Literature Synthesis of the Effects of ForestPractices
on Non-Glacial Deep-Seated Landslides and
Groundwater Recharge

By: Daniel Miller

July 2017 CMER #2017.07.17



This page intentionally left blank



Washington State Forest Practices Adaptive Management Program

The Washington State Forest Practices Board (FPB) has established an Adaptive Management Program
rule in accordance with the Forests & Fish Report (FFR) and subsequent legislatiparpdse of this progran
IS to:

Provide sciencdévased recommendations and technical information to assist the FPB in
determining if and when it is necessary or advisable to adjust rules and guidance for aquatic
resources to achieve resource goals and @bjes. The board may also use this program to adjust
other rules and guidancé-orest Practices Rules, WAC 222-045(1)).

To provide the science needed to support adaptive management, the FPB established the Cooperative N
Evaluation and Resezh (CMER) committee as a participant in the program. The FPB empowered CMER
conduct research, effectiveness monitoring, and validation monitoring in accordance with WAZ@2Z2and
Board Manual Section 22.

Report Type and Disclaimer

This project development report was prepared for the Cooperative Monitoring, Evaluation and Research
Committee (CMER), and was intended to support design and implementation of Forest and Fish Adaptiv
Management research and monitoring studies. The pisjpatt of the Deefseated Landslide Program, and w
conducted under the oversight of the Upslope Processes Scientific Advisory Group (UPSAG).

This document was reviewed by CMER but was not
independenscientific peer review process. CMER has approved this document for distribution as an offici
CMER document. As a CMER document, CMER is in consensus on the scientific merit of the document.
However, any conclusions, interpretations, or recommendatoriained within this document are those of th
authors and may not reflect the views of all CMER members.

The Forest Practices Board, CMER, and all the participants in the Forest Practices Adaptive Managemer
hereby expressly disclaim all warradiof accuracy or fitness for any use of this report other than for the Ac
Management Program. Reliance on the contents of this report by any persons or entities outside of the A
Management Program established by WAC-22045 is solely at th risk of the user.

Proprietary Statement

This work was developed with public funding, as such it is within the public use domain. However, the co
this work originated with the Washington State Forest Practices Adaptive Management Progranaatititbe
As a public resource document, this work should be given proper attribution and be properly cited.

Full Reference

Miller, Daniel. 2017. Literature Synthesis of the Effects of Forest Practices osMoral DeepSeated
Landslides and GroundwatBecharge. Cooperative Monitoring Evaluation and ReséapbrtCMER
#201707.17Washington State Forest Practices Adaptive Management Program. Washington Departmen
NaturalResources, OlympiaVA.



Author Contact Information

Daniel Miller.

M2 Environmental Services.
Seattle, WA.
dan@mz2environmentalservices.com



mailto:dan@m2environmentalservices.com

Literature Synthesis of the Effects of Forest
Practices on Non-Glacial Deep-Seated Landslides
and Groundwater Recharge

Prepared for the Upslope Processes Scientific Advisory Group
Cooperative Monitoring, Evaluation, and Research Committee

July 17, 2017

by Daniel Miller
M2 Environmental Services
Seattle, Washington
dan@M2EnvironmentalServices.com

Technical Advisory Team

Thomas Badger, Washington Department of Transportation

Wendy Gerstel, Qwg Applied Geology

Dan McShane, Stratum Group

Joseph Wartman, Univaty of Washington, Civil & Environmental Engineering

Project Management

Teresa Miskovic and Angela Johnson, DNR
Lynne Rodgers Miller, M2 Environmental Services


mailto:dan@M2EnvironmentalServices.com

July 17, 201

Contents
R [ 1 0 o 11 o 1T o S EPPP 7
1.1 Why this literature review and SynthesSiS?..........ccoovviviiiiiiiiiie e e 7

12 DeepSeated Lands!l i des alracticdrulssh.i.n.g.t.o.nd7 For e

1.3 DeepseatedlandSlides. ... .ccooeei i iiiiiiiieeeeeee e ——— 9
R N g [ 11 (=T = (U PPPPRTRR 10
15 ThISAOCUMENL....coiiiiiiiiiiiiicie ettt e e e erre e s s e e e e e e e e e e e e e e e eannneeeeeeeaaeas 11
2  QUESHIONSANA ANSWEIS.....ccuii it eeeee e e e e e e e s 11
2.1What are the triggers for creation and reactivation of nonglacial deepseated
F= T L0 £ [0 =TSSP 11
Y22 05 R I To To [T 53 (] o (== Lo ] o 1S 12
2.1.2 Triggersfor reaCtivation............c.ooeuuiiiiiiiiiiceeeeeer s erre e e e e e e 12
2.1.3 Are groundwater recharge areas associated with rglacial deepseated
=T L0 K] o {23 PP U PP PURRRPRR 14
2.1.4 How do groundwaterecharge areas affecteepseatedandslides?................... 15
2.1.5 How do forest practices affect these groundwatechargeareas?..................... 16
2.1.6 Are there methodologies that have been used to delineate groundwater recharge
areas to nonglacial deepseatedandslides?..........cccceeveiiiiiiiiiiiccccciii e, 16
2.2 Material PrOPEITIES. .. .coii ittt ee et e e e e e e e e e e e e e e e 17

2.2.2 Potential categories of various neglacial materials that react differently to forest
practices than other materials, such as depth, geologic map unit, stratigraphy
slope, precipitation zone, permeability, proximity and juxtaposition to stream

CRANNEIS.....coeiiieeee e e e et e e e e e e s eent e e e e e e eeaeeaeas 18
2.3What are the characteristics of large landslides that may predispose them to

COMPOSITETAIIUIE. ... ee e 19

2./What are the characteristics of large landslides that mapredispose them to long
7= 1010 I U] T T | PSR 20
2.4.1 What methods mighimproveprediCtion?..........ccccvieeeeiiiii i 20
2.5 What are the best tools to assess runout potential fdeepseatedandslides?....... 21
2.6 SensitiVity t0TOreSTPraCtiCeS. ......cccuiiiiiiiiiiiiie e ieeet ettt e e e e e e e 21

2

Non-glacial deepseated landslide literature revie



July 17, 201
2.6.1 What are the impacts of foregiractice activity on norglacial deepseated

2.6.2 Does harvesting of the recharge area of a nglacial deepseated landslide
Promoteits INStabIlity?.........ccooiiiiiieee e 22

2.6.3 Are there differences in response to forest practices versatsiral influences? 23
2.6.4 What is the relative influence of forest practices comparedatural factors?...25
2.7 Assessment of forest practices role landslide susceptibility.............cccvvviiiiiinnn. 25

2.7.1 Can relative levels of response to forest practices be predicted by key
characteristics of norglacial deepseated landslides and/or their groundwater

FECNAIGEAIEAS . ... .o et e e e e e e e e e e anan s 25
2.7.2 What are the best methods to assess reactivation potential from dormant deep
SEALEAANUS IS 2. . ittt 26
2.8 Mitigation measures and basis fotheir determination................cccccccceiiiieeennnns 27
3 KNOWIEAQEGAPS.....ovvuiiiieieeeeeie e eereie e e e enme e eeeeaee 28
3.1Features associated with deepeated landslide reactivation potential or sensitivityo
forest practices have nobeenidentified ................ooovviiiiiiccc e 30
3.1.1 Factors associated with rate of activity and rate of reactivation of dseated
landslidesin WashingtOn............cooooiiiiiiiiiiceee e 30
3.1.2 Factors associated with groundwateesponse within landslides in Washington to
PrECIPIEALION. ... ueettiee e ceeee e et eeee e e e e e e e e e e ettt emmmreernnnnes 30
3.1.3 Factors associated with landslide response to variationgrotindwaterlevels... 31
3.1.4 Factors associatedith landslide response to pattero$precipitation............... 31
3.2Runout extent for deepseated landslides in Washington has not beaystematically
(o3 = U= Toa (=] 1 174 o R 31
3.3Accuracy of current methods for assessing landslide hazard and sensitivity to forest
PractiCeSIS UNKNOWN .......ooiiiiiiiii i eeee et e e e e e e e e s eere e e 31
4  ReCcomMMENAtiONS.......ccuii i e e et eaas 32
4.1 LeverageeXistinginformation ............uuiii it ceeeiis et e s 33

4.1.1 Combine existing landslide inventories with other available data to seek statistical
correlations between estimated level of activity and attributes of the leayas and

(03 1] 4 F= L PP RSUUPPPPPPPPPPPIN 33

4.1.2 Use physical models witktatisticalanalyses...............ccccovviiiiimemniiiiiiiiiieee, 35
4.1.3 Compile and use data from slope stability assessments of Forest Practice

7Y ] o] 1032 14 0] o PP PP URTTPP 35

3

Non-glacial deepseated landslide literature revie



July 17, 201

4.1.4 Compile and use data from detailg@otechnicainvestigations........................ 36
4.2 New information t0 COIRCT.........uuuueiiiiiie e 36
4.2.1 Field verification for a subsebf Sites.............ouuuevviiiiiiiiccceen 36
4.2.2 InSAR analyses for ratesf movement............cccceeeeeiiiiiieeei e 37
4.2.3 Instrumentation and monitoring obelectedsites.. ...........uvveeiieiiiiiiriennee. 37
4.2.4 Landslideages 38
4.3 Retrospective analges of accuracy oftability assessments...........ccceeeeevieivvieenn. 38
4. 4mplement GIS-based tools and fieldbased guidelines to apply results of above
BNAIYSES. ..ottt ettt ettt eeer e e e e e e e e et ————aaeeeeeeeette——————————————————rttetttnntran————— 39
S = 7= Vo3 (o | {0 U] o USSP 40
6 Initiation of First-time Landslides..........ccccoovvviiiiiiiiiceeeie e, 41
6.1 Fractures Resultingfrom Topography ......cccoeeeieiieeiiiiiiiiiieeee e 41
6.2 BIrittle MAtErIAlS .......uviviiiiiiiiiiiiiiii ettt 43
6.3 ProgresSIVEFAIIUIE ...........uuuuiiiiiei e eeee e e e e e e e e e eeeaaaaaes 44
6.4 Typesof landslides........cooee i 46
7  Creation and Evolution of DeepSeated_andslide Features................... 47
7.1 ShearzoneProPerti€S.........cooeiiiiuiiuuiiiiii i e e e e e emrm e e e e e e aaaaaad 47
7.1.1 ReSIdUAISIIENGLN......oeiiiiiiiiiii e a7

7.1.2 Ductile behavior47
7.1.3 Effectivestress 48
7.1.4 Low permeabilityl8

7.1.5 Strain softeningstrain hardening.............cccceeeiiiie s cceeicceee e 49
7.1.6 SrengthreCOVEINY....ccci it 49
7.2 Landslide BodY ........cccooiiiiiiiieiieeeee e e e 49
7.2.1 Fractureinducedpermeability.............ccccooiiiiiiiiiemr e 50
7.2.2 Growth of fractures witHandslidedisplacement................c..ocoovvvieeees 51
7.2.3 Downslopeevolution,weathering............cccccoeeiiieiiiieemeeiice e, 52
7.2.4 Up anddownslopeeXpPanSiOn.........ccuuuuiiieeieiiriiceeiie e e e e eeeerineeeeeesssnmmnes 52
7.2.5 Compoundandslides.........couuuiiiiiiiiiiiieeiie e 53
7.2.6 Implications forhazardassessSment..........cccccoeeeeviiiiiiciiiin e 55

Non-glacial deepseated landslide literature revie



July 17, 201

B WA e 25
8.1 Landslidewater DUAQEeT..........cooiiiiiiiieic e e 55
8.2 Runoff versuspersistentgroundwWater ..............ooooiiiiiiiiiiemmn e 56
8.3 Fractures 60
8.4 DeEEePGrOUNUWALET ........uuiiiiiiiiiiiiiiiiteieeereee e et et e e e e e e e e e e e s s s e e e e e e e e e e e e snnneed 63
8.5 Methods to delineate SOUrce areasf WaLEr.............eevevvieiiiiiiiieemirieiieieeeeeee 68
8.5.1 Field mapping and remote sensing @ktensionalfeatures...............ccccvvvvvvvvnnees 69
8.5.2 StableISOIOPELIACEIS. ... ..uviiiiiiiiiiiie e 69
8.5.3 GeochemicalvaterbalancCe...........cccccoooiiiiiiiiiccc e 70
8.5.4 Numerical (computer basedjroundwatermodels..............ccccevvvvvvrriennn. 71
8.6 Implications for hazard aSSESSMENL.............uuuuiiiiiiiiieeeiiiiiiiieee e 71
S B (T Tox 1)Y= 11 o o O 73
9.1 Triggers 73
9.1.1 Porepressure 73
9.1.2 Undrainedloading...........ccooviiiiiiiiiiiiimr e 74
9.1.3 Toeerosion 75
9.1.4 Earthquakes 75
9.2 Reactivation Potential.............cccceeiiiiiiiiicceeciiiee e eeeeceeeeeres e ee e D
9.2.1 Rainfall Thresholds..........ooooiiiiiiiiieeee e 75
9.2.2 Temporal variabilityin precipitation.............cccceeeiiiiiiiieee e, 75
9.3 Temporal variability in landslide properties............ccccccoiviiiiiiieemeiiiiiiee 77
9.4 Examples of reactvation in Washington..............cccccuvvviiiiiieeniiiiiiiiiieeeeeeee 79
0.5 Effects OfFOr@StPraCliCES. ... .uuuueeiiiii e eeeeerree e e e e e 79
10 REIEIENCES...cuiii ittt ereer e e e mmmr et a e e e e e e eaaan e emnnes 80
10.1.1.1 Appendix A. Synopsis of WSDOT Geotechnical Investigations
of Non-glacial, DeepseatedLandslides............ccccccceeieeeivvieenn. 96
10.1.1.2 Appendix B. Proposed Synthesis of WSDOT Geotechnical
Investigations of Nonglacial DeepseatedLandslides.............! 99
10.1.1.3 APPENTIX C .o 101
5

Non-glacial deepseated landslide literature revie



July 17, 201

Figures

Figure 1. A newly published map of degpated landslides along tBelumbiaGorge............ 40
Figure 2. Stresstrain curve for @rittle material................ccccoeiiiiiiiieeci e, 43
Figure 3. Pogressive failure aislope...........cccoviiiiiieiiieeee e 4D
Figure 4. Stages GIOPe MOVEMENL...........ooeiiiiiiiiicemr e e e e e e e e aaes 46

Figure 5. Cracks form as a landslide moves downslopsmedddaterally...Error! Bookmark
not defined.

Figure 6. Progressive downslope compound landslide development by undrained Badinhg.
Bookmark not defined.

