieeeeeeeee et ettt ettt bbb trtrbrbatbatn b naran e eaenraes 139
15.4 25th AVENUE IN.W . ittt ee et e e e e e e s e s e b betae e e e e s sesarntnnaraeseeeeaenreees 140
15.5 Carkeek Park......... ettt sttt r et et en et et et et e r e 140
15.6 BIUE RIAZE ...vvieiiiiieiieie ettt st r e e e s saaae e 141
15.7 GOlden GArdeIS .......ecvvvveiieiieiee et eeeeite e e et teee e eetive e e s etaeeseeestbteesserseessssnenananaaeenaas 142
15.8 SIHIISHOLE .evuiviiiiiiie ettt e et e e et e s ee st antr b e e e e e e aeeeasbranstaeaeeesasnnrrannnnnnnnnns 144
16.0 NORTHEAST SEATTLE ..ottt ettt et ette s stv s e sbe e eabeaessaesessbe e s s asneees 144
16.1 Site Description ..........c.c..... O OO F U OO PO PO PUURROTRPOOS 144
16.2 Stability Improvements............cccevueeuenns J USSP RUUPIOUPERPPPIOt 145
16.3 BUIKE GIIMIAIL. c.vvveviiiiiiiiee ettt eet e ee st eeeetae e e e e esteeeeassssaeesasnsseaanaeeaeans 146
16,4 TIIVEIIIESS s iuvuuvrrnrrrrerinrrrereeseeeriirrreeeseesissrrsrreresesesseesesessssrsseneeasessassssnseaseessesenasnsnnnsnnsnnunee 147
L6.5 LaUTCIIUISE . .eveeeiiriieiiiiiee ettt et e et e e ettt e e et et e e et stbreesaaeessaasssnssnnssnnnnnnes 147
17.0 CAPITOL HILL ...ttt ettt e e e e e e beeeaateesaateeeasaeaeenanreees 148
17.1 Site DESCIIPHION ..eeiiiirii ittt ettt ettt ettt eeene e s e snae s ans 148
17.2 Stability IMProvements. ..ottt 149
W7992-07.RP2.DOC/WP/IBB W-7992-07

viil



TABLE OF CONTENTS (cont.) HANNON &WILSON, INC.

W

Page
17.3 North Capitol Hill......occoioiiiiiiiiiieiciiiciccc e 150
17.4 TNEEILAKEN c...oveecvie ettt et ettt et et e e e e e aneebs e st e s e saiaaes 150
17.5 West Capito]l Hill.....ccoiieiiiiieeieiieiiiinine e 152
18.0 SOUTH SEATTLE ...ttt sttt ettt e sb et st e sat e b eanesassonaesns 152
18.1 Site DESCIIPLION .vrvievivereeiirieerieeteetente st et st st s st besa e sttt be s nseanae s 152
18.2 Stability IMProvements. .......cccoeriiiireiiiiiiiectenic s 153
18.3 MOUNE BAKET ..eivvieiiieiieenit ettt st 154
18.4 25th AVENUE S. ..oiiiiiiieiieeetee ettt ettt e et e e s rrar e e st s sabe s s eaaas 155
18.5 West Beacon Hill......ooouiiiiiieiee ettt e 156
18.6 DUWAMISI ..c.vviiiitiit ettt 157
18.7 Rainier BEACh......iioiiiiieiieiecctit ettt 158
PART 5. POTENTIAL SLIDE AREAS
19.0 PURPOSE AND SCOPE ....coooiiiieierieeiieiete sttt r ettt st e sae e sae s ensene s 159
20.0 BACKGROUND.......ccooooerseersoeesioe SR ST ... 160
210 RESULTS ..ottt 160
22.0 REFERENCES ... ..ottt ettt sttt s eaer e sttt estbesabesbesasssmessnaeasas 164
LIST OF TABLES
Table No.
PART 2
2-1- Typical Improvement Unit Costs (4 pages)
PART3
3-1 Stability Improvement Areas, West Seattle, Magnolia/Queen Anne, Madrona
PART 4
4-1 Stability Improvement Areas, Northwest, Northeast, Capitol Hill, South Seattle
W7992-07.RP2.DOC/WP/JBB W-7992-07

1x



TABLE OF CONTENTS (cont.) SHANNOM &WILSOM, INC,

LIST OF FIGURES
Figure No.

PART 1

Idealized Geologic Conditions, Typical Seattle Hillside
High Bluff Peeloff Landslide Type

Groundwater Blowout Landslide Type

Deep-Seated Landslide Type

Shallow Colluvial (Skin Slide) Landslide Type
Landslide in Fill Material

Annual Distribution of Landslides

Monthly Distribution of Landslides (2 sheets)

Human Influence on Landslides

O e e e )
1
0 0 1 ON WD DLW

-10 Types of Landslides
PART 2
2-1 Typical High Bluff Peeloff Landslide Stability Improvements (3 sheets)
2-2 Typical Groundwater Blowout Landslide Stability Improvements (2 sheets)
2-3 Typical Deep-Seated Landslide Stability Improvements (3 sheets)
2-4 Typical Shallow Colluvial Landslide Stability Improvements (2 sheets)
2-5 Typical Landslide in Fill Material Stability Improvements
2-6 Typical Tightline Anchoring Detail (2 sheets)
2-7 Typical Trench Subdrain Interceptor Trench and Finger Drain (2 sheets)
2-8 Typical Drainage Dam Detail
2-9 Typical Springhead Drain Detail
2-10 Typical Drainage Blanket Detail
2-11 Typical Horizontal, Directional and Vertical Drain Sketch
2-12 Typical Soldier Pile Wall, Design Criteria (Sheet 1)

Typical Soldier Pile Wall, Backfill and Drainage (Sheets 2 and 3)

2-13 Typical Crib Wall with Subdrainage and Backfilling
2-14 Typical Section, Ecology Block Wall
2-15 Typical Geotextile Soil Wall Section
2-16 Typical Geogrid Reinforced Soil Wall Section
2-17 Typical Section Geotextile-Reinforced Slope
2-18 Typical Fill Buttress
2-19 Typical Soldier Pile Catchment Wall
PART 3
3-1 Idealized Geologic Conditions, Duwamish Head Area
3-2 Idealized Geologic Conditions, West Magnolia Bluff
W7992-07.RP2.DOC/WP/JBB W-7992-07



TABLE OF CONTENTS (cont.) SHANNOMN &VWILSOM, INC,

VOLUME 2. MAP FOLIO AND LANDSLIDE DATABASE

LIST OF APPENDICES
APPENDIX A MAP FOLIO - CITYWIDE MAPS
Figures
A-1 Shaded Relief Map of Seattle
A-2 Map Legend
A-3 Site Plan of Seattle
A-4 Zone of Particular Landslide Hazard
A-5 Landslides by Decade
A-6 Storm-Related Landslides
A-7 Landslide Types
A-8 Totally Natural Landslides
A-9 High Bluff Peeloff Landslides
A-10 Groundwater Blowout Landslides

A-11 Deep-Seated Landslides

A-12 Shallow Colluvial Landslides

A-13 Landslides and Potential Slide Areas
A-14 Landslides and Steep Slope Areas
A-15 Debris Flow Landslides

APPENDIX B MAP FOLIO - STUDY AREA MAPS, WEST SEATTLE, MAGNOLIA/
QUEEN ANNE, MADRONA

Figures
West Seattle
B-1 Site Plan
B-2 Groundwater Blowout Landslides
B-3 Deep-Seated Landslides
B-4 Shallow Colluvial Landslides
B-5 Debris Flow Landslides
B-6 Landslides by Decade
B-7 Storm-Related Landslides
B-8 Landslides and Potential Slide Areas
B-9 Stability Improvement Areas
" Magnolia/Queen Anne

B-10 Site Plan

B-11 High Bluff Peeloff Landslides
B-12 Groundwater Blowout Landslides
B-13 Deep-Seated Landslides

B-14 Shallow Colluvial Landslides
B-15 Debris Flow Landslides

B-16 Landslides by Decade

B-17 Storm-Related Landslides

W7992-07 RP2.DOC/WP/JBB W-7992-07
Xi



TABLE OF CONTENTS (cont.) SHANMNON &WILSON, INC.