Figure 7. Landslidevaterbudget............cccceeviiiiiiiicccs Error! Bookmark not defined.
Figure 8. Wateflow pathways...........ccccoeviiiiiiiiiccciieeeeee, Error! Bookmark not defined.
Figure 9. Conceptual models of bedrdlokv paths..............ooooriiiiiiiiic e, 59
Figure 10. Bedrockaquifer fed byupSIOpETaCIUreS. ............uuuiiiiiiiiiiiieeeiiiiiieeee e 60
Figure 11. Fracture type and orientation inducetbpggraphictresSses........cccccceveeeeeiiiiinces 61
Figure 12. FracturNAUCEdrECNAIgEAIEA. . .....uuvieiiiiiiiiieiee et eeee e 62
Figure 13. Perched aquifer wildteral flowto landslide...........ccccooviiiiiiiiccs 62
Figure 14. Conceptual cross section showing nested pattegrauatiwateflow.................... 64
Figure 15RECNAIGEAIEA. . .......uuiiiiiiiiiiiii e 65
Figure 16. Modeled groundwatBmw liNES...........oooiiiiiiiiiiiieeee e 66
Figure 17. Variation in recharge alteeghargearea..............cooooviiiiiieenn e 67
Figure 18. Use of plantations to draw downwlagertable...................ccoooiiiiieeciiiiceeeee. 68
Figure 19Rainfallthreshold.................cccciiii Error! Bookmark not defined.
Figure 20. Annual precipitation OVBUQEtSOUNd............cooeeeeiiiiiiiiiieeee e 76
Figure 21. Water yield with anglithoutharvest...............ccccoiiiiiee e 77
Figure 22. Rainfall associat@dth reactivation...................ccceiiiiiccceiiiiiiiicie e, 78
6

Non-glacial deepseated landslide literature revie


https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635582
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635583
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635584
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635585
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635586
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635587
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635588
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635589
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635590
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635591
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635592
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635593
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635594
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635595
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635596
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635597
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635598
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635599
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635600
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635601
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635602
https://d.docs.live.net/2bef20ee41000dc9/M2/Projects/DeepSeatedLitReview/NonGlacial/Synthesis/Draft3/Synthesis_NonGlacial_Draft3_July11.docx#_Toc487635603

July 17, 201

1 Introduction

1.1 Why this literature review and synthesis?

As described in the Request for Qualifications and Quotations (RFQQ)-R6 dstributed by

the Washington Department of Natural Resources (DNR) in the fall of 2015, in response to
recent deeyseated landslide events, the Forest Practices Board hadtesbjines the Timber

Fish and Wildlife Policy Committee (Policy) develop recommendations related to the regulation
of forest practices on glacial deposits and their associated groundwater recharge areas. Policy
then directed the Upslope Processes Sciedidsory Group (UPSAG) and the Cooperative
Monitoring Evaluation and Research Committee (CMER) to develop a scope of work for a
focused literature review and synthesis to update CMER on research assessing théa#stt of
practices on groundwater reoige areas and despated landslides in glacial materials. The
review and synthesis provide a baseline for UPSAG to further develop an unstable slopes
researclstrategy.

That review and synthesis (Miller, 2016) were completed in 2016 and are available at
http://file.dnr.wa.gov/publications/bc_tfw_litsyngdsl 20170202.Siibsequently, additional
guestions were raised by Policy, CMER, and UPSAG regarding groundwatege=tthaon

glacial deegseated landslides, the reactivation of dormant-deeped landslides, and the tun

out potential for deepeated landslides. Thus, the literature review and synthesis were expanded
to include norglacial deepseated landslides. Thdocument is the synthesis of that review, and
although this report can stand alone, it is complementary to and expands on information
presented in the synthesis for glaaiakepseated landslides.

Both the glacial and neglacial reviews and synthesisalonents expand on the literature

review conducted for CMER by Koler (1992), who noted then the lack of research en deep
seated landslides in areas affected by continental glaciation and on effects of timber harvesting
on deepseated landslides in rock ples. The current reviews on glacial and-gtacial deep

seated landslides specifically sought published research on these topics.

12 DeepSeated Landslides and WRukhi ngtonds For es!

Washingtonbés Forest Pr act mieeforeRprdctecerelaiech c| ude pr
increases in landslide rates. These provisions are defined in the Washington Administrative Code
(WAC), Section222-16-050(1) which states that propate act i vi ti es i nvolving
or construction of roads, landings, gravel pits, rock quarries, or spoil disposal areas, on

potentially unstable slopes or landforms described in (d)(i) of this subsection that has the

potential to deliver sediment debris to a public resource or that has the potential to threaten

publ i c saf etsypoe cairael oin Cfl carsess-spevialrfosest practcessequir€dna s s |
environmental checklist in compliance with the State Environmental Policy Act (SEPA).

SEPA policies for potentially unstable slopes and landforms are defingd i 22210-030.
These policies require certain analyses of potentially unstable slopes and landforras prior
approval of Class I\special forest practices. These analyses must be performed by a qualified
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expert and evaluated by Department of Natural Resources staff. The analysis mustthddress
following threeissues:

a) The likelihood that the proposed forest practices will cause movement on the potentially
unstable slopes or landforms, or contribute to further movement of a potentially unstable
slope odandform;

b) The likelihood of delivery of sediment or debris to any public resources, or in a nizaner
would threaten public safetgnd

c) Any possible mitigation for the identified hazards asks.

The DNRO6s evaluation must t metices:det er mi ne i f t

a) Are likely to increase the probability of a mass movement on or nesiteghe

b) Would deliver sediment or debris to a public resource or would deliver sedinaketotrisr
in a manner that would threaten public safahy

c) Such movement and deliveaye likely to cause significant advensgacts.

If it is determined that the proposed forest practice is likely to have a probable significant
adverse impact, then SEPA requires that fASpec
designed to avoid aelerating rates and magnitudes of mass wasting that could deliver sediment

or debris to a public resource or could deliver sediment or debris in a manner thahveatdh

publics af et yo.

WAC 222-16-050, subsection (1)(d)(i), identifies five sets ofgrtially unstable slope and
landform types, referred to as Rutentified Landforms (RIL):

A. Inner gorges, convergent headwalls, or bedrock hollows with slopes steeper th&ivéhirty
degrees (sevenpercent);

B. Toes of deeyseated landslides, with slopdseeper than thirtghree degrees (sixdywe
percent);

C. Groundwater recharge areas for glacial deegtedandslides;

D. Outer edges of meander bends along valley walls or high terracesrafaaiined
meandering strearoy

E. Any areas containing features indicating the presence of potential slope instability which
cumulatively indicate the presence of unstahipes.

These landforms were identified as potentially unstable based on extensive landslide mapping for
watershed arngses. RIL Type B addresses the potential for triggering smaller landslides at the
steepened toes of despated landslides, Types D and E may potentially involve-siegied

landslide features, and Type C explicitly identifies the groundwater rechaaéoaa glacial
deepseated landslide as a feature of concern. Groundwater recharge ar@aglaxialdeep

seated landslides are not included in the set ofidaletified landforms, but are included in the

1 A qualified expertis a personlicensedunderchapter of the RevisedCodeof Washingtoraseitheran
engineering geologist or ahgdrogeologist
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guestions posed by Policy, CMER, and UPSAG for this vewithe nonglacial deepseated
landslide literature.

Section 16 of the Forest Practices Board Manu
Unstabl e SI op egroddesiestrigtiors dbf differast tandslide typeriteria for

identifying unstable slopes and landforms, and suggestions for analysis methods to assess the
likelihood that proposed forest practices will affect landslide movement.

1.3 Deepseatedandslides

Although gravity moves material downslope through a variety of processes, our focus is on
landslides that involve movement of material above a-dadihed failure zone. Landslides are a

primary mechanism for movement of slope material downslope. Washihgsoan abundance

of sl opes, offering many opportunities for hu
activities. In general, we seek to avoid those interactions. To do so, we need to know where
landslides will occur, how often they will occiamnd how our activities will alter those

occurrences.

Geologists distinguish between shallow and essgited landslides based on the depth below the
ground surface to the failure zone. Shallow landslides involve depths down to a couple meters;
deepseated landslides extend from several to tens of metersli§threction from shallow to

deep can be transitional, but it is still useful, because shallow aneedatgal landslides tend to
occur in different landscape positions, to involve different mechanisms and rates of movement,
to exhibit different responses human activities, and to pose different types of hazardswdere
focus on deegseatedandslides.

Deepseated landslides occur over a large range of sizes, from hundreds to millions of cubic
meters. Some deegeated landslides are catastrophic, inv@gh\sodden failure and rapid
avalanching or flowing of debris downslope. Catastrophic failure of large landslides can pose
significant risks to public infrastructure and human lives, such as the March 22, 2014 SR530
(Oso) landslide (Wartman et al., 2016) dnd May 2, 2014 Abe Barek landslide in Afghanistan
(Zhang et al., 2015). But for many, perhaps most, -deeped landslides, movement occurs
gradually and intermittently over variable time periods: several years to perhaps thousands of
years. This graduand intermittent movement forms characteristic landforms that can persist as
recognizable features on the landscape for long periods, from decades for small landslides to
thousands of years for large landslides. The occurrence of landslide events exartithus

cause deepeated landslide features to eventually dominate a landscape. Pierson et al. (2016),
for example, found that deesgated landslide features covered 64% of the surface mapped for
area including the Cascade Landslide Complex alom@tiiumbia River in southwest
Washington.

The ubiquitous presence of desgated landslides poses a problem for hazard assessment. Most
mapped deegeated landslides show no evidence of recent activity. With their mapping along
the Columbia River, Piersat al. (2016) found that only 12 of the 215 mapped landslides

2 http://file.dnr.wa.gov/publications/fp_board_manual_section16.pdf
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showed evidence of movemt in the past 20 years. Once formed, however,-deafed

landslides remain potentially vulnerable to continued movement, even if they have been inactive
for long periods. Reactivation of long inactive desgated landslides poses hazards to
communitieghroughout the world (e.g., Bertolini, 2010; Christenson and Ashland, 2006;

Massey et al., 2013). Of the thousands of inactive-deaped landslides that might exist in a

region, there may be no reliable indicators of which, if any, are on the vergeoofibg active

or will respond to human activities.

Wa s hi n gt epradtice rulemdistnguish between glacial and-glacial deepseated
landslides: those occurring in glacial deposits and those occurring in bedrockgiaciah

deposits. The nortle portion of the state was buried under an ice sheet 12,000 years or so ago,
leaving river valleys and coast lines filled with the legacy ofdammed lakes and outwash
streams. Subsequent river incision, channel lateral migration, and wave erosigsealeposits
created conditions exceptionally suited to formation of éesgted landslides. Recognition that
glacial environments juxtapose permeable outwash deposits with impermeable lake deposits,
which can make glacialeepseated landslides acutelynséive to changes in water balance,
motivated the special scrutiny that groundwater recharge zones to glacisedde landslides
receive in the forest practice rules.

Deepseated landslides also occur in bedrock, in soils formed of weathered bedhiwak,

volcanic and alluvial deposits, all of which are also found in abundance in our state. These

landslides present an even broader array of material properties, landslide types, geologic

influences, and potential groundwater interactions than fourgldoral deepseated landslides.

They may al so pose substanti al hazards-: many
Seated Landslides in Washington Staie9 84 t o 20140 posted by the I
Resourceshitp://file.dnr.wa.gov/publications/ger_list_large landslide9.pdturred in areas

never glaciated.

1.4 Theliterature

A vast literature addresses desgated landslide processes, hazard assessment, case studies, and
mitigation. A tiny literatureaddressemfluencesof forestpracticeson deepseatedandslidesTo

cover the issues of concern, we therefore examined a range of topics, expanding from deep
seated landslide studies to include use of stable isotopes to estimate sources of groundwater to
the role of bedrock fractures in storomoff.

We used severalrsttegies to find resources, including keyword searches in Google Scholar and
ResearchGate, systematic review of articles in relevant publications (e.g., Geomorphology,
Landslides, Water Resources Research, Engineering Geology, Environmental and Engineering
Geology), and technical reports provided by the Washington Department of Transportation, and
citations provided by the advisory team. The most productive strategies, however, proved to be
backward and forward snowballing: using articles cited in papeiswed, and then using

Google Scholar or the publisherds websites to
consuming approach, and prone to meandering searches that sometimes lead nowhere, but it also
led us to useful articles we could rm@ve found any other way.
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There are commonalities between glacial andglanial deepseated landslides, so many of the
citations included in the literature review for glacial deepted landslides are relevant here. For
this review, we foused on studies addressing landslide and groundwater processes in bedrock.
The citation list includes over 150 references in addition to the approximately 140 cited in the
glacial deepseated landslide literature review, over 20 of which were published sie

finished the glacial deepeated landslide review.

1.5 This document

UPSAG provided a set of issues and a list of questions to address in the synthesis report. CMER
and Policy had concerns they wanted addressed as well. We have placed these issues and
guestions upfront in the next three sections: Section 2, Questions and Answers; Section 3,
Knowledge Gaps; and Section 4, Recommendations. These sections are kept intentionally brief.
Detailed descriptions of the processes discussed and of the citatierespentinent information

can be found are provided in the background materiati(®scsthrough9).

2 Questions andanswers

Questions and issues posed by UPSAG, CMER, and Policy are addressed/e have grouped
these into similar categories, keeping all the original text of the questions, including
redundancies.

2.1 What are the triggers for creation and reactivation of nonglacial deepseated
landslides?

Before discussing triggers, it is informative to recognize the two primary modes of movement
that characterize downslope displacement of rock and soil: creep and shear.

1. Creep Deformation occurs from the surface downward continuously to a cefatim
Total downslope displacement is greatest at the surface and decreasipthith

2. Shear Sliding of a mass of material across a slip surface or rupture zone at a specific depth.
Deformation occurs within a limited thickness through that zone and displacaboset
that zone is nearly constant from the surface down ta tima.

All slopes experience some degree of creep. In granular materials, creep is accommodated by
sliding across grains. In cohesive materials, such as rockrickagoils, and fingyrained

materials compressed by glacial ice (glataalustrine sediments, till), deformation is

accommodated by growth, linkage, and slip across a network of cracks (Carey and Petley, 2014).
In cohesive rock and soils, creep is a precursor to slope failuned@;ra011), and failure occurs

if the network of cracks coalesces into a shear zone.-Besgied landslides are formed by
displacement of material across that shear zone.-Beseelandslide behavior is thus greatly
influenced by the geometry and matepeoperties of the shear zone. Knowledge of the
mechanisms that influence sheane formation can aid in anticipating subsequent-deejed
landslide behavior.
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2.1.1 Triggers forcreation

Progressive failure(Sedion 6.3 Landslides are generally triggered by specific events: a large
storm or series of storms, an earthquake, removal of buttressing material at the base of the slope.
That triggering event, however, is the culmination of a long sequence of evénts tha

progressively weakened zones within the slope. Slope failure occurs when these weakened zones
merge to form a continuous shear zone. This process is a consequence of brittle failure (Section
6.2), characteristic of rock and soils at depths of less than about 70 meters. At theserdefths,
growth and weathering occur gradually at stress levels well below those required to break intact
rock or soil. Stress concentrations caused by topographgeatagic structure tend to focus this

crack growth into narrow zones that become progressively weaker over time. As portions of a
slope weaken, the rate of crack growth accelerates and, at some point, cracks rapidly coalesce to
form a shear zone and tHeefails.