B-18 Landslides and Potential Slide Areas

B-19 Stability Improvement Areas
Madrona

B-20 Site Plan

B-21 Groundwater Blowout Landslides

B-22 Deep-Seated Landslides

B-23 Shallow Colluvial Landslides

B-24 Debris Flow Landslides

B-25 Landslides by Decade

B-26 Storm-Related Landslides

B-27 Landslides and Potential Slide Areas

B-28 Stability Improvement Areas
APPENDIX C MAP FOLIO - NORTH, CENTRAL, AND SOUTH SEATTLE
Figures
C-1 Site Plan of Seattle
C-2 Northwest Seattle Vicinity Map
C-3 Northwest Seattle Stability Improvement Areas
C-4 Northeast Seattle Vicinity Map '
C-5 Northeast Seattle Stability Improvement Areas
C-6 Capitol Hill Vicinity Map
C-7 Capitol Hill Stability Improvement Areas
C-8 South Seattle Vicinity Map
C-9 South Seattle Stability Improvement Areas

APPENDIX D MAP FOLIO — POTENTIAL SLIDE AREAS

Figures
D-1 Existing Delineation of Potential Slide Areas
D-2 Proposed Delineation of Potential Slide Areas
D-3 Losses and Gains of Regulated Land due to Proposed

Revisions of Potential Slide Areas

APPENDIX E SEATTLE LANDSLIDE DATABASE

W7992-07.RP2.DOC/WP/IBB W-7992-07
Xii



SHANNON ZWILSON, INC.,

SEATTLE LANDSLIDE STUDY
SEATTLE PUBLIC UTILITIES
SEATTLE, WASHINGTON

PREFACE

1.0 INTRODUCTION
1.1 Purpose

This report presents the results of a comprehensive study of landslides in Seattle, Washington,
using data that dates back to 1890. The first study of landsliding in Seattle was performed by

Dr. Donald Tubbs in his doctoral studies at the University of Washington between 1972 and
1973. The result, Landslides in Seattle, was published in a circular by the Washington
Department of Natural Resources in 1974 (Tubbs, 1974). Tubbs based his study on the wet
1971/72 winter that resulted in the largest number of reported landslides since the winter of
1933/34. Since then, three major winter storm regimes have heavily impacted Seattle in terms of
landslide damage: 1985/86, 1995/96, and 1996/97.

Seattle is unique among cities in the United States in that it instituted a full-time position to
gather information on landslides, categorize it in files, and coordinate landslide information
arﬁong City of Seattle (City) departments. Since the pioneer efforts in the 1960s, this landslide
file has been updated periodically and the files have been open to the public. Despite some
spatial and temporal gaps in the information contained in these files, it is probably one of the
most comprehensive records of landslides in this country. It is this remarkable record that allows
this study to be completed.

When the city experienced the impact of two succeeding rainy seasons (1995/96 and 1996/97) of
abnormally high rainfall, the City, with input from the public, decided to consider new
approaches to deal with landsliding in the City. In order to adopt new City of Seattle policies for
landsliding proaction and response, two approaches were solicited: (1) public outreach and
opinion, and (2) a scientific approach to understanding the landsliding and formulating remedial

~measures to combat it. The first approach was met by holding a series of five public meetings
during which citizen comments were taken. The second approach is addressed with this report
on the landslides in Seattle.
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The purpose of this study is four-fold:

1.

2.

3.

4,

To inventory and catalog landslides in the City and Shannon & Wilson, Inc. (Shannon
& Wilson) files.

To better define landslide hazard zones within the City.
To aid in the landslide policy decisions by City officials.

To increase public knowledge of landslides and landsliding in the City.

1.2 Scope of Services

The scope of services for this study was developed in an iterative manner with officials from

Seattle Public Utilities (SPU). They also received comments from representatives from Seattle
Transportation Department (SEATRAN), Seattle Department of Design Construction and Land
Use (DCLU), and Seattle Law Department. The following are the topics of the scope of work:

1.

Files dating from 1890 were searched in the landslide file at SEATRAN. Electronic
files were received from DCLU, with landslide data starting in 1986. Shannon &
Wilson files were researched internally. The landslides covered by the report are
those reported through June 1999.

The data was categorized and plotted using a Geographic Information Systems (GIS)
base for manipulation and presentation.

Landslides in three selected areas (West Seattle, Magnolia/Queen Anne, and
Madrona) were field checked. Subsequently, the locations of all landslides in the city
were field checked.

Shannon & Wilson personnel attended public and policy meetings to discuss
technical issues regarding landsliding and to relate the results of this study.

The interrelationship between city streets, underground utilities, and landslides were
evaluated citywide.

Shannon & Wilson formulated typical geotechnical engineering solutions and unit
costs related to landslide problems typical to Seattle, and developed Stability
Improvement Areas to provide information for prioritizing remedial efforts and
developing approximate cost estimates.

The citywide locations of potential slide areas were updated based on our evaluations
and field checking.
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8. The results of this study were summarized in this report. |

1.3  Report Organization

This report is presented in two volumes. Volume 1 contains the report and figures. Volume 2

contains the Map Folio and the Landslide Database. Volume 1 is organized into five Parts:

Part 1 - Landslide Inventory and Analysis

This Part describes the data sources and methods used to develop, field check, and
analyze landslides in Seattle. It includes descriptions of the conditions that lead to landsliding in
Seattle, including the topography, geology, groundwater, surface water, climate and cultural
features. This Part also describes the types of landslides that occur in Seattle, when they
occurred, and how their locations relate to currently mapped hazard areas.

Part 2 - Geotechnical Evaluation of Landslides Citywide

Part 2 presents a geotechnical engineering evaluation of the landslides described in
Part 1. It describes typical stability improvements that can be made for each of the landslide
types and typical details for the stability improvements. We present unit cost estimates for the
typical improvements that could be used for preliminary budgeting purposes. Finally, this Part
evaluates how City utilities and streets can affect stability.

Part 3 - Landslides in Three Study Areas: West Seattle, Magnolia/Queen Anne,
Madrona

Part 3 presents the results of geological and geotechnical studies we made in the original
three study areas of the City. These areas are: West Seattle, Magnolia/Queen Anne, and
Madrona. The emphasis in this part of the report is on evaluating factors that contribute to slope
instability and the remedial measures that could be implemented to improve stability in these

areas.
Part 4 - Landslides in North, Central, and South Seattle

Part 4 presents the results of geologic and geotechnical studies we made in four
additional study areas in Seattle: Northwest Seattle, Northeast Seattle, Capitol Hill, and South
- Seattle. Similar to Part 3, this section presents measures for improving stability in these areas.

The original scope of work resulted in the preparation of Parts 1, 2, and 3. In Part 3,

three study areas were originally selected for detailed evaluations including field verification of
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landslide locations. This resulted in the identification of 26 Stability Improvement Areas where
landsliding was prevalent in West Seattle, Magnolia/Queen Anne, and Madrona. Subsequently,
Part 4 was authorized to extend the field verification process to include landslides throughout the
City, and to identify additional Stability Improvement Areas. The result was the delineation of
17 additional Stability Improvement Areas in Northwest Seattle, Northeast Seattle, Capitol Hill,
and South Seattle. Thus, Parts 3 and 4 provide similar results regarding stability improvements
in the respective areas; however, Part 3 includes more description and GIS analyses of the

landslide inventory data than are presented in Part 4.
Part S - Potential Slide Areas

This part describes the process and results of updating the locations of potential slide

areas.

The Figures and Tables for each Part are presented at the end of the Part to which they relate.
They are numbered sequentially in each Part, e.g., Figure 1-1, 1-2, etc., for Part 1, and

Figure 2-1, 2-2, etc., for Part 2. Volume 2 contains the large maps in the Map Folio and the
Landslide Database. Maps in Appendix A relate to Part 1 and maps in Appendix B relate to
Part 3. The maps in Appendix C relate to Part 4, maps in Appendix D related to Part 5, and the
Landslide Database is in Appendix E. |

1.4 Authorization

This study was performed in general accordance with the scope of work submitted on
November 11, 1997, to Mr. Robert Chandler of SPU. Mr. Chandler orally authorized this study
on October 9, 1997. Authorization by Mr. Chandler to proceed with Part 4 and Part 5 was

received in January 1999,

1.5 Limitations

The database information was based on available records and brief, limited field observations.
Differences between the data and actual conditions may exist. The database entries draw no

conclusions regarding the extent to which reported contributing factors caused slope instability.