Crack growth and progressive slope failure are initiated by changes in stress conditions within a
slope. Such changes may be associated with alpine valley glacial retreat, river incision, elevated
pore pressure, or excavation for a road cutelnitiated, the process of progressive failure in

soil may occur within days; in rock, it may take thousands of years. Over this time, a slope may
undergo periodic stress fluctuations caused by the seasonal rise and fall of groundwater levels,
shaking fom earthquakes, freeze/thaw cycles, tree root growth in rock fractures, and changing
river levels or bank erosion at its toe. A slope may endure such fluctuations for many years, but
as it weakens over time, one final seemingly minor change can triggpteterfailure and lead

to the formation of a deegeated landslide.

2.1.2 Triggers forreactivation

Topographic features indicative of past dsepted landslide movement are created by sliding of
overlying material across the shear zone. The geometry and material properties of the shear zone
thus exert primary controls on landslide behavior and ornegfonse of a landslide to potential
triggers for reactivation. Coalescence of a network of cracks to form a shear zone and subsequent
movement across the shear zone have broken any cementing or cohesive connections between
rock and soil particles within ¢hshear zone, so it is weaker than material above and below. This
mechanical breakage also tends to make material within the shear zone finer grained and more
prone to chemical weathering (to clay minerals), so that the shear zone tends to have lower
permebility than material above and below, potentially causing the shear zone to act as an
aquitard that can hold groundwater within a landslide body (e.g., Baum and Reid, 2000).

In discussions of landslide reactivation, it is generally assumed that theeetipsopf the shear
zonei lack of cohesion, low permeabilitypersist when a landslide is inactive. Chemical
alterations that occur over time may affect stmmare properties (Bromhead, 2004). Landslide
studies tend to focus on active landslides, soutwwl of sheazone properties during long
periods of landslide inactivity is not well explored. Chen and Liu (2014) find that-acsligp solil
from an ancient landslide in China exhibits no cohesiorefR@blishment of some cohesive
strength during perits of landslide inactivity is observed in certain clay soils, but laboratory
experiments indicate that such strength regain is limited to shallow depths more pertinent to
shallow landsliding than to deep seated (Stark and Hussain, 2010). Thus, we agheme in

12

Non-glacial deepseated landslide literature revie



July 17, 201

following discussions that the sheaine properties that control landslide reactivation persist
over time when landslides are inactive. This assumption provides a conceptual basis for
identifying the processes that might control raaatton.

Development of a shear zone creates a thin, weak layer (from several millimeters to several
meters thick) across which large displacements can occur. Although the shear zone is weaker
than adjacent material, frictional forces continue to resisemewnt across the shear zone, and
that frictional strength remains nearly the same over time, regardless of how much movement
has occurred. Whenever forces acting to move the overlying maténalandslide body

exceed the shear strength of the sheaezthe landslide moves. Triggers for reactivation thus
involve factors that reduce resistance of the shear zonewabee pressures, which vary in
response to rainfall; or changes in geometry of the landslide that alter the balancefof¢asse

Pore pressure(Sedion 9.1.) Although the material properties that determine frictional strength

of the shear zone remain relatively constant over time, pressure exerted by water that fills pore
spaces within the shear zonélweduce shear resistance. These pore pressures are proportional

to the depth of groundwafewithin the landslide body. As groundwater depth increases, shear
resistance across the shear zone decreases. Groundwaterdeyelglyseasonal variations in
precipitation. Landslide movement initiates when groundwater reaches a level that generates
pore pressures that reduce shear strength of the shear zone to a value less than the gravitational
(or seismic) forces acting to mewnaterial downslope.

Pore pressures within the shear zone may also be influenced by pressure exerted by groundwater
impinging on the shear zone from below. High pressures within a confined aquifer intercepted by
the shear zone may also trigger landslidezement or make a landslide more sensitive to other
factors.

Rainfall thresholds(Secton 9.2.) Groundwater levels within a landslide vary in response to a
time series of precipitation events. The magnitude of groundwati&tions depends on the
magnitude and timing of these events and on the flow paths for water to, within, and out of the
landslide. If pathways exist for rapid infiltration and flow of groundwater, such as fissures at the
ground surface, susurface soipipes, and fractured bedrock below, groundwater levels may rise
and fall in tandem with rainfall events. If fracture porosity is low (but connectivity is high), the
rise in groundwater levels may be large, because it takes a relatively small volumer o fithte
available pore space. If permeability of landslide debris is low, and if there is a vadose
(unsaturated) zone that water must traverse, groundwater response may be slow and muted, but
will integrate water inputs over longer time periods, potént&gpanning years. Hence, there

could be a considerable lag between periods of high rainfall and reactivation of a landslide.

Groundwater response is thus a function of the time series of precipitation events. By comparing
time series of precipitation tame series of initiation of landslide movement, researchers have in
some cases identified rainfall thresholds for initiation of movement. These thresholds can be

SWe use the term figroundwatero to refer to water in any
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complex functions of antecedent rainfall intensity and duration, which may include estimates of
evapotranspiration, and vary from landslide to landslide.

The rainfall threshold for a landslide can also change over time as growth or infilling of cracks
andpore spaces and surfageinage development within a landslide alter its groundwater
response.

Undrained loading (Set¢ion 9.1.9 High pore pressures can also be induced by compression of
material composing the landslidedyo Such compression can occur when landslides in adjacent
material, such as subsequent failure of the headscarp, deposit additional debris onto the body of a
landslide. Compression and shearing of the body can reducsgere volume, causing the

debristo contract; if pore spaces are filled with water, pore pressure goes up and shear resistance
goes down. Water will be squeezed out of the compressed material, but if the material is
relatively impermeable, it may take hours, days, even months for thesgx@ssure to dissipate.

This process, referred to as undrained loading, can trigger and maintain movement of landslide
debris and has been attributed to reactivation of earthflows in Italy (Bertolini, 2010) and British
Columbia (Geertsema et al., 200B) some cases, the compressive pulse induced by rapid
undrained loading causes debris to liquefy and mobilize into a debris flow (Geertsema and
Schwab, 2006). Undrained loading can mobilize landslide debris over gentle slope gradients that
would be stabletherwise.

Changes in geometrySetion 9.1.3 Events that modify landslide geometry alter the balance of
forces within the landslide. Examples include channel incision into the body or at the toe, bank
erosion at the toe (Keck, 2017, for example, attributes activation of esdatgl landslide on

the Olympic Peninsula to bank erosion by debris flows from upslope), or excavations for road
construction (e.g., Stark et al., 2005a). If these changes act to reduce the forces that are resisting
movement, such as any buttressing at the toe, they mayrtniggen directly or reduce the
porepressure and rainfall thresholds for triggering movement.Precipitation, runoff, and
groundwater recharge

The abundance and movement of subsurface water plays a primary role in driving downslope
movement and failure (Ctes, 1990). Deepeated landslide motion is largely controlled by pore
pressures at a basal and lateral shear zone across which landslide movement occurs. These pore
pressures are proportional to the depth of groundwater stored within the landsliderreatioh
regarding the sources of water to a landslide is key to success in anticipating landslide behavior
(Sedion 8).

2.1.3 Are groundwater recharge areas associated with rglacial deepseatedandslides?

Yes, some landslidewe affected by recharge from beyond the landslide boundary; see Section
8. Water from precipitation and snowmelt has been observed to flow teséaépthndslides
via four potentiapathways:

1. Direct infiltration from rain and snowmelt on the body of thedslide.
2. Surface runoffrom areas upslope (e.g., Baum and Reid, 1995; Pra8ég).
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3. Subsurface runoffom areas upslope via groundwater flow through shallow transient
aquifers formed in soil and fractured bedrock perched above umdglbgs permeable
substrates (e.g., Binet et al., 2007b; Vallet et al., 2015a).

4. Groundwaterflow through perennial aquifers (e.g., Cervi et2012).

Pathways 2 through 4 involve contributing areas outside of the landslide boundary and can
account for aubstantial portion of the water inflow. The proportion of inflowing water from

each source may vary substantially from site to site, depending on surface topography and
subsurface conditions, such as the degree to which shallow, transient aquifersofprmed
stormflow are hydrologically connected to a landslide. Proffer (1992) found that subsurface
runoff provided 55% of the water to a large landslide in California; Cervi et al. (2012) found that
groundwater accounted for 64% of the water inflow to a laohelgh Italy. We have found no

studies that attempt to determine the proportion of water from each of these sources for
landslides in the Pacific Northwest.

2.1.4 How do groundwater recharge areas affect desgatedandslides?

Landslide movement can be inigatand accelerated by the increasing pore pressures associated
with rising groundwater levels within a landslide body. The effect of inflowing water originating
from outside a landslide boundary depends on the degree to which that water increases
groundwagr levels within the landslide. Groundwater levels within a landslide body reflect a
potentially complex interaction between the time series of precipitation andrsathevents,

the inflow rates and transit times for water inflows from each of the fathm@ys listed above,

and the rate of water outflow from the landslide

Inflow. The total volume of inflow to a landslide depends on the volumes from each of the four
flow pathways listed above. Those volumes are determined by the size of each contifeating
(or recharge area for groundwater), the amount of precipitation falling on that area, and the
proportion of water that flows through that pathway to a landslide.

Outflow. The response of groundwater within a landslide to inflowing water from each flow path
depends on the rate and timing of water inflow relative to the rate of water outflow. Water exits a
landslide by: seepage through the basal shear zone; outflows ntigrater to the surface at

streams, springs, and seeps; and evapotranspiration back to the atmosphere. If water drains from
the landslide quickly, then groundwater levels within the landslide may rise and fall in concert
with fluctuating water inflows. If \ater drains from the landslide slowly, groundwater volume

within the landslide will accumulate inflows over some potentially long (years) period of time

(e.g., Baum and Reid, 2000). Development of incised channels over the body of a landslide may
facilitate drainage of water from the landslide by intersecting the water table, which also limits

the local height of the water table to the elevation of the base of the channel.

These factors vary from landslide to landslide, but commonalities in climate, geatuty
topography may create similar patterns of groundwater response fesettep landslides

across a region. However, effects on landslide stability of source areas for water originating from
outside a landslide boundary may differ for landslidesfiemdint regions or in differegeologic

or topographic settings. We have found no studies that exploretiffesences.
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2.1.5 How do forest practices affect these groundwater rechaageas?

Forest RoadsRoad surfaces generate surface runoff and road cut banks can intercept shallow
subsurface flow (Wemple and Jones, 2003), altering the distribution and timing of water flows
between the four flow pathways. Consequences for each flow path depends pamuaitilgre

water from the road is discharged back to the forest floor: roads may act to divert water away
from or onto areas contributing runoff and groundwater recharge to esdatgul landslide.

Recent work on the La Conchita landslide in Californiagbample, suggests that surface
drainage changes due to building a dirt road contributed to the 2005 catastrophic landslide
reactivation (Pradel, 2014).

Timber HarvestTimber harvest reduces evapotranspirdtiaich increaes water available for
infiltration, runoff, and recharge. Studies of wavapor fluxes (e.g., Bruimmer et al., 2012) show
that evapotranspiration from forests varies from near 90% of total precipitation in arid regions to
about 20% in humid regions, atitht loss of forest cover can substantially reduce
evapotranspiration. Jassal et al. (2009), for example, measured a 30% reduction in
evapotranspiration between older (> 50yrs, ~400mm/yr) and younger (< 10yrs, ~250mm/yr)
Douglas Fir stands on Vancouveraistl. Paired watershed studies indicate that haretstd
reductions in evapotranspiration translate to equivalent increases in water yield from runoff and
recharge (e.g., Hubbart et al., 2007; Keppeler and Ziemer, 1990; Rothacher, 1970; Stednick,
1996).Harvestrelated increases in water yield decrease over time as forests regrow, but may
persist for up to five decades (Burt et al., 2015).

Increases in water yield for contributing areas (for both runoff and groundwater recharge)
associated with timber haest can be estimated from wabelance models. Examples include
relatively simple spreadsheaind GISbased calculations (Harbor, 1994; Westenbroek et al.,
2010) to more complex, but more complete, spatially distributed transient models, such as the
Distributed Hydrology SoiVegetation Modél(e.g., Du et al., 2016).

2.1.6 Are there methodologies that have been used to delineate groundwater recraae
to non-glacial deepseatedandslides?

Given that a deepeated landslide responds to the inputs from all wikier pathways, it is

useful to expand this question to also include contributing areas that generate surface and
subsurface runoff to the landslide (in addition to groundwater reghdrgge primary methods
include use of topographic divides and field mapping, isotopic tracers, and numerical modeling.

1 Topographic divides and field mappir(&ecion 8.5.) Water flows from higher tower
elevations, solbrunoff and groundwater inputs to a landslide originate from water
infiltrated upslope.

4 See the appendix for the glacial desgated landslide literature review synthesis.

5 http://www.hydro.washington.edu/Lettenmaier/Models/DHSVM/
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Surface runoff originates from areas within the topographically defined surface drainage to
a landslide. Surface runoff includes channels that drain to the landslide that Biag rec
subsurface runoff and groundwatkerived baseflow from beyond topographic divides.

Subsurface runoff occurs within nesurface higkpermeability zones: soils overlying lew
permeability substrates and highly fractured bedrock. Field observatiorns came

extent, determine if such zones are present and delineate their extent. Extensional features,
such as tension cracks, upHaking scarps, and closed depressions, may indicate locations
of rapid water infiltration to neesurface fractured bedek.

Groundwater recharge zones are difficult to identify precisely, because the groundwater
divide may not correspond with the surface drainage divide. However, groundwater source
areas may be roughly identified by tracing steedestent paths from upgle points,

extending from ridge tops to perennial stream channels (Vallet et al., 2015a).

Isotopic tracers(Section8.5.2 Water contains stable isotopes of oxygen and hydrogen.

The abundance of these isotopes in rainwater varies systematically with elevation. Hence,
the abundance of these isotopes found in subsurface water can be used todaleeatibe

where that watefirst infiltrated into the ground. This method does not explicitly delineate

the recharge area, but it does indicate if recharge occurs at elevations upslope of a landslide
boundary.

Numerical modeling(Setion 8.5.4 Groundwater models are used to estimate flow paths
and delineate recharge areas. Use of these models requires specifyiregttiemensional
distribution of subsurface permeability, which may be inferred by extrapolating surface
information, but accurate d@tnination of which requires substantial investment in
subsurface exploration. Such models can provide hypotheses about the extent of the
recharge area that can then be tested with field observations. Partial validation of model
results requires subsurfaceasurements of groundwakevels.

2.2 Material properties

2.2.1 How do the properties of geologic materials affect nglacial deepseated landslide

style of movement and runoulistance?