Based on the database and field observations, geotechnical evaluations were conducted to
“formulate remedial measures for improving stability. As a result of this effort, 43 Stability
Improvement Areas were developed. These are areas where previous instability has been

prevalent (i.e., a concentration of reported landslides). For each Stability Improvement Area, we
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evaluated the conditions that contributed to past instability or that may contribute to potential
future instability, and have presented possible remedial measures to be considered by the City
and private property owners for improving stability. The remedial measures presented are
intended to be preliminary and are provided to give the City and others information that can be
used to prioritize remedial efforts and to develop order-of-magnitude budgets for the work. The
proposed remedial measures are also intended to be illustrative of potential solutions. Additional
evaluation and, in some cases, field reconnaissance, are necessary to prioritize these proposed
remedial projects. To determine final scopes of work and cost estimates, subsurface explorations
and/or additional engineering studies are required.

The number of recommended stability improvements are extensive. It is, thus, obvious that a
considerable length of time in years will be needed for conducting further studies, prioritizing the
improvements, allocating funds, and implementing the work. The recommendations are general
in nature and provide approximate locations where further analyses could take place for
evaluating priorities and scheduling work. To be effective and to prevent overlapping of
remedial measures, the prioritization process must be coordinated with the Needs Assessment of
the Drainage Policy Study conducted for SPU by the consulting engineering firm of Black &
Veatch.

Since landslides and potential areas of instability do not obey property boundaries, the
improvements recommended in Parts 3 and 4 do not consider the location of property lines and
would take place on City property, private properties, or both. The improvements are those that
could be made by the City to protect utilities, drainage features, streets, and other City facilities;
and also those measures to be coordinated between the City and private property owners to
improve stability of an unstable slope. Some improvements would be made by the City, while
other improvements or protection would be the responsibility of private property owners. It is
anticipated that coordination between the City and private property owners would include
expeditious processing of permits; granting of appropriate easements and variances to code
requirernents where needed to improve stability for private and/or public properties; shared costs,
such as by Challenge Grants or Local Improvement Districts (LIDs); or other cooperative efforts.
On private properties, the City may also facilitate the negotiation of easements for stabilizing

measurcs.

" The recommendations presented in this report are based on a technical evaluation, and are not

intended to set City policy. The City’s landslide responsibilities are a complicated blend of
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public policies involving public and private responsibilities and partnerships; therefore, the

implementation of any or all of the recommendations are solely at the City’s discretion.

Improvement of stability involves actions not only by the City, but actions by private property
owners. Such actions by private property owners should include accepting existing conditions
and the risks of slope instability, and accordingly controlling drainage, improving stability,
providing protection for property and structures, and/or obtaining competent professional advice.
Homeowners or potential property owners should also obtain competent professional advice
regarding site selection, property purchase, site improvements, and/or new construction. The
existing conditions to be accepted by private property owners include surface and subsurface
drainage conditions, soil conditions and site geology, site topography, and other factors affecting
stability as described throughout this report. The potential adverse conditions that may occur
during times of very heavy and/or prolonged precipitation should also be considered. In
addition, private property owners should avoid conducting site work that would jeopardize
stability of adjacent property.

None of our studies have considered nor evaluated the specific contributing or predominant
causes of any previous landslides. The stability improvements described in Parts 2, 3, and 4 of
this report are general types of action that could be considered by the City and/or private

property owners to improve stability and reduce landslide risks.

There are always risks of damage to property and structures involving landslides, for property
located on or adjacent to a slope. Property owners need to accept those risks. Although the
recommended improvements and homeowner education can lead to immediate or eventual
improved slope stability conditions, the risks of damage cannot be completely eliminated. In
addition to natural factors (soil, groundwater, heavy rainfall), other factors that may affect
stability are excavations, fills, leaking or broken utility lines, improper drainage, lack of
maintenance of drainage facilities or vegetative cover, unwise actions by adjacent property

owners, or similar events or unknown conditions that may cause instability.

Property owners should also be aware of the advisability of obtaining insurance in addition to
standard homeowner’s insurance to specifically cover the risks posed by geologic hazards

including earth and debris movement.

Shannon & Wilson has prepared the following “Important Information About Your Geotechnical

Report” to assist you and others in understanding the use and limitations of our reports.
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Date: January 2000
To: Seattle Public Utilities
Seattle, WA

yr SHANNON & WILSON, INC. Attachment to and part of Report ~ 'W-7992-07
_ Geotechnical and Environmental Consultants
e

Important Information About Your Geotechnical/Environmental Report

CONSULTING SERVICES ARE PERFORMED FOR SPECIFIC PURPOSES AND FOR SPECIFIC CLIENTS.

Consultants prepare reports to meet the specific needs of specific individuals. A report prepared for a civil engineer may not be adequate
for a construction contractor or even another civil engineer. Unless indicated otherwise, your consultant prepared your report expressly
for you and expressly for the purposes you indicated. No one other than you should apply this report for its intended purpose without first
conferring with the consultant. No party should apply this report for any purpose other than that originally contemplated without first
conferring with the consultant.

THE CONSULTANT'S REPORT IS BASED ON PROJECT-SPECIFIC FACTORS.

A geotechnical/environmental report is based on a subsurface exploration plan designed to consider a unique set of project-specific factors.

Depending on the project, these may include: the general nature of the structure and property involved; its size and configuration; its
historical use and practice; the location of the structure on the site and its orientation; other improvements such as access roads, parking
lots, and underground utilities; and the additional risk created by scope-of-service limitations imposed by the client. To help avoid costly
problems, ask the consultant to evaluate how any factors that change subsequent to the date of the report may affect the recommendations.
Unless your consultant indicates otherwise, your report should not be used: (1) when the nature of the proposed project is changed (for
example, if an office building will be erected instead of a parking garage, or if a refrigerated warehouse will be built instead of an
unrefrigerated one, or chemicals are discovered on or near the site); (2) when the size, elevation, or configuration of the proposed project
is altered; (3) when the location or orientation of the proposed project is modified; (4) when there is a change of ownership; or (5) for
application to an adjacent site. Consultants cannot accept responsibility for problems that may occur if they are not consulted after factors
which were considered in the development of the report have changed.

SUBSURFACE CONDITIONS CAN CHANGE.

Subsurface conditions may be affected as a result of natural processes or human activity. Because a geotechnical/environmental report is
based on conditions that existed at the time of subsurface exploration, construction decisions should not be based on a report whose
adequacy may have been affected by time. Ask the consultant to advise if additional tests are desirable before construction starts; for
example, groundwater conditions commonly vary seasonally.

Construction operations at or adjacent to the site and natural events such as floods, earthquakes, or groundwater fluctuations may also affect
subsurface conditions and, thus, the continuing adequacy of a geotechnical/environmental report. The consultant should be kept apprised
of any such events, and should be consulted to determine if additional tests are necessary.

MOST RECOMMENDATIONS ARE PROFESSIONAL JUDGMENTS.

Site exploration and testing identifies actual surface and subsurface conditions only at those points where samples are taken. The data were
extrapolated by your consultant, who then applied judgment to render an opinion about overall subsurface conditions. The actual interface
between materials may be far more gradual or abrupt than your report indicates. Actual conditions in areas not sampled may differ from
those predicted in your report. While nothing can be done to prevent such situations, you and your consultant can work together to help
reduce their impacts. Retaining your consultant to observe subsurface construction operations can be particularly beneficial in this respect.

AREPORT'S CONCLUSIONS ARE PRELIMINARY.

The conclusions contained in your consultant's report are preliminary because they must be based on the assumption that conditions revealed
through selective exploratory sampling are indicative of actual conditions throughout a site. Actual subsurface conditions can be discerned
only during earthwork; therefore, you should retain your consultant to observe actual conditions and to provide conclusions. Only the

consultant who prepared the report is fully familiar with the background information needed to determine whether or not the report's
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recommendations based on those conclusions are valid and whether or not the contractor is abiding by applicable recommendations. The
consultant who developed your report cannot assume responsibility or liability for the adequacy of the report's recommendations if another
party is retained to observe construction.

THE CONSULTANT'S REPORT IS SUBJECT TO MISINTERPRETATION.

Costly problems can occur when other design professionals develop their plans based on misinterpretation of a geotechnical/environmental
report. To help avoid these problems, the consultant should be retained to work with other project design professionals to explain relevant
geotechnical, geological, hydrogeological, and environmental findings, and to review the adequacy of their plans and specifications relative
to these issues.

BORING LOGS AND/OR MONITORING WELL DATA SHOULD NOT BE SEPARATED FROM THE REPORT.

Final boring logs developed by the consultant are based upon interpretation of field logs (assembled by site personnel), field test results,
and laboratory and/or office evaluation of field samples and data. Only final boring logs and data are customarily included in
geotechnical/environmental reports. These final logs should not, under any circumstances, be redrawn for inclusion in architectural or other
design drawings, because drafters may commit errors or omissions in the transfer process.

To reduce the likelihood of boring log or monitoring well misinterpretation, contractors should be given ready access to the complete
geotechnical engineering/environmental report prepared or authorized for their use. If access is provided only to the report prepared for
you, you should advise contractors of the report's limitations, assuming that a contractor was not one of the specific persons for whom the
report was prepared, and that developing construction cost estimates was not one of the specific purposes for which it was prepared. While
a contractor may gain important knowledge from a report prepared for another party, the contractor should discuss the report with your
consultant and perform the additional or alternative work believed necessary to obtain the data specifically appropriate for construction
cost estimating purposes. Some clients hold the mistaken impression that simply disclaiming responsibility for the accuracy of subsurface
information always insulates them from attendant liability. Providing the best available information to contractors helps prevent costly
construction problems and the adversarial attitudes that aggravate them to a disproportionate scale.

READ RESPONSIBILITY CLAUSES CLOSELY.

Because geotechnical/environmental engineering is based extensively on judgment and opinion, it is far less exact than other design
disciplines. This situation has resulted in wholly unwarranted claims being lodged against consultants. To help prevent this problem,
consultants have developed a number of clauses for use in their contracts, reports and other documents. These responsibility clauses are
not exculpatory clauses designed to transfer the consultant's liabilities to other parties; rather, they are definitive clauses that identify where
the consultant's responsibilities begin and end. Their use helps all parties involved recognize their individual responsibilities and take
appropriate action. Some of these definitive clauses are likely to appear in your report, and you are encouraged to read them closely. Your
consultant will be pleased to give full and frank answers to your questions.

The preceding paragraphs are based on information provided by the
ASFE/Association of Engineering Firms Practicing in the Geosciences, Silver Spring, Maryland
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PART 1. LANDSLIDE INVENTORY AND ANALY SIS

2.0 GEOLOGIC CONDITIONS

Landslides in Seattle are caused by a combination of steep slopes (topography), glacial and post-
glacial soils (stratigraphy), and a pronounced wet winter season (typically November through
March). It requires the interaction of all three to create landsliding in the city. With the
exception of coastal California, Seattle suffers more damage from landslides than most other
large cities in the United States.

21 Topography

Seattle is comprised of a series of linear ridges and broad plateaus with intervening river valleys
and linear depressions that were shaped by the last glacial ice to reach this area. To the south of
the Lake Washington Ship Canal, ridges and swales dominate the landscape. The major hills
that crest at about 450 to 500 feet are Magnolia, Queen Anne Hill, Capitol Hill, Beacon Hill,
West Seattle, and Mount Baker Ridge. They are separated by Interbay, Lake Union, the
Duwamish River Valley, Rainier Valley, and Elliott Bay. Not all of the swales are water-filled.
Some are naturally filled with glacial and nonglacial sediments and others are modified with
artificial fill. With the exception of Longfellow Creek in West Seattle, the ground surface is
drained by short and steep streams.

In the area north of the Lake Washington Ship Canal, the ground surface is a broad undulating
plain. The ground rises up to the north gradually from the ship canal, nearly reaching elevation
500 feet near the north city boundary. It is broken by depressions, such as Green Lake, Haller
Lake, and Bitter Lake. It has also been incised by Pipers Creek on the west and Thornton Creek

on the east.

As shown on a topographic relief map of Seattle, Figure A-1 (Appendix A, Volume 2), the ridges
and plateaus are surrounded on all sides by steep slopes. These slopes range in inclination from
about 25 to 90 degrees with the horizontal. In general, the steeper slopes are those that border
the shoreline of Puget Sound, particularly the rare ones that are not protected from wave erosion.
The only remaining unprotected bluffs in the city are in Discovery Park and a short section of

“shoreline at the south end of Magnolia. Elsewhere, the shoreline is armored or otherwise
protected by individual short bulkheads or by long bulkhead/embankments, such as the
Burlington Northern Santa Fe Railroad (BNSF), north of the ship canal.
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It is on these steep slopes that surround the ridges and plateaus of Seattle that Seattle’s landslides
recur on a regular basis. This process is particularly evident in the retreat of bluffs since the
disappearance of the last glacial ice from the Seattle area about 13,500 years ago. It has been
estimated, based on marine charts showing change in submarine topography, that the Puget
Sound bluffs in Seattle have retreated at a rate of about 75 feet per century (Galster and Laprade,
1991). The rate was undoubtedly much greater in the first few millennia following glacial

retreat; however, it is equally obvious that slope instability is still very active.

2.2 Stratigraphy

Seattle is underlain by bedrock of Tertiary age, glacial and interglacial soil deposits of the
Pleistocene Epoch (2 million to 10,000 years ago), and nonglacial soil deposits of the Holocene
Epoch (present-day). However, soils deposited during the most recent glaciation of the central
Puget Lowland dominate the surface and subsurface geologic conditions in Seattle. These rock
and soil deposits are very completely interwoven by repeated sequences of deposition and
erosion. It 1s clear that each of the major ridges or uplands-has a unique stratigraphic system.

2.2.1 Tertiary Bedrock

Bedrock, consisting' primarily of sandstone and siltstone, outcrops sporadically to the
south of the Seattle Fault (see Figure A-3); however, no bedrock outcrops to the north of this
fault within the city limits because it is buried by 1,000 to 3,000 feet of glacial and nonglacial
sediments. The bedrock does not play a significant role in the landslide history of Seattle. The
only major area of bedrock instability occurred east of Boeing Field where large excavations
were made for Interstate 5 (I-5) in the 1960s.

2.2.2 Pre-Vashon Deposits

Older nonglacial and glacial soils (pre-Vashon Stade) are present within the downtown
business district and in the cores and flanks of most of the hillsides. However, these older soils
have not produced much landsliding. Pre-Vashon glaciomarine deposits (Possession Drift)
underlie the downtown business district, Beacon Hill, and Mount Baker Ridge. They are
intermixed and chaotically stratified clayey till, glaciolacustrine silt/clay, and sand. Locally
throughout the city, these deposits are overlain by a variety of sediments of the Olympia
interglacial period. These sediments include sand, silt and clay layers with scattered organic

fragments, peat pockets, and thin interbeds of gravel.
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2.2.3 Vashon Glacial Deposits

The primary geologic units that are involved with landsliding in Seattle are those that
were laid down during the Vashon Stade of Fraser Glaciation, between about 17,000 and 13,500
years ago (Waldron, 1962; Booth, 1987). Together, the four members (Lawton Clay, Esperance
Sand, Vashon Till, and Vashon recessional outwash) comprise most of the ridges and uplands in
the Seattle area (Figure 1-1). The lowest three members were overridden by approximately

3,000 feet of Vashon Stade ice. Recessional outwash was not overridden by this ice.

The Lawton Clay, a glaciolacustrine deposit, was laid down in a lake that formed as the
glacial ice advanced southward from British Columbia and blocked the Strait of Juan de Fuca.
The unit consists of laminated and massive silty clay and clayey silt with scattered fine sand
lenses. It is hard, from having been glacially overridden. Because of its hard condition and fine-
grained consistency, it is relatively impervious such that groundwater tends to perch on top of its
upper surface. The Lawton Clay is typically interbedded with sands of the overlying Esperance

Sand near the contact of the two units.

The Esperance Sand is a glaciofluvial advance outwash that was deposited by streams
issuing from the Vashon glacier as it advanced southward. It is comprised chiefly of fine to
medium sand that is locally gravelly. Locally, it also contains silt layers and pockets and
discontinuous layers of gravel. It is very dense and pervious with groundwater normally flowing
freely through this soil.

Vashon Till (lodgment till) was deposited beneath the Vashon Stade ice. Also known
locally as “hardpan,” it is normally a gravelly, silty sand or a gravelly, sandy silt with scattered
cobbles and boulders. It is very dense (one of the most compact soils in the world) and relatively
impervious. Water infiltrating through overlying deposits normally perches on top of the till;

however, locally the till contains pervious water-bearing zones.