Although deepseated landslides occur within a large range of matepaktgnd geologic
settings, almost all exhibit certain general characteristics:

M

T

Deepseated landslide movement occurs primarily by sliding over adeéithed shear zone
(e.g., Bromhead, 2004). Development of a shear zone breaks any cementingehagen

rock or soil particles, with subsequent loss of cohesion. Mechanical breakage of particles
during shear displacements can cause material within the shear zone to have a finer grain
size, and thus lower permeability, than material above and bel@oriee

The shear zone is weak relative to adjacent matérteds little or no cohesion and resists
movement through friction. Residual strength varies with rock and soil types, but loss of
cohesion causes the range to be small relative to the range ofreeaithsbthose

17

Non-glacial deepseated landslide literature revie



July 17, 201

materials. Residual friction angles for sheane soils are typically in the range of 10 to 35
degrees (Chen and Liu, 2014, Stark et al., 2005b; Stark and Hussain, 2013).

Strength of the shear zone is inversely proportional to pore pressures within tlx@saear
Increases in pore pressure cause a reductistnength.

The shear zone tends to have low permeability relative to adjacent material. The body of a
landslide bonded by the shear zone may thus contain a groundwater system isolated to
some degree from adjacent areas. Inputs to this system occur by direct infiltration of
precipitation into the body, surface and subsurface runoff into the body fronupsésse,
andgroundwater seepage upward through the shear zone from below. Outflows from this
system occur by downward seepage through the shear zone and surface drainage where the
water table intersects the grouswface.

These factors create similarities acroselmated landslide types. Variations in material
properties generate differences in landslide behavior.

T

T

Permeability of material composing the landslide body influences how groundwater
responds within the landslide. Competent materials can maintain open fractures that allow
rapid transit of water vertically and laterally through a landslide body-fressue

responses to precipitation may be rapid. Clays developed from weathering processes clog
fractures and other pathways for water, so as landslide deposits age, permeability tends to
decrease, and pepressure responses tend to be delayed and dispertsegpiating

seasonal or longer trends in precipitation. This evolution from higher to lower permeability
occurs more rapidly in weaker, more readily weatheredtypes.

As bedrock weathers in place to form a residual soil, the upper soil layer (tdithrezén)

may become permeable with a deeper, lepgzmeability zone developing (to the B

Horizon) where clay minerals accumulate (Lambe, 1996). Perched groundwater can form
above the lowepermeability zone (above the B Horizolm) deep residual soils, fmation

of a perched shallow aquifer can initiate dsepted landslides. These kpg&rmeability

layers can also act as aquitards for groundwater flowing upwardoktow.

Low-permeability material is more subject to reactivation by undrained loading (Section
9.1.2, because of the long time for pgreessure increases caused by compressibie of
material to dissipate. Hence, reactivatiorupgrained loading is most likely in claich

and finegrained debris. In fingrained materials, undrained loading can also trigger
liquefaction and high mobility (lorgunoutdistances).

2.2.2 Potential categories of various neglacial materials that react ifferently to forest

practices than other materials, such as depth, geologic map unit, stratigraphy, slope,
precipitation zone, permeability, proximity and juxtaposition to streemannels

We found no studies that address differences in the reactionmfdated landslides to forest
practices and other factors. The only published study we found that directly examines the effects
of forest practices on deeggated landslide behavior is that of Swanston et al. (1988), which
documented accelerated movemdrar earthflow in weathered sedimentary rocks following
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clearcut harvest in western Oregon. One study is insufficient for drawing broad inferences, but
forest practices affect the same physical processes as natural increases in waaedflows
changes in slope geometry, so observed-deeged landslide responses to natural events can
show which materials and what landslide characteristics might influence landslide reactions to
forest practices.

Analyses of landslide inventories show tha ttumber and relative area of dessgated

landslides varies with material properties and slope characteristics. For an inventory in the
southern Cascades of Washington, Dragovich et al. (1993a) found the highestateelp

landslide densities in intrusivgneous rock types and the lowest in interbedded volcanic
sedimentary rocks. They found higher dseated landslide densities where bedding surfaces
intercepted the ground surface at an angle, rather than on dip (bedding planes parallel to surface)
andscarp (bedding planes perpendicular to surface) slopes. For the urban corridor in Cowlitz
county, (Wegmann, 2006) found the highest landslide densities in volcanic tuffs of the Toutle,
Troutdale, and Cowlitz formations. Gerstel and Badger (2002) citeiticelb Creek Formation,
afnegr ai ned sedi mentary rock in southwest Washi
studies show that landslide susceptibility varies with rock type, stratigraphic sequence, and
bedding orientations relative to surface tomginy, and that these relationships vary regionally.

We can infer that combinations of these factors that are more prone to landslide formation will
also be more sensitive to forest practices, but this inference has not been testeddeatbekp
landslides through empirical studies.

2.3 What are the characteristicsof large landslidesthat may predisposethemto
compositefailure.

Deepseated landslides commonly take place in temporal and spatial sequences. Specific

terminology is used to describe differenésarios. Cruden and Varnes (1996) defiomposite

landslides as involving different types of movement in different parts of a landsiagiex

landslides as involving different types of movement in sequence; muidtiple landslide as

involving repeatd movements of the same type, which may share a common shear zone. Cronin
(1992) definesaompound andsl i de as fAa | andslide that has
small er, secondary |l andslideso. Chapter 16 of
deepseated landslides found in glaciated and-glaciated terrain have the potential to become
highly mobile failureso and cites the 2014 SR ‘!

In recognition of the potential for composite landsliding, hazard assessments should examine the
potential of future landslide occurrence and the potential consequences of such occurrence.
Methods to improve prediction of reactivation of existing landslaie discussed below in

Sedion 2.7.2.These methods should be applied recognizing potential for composite, complex,
and compound types of behavior. For example, the spatial density of shallow landslides tends to
be greatewithin deepseated landslide features (including dormant and relict landslides) than in
adjacent areas (e.g., Dragovich et al., 1993b; Wegmann, 2006). Perhaps the density of smaller,
deepseated landslides is also greater within larger -deaped landsliek than in adjacent areas.
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2.4 What are the characteristicsof large landslidesthat may predisposethem tolong
rapid runout?

Long, rapid runout occurs when landslide debris attains high velocity (on the order of 5m/sec or
more, Hungr, 2007). Aock or soil slope can lose strength almost instantaneously when it

initially fails. Subsequent movement of landslide debris is constrained by shear resistance across
the resulting failure surface (shear zone) and capacity of the landslide debristto resis

deformation as it moves. If the failure surface is steep, or if material above the failure surface
loses strength as it deforms (loose soils, fracturing rock), upon failure, landslide debris may fall
nearly unconstrained downslope. Many long runout lizahets are thus associated with initial

failures.

On reactivated landslides, high velocities and long runout can occur with loss of strength
(liguefaction) caused by suddenly elevated pore pressures within the shear zone. Such elevated
pore pressures may baused by undrained loading (8en 9.1.2, such as when a rock slide
deposits onto saturated, fugeained materials (as described for the Muskwa landslide in British
Columbia by Geertsema et al., 2006; Geertsema andab¢l2006), or when materials contract
during shear deformation (lverson, 2005; Iverson et al., 2000). Contraction causes a reduction in
porespace volume with a consequent increase in pore pressure and reduction in shear strength.
Reduced shear strengtlsuodts in greater displacement and more contraction. This feedback can
result in unconstrained acceleration of landslide debris. Contraction during shearing deformation
is observed in loose soils.

Geertsema et al. (2006) document recent (last 40 yeags), langrunout landslides in British
Columbia and document the types of landslides and geomorphic settings involved.-For non
glacial landslides, these involve rock falls and rock slides on cirque walls, sedimentary dip
slopes, and mountain slopes undéngaleepseated gravitational deformation (seet®ec6.1).
Some of these landslides evolved into debris flows or debris avalanches, and some initiated
movement on downslope earthflows. Most of these bedrock landslidestegpeeted as initial
failures, and not ractivations of existing landslides. Geertsema and Schwab (2006) discuss
these landslide types in the context of assessing landslide hazards for forest practices.

Long-runout landslides described in the literatafien involve a sequence of events, such as
where a rockslide evolves into a flow or avalanche, entraining downslope material and growing
in size, or deposits onto existing landslide debris and triggers movement through undrained
loading (Geertsema et a2006; Hungr, 2007). In most cases, the initiating event involved an
apparently new failure. Deegeated landslide deposits can also dam streams; failure of the
landslide dam can then generate a dmgak flood or debris flow, as attributed to deposis@l
Jones Creek at Acme, Washingfon.

2.4.1 What methods might improverediction?

Landslide runout is observed to increase with increasing landslide relief or fall height (elevation
difference from head to toe), landsliddwoe, and steepness and topography of the depositional

8 http://www.whatcomcounty.us/DocumentCenter/View/11552
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zone (Hunter and Fell, 2003; Iverson et al., 1998; Legros, 2002). These empirical relationships
may vary for landslides in different materials and geomorphic settings (Perkins et al., 2016).
Local calibrations can be made from regional mapping of landséaghtrunout length
relationships (Hattanji and Moriwaki, 2009; Perkins et al., 2016), so that measures of slope
heights can be used to predict potential runout lengths.

2.5 What are the best tools to assess runout potential for deeggatedandslides?

Forregional hazard assessments and initial screening, empirical methods regionally calibrated to
mapped deposit extents provide the most applicable tool. Hattanji and Moriwaki (2009) illustrate
this approach for areas in Japan. Perkins et al. (2016) dessélw LIDAR for mapping runout
extent for landslides in northwest Washington, and point out that léoight ratios diffefor
different materials. Mapping of landslide scar and deposit geometries fromesigjation

digital elevation models (DEMg)nd field surveys could be used to calibrate empirical models

for representative rock types and glacial deposits across Washington. Scatter within the data can
be used to infer exceedance probabilities for runout extent (McDougall, 2017). Resulting
statistcal models can be translated to maps of probability of runout extent. Such empirical
approaches assume that past runout extent provides an accurate indicator for future runout
potential. For potential flovtype landslides, if the initial volume can beiestted, the lahar

runout model developed by Iverson et al. (1998) may be used to account for downslope
variations in valley topography (Griswold and Iverson, 2008; Schilliégg).

Physical models for landslide runout, such as those by Hungr (199%®rsoiivand George
(2016), can also be applied to demgated landslides. Physical models are, however, extremely
dependent on the specified material properties and initial and boundary conditions, which are
poorly known for most cases. For hazard assessmagjionally calibrated empirical models
provide greater applicability.

2.6 Sensitivity to forestpractices

2.6.1 What are the impacts of foregiractice activity on norglacial deepseated landslide
movement?

We found only one study that sought to examine effects of forest practices esedésgh
landslides: Swanston et al. (1988) monitored sites on and adjacent to an active earthflow in
western Oregon before and after cleat harvesting over the earthflowhey found acceleration

of movement over a portion of the earth flow following timber harvest, from about 3.4mm/yr to
20.5mm/yr. This is a sifold increas& however, these rates are nearly imperceptible,
corresponding to thslowest velocity class (extremely slow) in a widely used classification

" The authors report total surface displacement at boreh@lef®58mm over the §ear monitoring period

(October 1975 to April 1984), 41mm of which occurred during a peri@toélerated movement over two years
(winter 1977 to winter 1979). Average rate of movement during theanoelerated period was (@3)mm/8yr =
3.375mmlyr; average rate during the period of accelerated movement was 41mm/2yr = 20.5mm/yr. Thi®lg a six
increase. In their conclusions, the authors state a 14% increase, but it is not clear how they came up with that
number.
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(Hungr et al., 2014). The accelerated rate persisted for a little over two years before returning to
pre-logging levels

We found no studies that investigated a cause and effect relationship between forest practices
and the reactivation of inactive desgated landslides in the Pacific Northwest. This is not
necessarily an indication that such relationships do not exiker; it may indicate the difficulty

in discerning the effects of forest practices amid the noise of natural variability. More than 40
years ago, Swanston and Swanson (1976) inferred that timabegst reductions in
evapotranspiration, as manifest thrbugcreased water yield, could have substantial impacts on
deepseated landslide movement. Given the paucity of studies, we must continue to rely on
inference.

Deepseated landslides are reactivated when pore pressures at the shear zone exceed some
threshdd (e.g., Iverson and Major, 1987), the rate of landslide movement may increase with
increasing pore pressure (e.g., Hong et al., 2005), and cessation of movement occurs when pore
pressures drop below some threshold value.-passure fluctuations areien by temporal

variability in supply of water to a landslide. Water is supplied through four pathways: direct
infiltration of precipitation into the landslide, surface runoff from upslope, subsurface runoff

from upslope, and groundwater seepage fromvbéhe shear zone.

Removal of tree canopy by forest harvest reduces evapotranspiration with a consequent increase
in infiltration, runoff, and groundwater recharge. This increase ranges from 10% to 15% of total
precipitation in the Pacific Northwest (se&isav in Miller, 2016); it can persist for a decade or

more, but decreases over time as forests regrow. By increasing water supply and associated pore
pressures, timber harvest may trigger reactivation of a-slegjed landslide, can increase the

rate of me@ement of a deepeated landslide, and may increase the total time that a landslide
remains active.

The potential that forest practices will have any of these impacts depends on:

1 the increase in water supply to a landslide caused by foessices,

1 the fquence of precipitation events over the time that water suppbréased,

1 the influence of changes in water supply to groundwater levels in the landstide,
1 the sensitivity of the affected landslide to changes inp@ssure.

Capabilities to evaluate each of these exist, but we have found no studies that examine all of
them in the context of deegeated landslides and forest practices in the Patmfithwest.

2.6.2 Does harvesting of the recharge area of a nglacial deepseatedandslide promote its
instability?

Potentially yes. Harvesting reduces evapotranspiration, which can increase runoff and recharge.
If harvest occurs in areas upslope of the landslide boundary that provide water to the landslide by
surface runoff, subsurfacanoff, or groundwater flow, the harvest can increase the amount of
water that flows to the landslide, which can increase groundwater levels within the landslide,
increase pore pressures, and reduce resistance to shear forces across the sheargdhe; that i
harvest can promote instability. This reduction in stability could persist until theagest
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regrown sufficiently that evapotranspiration is recovered téhpreest levels. Eddy covariance
measurements indicate that {hr@rvest lgels of evapotranspiration may be achieved in about 15
years for a site on Vancouver Island (Jassal et al., 2009).

However, paireetatchment studies of water yield suggest that effects of harvest on basin
hydrology can persist somewhat longer. Jones astl(P004) present a lostgrm (multk

decade) analysis of 14 pairedtchment studies and find that increases in annual water yield
after cleafcut harvesting of conifer forests persist for 30 to 40 (or more) years. Increases in
water yield following harvet were larger in snosdominated basins, and also depended on the
age of the original stand. Burt et al. (2015) recently updated analysis of-paichthent data

from the H.J. Andrews experimental forest in western Oregon and also found that effects of
harvest persisted for over four decades, in that-gefold stand loses less water by
evapotranspiration and more in runoff than angrowth stand. Du et al. (2016) recently used
hydrologic simulations to evaluate effects of different harvest strategiester yield for the

Mica Creek Experimental Watershed in sad@minated northern Idaho. They also find that
complete recovery after cleaut harvesting to a stable baseline of hydrologic yield may take 45
to 50 years. These studies all find that #ite 10f hydrologic recovery can vary with sggecific
factors, such as the rate of stand regrowth and the proportion of precipitation that falls as snow,
but they also show that complete hydrologic recovery may take decades. The implications for
deepseaed landsliding have not been explored.

Whether the reduction in stability triggers landslide movement depends on the time series of
precipitation (and snownelt) events over the period of recovery, on the change in water yield
associated with harvest, dmetsensitivity of the landslide to pore pressure increases, and on
factors that may increase that sensitivity, such as erosion of the landslide toe. Increased pore
pressures will also render the landslide more sensitive to other events over the period of
recovery, such as seismic shaking.

2.6.3 Are there differences in response to forest practices versus natofialences?

This question can be addressed over a range of spatial and temporal scales. The response of an
individual deepseated landslide to forest practices over its extent and within its source area for
runoff and groundwater recharge forms one end of this raimge defines the spatial scale at

which ruleidentified landforms and foregtractice applications are evaluated. At this scale,
changes in groundwater levels associated with timber harvest are of similar magnitude as
changes associated with natural vaitighin precipitation. Harvestelated increases are,

however, overprinted on that natural variability, which may result in groundwater levels
exceeding those that would occur naturally if harvest occurs prior to an exceptionally wet period
(see seton 9.2.9.

Likewise, at the scale of an individual landslide, excavations for road cuts may be of similar
magnitude as natural erosion of channels crossing or adjacent to a landslide. However, road fills
and drainage diversiormsn potentially create conditions that would not occur naturally.

We can also view responses to forest practices at a landscape scale, encompassing an entire
population of landslides. This is the scale at which cumulative effects are evaluated (MacDonald,
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2000; Reid, 2010) and over which watershed analyses are conducted (Section 11 of the Forest
Practices Board Manual). Scheduld lof the Forest and Fish Report specifies a performance

target for mass wasting sediment delivered to streafisob i ncr ease over nat ul
rates from harvest on a | andscape scale on hi

Forest practices and natural disturbances (fire, disease, wind) alter or remove forest cover with
consequent increases in runoff and recharge that cantpersiecades (for effects of wildfire,

see review in Neary et al., 2005). Differences exist in the frequency and spatial extent of natural
versus humacaused changes in forest cover. In general, for the west side of the Cascades (with
a humid climate antbng fire recurrence intervals) harvests occur more frequently than fire. The
cumulative effect over time is an increase in the proportion of the landscape covered with young
forest stands. For the Coast Range of Oregon, Teensma et al. (1991), for ef@mmgléhat the
proportion of area in stands less than 50 years old increased from 10.5% to 40.8% (including
burned areas in both cases) between 1920 and 1940. Most of this change was attributed to
harvest, not fire. The proportion of area in standsttems 30 years old was, as of 2004, about

43% (Wimberly et al., 2004). In a fire simulation for the Coast Range, Wimberly et al. (2000)
estimated that the proportion of area in stands less than 30 years old would vary between about
10% to 30% (those are th& and 95% quantiles), with a median of 17%.

An increase in the proportion of area in young stands may translate to an increase in the
proportion of deefseated landslides and their source areas for water covered by young stands.
Young, hydrologically matre stands may actually transpire more water than older stands during
the growing season, as found by Moore et al. (2004) in a comparisoryebd@nd 45¢ear

old riparian, conifeldominated stands in western Oregon. However, interception tends to
dominate water losses to evapotranspiration for conifer forests in the Pacific Northwest, so that
total evapotranspiration is reduced in young forests (< 15 years stand age based on measurements
by Jassal, 2009). When integrated over large areas, an inaréaseroportion of area occupied

by young forest stands may thus translate to an increase in the time thaedtsplandslides

are exposed to increased water supply (see discussiontionrS2@.3. This increase may

translate to increased rates of landslide activity (Benda et al., 1998). These inferences are
speculative; there are no studies that examine the landstdpeffects that changes in forest
cover may have on deeygated landslide activity, but given thedaoapescale mandate of the
Forest and Fish Report, it is important to consider these potential effects. Further analysis may
demonstrate that the cumulative effects of forest management osekgep landslide rates are
insignificant, but we will not kne until such analyses are made.

Management influences on forest cover differ east of the Cascades. There, fire suppression has
resulted in an overall increase in forested area (Hessburg et al., 2000).

Natural erosional processes alter hillslope and -desjgd landslide geometry. Channel incision,
river-bank erosion, and smaller shallow and dsegted landslides occurring within larger deep
seated landslides; all change slope geometry and alter the balance of forces within a slope that
can reduce stabilitof a deepseated landslide. Dragovich et al. (1993a), for example, found that
37% of observed deegeated landslides were associated with undercut slopes along streams
confined by steep slopes for an area in the southern Washington Cascades. Cundlsiges a

24

Non-glacial deepseated landslide literature revie



July 17, 201

cast associated with forest road construction, borrow pits and mines, and any other excavation or
materiatldumping also change slope geometry and alter the balance of forces, which can reduce
stability of deepseated landslides. Natural alterations to slgpometry are focused in specific
topographic locations: valley floors, bedrock hollows, along steep channels. Haonsed

alterations to slope geometry can occur anywhere. For example, roads follow contours crossing
slopes at all relative elevationsoifn valley floor to ridge top. Thus, the spatial distribution of
humancaused reductions in landslide stability is different than the distribution of natural
reductions.

Natural processes create spatial and temporal variability in the factors that sffesedtd
landslide activity. Forest practices alter these distributions. We have found no examples in the
literature where consequences for the spatial and temporal distribution efedge landslide
activity have been explored.

2.6.4 What is the relativenfluence of forest practices compared to natufattors?

Precipitation amounts vary substantially across time and space. Annual precipitation, even when
spatially averaged over leland Puget Sound, varies by nearly plus or minus 40%tgegrar

from thelong-term average (see SiEm 9.2.J. Following cleafcut and patcitut timber harvest,
annual water yield increases about 6mm for every percentage point of a basin harvested (Moore
and Wondzell, 2005). Mean annual pret@pon over lowland Puget Sound averages about

1,100 mm/yr. Depending on the proportion of contributing area cut, these numbers suggest that
harvestrelated increases in runoff and recharge can be of the same magnitude as annual
variability in precipitaton. These harveselated increases are overprinted on annual variability,
and the combination of abowaerage precipitation plus harvwestated increased water yield

could cause water inputs to a landslide beyond what might occur naturally. An average
precipitation year plus increased water yield from harvest may not trigger reactivation of a
landslide; an unusually wet year alone may not trigger reactivation, but the combination of an
unusually wet year and harvesiated increased water yield maydreough to reactivate a

landslide.

Effects of natural disturbances are also over printed on temporal variability in precipitation. Wild
fire can cause increases in water yield of similar magnitude as timber harvest. However, as
described above, the cumulative effects of forest practicediifanfrom those of natural
disturbances.

2.7 Assessment of forest practices role in landslidaisceptibility
2.7.1 Can relative levels of response to forest practices be predicted by key charactefistics

non-glacial deepseated landslides and/or their groundier rechargeareas?

Deepseated landslide properties and spatial distribution are governed by regional geology,
topography, and climate, so it is plausible that levels of response could be predicted by key
characteristics. Such characteristics have bademtified for shallow landslides; e.g., the Rule
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Identified-Landforms of WAC 22216-05C°. We are aware of no efforts that have systematically
sought relationships between desgated landslide activity, forest practices, and landslide
characteristics. However, as described in Se@i8r2above, observed coreglons between
landslide density (the proportion of area covered by landslide features) and levels of landslide
activity with geology, topography, and climate might be used to infer relative levels of response
to forest practices. Ultimately, however, dgten of a potential management signal requires
analysis of forespractice treatments in addition to effects of natural factors.

2.7.2 What are the best methods to assess reactivation potential from douheapseated
landslides?

Geotechnical model® assesdeepseated landslide stability are well developed and widely
applied (e.g., Duncan et al., 2014; Turner and Schuster, 1996). The confidence one can place in
results from these models is directly related to the type, amount, and precision of the aput dat
High confidence requires abundant sulsface and monitoring data. Such data are not generally
available for regional assessments or for forested landscapes, although they could be collected.

Statistical analysed.andslide potential can also be chagaeed in terms of statistics for a
population of landslides; e.g., using correlations of landslide occurrence with landscape and
storm attributes. Such methods have been developed and are widely applied (Corominas et al.,
2014; Pardeshi et al., 2013), lmwimarily for shallow landslides. Deegeated landslide locations
can be identified; they have been routinely mapped using aerial photography combined with field
verification (e.g., Dragovich et al., 1993a; Gerstel, 1999), anddeigthlution elevation da

derived from LIiDAR has been incorporated into recent mapping methodologies (Burns and
Madin, 2009; McKenna et al., 2008; Pierson et al., 2016; Schulz, 2007). Howevesgdéep
landslide features may persist for thousands of years, and many ideatifi@dlapped landslides
show no evidence of activity over the time frame relevant to the morphologic and vegetation
indicators of movement, which span hundreds of years. Mapping landslide locations shows
where landslides have taken place; however, it doeshow where landslide movementikely

to occur.

Age distribution Probability of future landslide activity can also be estimated from the frequency
of past landslide events. Dating of landslide deposits across a population-sedésgh

landslides povides a measure of both the frequency of landslide activity and how that frequency
varied over time (Ballantyne et al., 2014a; Booth et al., 2017). In current practice, relative
landslide age is commonly estimated via simple field observations of saréapéology (e.g.,
hummocky versus undulating), drainage and soil development, and characteristics of current and
historic timber stands. (Keaton and DeGraff, 1996; Table 2 in Chapter 16 of the Forest Practices
Board ManuaB. The use of Lidaderived digital elevation models (DEMs) as a means to
categorize landslides as active/recent, dormant distinct, dormant indistinct, or relict (as in Table 2
of the Board Manual) could be utilized for recognizing deegted landslides thenay be more

8 http://apps.leg.wa.gov/wac/default.aspx?cite=28250
9 http://file.dnr.wa.ge/publications/bc_fpb_manual_section16.pdf
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susceptible to future movement. LaHusen et al. (2016) and Booth et al. (2017) calibrated surface
characteristics of landslide deposits determined using Lidardaatie DEMs td“C ages of

wood in landslide deposits. Such methods may provide calibrations for using Lidar to estimate
the age distribution for a population of landslides.

Landslide age distribution, however, does not tell us which landslides are more likely to become
adive or respond to forest practices. By identifying which landslides are or have recently been
active, the statistical techniques developed for shallow landslides could be applied to identify
characteristics associated with dessated landslide activityeactivation, and potential historic
triggers. Such a statistical approach may be, at least initially, the best method to apply for
assessing reactivation potential in the context of forest practices, but it needs to be developed and
tested. This approaaould incorporate regional geologic, topographic, fluvial, and climatic
attributes that contribute to despated landslide behavior, as mentioned in the previous section.

It could also incorporate geotechnical estimates of stability.

Geotechnical modelsao be applied using the limited data available. Without information on
subsurface conditions, model results for individual landslides have large uncertainty, but when
applied over a population of landslides, they may reveal interactions between topography,
geology, and climate that provide useful indicators of landslide sensitivity to environmental
perturbations. Broad spatial application of simple geotechnical models have been used to assess
potential spatial variability in slope stability (e.g., Mergtliag, 2014) and sensitivity to change

(e.g., Miller, 1995). Spatially distributed hydrologic models have been used to estimate runoff
and recharge (e.g., Du et al., 2016). Such models can provide relative estimates of stability and
sensitivity for all lamlslides in a sampled population; these estimates can be tested against
empirical observations of landslide activity using the same statistical methods cited above. Such
a combination of physical modeling and empirical correlation of model results to ethserv
landslide behavior may provide more reliable predictions of activity level and reactivation
potential than either physical models or empirical correlation alone.

2.8 Mitigation measures and basis for theidetermination

Landslide mitigation measures aredefly applied and well documented in the literature (e.qg.,
Turner and Schuster, 1996). The Washington Department of Transportation (WSDOT) has
extensive experience with landslide mitigation. WSDOT mitigation design is predicated by
subsurface data collectiand stability analyses; such data are not typically collected for-forest
practices slope stability assessments, although they could be.

A large variety of mitigation strategies have been devised and implemented. These commonly
involve three approachedrainage systems that either prevent water flow into landslides or drain
water from within the landslide, physically reshaping the slope (commonly by toe buttressing),
and strengthening the slope by installing engineered materials.

Another potential mitigdon strategy is simply to maintain forest cover within the source areas
for water flowing to a deepeated landslide. This is the basis for including the groundwater
recharge area to glacial degpated landslides as a ridentified landform in WAC 222.6-050.

As described above, timber harvest increases water yield for one or more decades, which may

27

Non-glacial deepseated landslide literature revie



July 17, 201

increase water supply to a desgated landslide over that period. If that increase occurs during a
period of high precipitation, the poteaitior triggering or accelerating movement on deepted
landslides increases. However, long climate records reveal decadal trends in precipitation and
temperature. Burt et al. (2015) suggest that recent improvements in characterization of these
climate tends might allow for timing of harvests to minimize impacts on water yield. Burt et al.
were addressing hydrologic effects on stream flow, but the same strategy might be applied to
slope stability. Harvest in source areas for water to-deaped landsles that are potentially
sensitive to increased water yield could be done during th@tewipitation portion of these
decadal cycles.

3 KnowledgeGaps

It is a bit surprising that, other than Swans
published work investigating effects of forest practices on-deafed landslides. This paucity is

not for lack of recognition of potential effects. Inareviemvper ti tl ed ATi mber h
erosion, and steepland forest geomorphol ogy i
(1976) state:

AAl t hough the I mpact eearthflow reoxementtad notbgen al one ¢
demonstrated quantitativelseveral pieces of evidence suggest that it may be

significant. In massive, deegeated failures, lateral and vertical anchoring oftoext

systems is negligible. However, hydrologic impacts appear to be important. Increased

moisture availability due teeduced evapotranspiration will increase the volume of

water not utilized by the vegetation. This water is therefore free to pass through the

rooting zone to deeper levels of the earthflow. Although the hydrology of slump

earthflow has not yet been invegtted, hydrology research on small watersheds

suggests that this effect may be substanti al

Subsequent work in the following 40 years has clearly demonstrated the hydrologic impacts
of timber harvesting in increased water yields, so why have only Swagtsatr{1988)

examined effects on deegated landsliding directly? Several factors might contribute to the
lack of studies:

1 There are many deegeated landslides, the majority of which are inactive. A query of the
Washington DNR landslide datab#sshows that, of the 4,640 despated landslides
mapped in the Landslide Hazard Zonation Project (UPSAG, 2006), 573 are classified as
AActivated, reactivated, recento, deeml t hese
seaed landslide area. Most deepated landslides are inactive and probably have no
response to foregtractices.