Vashon recessional outwash was deposited by streams issuing from the Vashon glacier as
it receded or wasted. It is a slightly silty to silty sand with scattered gravel, and is the deposit
that is found at the ground surface on most of the uplands. It is relatively pervious and loose to
medium dense, not having been glacially overridden. Precipitation commonly infiltrates readily
through this deposit and then perches on top of the Vashon Till.
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2.2.4 *Holocene Deposits

Holocene (post-glacial) deposits are ubiquitous throughout Seattle. They include
alluvium, beach deposits, depression fillings, and colluvium. These soils have not been glacially
overridden. As such, they are typically loose to medium dense or soft to stiff. Alluvium is
deposited along the major rivers and creeks, such as the Duwamish River and Longfellow and
Pipers and Thornton Creeks. It is comprised of loose sand and gravel that is normally wet;

however, because of its low slope gradient, it is not normally related to landsliding.

The beach deposits found along the shorelines are normally not landslide-prone because
of a lack of relief. Landslides do deliver material to the shoreline that contribute to forming
beach deposits.

Depression fillings commonly consist of soft clay and silt and organic materials, such as
peat. They accumulate in low spots on the ground surface. They are normally found on the
upland ridges and plateaus, although they can be included in the same areas as river alluvium.

Depression fillings are not normally associated with landsliding.

Colluvium is very commonly associated with landsliding. Colluvium is the loose to
medium dense or soft to stiff soil that mantles the sides and toes of slopes throughout the city.
Because it was deposited by gravity processes such as soil creep, surficial sloughing, landsliding,
and slope wash, grain-size can vary from clay and silt to boulder-size. The mode of
accumulation ranges from slow creep (the imperceptible movement of only inches per year or
less) to catastrophic landslides. Soil creep in the upper few feet of soil on a slope is commonly
reflected in the bowing of trees on the slope. Colluvium is normally moist to wet, especially

during the rainy season.

Another category of Holocene soil is fill placed by humans. Fill soils vary widely in
grain-size, location, presence of debris, and size. Although many new fills have been compacted
and engineered, most older fills were just dumped in place or nominally run over with the
spreading equipment. These fills can be particularly unstable where they have been placed on or

in close proximity to a steep slope.

2.3 Groundwater and Wet Weather

In addition to topography and stratigraphy, groundwater is the other factor that plays a
significant role in the generation of landslides in Seattle. In spite of loose soils on steep hillsides,

landslides very rarely occur in the dry summer months, although this sometimes happens under
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unusual conditions. It is the water pressures that build up in the groﬁnd, usually during the
pronounced wet-weather season, that nearly always trigger the slide event. The source of water
for any individual landslide can be natural or influenced in some way by human activity or a
combination of these two factors. This section presents the various ways in which the

groundwater interacts with the geologic units in Seattle.

The groundwater found closest to the ground surface is that perched atop the Vashon Till
(Figure 1-1). In this case, precipitation or water related to human activities, such as improper
drainage, infiltrates down through recessional outwash until it encounters the top of the Vashon
Till. The perched water may flow until it emerges in a pond, creek, or a steep slope, where it
forms a spring. Water at this contact normally dries up in the spring or summer and does not
reestablish itself until the winter months. Because the contact between the recessional outwash
and the Vashon Till is shallow (normally less than 10 feet deep), it is normally reachable with a
backhoe for dewatering.

On the sides of hills, the undisturbed glacial soils are covered with a rind of colluvium. Water is
commonly able to penetrate the semi-pervious colluvium because it is relatively loose and
contains some fraction of sand; however, it cannot infiltrate easily into the very dense or hard
underlying glacial soils. The water, therefore, travels along the inclined contact between the two
materials of different permeability. Water at this contact also normally dries up in the spring or
summer and does not reestablish itself until the winter months. Because the contact between the
colluvium and the underlying undisturbed soil is shallow (normally less than 10 feet deep), it is
generally reachable with a backhoe for dewatering.

The most prevalent groundwater aquifer in the Seattle area is the Esperance Sand. Precipitation
infiltrates through “windows” or cracks in the Vashon Till and continues vertically down into the
Esperance Sand until it encounters the top of the underlying Lawton Clay. Owing to the low
permeability of the Lawton Clay, the groundwater perches on the clay and then moves laterally,
eventually saturating near-surface colluvium and/or emerging in a spring on a hillside. Because
of the residual lag travel time of this water, many of these springs are perennial. They are the
most prolific springs throughout the city. It is fairly easy to trace the level of the sand/clay
contact by locating the springs on a hillside. The source of water for an individual spring or
group of springs is very difficult to define, as it probably has a large regional contributing area
uphill from the spring. ‘
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The key stratigraphic marker for landslide location is the contact between the Esperance Sand
and the Lawton Clay (Figure A-4). It is commonly termed “The Contact.” In Landslides in
Seattle, Tubbs concluded that “the landslide typically occurred along the trace of the contact
between the Esperance Sand and either the Lawton Clay or pre-Lawton sediments.” No

experiences or collected data in the past 24 years have changed that conclusion.

3.0 METHODOLOGY
3.1 Data Sources

Three main sources were used to develop the historical database for the assessment of landslide
hazards in the City of Seattle (City). The primary source of landslide information was Seattle
Transportation Department (SEATRAN), which has landslide files dating to 1890. However,
good records were not kept before the 1960s, when the landslide file was started by Mr. Finney
of the Seattle Engineering Department. These files consist of several types of information
including memorandums by field inspectors, court documents, photos, maps, -subsurface data,
geotechnical reports, mitigation plans, and cost estimates. The accuracy of the City landslide
files is dependent on several factors. These factors include available staff levels, the amount of
damaged or missing information, and, most importantly, the degree of landslide reporting by the
public. In general, SEATRAN’s files record landslides that primarily affected rights-of-way or
utilities; not private properties.

The second source of information was the Department of Design Construction and Land Use
(DCLU), which has maintained a landslide database since 1986. This database includes the
reported locations of particular landslides with a brief description regarding the structural
integrity of the affected structures. The DCLU landslide database contains a relatively complete
record of landslides that occurred during severe storm periods. However, the database is
relatively incomplete for other periods. Furthermore, the landslide dates included in the DCLU
database reflect the time of inspection rather than the initiation of ground movement. Therefore,
when the failure date could not be determined from the DCLU files, we assumed an approximate

failure date that was close to a previous storm event.

The third source of information for the landslide database was the Shannon & Wilson, Inc.
(Shannon & Wilson) files. Shannon & Wilson has maintained project files since 1954. The

inventory includes projects that pertain to ground displacement performed by the company.
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3.2  Data Description
The input data needed for the Seattle Landslide Study is subdivided into six main groups:

Landslide Identification
Landslide Characteristics

. Stratigraphy (Geology)
Trigger Mechanism(s)
Roads and Public Utility Impact
Damage and Repair (Mitigation)

SAINAI ol S e

The following is a detailed description of the data comprising each of the attributes in the .
landslide database, which is presented in Appendix E. The Appendix also contains a legend that
defines abbreviations and provides additional explanations for each data field.

3.2.1 Landslide Identification

Record Number

The Record Number field represents the unique identifying number for each
documented landslide in the database. Each landslide was assigned a sequential record number
when it was entered into the database. After data processing (refer to Section 3.3), several
landslides were omitted (duplications, etc.) and, therefore, the record numbers are not in a

continuous series.
Location

The Location field consists of an address representing one or more of the
following: the address of the person or persons reporting the incident, the address of the closest
property to the event, the address of a property affected by the event, or an approximate address
specifically used for plotting on the Geographic Information System (GIS). Locations of
landslides reported by BNSF along the railroad right-of-way are referenced by Milepost number
(e.g., MP 8.5).

Date

The Date field contains the approximate date of initiation of ground displacement.
In cases where the exact date was not known, we estimated precipitation year. This was
accomplished by assigning the first day of January as the date. A higher percentage of older

landslides were assigned this date because of the paucity of information in the older files. Note
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that many landslides occurred during the New Year’s storm of 1997; The January 1, 1997, dates
for these landslides are accurate. A note in the Comments field or the Date Confidence field
includes the 1997 landslides where the exact date is not known. A precipitation year is defined

for this study as beginning on July 1st and ending on June 30th of the following year.
File Number

The File Number field contains the source’s file number where the information
was obtained. DCLU file numbers consist of “J#”, “J##”, and “J###” (where “#” represents a
number, e.g., J21) for events from 1986 to 1996 and “96-97 storm” for landslides occurring
during the 1996-1997 winter. Other file numbers are as follows:

- ;DatalSOur'cJ'eif”;f   7§ L ; FileiNumbéi‘ drSoiifcéDes‘ibgnatimlj};;r
Shannon & Wilson, Inc. S&W
Observed During Field Reconnaissance Field

Reported by source other than the City or | Citizen .
Shannon & Wilson, Inc.