1 The morphologic and vegetative indicators of landslide activity and sensitiforg b
practices are diverse and may be ambiguous, partigditarslow-movinglandslides.

10 Available athttp://www.dnr.wa.gov/programandservices/geology/publicatiorenddata/gisdataanddatabases
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1 Physical factors affecting deeeated landslide behavior are diverse and difficult to
characterize. These include geometry and strength shier zone argtoundwater
response tprecipitation.

1 Groundwater levels may respond to cumulative precipitation over time periods spanning
days to years. Thus cause (precipitation) and effect (landslide movement) sepgiated
in time, and the sequenoéprecipitation events that can trigger landslide movement may
not be easilyecognized.

1 Hydraulic conductivity of a landslide body may increase or decrease over time. This
changes landslide responseptecipitation.

1 Deepseated landslides respond to natural processes, such as variations in precipitation,
channel incision and lateral migration, and seismic shaking. Effects of forest practices are
over-printed on these responses. To separate fprastice effects fromatural variability
requires monitoring over long time periods (Swanston et al. reported on observations over
ten years) and potentially over masites.

The relatively high costs of instrumenting sites to monitor precipitation, groundwater, and
landslidemovement; the decade (or more) long time over which data must be collected, and
the high potential that the results will be inconclusive are all high motivation for any
aspiring researcher to avoid such studies.

Contrast this with the situation for shalldandslides.

1 Shallowlandslide scars tend to be rapidly revegetated, so every mapped shallow landslide
recent; there is no ambiguity as to whether a shallow landslide was active or

1 Shallow landslide occurrences are numerous: the Mass Wasting\Effess Monitoring
Project (Stewart et al., 2013) mapped 1098-road related shallow landslides anddgep
seated landslides after the 2GQ@rm.

1 Shallow landslides tend to occur during large precipitation events, whlesgseated
landslides mayeaspond to cumulative precipitation spanning marents.

1 Physical factors affecting shallow landslides can be characterized using simple infinite slope
and steadystate groundwatenodels.

Thus, it is straightforward to rapidly collect abundant data weh-defined timing of

landslide events using field and aeqidlotograph mapping, and to characterize shallow
landslide occurrences using readily calculated topographic attributes of slope and
contributing area. Significant correlations of active shallamdklide locations with forest

roads and stand conditions exist and interpretations can be actively debated (e.g., Miller and
Burnett, 2007; Montgomery et al., 2000; Turner et al., 2010). We found no similar efforts to
relate active deepeated landslidetations with forest roads and timber harvest.

The discussion above highlights several key information gaps or uncertainties not covered in the
literature.
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3.1 Features associated with deepeated landslide reactivation potential or sensitivity to
forest practices have not beerdentified

The literature recognizes and documents features that are indicativecofrdrgor pastlevel

of landslide activity (see Gipter 16 of the Forest Practices Board Manual, for example), but
there is little documentation of features indicative of landslides that are likegctomenore
active, particularly of those likely to become more active in response to forest pradtiees. T
information needed to identify these features can be grouped into several types.

3.1.1 Factors associated with rate of activity and rate of reactivatioded¢pseated
landslides inWashington

Landslide inventories provide information on the location of $idd features. In some cases,

the timing and nature of the triggering event can also be recorded. Kirschbaum et al. (2016) are
working to add such information to existing inventories in the Pacific Northwest, but this
information is unknown for most mapgpé&ndslide features. Many inventories, however, provide
information on the relative age and level of activity estimated from observations of surface
roughness and vegetation. Table 2 in Section 16 of the Forest Practices Board Manual lists four
categoriegor level of activity used for landslide inventories in Washington: active/recent,
dormantdistinct, dormanindistinct, and relict. The Board Manual also lists field indicators of
relative activity that define the current standard of practice and amaoiyused by field
practitioners. Relative age and level of activity have not been systematically compared to other
observations in a search for factors that can help predict level of activity. These factors might
include rock and soil types, geologicustiure, geometry (size, shape, relief, profile) of landslide,
hillslope and valley features, metrics of climate, past valley glaciation, and seismicity.

Success in identifying features that correlate with and may help predict level of activity and
potentia for reactivation of landslides will vary with the confidence in the level of activity that
has been associated with each landslide in an inventory. Generally, few landslides in an
inventory have fieldverified indicators of activity, and even fewer haypentified measures of

rate and timing of landslide movement. Without this information, the statistical techniques used
for shallow landslides cannot be applied to dseated landslides.

3.1.2 Factors associated with groundwater response within landslides askWhgton to
precipitation

Groundwater response is a key factor for anticipating landslide activity and sensitivity to forest
practices. Information on groundwater response requires monitoring of precipitation and
subsurface groundwater levels. Such data are available, but hdeenaised to systematically
address questions that can lead to better characterization of landslide hazard and sensitivity to
forest practices. These questions include:

1. How do groundwater levels vary in response to hourly, daily, weekly, seasonal, andual,
multi-year variations in precipitation and snowvelt?

2. What factors influence the magnitude of these groundviewetvariations?

30

Non-glacial deepseated landslide literature revie



July 17, 201
3. What proportion of groundwater in a landslide originates from runoffjemadwater
recharge from areas tide thdandslide?
What factors influence this proportiongrfoundwater?
How do these proportions vary ovgne?
How does timber harvest alter thggeportions?

N o o &

How do water inputs from these areas outside the landslide affect grounchspterse?

3.1.3 Factors associated with landslide response to variations of groundweteils

These controls are well understood in terms of geotechnical theory, but have not been translated
to guidelines for anticipating the magnitude and timing of these variations.

3.1.4 Factors associated with landslide response to patterngre€ipitation

Rainfall thresholds for initiation of landslide movement are widely used for anticipating shallow
landslide activity (e.g., Caine, 1980; Godt et al., 2006). Rainfall thresholds have also been used
for anticipating onset of deegeated landslide activitg/though these tend to be landslide

specific and must account for antecedent conditions that may span many months (e.g., Floris and
Bozzano, 2008; Vallet et al., 2016). Use of rainfall thresholds is appealing, because precipitation
is more easily measureédan groundwater levels; we can see how it has varied in the past and
anticipate how it will wvary in the future. |
response to precipitation (and snow melt), which essentially involves everytiaupitighe

previous three subsections (3-B.1.3), might help us to explain why some dsepted

landslides are active, but most are not, and to recognize those landslides most likely to become
active in the future.

3.2 Runout extentfor deepseatedlandslidesin Washington hasnot beensystematically
characterized

The range of runout extents in Washington has not been determined. The variation of runout
extent with landslide attributes, such as size (i.e., volume), relief, type, material, and relative
posiion on the slope has not been systematically characterized. Recent work by Perkins et al.
(2016) using LiDARderived DEMs to map runout extent in glacial sediments in northwest
Washington shows that such efforts are feasible.

3.3 Accuracy of current methods br assessing landslide hazard and sensitivity to forest
practices isunknown

Section 16 of the Forest Practices Board Manual provides guidelines for identifying potentially
unstable slopes, but there is no protocol for determining or recording the sofcitessesulting
determinations. This require a specific prescription effectiveness study, which has not been done,
and would be required before reasonable protocols could be developed
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4 Recommendations
In his review of an early draft of thdocument, Ted Turner pointed out that:

AFirst and foremost, we need to determine
had any significant influence on rates of dsepted landslide activity? Are our current
practices effective within the contefto accept abl e ri sk?0

Previous studies have not addressed these issues, and any future studies will be hindered by the
difficulties listed at the beginning of the last section, reiterated here:

1 Deepseated landslide features cover a significant portion of the landscape in some regions,
but the proportion of those landslides that will respond to forest practices is probably quite
small.

Indicators of sensitivity to forest practices may be sulsitiambiguous.

1 Without borehole and monitoring data, physical characteristics by which to assess
sensitivity to forest practices must be inferred. These characteristics include geometry of
the landslide shear zone and response of groundwater to preaipikdtonates of
landslide stability based on geotechnical models therefore haveltagainty.

1 A deepseated landslide may respond to cumulative precipitation integrated over time
spans of days to years. Relationships between precipitation, redudtions
evapotranspiration, and landslide movement can therefore be complex and thfficult
identify.

1 Hydraulic conductivity of the landslide body can change over time, thereby altering
landslide response to precipitation and sensitivity to fprastices.

1 Forest practice effects are overprinted on large natural variability in precipitation patterns,
on changes in geometry associated with natural toe erosion, and on seismic shaking from
earthquakes.

UPSAG reviewers and the technical advisory team all hightlte need for detailed

observations at the spatial and temporal scales of a harvest unit. We agree with that, but given
the points listed above, studies focused on individual landslides will need to include a large
number of landslides to discern forgstctice effects. We therefore advocate as a first step
examination of the entire population of desgated landslides using statistical techniques, like
those applied for shallow landslides, but modified as needed for this application. This statistical
amalysis can aid in defining a sampling strategy for choosing sites for more detailed analysis.

Many of our recommendations, therefore, involve use of existing information and collection of
new information to characterize the population of deegted landslides across the state.
Statistical techniques to identify potential correlations betweenlidadsctivity and forest

practices require identification of landslides that are active and, ideally, quantification of the
level of activity, so we include strategies for identifying and quantifying level of activity across a
population of deejgeated ladslides. Field observations and monitoring will still be requwed
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guantify physical relationships, but we think that a prior statistical analysis will provide
information critical to design and implementation of effective field efforts.

4.1 Leverage existing information

4.1.1 Combine existing landslide inventories with other available data to seek statistical
correlations between estimated level of activity and attributes of the landscape and
climate

Statistical analyses involving landscape feaguare most effectively done using digital data with
a Geographic Information System (GIS), so we focus here on data available in digital format.

Digital landslide inventory data are compiled and available from the Department of Natural
Resourceshitp://www.dnr.wa.gov/publications/ger_portal_landslides_landformjs. Zhese

include inventories from the Landslide Hazards Zonation Project, which were collected using a
consistent protocol and included categories for activity level and confidence (UPSAG, 2006).
Slaughter (2015) describes inventory data available with this compilation and discusses issues
with consistency, accuracy, and resolution. The Division of GeolodyEarth Resources within

the Department of Natural Resources has initiated a landslide mapping program using newly
acquired LIDAR data and applying methods described by Burns and Madin (2009) and (Burns
and Mickelson, 2016). Results from a pilot projecPierce County should soon be available
(Slaughter and Mickelson, 2016) and mapping will continue as additional LIDAR data are
collected. King County has also applied these techniques to majsektenl landslides along

river corridors; these data are dable at
http://www.kingcounty.gov/services/environment/weaded|and/flooding/maps/rivetandslide

hazards.aspx
Digital data to apply to these landslide inventories include:

1 Geologic mappingt 1:24,000 and 1:100,000 scales. These provide rock type, bedding
orientations, fold orientations, and faldtations.

1 Soils mappingt 1:24,000 and 1:100,000 scales. Soils maps include estimates of soil depth
andpermeability.

1 Weather station and climatdata such as the summaries of temperaturepesxpitation
provided by the PRISM Climate Gro(pww.prism.oregonstate.egu/

71 Digital Elevation Models (DEMs)articularly LIDARderived bareearth DEMgavailable
from the DNRwww.dnr.wa.gov/lidaand the Puget Sound LiDAR Consortium
pugetsoundlidar.essashington.ed)/

Methods exist to extract a variety of topographic attributes from DEMSs. This information
includes attributes of landslides themselves:

1 Size The size distribution for a population of landslides is found to vary with controls on
landslideformation and activity (Catani et al., 2016). Differences in the size distribution as
a function of activity level may indicate differences in current and past contnagional
landslideactivity.

33

Non-glacial deepseated landslide literature revie


http://www.dnr.wa.gov/publications/ger_portal_landslides_landforms.zip
http://www.kingcounty.gov/services/environment/water-and-land/flooding/maps/river-landslide-hazards.aspx
http://www.kingcounty.gov/services/environment/water-and-land/flooding/maps/river-landslide-hazards.aspx
http://www.prism.oregonstate.edu/
http://www.dnr.wa.gov/lidar
http://pugetsoundlidar.ess.washington.edu/
http://pugetsoundlidar.ess.washington.edu/

July 17, 201

1 Surface roughnes#leasures of surface roughness may correlate with ages of landslide
deposits, as LaHusen et al. (2016) and Booth et al. (2017) demonstrate for landslides in the
North Fork Stillaguamiskalley.

1 Surface morphologyDewitte et al. (2010), for example, foutigat surface gradieraspect,
and profile curvature provided useful predictors for reactivation potential ofsdeded
landslides in weathered sedimentary rockBetgium.

1 Surface displacementomparison of changes in grousdrface elevation ovemtie using
Lidar-derived DEMs from different years can identify slope movement and changes in
sl ope geometry (e.g., Ca201) | i et al ., 2016;

Attributes of the area where landslides occur can also be mapped from DEMs:

1 Contributing areaThis delineates source areas for storm runoff to a landslicenand
approximation of the groundwater recharge area. Geology and topography of the
contributing area can also determined.

1 Drainage density, closed depressions, lineamérisse provide indators of permeability
and pathways for enhanced infiltrationvedter.

These data can be used to address questions to help identify features associated with landslide
occurrence.

1) How do landslide characteristics vary acrosssthte?

1 How well does the spatial distribution of the landslide inventories include theafange
topographic, geologic, and climatic conditions acrosstte?

1 How does deepeated landslide density (proportion of total area occupithiglides)
vary acrossdndslide provinces (Thorsetf89a)?

1 Within a province, how does landslide density vary with rock typeéogadyraphic
attributes (such as valleglief)?

2) Are landslide or landscape characteristics associated with level of laratshidey?

1 What proporibn of landslides fall into each activitgvel class (active/recent, /dormant
distinct, dormantndistinct,relict)?

1 Are these proportions related to climate attributes, such as mean annual precipitation, or
average snowover?

Does the size distributioof landslides in different activity classesy?
Does surface roughness vary with actiigss?
Does the ratio of upslope contributing area to landslide size vary with ackags?

E N

Do characteristics of the landslide profile, such as scarp gradient and convihety of
deposit, vary with activitglass?

1 Does the landscape position (relative elevation between valley floor and ridgettap) of
head scarp vary with landslide type acthaty class?
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These are relatively easy analyses to perform, and the results may further highlight data gaps,
reveal other productive avenues of inquiry, or identify areas of uncertainty that may not be
resolvable. Examples of such analyses include that of Safra2@HL), who examined
topographic and geologic controls on large landslides in eastern Oregon; Dewitte et al. (2010),
who examined relationships of topography, land cover, and land use to reactivationof deep
seated landslides in Belgium; Crosta et &1, who examined geologic, topographic,

climatic, and glaciahistory controls on large deeggated landslides in the European Alps.

4.1.2 Use physical models with statisticahalyses
Use available data with physical models to calculate:

1. Level of landslide @bility; i.e., a factor ofafety.

2. Landslide sensitivity to changes in pore pressure and toe erosion; e.g., how much does the
factor of safety change with a unit change in gwessure?

3. A water budget for the landslide; e.g., proportion of inflow from direct infiltratiorgff
from upslope, and groundwater seepage foaow.

4. Fluctuations in water supply to the landslide from temporal variabilpydaipitation.
5. Effect of forest coveon the water budget and temporal fluctuations in waitpply.

6. Magnitude of pore pressure fluctuations within a landslide caused by estiempedal
fluctuations in watesupply.

Physical models have been widely applied for regional assessment oivdhaliislide potential
(e.g., Baum et al., 2008; Formetta et al., 2016; Montgomery and Dietrich, 1994). Physical
models for sitespecific analysis of deepeated landslides are well developed and broadly
applied (e.g., Rocscience SLIDEww.rocscience.com/rocscience/products/9laed could be
readily used for items 1 and 2 above. Techniques for regional application of physical models to
assess deegeated landslide potential have béderneloped (e.g., Miller, 1995; Reid et al., 2015),
and to link hydrologic and physical models (Brien and Reid, 2008; Miller and1Si®).

Results from the physical models serve as another input for statistical analyses; we can seek
correlations betweethe calculated values for items 1, 2, 4, 5, and 6 above and observed levels
of landslide activity.

The data inputs to these models are insufficient to provide high confidence in estimates of
landslide stability or sensitivity. Rather, the models are usatidgrate available information

about each landslide based on our understanding of physical geologic and hydrologic processes.
The distribution of calculated values provides an additional way to characterize a population of
landslides. Statistical anals can then be applied to see how calculated values of stability,
sensitivity, and precipitation response correlate with observed activity levels.

4.1.3 Compile and use data from slope stability assessments of Forest Prégiéecations

Success in using the types of analyses listed above to identify controls on level of landslide
activity is limited by the qualitative and approximate nature of the categories of activity level
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assigned to each landslide. For landslides in many inventories, activity level is based on
interpretation from aerial photographs or LIDAR shaded relief images.

Geotechnical assessments of slope stability for forest practices providechigield activity

level and landslide boundaries. These studies provide a separate sample of landslides for the
types of analyses listed above, and they provide a means of assessing the accuracy and
completeness of the landslide inventories. These studies also proaseeasment of sensitivity
to forest practices and potential for future activity.

Landslides identified and mapped during these assessments should be recorded in a digitized
landslide inventory. Information from the field assessment should be includedkages for

the landslide. Subsequent forest practices should be recorded as part of the inventory, as should
the data and magnitude of any subsequent movement of the landslide.

4.1.4 Compile and use data from detailed geotechnicalestigations

Potential dad sources include the Washington Department of Transportation (see notes from
Tom Badger in Appendix A), the Forest Service, county and city investigations (e.g., see the
compilation of geotechnical investigations for the Cowlitz County urban corridoegnvann,
2006), and geotechnical investigations required for development permits from county and city
governments.

Data include bore logs, which provide stratigraphy, depth to shear zones, and groundwater
levels. Monitoring may include time series of growader levels, landslide movement, and
precipitation. Some studies providesitu or laboratory measurements of material properties.

Compiled data can then be used to:

1 Identify common patterns in landslide geometry and styelbévior.

1 Seek correlations of those landslide patterns with the attributes and model prefiations
analyses described abowve4.11 and4.1.2

1 Identify common patterns in groundwatevel fluctuatioxs and landslidenovement.

1 Seek correlations of those groundwater patterns with time series of precipitation and with
the attributes and model predictions from analyses desatmce.

1 Evaluate the accuracy of existing landslide inventdrieere the stdied landslides
identified in thenventories?

1 Evaluate the success of physical models applied using only surface inforg8atitan
4.1.2 to predict subsurface conditions, groundwater response, and lamhdsialeor.

4.2 New information to collect

4.2.1 Field verification for a subset o$ites

As mentioned above, confidence in assigned activity levels is low for many landslides in existing
inventories. Field visits could be done for landslides that appear anomalous in the analyses
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described above. For example, landslides with attributes characteristic of the active/recent class,
but assigned to a different class, could be visited on the ground to verify the assigned class.

4.2.2 InSAR analyses for rates ahovement

Interferometric Synthiec Aperture Radar provides a remotely sensed means of measuring
landslide surface displacements using satellite imagery. In the Pacific Northwest, INSAR has
been used to measure landslide movement for earthflows in California (Handwerger et al., 2013),
for landslides across northern California and southern Oregon (Zhao et al., 2012), for bedrock
landslides along the Columbia River in southwest Washington (Hu et al., 2016; Tong and
Schmidt, 2016), and within the Stillaguamish Basin in Washington (Sun 2045).

Application of I nSAR is hindered by steep ter
project report for David Schmidtds I nSAR <cl as
faculty.washington.edu/dasc/InSAR/alex:main:rey@mnd detects movement only in the satellite
line-of-sight direction. Instrumentation and analysis methods to overcome these issues are being
rapidly developed (Wasowski and Bovenga, 2014), and study sites can be selected to minimize

their influence.

INSAR provides a means to detect and quantify meverfor landslides within a selected area
over a selected time. In the context of the types of analyses described above, INSAR can serve to:

1) Quantifytherateof activity for landslideswithin a sampleThiswill reduceuncertaintyn
the dependent variabfor statistical analyses to identify controls on rate of activity
(Bianchini et al., 2013; Oliveira et a2014).

2) Test predictions made from analyses based on existing landslide inventory data. This will
verify if landslides identified as the most lilggb exhibit activityare actually the most
active.

INSAR can also serve as a data source for monitoring. It has been used to detect changes in
landslide movement rates, providing insights to landslide response to variations in precipitation
and climate (@., Bennett et al., 2016; Handwerger et al., 2013). A pilot study to assess
applicability of INSAR for these purposes could also evaluate its use for more regional landslide
monitoring and hazard assessment.

4.2.3 Instrumentation and monitoring of selectesltes

A strong conceptual framework exists for identifying potential relationships between forest
practices, local hydrology, and desgated landslide behavior; it is outlined in the background
material presented in Sens6 through9 and provides the basis for many of the analyses
suggested above. However, little empirical data have been collected to directly test these
concepts. A logical step, therefore, is to identify appropriate fitdd,gpose hypotheses about
groundwater and landslide responses to future precipitation and forest practices, install arrays of
piezometers, inclinometers, surface benchmarks, and precipitation gages, and collect data to test
hypotheses and, if needed, nfgdionceptual frameworks.
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Such field studies have been performed to hone understanding of processes affecting shallow
landslides. Work by Bill Dietrich and his students near Coos Bay, Oregon, for example,
advanced understanding of hydroladiprocesses driving shallow landslides (e.g., Anderson et
al., 1997; Montgomery et al., 2002; Montgomery et al., 1997; Torres et al., 1998).

Success of field instrumentation and monitoring studies will depend greatly on site selection and
study design. Results of statistical and modeling studies as described above can guide those
efforts, providing information for identifying representativddisites and predictive models for
posing hypotheses that rigorously test the conceptual models they are based on.

4.2.4 Landslideages

LaHusen et al. (2016) and Booth et al. (2017) show that measures of surface roughness of large
landslide deposits in the NbarEork Stillaguamish valley vary systematically with caridn

dates for wood excavated from the deposits. They use this relationship with a model for diffusion
of surface features over time to calibrate a model to estimate landsjidsit age based on a

LiDAR -derived measure of surface roughness. Surface roughness provides a potential means of
estimating the timsinceoccurrence, or even rate of activity, for individual landslides and for
determining the age distribution for a population of landslifieese measures are valuable for
identifying potential climatic and seismic controls on landslide activity (e.g., Ballantyne et al.,
2014b) that might aid in assessing current landslide sensitivity.

It is unclear how broadly applicable surfaceighnesdbaed assessments of landslide age might

be (e.g., Goetz et al., 2014); the studies cited above were for landslides in glacial sediments.
However, it is possible to find out. Collection and analysis of samplé&Jatating is

straightforward and inexpensivié could be included as a basic item in landslide assessments.
Analysis such as those cited above for the NF Stillaguamish valley could eventually be
performed for other populations of landslides in specific geomorphic and climatic settings across
the sate.

4.3 Retrospective analyses of accuracy of stabiligssessments

As mentioned previously, the accuracy of past and current methods for assessiseptiedp
landslide instability and sensitivity to forest practices rules is unknown.

Wendy Gerstel, a member of the science advisory team for this project, provided the following
suggestion for synthesis of pdsirvest stability and effectiveness of {i@rvest geotechnical
characterization for neglacial deepseated landslides (note thhe same could be applied for
glacial deegseated landslides):

ASince the i mplementation of the Forest Pr a
Applications (FPAS) in areas with ruidentified unstable landforms require a

geotechnical assessmentdyualified expert to evaluate the potential for harvest

related sediment delivery to streams. Numerous geotechnical assessments have been
conducted in these areas and reports written as part of the FPA submittal and review

process for FPAs classified thaas Il and 1V Special.
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A retrospective study of these reports could be used to evaluate impacts of forest
practices on noglacial deepseated landslides. Such a study could also shedhght
the adequacy of the geotechnical assessnentgtigate harvest impacts on non
glacial deepseated landslides. The proposed study would review findings and
recommendations of the geotechnical assessments, determine whether or not
recommendations outlined in the report were applied to the hareestaard conduct
field observations and record any pbstvest slope movement. Study results would
provide data necessary to evaluate the effectiveness of the mitigation proposed in the
original preharvest geotechnical report. Such a retrospective stodidvalso

identify any additional data necessary to improve the geotechnical characterization
of a site to reduce potential harvestated impacts to unstallea n d f or ms . 0

4.4 Implement GIS-based tools and fieledbased guidelines to apply results of above
analyses

The recommendations above involve use of statistical and physical models with digital GIS and
remotely sensed data. Methods developed and employed for these analyses should, to the extent
possible, use readily available software implemented with sibte<51S user interfaces. For

example, government agencies in Washington primarily use ArcGIS. Analysis methods used and
developed should be implemented as ArcGIS tools oiirald

These analyses can provide maps that show landslides ranked by potémtigllevel,

potential for reactivation, and sensitivity to forest practices. Such maps can be used as screening
tools,identifying sitesthatrequireadditionalscrutiny. Thatscrutinywill typically requireon-the-

ground evaluations. Maps can alscpbeduced to show the data elements used faraloellated
rankings. These may include mapped landslide boundaries, landslide surface roughness,
delineation of the estimated contributing area, upslope geological and topographic features,
proximity to streas, and other attributes that should be field verified. Such maps could be
created for all inventoried deesgated landslides and provided as an online resource. Guidelines
for onthe-ground evaluation of landslide rankings should also be developed dodteday
onthe-ground users.
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5 Background

The highdefinition view of terrain provided by LIDAR has highlighted the abundance of deep
seatedandslide features across the landscape. Such features were certainly recognized before
LiDAR, but now that they can be seen clearly, many more are seebefae Figure ).
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Figure 1. A newly published map of deegseated landslides along the Columbia Gorge.
From Figure 6 in Pierson et al. (2016). The yellow polygons indicate landslides not previously ma

The ensemble of deegeatedandslides records a long history of landslide events. Although we
can now see this record clearly, the risksrentlyposed are not necessarily clear at all. Of the
215 landslides shawin Figure 1twelve are known to be currently active or to have moved in
the past two decades. The remainder span a range of estimated ages exceeding 18,000 yea
What threat does a 15,09@arold landslide scar pose? What does this ensemble of landslides
tell us about current landslide processes?

Each of these landslides involved an initial failure of a previously intact slope. New areas
continue to fail; a rok fall expanded the area of the Cascade Landslide Complex (blue polygons
in Figure 1) in 2008 (Randall, 2012). In assessing -degped landslide hazards, however, we
tend to focus on those landslides that have already occurred (e.g., Burns and Mi2kdlénn,
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This is not unreasonable; most landslide activity involvesegigting landslide features and

activity on deepseated landslides can persist for centuries (Guthrie and Evans, 2007), or resume
after long periods of inactivity. Natuteas shown that these are sites potentially sensitive to
changing conditions, whereas the intact slopes likely to fail may offer fewer clues.

Yet the history we seek to translate to landslide hazard involved an initial failure of an intact
slope for everxisting landslide. The processes of initial failure provide clues to subsequent
behavior, so they are worth exploriingt he next secti ons, I 611 descr
why slopes fail. This will provide the basis for then exploring processes ginvavement and
stability of existing landslide features. It also provides some commonality across landslide types.
Deepseated landslides occur over a huge range of topographic, geologic, and climatic
conditions; sizes range from hundreds to millions dicmeters; they are classified into dozens

of different types and styles of movement; and each landslide is unique. Across this vast
diversity, processes of landslide initiation generate certain features common to aéetsp
landslides, and these camon features can provide a framework for assessing hazard and
determining landslide sensitivity to forgsactices.

6 Initiation of First -time Landslides

Certain events directly trigger failure of an intact slope, sometimes referred to-timfirst

landslides: earthquakes, for example, and extreme precipitation. Although a specific event may
be the trigger, a long history precedes every failure, a higtatypreconditions a slope to fail in

a particular way. Processes of rock formation create heterogeneities, such as alternating strong
and weak beds in sedimentary rock. Once formed, tectonism may uplift, fold, and fault rock.
Stresses associated with rdokmation and emplacement create zones of weakness, referred to

in rock mechanics as discontinuities: faults, joints, fractures, cracks, foliation, and cleavage.
Discontinuities offer surfaces that can pull apart or slide, and that provide conduitseotova

flow into and through a slope. Over geologic time, erosional and tectonic processes may exhume
rock from depth, and the landscape we encounter is composed of a weakened rock mass primed
to fail. River incision and glacial carving create topograpélief, and gravity then drives failure

of slopes, with the style and mode of failure governed by the geologic and geotechnical nature of
the materials and the subsurface geometry resulting from that long history of rock formation,
tectonism, exhumationnd weathering.

6.1 Fractures Resulting fromTopography

Topography may be a key factor in the preconditioning of bedrock for development of deep
seated landsliding and in creating features that subsequently control the flow of storm runoff and
groundwater tdandslides. Topography perturbs gravitational and regional tectonic stresses to
create neasurface zones of tensile, shear and compressive stresses (Savage et al., 1985). These
stresses can be of sufficient magnitude to initiate and enhance microcrathk gnol weathering

(Leith et al., 2014a; Molnar, 2004), and ultimately to fracture intact bedrock (Miller and Dunne,
1996; Slim et al., 2015). Seismic refraction surveys show systematic variations in compressional
wave velocity consistent with crack grdwtaused by the modeled stresses (Clarke and Burbank,
2011; Slim et al., 2015). Stress magnitude and orientation vary with relief, shape, and orientation
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of local topography and with the regional state of stress (Leith et al., 2014a;avidi@unne,
1996; Slim et al., 2015).