SEATRAN . All other file numbers

Shannon & Wilson project files consist of “S&W.” Landslide events discovered
during field reconnaissance for this landslide study consist of “Field.” Landslides reported by
sources other than the City or Shannon & Wilson consist of “Citizen.” All other file numbers
represent SEATRAN file locations.

Consultant Report

The Consultant Report field shows a letter code if an engineering consulting
company prepared a report regarding the landslide.

Field Checked

Field Checked shows the confidence in whether or not the landslide is properly
located on the map. Landslides that are accurately located on the map and field checked are
“True.” Landslide locations shown on the map that were not found during field reconnaissance
are marked “False.”
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Date Confidence

The Date Confidence field is “True” where the date is believed to be accurate and
“False” when the date may be approximate. Where no determination could be made, the Date
Confidence field was left blank.

3.2.2 Landslide Characteristics

Slope Height

The Slope Height field is an estimate of the approximate elevation difference, in
feet, between the headscarp and the toe of the slide, as éstimated from historical records and field

verification. Differences between these estimates and actual conditions may exist.
Landslide Type

The Landslide Type field consists of a general classification of each landslide,
even though more than one classification may have been involved at a speciﬁc location. The
classification of landslide type recorded in the database was the predominant type based on our
interpretation of the records and our site visits. There are four general landslide-type
possibilities: high bluff peeloff (HBP), shallow colluvial (SC), deep-seated (DS), and

groundwater blowout (BO). Please refer to Section 4.0 for detailed descriptions of landslide

types.
Debris Flow

The Debris Flow field is “Y” if a debris flow with runout generally longer than
50 feet occurred and “N” if a debris flow did not occur or had a short runout. Where no
determination could be made, the field was left blank.

Size

The Size field represents the approximate aerial extent of the ground
displacement. Landslides covering an area greater than 10,000 ft* are denoted with an “L” and
those equal to or less than 10,000 ft* are denoted with a “S.” Note that some large landslides
may cover a small area, but displace a large volume of material because of their depth. This type
of landslide is not represented because of the difficulty in estimating depth to the slide plane.

Differences between these estimates and actual conditions may exist.
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Vegetation

The Vegetation field describes the vegetative ground cover contained within the
landslide margins based on file pictures and/or field reconnaissance. There are four vegetation
type possibilities: brush (B), wooded (T), sparse cover or bare ground (S), or grass (G). If even
one tree was contained within the slide margins, the landslide was designated with a “T.” When

there were no pictures in the file and no determination could be made, the field was left blank.
Topography

The Topography field describes the approximate average slope angle. If the slope
angle is greater than 40 percent, it was described as a steep slope (SS). Moderate slope (MS)
was used for slope angles less than or equal to 40 percent.

3.2.3 Stratigraphy (Geology)

The next four fields of the attribute table indicate the geologic units involved in the
ground displacement. The units are ordered, as they would appear in the headscarp, typically
from youngest to oldest (top to bottom). The five designations used in this study were: fill (HF),
colluvium (HC), glacial till (QT), glacial outwash sand (QS), and lacustrine clay/silt (QC). The
list of geologic units involved in a particular event is estimated based on the type of landslide,
the geographic and topographic location, and any subsurface information disclosed in the file.
The geologic units were not field verified and differences between these estimates and actual

conditions may exist.

3.2.4 Landslide Trigger Mechanisms

'‘All four of these fields reflect documentation in files or reports regarding the trigger
mechanism of ground displacement. These fields do not reflect the degree of contribution, nor
do they necessarily represent a professional evaluation. Many landslides documented in the
SEATRAN files are claims to the City and may contain some degree of bias.

Natural

The Natural field describes the trigger mechanism as being natural (Y) or human
(N). For example, precipitation is considered a natural trigger, whereas pipe breaks and

excessive lawn watering are not. Blank spaces indicate that no determination could be made.
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Groundwater and Surface Water

The next two fields, Groundwater and Surface Water, indicate when groundwater
or surface water may have been the possible triggering mechanism of the event. A “Y” indicates
that groundwater and/or surface water may have triggered the landslide and an “N” indicates that
these two trigger mechanisms probably were not involved. Improperly directed surface water by
private parties and naturally occurring surface water were not differentiated in this field. Blank

spaces indicate that no determination could be made.
Fill and/or Cut

The Fill and/or Cut field indicates when filling and/or cutting may have triggered
the landslide event. Landslides resulting from inadequate shoring of an excavation, for example,
were denoted by a “Y.” An “N” indicates that filling and/or cutting was not involved in

triggering the landslide. Blank spaces indicate that no determination could be made.

3.2.5 Roads and Public Utility Impaét

All four of these fields reflect documentation in files or reports regarding the effect of
roads and underground public utilities on ground displacement. These fields do not reflect the
degree of contribution, nor do they necessarily represent a professional evaluation. Many
landslides documented in the SEATRAN files are claims to the City and may contain some
degree of bias.

Road Cut and/or Fill

The Road Cut and/or Fill field is similar in nature to the fill and/or cut field, but
only pertains to public roads. Filling at the top of the slope is denoted by an “F”, cutting near the
toe of a slope is denoted by a “C”, and in cases where both filling and cutting were factors in
triggering the event, an “FC” was entered. Blank spaces indicate that no determination could be

made.
Surface Drainage

The Surface Drainage field refers to the effect(s) of City-maintained drainage
systems on ground failure. Landslides that may be affected by City-maintained drainage systems
are denoted by a “Y” and landslides that may not be affected are indicated by an “N.” Blank

spaces indicate no determination could be made.
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Pipe Leak

The Pipe Leak field refers to the presence of additional water introduced to a
landslide as the result of a pipe leak or pipe rupture. A “Y” indicates the presence of a pipe leak
or rupture and an “N” indicates no involvement. No differentiation was made between a pipe
break resulting from ground displacement and ground displacement resulting from a pipe break.
Blank spaces indicate no determination could be made.

Trench Fill

The Trench Fill field indicates the presence of trenches serving as conduits for
groundwater that possibly contributed to instability. A “Y” indicates possible involvement and

an “N” indicates no involvement. Blank spaces indicate no determination could be made.

3.2.6 Damage and Repair (Mitigation)

This group of fields pertains to landslide mitigation. It is important to note that the
degree of damage or the type of mitigation does not necessarily refer to the address listed in the
location field.

Damage

The Damage field is a numeric field referring to the degree of damage caused by a
particular event. A value of “3” is equivalent to a “red tag” or severe damage to the property; a
“2” is equivalent to a “yellow tag” or moderate damage; a “1” is equivalent to a “green tag” or
some temporary damage; and a “0” indicates no observable significant damage to property.

Blank spaces indicate no determination could be made.
Repair Type

The Repair Type field reflects repairs described in the files, reports, and/or
observed in the field during field reconnaissance. Refer to the Legend in Appendix E for a
description of the repair types. To the extent possible, we included only repairs that were
constructed. However, some landslide records did not include enough information to determine
if the repair was actually built. These cases may be included. Furthermore, the type of
mitigation described in the table does not distinguish between structurally engineered repairs and

non-engineered repairs.
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Repair Effective

The Repair Effective field indicates whether the repair was effective in preventing
further geound movement at that particular location thus far. It is not a warranty that the repair
will remain stable. If repaired and no subsequent ground movement was documented, a “Y” was
entered. If the repair subsequently failed regardless of design, an “N” was entered. If the
integrity of the repair is questionable regardless of a failure, an “N?” was entered. If a repair was

not necessary, no repair was accomplished, or if there was no information regarding repairs, the
field was left blank.

3.3  Data Processing

Upon completion of the data collection phase of the study, duplicate addresses with the same
failure date were eliminated. The data was plotted on a GIS using ArcView 3.0a desktop GIS
software. Several City ArcInfo GIS coverages were loaned to Shannon & Wilson for purposes
of map reproduction, discrete address-based geocoding, and analysis of the occurrence of
landslides. These City ArcInfo coverages included, but were not limited to, drthophoto-derived
topography, parcels, parks, streets, utilities (which includes water mains and laterals, and

drainage and wastewater mains and laterals), buildings, potential slide areas, and steep slopes.

Each landslide data point was automatically geocoded using the location field and plotted on the
center of the parcel. Note that each landslide is represented as a single point, regardless of size.
The landslide locations were then edited based on the comments in the files regarding location,
direction of sliding, type of damage, and/or existing topography. The point indicates the center
of the point of landslide initiation (middle of the headscarp). Duplicate landslide events were
eliminated based on date and their spatial relationship. For example, a property owner at the top
of the slope may have reported a landslide to SEATRAN, while another property owner at the
base of the slope may have contacted the DCLU because the same landslide affected their
residence. Shannon & Wilson initially field checked landslides within the three study areas
(West Seattle, Magnolia/Queen Anne, and Madrona) for accuracy. Shannon & Wilson
subsequently field checked the balance of the landslides in the database for the analysis in Part 4.
The map symbol was then moved to the proper location or deleted when necessary. The maps
that portray the landslide locations are presented in the Map Folio, Volume 2.
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4.0 LANDSLIDES

This section of the study discusses particular aspects of landsliding, including the types of
landslides that occur in the city, the timing of landsliding, chronic landslide areas within the city
and their characteristics, the causes or contributing factors of landsliding, and the coincidence of
landslides with existing potential landslide areas and steep slope areas. To support this
discussion, a series of figures and maps will be presented. The maps are presented in a separate
volume (Vohime 2) because of their size.

4.1 Landslide Types

In evaluating the landslide data compiled for this study, most of the landslides were found to fit
into four generalized types. Those types, together with the figure numbers that illustrate a
schematic profile view of each type, are as follows:

Generalized
Landslide Type Figure No.
High bluff peeloff 1-2
Groundwater blowout i-3
Deep-seated 1-4
Shallow colluvial 1-5 and 1-6

There are various combinations of these generalized landslide types, as one type of mechanism
may lead to another during the sliding, or the slide may be complex, exhibiting different modes
of failure in different portions of the slide. Landslides involving fill material were classified as
shallow colluvial landslides. The following sections describe each landslide type in greater
detail.

4.1.1 High Bluff Peeloff

High bluff peeloffs (Figure 1-2) occur on the face of near-vertical bluffs where vegetation
is absent or sparse. The soil at and near the bluff face, which has been loosened by the forces of
weathering (freezing, thawing, root-wedging), slabs off or slides when it becomes wet during
periods of heavy rainfall. This type of landslide commonly occurs following a period of freezing
weather. Sometimes seepage from more pervious soils, such as recessional outwash, at the top
- of the biuff, or runoff over the edge of the bluff contributes to this type of instability. Also,
water-bearing layers in the steep bluff could contribute to saturation of the face soils. Normally,
the thickness of soil that slides off the face is only a few feet. The soil that comes off the bluff
may or may not slide for a considerable distance, depending on the water content of the soil and
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the angle of the slope below the bluff. Alternative names for this tyf)e of landslide are earth fall
and blockfall.

4.1.2 Groundwater Blowout

A profile of a groundwater blowout landslide is shown on Figure 1-3. This type of slide
occurs where a pervious soil (sand) overlies a lower permeability soil (clay or silt). Groundwater
collects in the pervious soil and becomes perched on the underlying, relatively impervious soil
The lower permeability soil could be either a relatively thin silt or clay layer or a thick stratum of
silt and clay. Seepage travels to the slope face immediately above the contact with the under-
lying, relatively impervious zone and causes instability where the sand essentially blows out and
flows downslope (runout). Because of this blowout, the upper portion of the slope becomes
undermined and also fails. Groundwater is more important in the development of this slide type
than direct infiltration of precipitation and is commonly found at “The Contact,” Figure A-4.
Nevertheless, this type of slide normally takes place during or shortly after periods of heavy
precipitation because of the added water near the spring exit. It should be noted that this
mechanism for causing landslides (seepage at pervious/impervious contact) was probably
involved in a number of slides that were categorized as shallow colluvial landslides in the
database table and landslide maps. This categorization would occur where there was a lack of
detailed data on a landslide, particularly in the older records.

4.1.3 Deep-Seated Landslides

In the database table, those landslides that were identified or estimated to involve a depth
of movement greater than an estimated 6 to 10 feet were categorized as deep-seated (Figure 1-4).
These landslides may involve higher density, in-place soil as well as colluvial soil. This type of
slide normally consists of the block movement of soils where a mass of soil slides downhill on a
failure surface that is often arc-shaped. Sometimes the surface of rupture parallels the ground
surface. As blocks of soil move downhill, a setdown of the ground surface occurs at the upper
edge of the blocks, thus forming a slide scarp. Such movement is commonly progressive; that is,
a lower block of soil moves first, which takes away lateral restraint for higher blocks that, in
turn, slide.

The deep-seated landslide is initiated by water coming into the slide mass, which takes
" place either from rising groundwater levels, direct infiltration of heavy precipitation, surface
runoff, saturation by the discharge or leaking of pipes into or onto slope soils, or a combination

of these sources of water. Where the soils subject to movement are relatively pervious, such as
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sand and/or gravel, the movement normally occurs rather abruptly (within minutes or hours).
Where the soils are silt or clay, movements usually occur gradually, over days, weeks, or even
months.

4.1.4 Shallow Colluvial (Skin Slide)

Shallow colluvial landslides occur when loose, heterogeneous soils on a steep slope
become saturated and slide (Figure 1-5). The term “skin slide” is sometimes applied to this slide
type because a relatively thin depth of soil is normally involved. They generally consist of rapid
movements of the saturated soils, and commonly act like a thick fluid, flowing or running out
over a considerable distance. In the database, they are noted as “debris flows” when the runout
generally exceeded 50 feet. The saturation of soils that causes shallow colluvial landslides takes
place by infiltration of surface runoff, direct infiltration of precipitation, groundwater seepage,

discharge from pipes, or a combination of these sources of water.

Figure 1-6 illustrates a relatively shallow slide involving fill material. This type of
landslide was categorized as shallow colluvial landslide in the database table and on landslide
maps. If fill is placed at the top or the side of a slope without compaction and suitable drainage
provisions (surface and subsurface), instability is likely inevitable.

4.2 Timing of Landslides

The timing of landslides is dependent on precipitation at three different scales. These are total
annual rainfall, monthly rainfall, and a single storm event. The longest scale is that of annual
rainfall. Although heavier rainfall can occur in years widely spaced or consecutively, the
citywide pattern of landsliding, as shown on Figure 1-7, indicates that about every decade a
higher than average amount of mass wasting (landsliding) occurs. For purposes of this study, the
rainfall (landslide) year has been designated from July to June. In this way, all of the rainy
winter season is tied together statistically.

The most notable landslide winters were 1933/34, 1955/56, 1959/60, 1960/61, 1966/67, 1968/69,
1971/72, 1973/74, 1985/86, 1995/96, and 1996/97. Of these eleven winters, three produced
particularly large numbers of landslides: 1933/34, 1985/86, and 1996/97. The damage incurred
during the winter of 1933/34 was responsible for the formation of the Works Progress

- Administration (WPA) drainage program in Seattle, administrated through the Seattle

Engineering Department. The number of landslides during that winter may have been
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comparable to the 1985/86 or 1996/97 winters had there been compérable development in the
city.

A map showing the distribution of landslides by decade is presented on Figure A-5 (refer to
Figure A-3 for area locations described below). Figure A-5 indicates some interesting trends in
the incidence of landsliding and/or changes in the recording of the landsliding. Many of the
landslides on the west side of the Beacon Hill (east of Interstate 5 [I-5]) are older, probably
because many of the larger landslides were stabilized by the construction of the freeway in the
1960s. The newer slides in this area are mostly smaller shallow colluvial landslides. This
reduction in severity of landsliding illustrates how the construction of a major public works
project can increase the stability of a hillside; the reason being that buttressing and drainage were
widely incorporated into the project.

Two areas that appear to be dominated by new (post-1960) landslides are the Burke-Gilman Trail
and Inverness. These locations may be prone to increasing numbers of landslides because the
area had been only sparsely developed prior to 1950. However, it is also possible that older
slides in this area were not reported.

The areas that have large numbers of landslides dispersed through time are chronic slide areas
and they include: Beach Drive S.W., Alki, Pigeon Point, Madrona, Rainier Avenue S.E.,
Interlaken, Lakeview Boulevard, North Capitol Hill, Laurelhurst, East Queen Anne, Southwest
Queen Anne, Southwest Magnolia, and Northwest Seattle.

An above-average winter rainfall punctuated by a large heavy storm on January 18, 1986, led to
a rash of shallow colluvial slides throughout the city (refer to Figure A-6 for severe storm
events). The most disastrous storm was the Holiday Storm of December 29, 1996, through
January 2, 1997, during which heavy and prolonged rain melted an accumulation of about

12 inches of snow in a two-day period. The water equivalent of the snow and direct precipitation
caused a total of 8.35 inches of water (as measured at SeaTac Airport) to run off and infiltrate the

ground from December 29 to January 2.

Two other time periods were important, but did not produce landsliding on the level of 1933/34,
1986/87, and 1996/97. First, the landslides that occurred in the winter of 1971/72 were the basis
for the statistical and geologic conclusions drawn by Tubbs in Landslides in Seattle. This
publication was one of the major factors used as the basis for establishing the boundaries of the
landslide-prone areas in the city. Then during the winter of 1995/96, the Northwest experienced

a record winter-long rainfall; a four-month period from November through February. This
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exceptionally wet winter was a major contributing factor of numerous deep-seated landslides

throughout the region, including Seattle.

A recent study (U.S. Army Corps of Engineers, 1997) of the relationship between landslide
frequency and precipitation indicates that the most extensive landslide activity is related most
closely to a 3-day storm event (lower bound of about 3.8 inches of precipitation) with an 8-year
return interval. This statistic approximates a rule of thumb that has been used in the Seattle
geotechnical professional community for many years. That rule of thumb says that landslides are

likely to initiate whenever there is more than 2 inches of rain in one day or 3 inches in 2 days.

The time of year in which landslides occur is very closely related to the precipitation regime in
Seattle, as shown on Figure 1-8 (2 sheets). The overwhelming number of slides occurs in
January (45 percent); however, the landslide season typically encompasses a four-month interval:
December through March (86 percent). Although November normally has more precipitation
than March, it is likely that a certain threshold of antecedent groundwater is necessary to trigger
landslides. In summary, although landslides are most likely to happen in January and February,
it is not uncommon for landsliding to occur in December and March. However, for planning
purposes, the landslide season could begin as early as November and end as late as April.
Although slides can occur in the other months, the probability is low. Only 7 percent of the
landslides in the database occurred during May through October, outside of the normal 6-month
landslide season. These landslides are often not related to the normal factors that contribute to
landsliding (precipitation, steep slope, high groundwater table). Examples include such things as
overwatering, pipe breaks, and excavation slope failures.

4.3 Landslide Areas

The following sections discuss the distribution of landslides that have occurred in Seattle. These
discussions and associated maps show the historical aspects of landsliding by decade, landslides
that occurred without human influence, and the different types. The 1,326 landslides contained
in the City database are presented on Figure A-5, where they are shown by decade. Figure A-7
shows the same events by type of landslide. The citywide map (Figure A-3) shows 22 specific
areas in the city that have experienced landslides. They are as follows: ‘
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1.  Northwest Seattle 12. Madrona

2. Burke-Gilman Trail 13. Rainier Avenue S.E.
3. Inverness 14. West Beacon Hill (I-5)
4.  Laurelhurst 15. West Marginal Way
5. Southwest Magnolia 16. Alki

6.  Southwest Queen Anne 17. Admiral Way

7.  East Queen Anne 18. Beach Drive S.W.

8. Northwest Queen Anne 19. 47th Avenue S.W.
9.  North Capitol Hill 20. Seola Beach

10. Lakeview Boulevard 21. Pigeon Point

11. Interlaken 22. Cheasty Boulevard S.

There are many other scattered areas of landsliding and singular landslides in the city; however,
the areas listed above are those where densities and frequencies are the greatest. Five areas in
particular appear to have the highest density of landslides: Southwest Magnolia, Southwest
Queen Anne, Madrona, Interlaken, and Alki. The pattern for natural landslides (slide records
that did not indicate human influence), as shown on Figure A-8, mimics the general map of
landslide locations. Except for Southwest-Queen Anne, the most dense areas of natural
landslides appear to be the same as those that have the highest density, considering all landslides.
This is no coincidence because those areas that are naturally unstable are more likely to continue
unstable behavior when human activity disturbs the area than relatively stable areas. It has long
been recognized that disturbance of the ground surface and improper drainage increases the
frequency of landsliding.

The chart on Figure 1-9 indicates that only about 13 percent of the landslides recorded citywide
were totally natural. For three percent of the events, there was not enough data to categorize if
the slide was natural or influenced by human activity. About 84 percent of the landslides were

determined to have some factor of human influence. This is consistent with other studies and

estimates, including the estimated 80 percent in Landslides in Seattle, 1974.

Four maps (Figures A-9 through A-12) present the distribution of each of the four landslide
types. In addition, a chart presented on Figure 1-10 indicates the percentage of each of the types
of slides. The majority citywide (68 percent) were shallow colluvial slides, followed by deep-
seated landslides at 20 percent. High bluff peeloff (3 percent) and groundwater blowout

(6 percent) landslides were small percentages. A combination of shallow colluvial and deep-
seated landslides accounted for 88 percent of the total landslides. Three percent of the landslides

could not be categorized because of insufficient information in the records.
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The distribution of high bluff peeloff landslides is shown on Figure A-9. This type of slope
instability (illustrated on Figure 1-2) only occurs on precipitous cliffs, which are normally
comprised of till or sand. Many, but not all, of these landslides are naturally triggered. They are
either associated with the headscarps of deep-seated landslides or old sea bluffs that formed prior
to the construction of shoreline protection. Such high bluffs are found in only a few locations:

Perkins Lane, Northwest Seattle, and Southwest Queen Anne.

Groundwater blowout landslides (illustrated on Figure 1-3) are spread around the city, as shown
on Figure A-10. They are a direct indicator of the sand/clay contact, where high groundwater
pressures commonly exist. This landslide type may be more common than indicated by this
database, but they are difficult to discern from the older records. Only those slides where an
engineer or geologist noted the characteristics of this type of slide were placed in this category.
Some of these slides are natural because they are related to groundwater, which is more likely
than not from natural sources. Groundwater blowout landslides occurred in Northwest Seattle,
Southwest Magnolia, Southwest Queen Anne, Alki, and West Beacon Hill (I-5).

The locations of deep-seated landslides are shown on Figure A-11. They are located in
significant numbers in the following areas: Southwest Magnolia, Northwest and Southwest
Queen Anne, East Queen Anne, Alki, Admiral Way, West Beacon Hill (I-5), Interlaken,
Madrona, and Pigeon Point. Because deep-seated landslides (illustrated on Figure 1-4) are
dependent on regionally recharged groundwater, these slides are mostly natural. This type of

slide commonly encompasses several properties and sometimes one or more city blocks.

As shown on Figure 1-10 and Figure A-12, shallow colluvial landsliding is the most prevalent
and widespread type in Seattle. The areas with the highest densities of shallow colluvial land-
slides include Burke-Gilman Trail, Laurelhurst, Madroﬁa, Rainier Avenue S.E., Alki, Beach
Drive S.W., East Queen Anne, Southwest Queen Anne, Southwest Magnolia, and 47th Avenue
S.W. Although the distribution of this type of slide (illustrated on Figures 1-5 and 1-6) indicates
that they follow the overall pattern of landslides in the city, they often occur outside of the areas
where natural slides occur because a shallow colluvial slide is the type of landslide most likely to

be caused by human activity.

4.4 Causes of Landslides

In its two most basic elements, a landslide can be categorized as natural or human influenced.
Virtually all landslides in Seattle occur where natural factors are conducive to landsliding, but

many are also influenced by human activity. It is normally difficult to discern the percentages of
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contribution between these two elements to landsliding. Likewise, if is very difficult to assign
percentage of contribution among the many human-influenced contributing factors in a landslide.
The natural factors that contribute to landsliding (geologic conditions, topography, freezing and
thawing, heavy or prolonged precipitation, and natural groundwater seepage, among others) are
conditions to be accepted. For sites or areas located on or near slopes, there is always a risk that
instability can occur. Engineering solutions are generally available