Bedrock at depth forms under large overburden pressure; crystals and rock particles form and
interlock under high confining stresses. As rock is exhumed, the vertical component of stress is
reduced, but lateral confnremt mai nt ai ns high horizontal str e
resulting by exhumation of rock formed at depth, can thereby cause higisuniaae horizontal
compressive stresses (Leith et al., 2014a) in any tectonic regime. These stresses arelperturbed

local topography. Horizontal compressive stresses are concentrated along valley axes, while
horizontal stresses within ridges are reduced. These perturbations favor development of slope

parallel extension fractures through the valley floor and lowderwalls (Leith et al., 2014b;

Martel, 2006, 2017) and steeply dipping fractures through the upper valley walls and ridge tops

(Miller and Dunne, 1996). Such fracture sets are consistent with observed extensive features on

upper valley walls and ridgetesp as s oci at-saatwe d hg riawietpat i onal de
(Agliardi et al., 2012) and with observed groundwater flow systems associated wibedeeq

landslides found in crystalline bedrock in a variety of mountainous landscapes (Binet et al.,

2007a; Bnet et al., 2007b; Cervi et al., 2012; Guglielmi et al., 2005; Padilla et al., 2014).

Modeling studies indicate that the stress history associated with alpine glacial erosion of valley
floors may initiate a period of crack growth and fracture formation following glacial retreat

(Guglielmi and Cappa, 2010; Leith et al., 2014a, b). These lnmgdesults are substantiated by

dating of extensional features (e.g., Agliardi et al., 2009; Ballantyne et al., 2014a; Beget, 1985).
These dating studies also indicate that continued slope deformation can continue for thousands of
years following deglaation, persisting to the present. Uppsérpe extensional features

indicative of deegseated gravitational deformation are not, however, limited to glaciated
regions, but are found in mountainous regions
Paneket al.,2015).

Gravitational deformation is widespread in mountains of the Pacific Northwest. Features
indicative of deegseated gravitational slope deformation have been reported for crystalline rocks
in southwest British Columbia (Bovis and Evans, 1996lcanic and sedimentary rocks of the
North Cascades (Beget, 1985; Thorsen, 1989b), and in sedimentary rocks of the Olympic
Mountains (Tabor, 1971).

Development of fracture patterns associated with topographic stress perturbations and deep
seated gravitational sl ope deformation (ADSGS
of deepseated landslides (Binet et al., 2007a). Nmaface fracturig increases bedrock

porosity and hydraulic conductivity, creating conditions for development of shallow, perched

aquifers. Formation of tension cracks, grabens, ufdglhg scarps, and trenches on ugbmres

enhance infiltration of rainwater and snowmseto these aquifers. Formation of surfguarallel

cracks and fractures in lower slopes provide conduits for downslope groundwater flow and for
progressive slope failure as crack systems coalesce into thgougdhshear zones. Regional

landslide inverdries indicate that DSGSD increases susceptibility for both-sleaed and

shall ow | andslides (Capitani et a2016), 2013; Jo
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Rates of downslope movement for slopes affected by-slegi@d gravitationaleformation tend

to be episodic and slow (P8nek and KIi meg,
sl opes for catastrophic failure (Chigira et
catastrophic rockslides and rock avalanchesaated with DSGSD features and list possible
triggering factors. Of these twenty, seven occurred in British Columbia within the past 50 years.

Uphill-facing scarps, tension cracks, grabens, and trenches provide topographic evidence of
deepseated gravitainal slope deformations. These can be identified with field surveys and can
be mapped using manual (e.g., Scheiber et al., 2015) and automated (e.g., Hashim et al., 2013;
Mall ast et al., 2011; Gilhavl et @@ILDAR 2016)
DEMs. Crosta et al. (2013), for example, created an extensive inventory of DSGSD features for
the European Alps using available satellite images and DEMs. It may also be feasible to identify
potential zones with DSGSD based on compgtarerated sipe profiles (Nonomura and

Hasegawa, 2013).

6.2 Brittle Materials

Fractures are the visible result when rock breaks. Less visible are the processes of microcrack
nucleation, growth, and coalescence that precede the fracture. Thessaalerprocesses are
recognized as precursors to masuale failure of slopes in both rock and soils.

Micro-crack growth

and coalescence
explain the brittle
behavior of roclkand
¢ overconsolidated
cohesive soil

v sampes in triaxial

d lab testsfigure 3.

. In such a test, a
cylindrical samplas
I Legend compressed from

I Initial elastic phase the ends while a

Il Elastic-plastic phase confining pressure

IV Strain weakening phase is applied to the

V Residual, steady state phase sides. As the force

Axial Strain applied to the ends

increases, the
Figure 2. Stressstrain curve for a brittle material. sample shortens. If
From Petley and Allison (1997). the applied force is
Point fco indicates c o agoiegshear soneand nottoo great, the
failure of the sample. The str es| sample will rebound

ofthe materialPoi nt fAdo indicates the st| toitsoriginal shape
shear zone. This stress level indicates the residual strength of the materil \vhen the force is

VI

Deviatoric Stress

removed.This
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represents elastic behavior, where the deformation is completely recoverable. However, when the
applied force exceeds some thr@shvalue, the rate of deformation increases and, upon removal

of the force, the sample remains deformed. This elp#ditic phase, which involves permanent
deformation of the sample, results from the growth and displacement across microcracks within
thesample. Eventually, the microcracks coalesce and shear zones develop within the sample.
When the force reaches the compressive strength of the rock or soil and enough microcracks
have coalesced to form a througbing surface, the sample breaks. The sartin deforms by
shearing and further crushing across this surface, with friction determining the force required to
cause sliding.

Brittle behavior entails shear failure occurring at some peak strength and development of a
distinct shear zone, culminatiig precipitous strength loss, followed by ductile deformation.

Once a shear zone has formed, displacement across the shear zone is initiated at stress
magnitudes less than the peak stress required to cause initial failure; this is the residual strength
of the material. Rock and ovepnsolidated cohesive soils are brittle at low confining pressures.
Soils exhibit brittle behavior below confining pressures of about 250kPa, corresponding to a
depth of about 15 meters for a soil with bulk density of 1800 ¥gind rocks behave brittlely to
confining pressures of about 2Mpa, corresponding to a depth of about 70 meters for rock with
bulk density of 2800 kg/A(Petley and Allison, 1997). Deeseated landslides commonly occur
within these depth ranges.

6.3 Progressive Failure

Slopes in soils and rock that behave as brittle materials exhibit progressive failure, in which
weakened zones grow progressively over time. Slope displacements monitored prior to failure
often indicate a similar process of microcrac&wgth and coalescence. Displacements are

initially slow, but gradually increase prior to failure (Petley et al., 2002), indicative of the elastic
plastic phase of deformation in triaxial tests. Léegn experiments (e.g., Carey and Petley,

2014) demonstta that deformation of a sample can occur under a constant applied load; that is,
that microcracks continue to grow even if the applied stress does not increase. So once a
threshold stress is reached, a threshold considerably less than the actual btesxigtig of the

rock or soil, microcracks grow. Over time, as microcracks coalesce, zones of shear failure form
within the slope. Numerical analysis of fracture growth indicate that suchfsileae zones

form initially at depth, with no surface indicatis other than downslope creep (Martel, 2004).
Over time, the slope gradually weakens as those internal failure zones expand. Eventually, as
shown in Figure 3an event, such high groundwater levels or an earthquake, perhaps no greater
than many other such events endured by the slope in the past, then triggers failure (Petley et al.,
2005).

Progressive failure and development of a shear zone lead to a geneegitaahpicture of the

stages of slope deformation, illustrdie Figure 4 Slope movements prior to failure occur

through deformation throughout a rock or soil mass; movements post fadtter development

of a deepseatd landslide occur primarily by displacement across a shear zone. Hence,
landslide behavior is governed by the geometry and properties of the shear zone. This is key to
anticipating landslide behavior. Location and size of the shear zone is greainaeftLiby pre
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existing heterogeneities and discontinuities, particularly for landslides in rock (Stead and Wolter,
2015) and residual soils formed of weathered bedrock (Lambe, 1996). Resistance to movement
across the shear zone is controbgdriction, and frictional resistance is reduced by pore
pressures.

due to weakening

7p)
S /
3 due to pore pressure fluctuation
ch i
o general
S | ONTAN failure
| I, - b, 0, YR —
il e e — . K Wi o, Ol W N
X <
local failure
| | | 1 l ~
-~
Time, t

Figure 3. Progressive failure of a slope.

Here the safety factor (FS, also called the Factor of Safety), shown on the vertical axis
indicates the ratio of forces acting to move material downslope to those acting to hold
place. Values greater than one indicate stability. Over time, cracklgemd weathering

weaken material within the slope, reducing shearing resistance. This causes a gradual
reduction in stability, shown by the dashed line. Overprinted on that trend are periodic
changes in pore pressures, that also reduce resisting f@ndeshanges in forces directed
downslope, such as seismic shaking. At some point, these fluctuations can cause loca
of failure within the slope and, eventually, complete failure manifest by formation of a
throughgoing shear zone. This figure isfndPicarelli et al. (2004), who were examining
failure in clayrich, weathered shale slopes; similar processes are inferred to occur in rg
slopes (e.g., Petley and Allison, 1997).
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Figure 4. Stages of slope movement.

Prior to first failure and development of a shear zone, slope movements occur through
Failure is preceded by a period of accelerating creep. Once a shear zone has formed, |
displacement is accommodated primarily by ductile deformation withishtéar zone and is
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6.4 Types of landslides

Geologists have devised classification systems to categorize landslides in terms of movement
type and materials involved. Table 1 in Chapter 16 of the iNgisim Forest Practices Board

Manual, for example, lists 19 categories; Hungr et al. (2014) identify 32 different landslide types
(and provide detailed descriptions of each). Regmi et al. (2015) provide a detailed description of
landslide types and process In addition to landslide type, it is also instructive to classify
landslides in terms of rate of movement. Cruden and Varnes (1996) define seven categories that
span six orders of magnitude in velocity.

Although deepseated landslides span a broad eaofjtypes and rates of movement, the

landscape features generally associated with-deafed landsliding, and those most commonly
dealt with in the context of forest practices, are formed by development of a thin shear zone, with
future landslide movemeégoverned by friction across the shear zone. The characteristics and
behavior of any individual landslide are governed by the geometry of that shear zone, determined
primarily by the geometry of subsurface fractures and heterogeneities along whictsi{dagym
Badger, 2002; Stead and Wolter, 2015); by fluctuations inpater pressure at the shear zone,
which alter resistance to movement; by changes in strength of the shear zone as it shears
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(Iverson, 2005), and by the degree to which material above the shear zone breaks apart and loses
strength as it moves (Hungr et al., 2005).

7 Creation and Evolution of DeepSeated Landslidd-eatures

Deepseated landslides include a large range of landslide types, involving different materials and
rates of movement, with a diverse array of features formed through various histories of landslide
activity and evolution (Terzaghi, 1950). Despite this diitgr the mechanisms by which

movement occurs creates commonalities across certain landslide types that can be used to
understand and anticipate landslide behavior.

7.1 Shear zoneproperties

A deepseated landslide is created by movement across a sheaamdrsgibsequent movement
occurs primarily across that same shear zone. Development of a shear zone is both the final step
in landslide initiation and the determining factor for future landslide behavior. Properties of the
shear zone are key to that behavior

7.1.1 Residualstrength

As described previously in the description of brittle failure, a shear zone develops through the
growth and coalescence of cracks within soil and rock. Prior to crack development, soil and rock
masses resist applied stresses througgtiel(fully recoverable) deformation of the mineral

grains and any cementing matrix providing cohesive bonds between particles (Phase | of Figure
2). Prior to failure, the strength of intact material determines stability of a slope.

Once cracks form andalesce into a shear zone, rock and soil resist applied stresses through
friction across patrticle contacts within the shear zone. Deformation occurs through permanent
(nonrecoverable) sliding across this zone. As shown in Figure 2, the peak stress that ca
supported by intact material (point ¢ in Figure 2) is greater than the stress required to drive
sliding across the shear zone (point d in Figure 2). Once a shear zone has developed, a rock or
soil mass exhibits a residual strength that is less thant#ct strength prior to failure (Chen and

Liu, 2014; Skempton, 1985).

The shear zone thus provides a weak boundary that mechanically isolates a landslide from
adjacent intact material and acts to perpetuate movement within the landslide body (Baum and
Reid, 2000).

7.1.2 Ductile behavior

Firsttime landsliding of an intact slope often involves a sudden decrease of rock or soil strength
when cracks coalesce into a shear zone (point ¢ in Figure 2). Subsequent movement of the
landslide involves sliding across an existing shear zone (pamEgjure 2). The shear zone

exhibits ductile behavior: sliding begins when shear stresses exceed the shear strength of the
shear zone, and persists until stresses fall below that level (e.g., Ilverson and Major, 1987). The
rate of sliding is proportional time ratio of shear stress to shear strength (e.g., Wong et al.,
1995).
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7.1.3 Effectivestress

Frictional resistance to sliding determines shear strength and is proportional to the force driving
particles together. Movement across the shear zone®when gravitational or earthquake
generated shear forces exceed that frictional resistance. The force driving particles together is
proportional to the weight of overlying rock and soil. This weight also determines the shear
stresses acting to driveovement across the shear zone.

Water that fills pore spaces within rock and soil exerts pressure that reduces the stress driving
particles together, thereby reducing shear strength. The effective stress that determines frictional
resistance is thus equalthe weight of overlying soil and rock minus the pore pressure.

Materials within a deepeated landslide shear zone typically have no cohesion, so shear strength
can be represented mathematically as

Shear strength ss¢u)*tan(f),

wheres is component ofjravitation stress normal to the shear zone, u is\water pressure,
andf is the angle of internal friction of material in the shear Zoaeneasure of its intrinsic
frictional resistance (Terzaghi, 1950).

When pore spaces are saturated, water presspports the weight of overlying water. Water
pressure is thus proportional to the depth of the saturated zone. If pore spaces are not fully
saturated, water tension with soil and rock particles supports the weight of the water. Water in
the unsaturatedone adds to the weight of soil and rock.

7.1.4 Low permeability

Material within the shear zone typically has lower permeability than the overlying material

composing the body of the landslide. In such cases, water infiltrating the body of the landslide

would tend to pool above the shear zone, creating a saturate@éagieed within the landslide

body; which, in effect, causes fAthe slide to
Baum et al., 2003). Deepe at ed | andsl i des form a | eaky fdbat
seep downward out of the body thrbutpe shear zone (unless the shear zone intersects a deeper
groundwater zone, in which case water may seep upward into the landslide) and water drains

from the landslide where the water table intersects the surface.

Formation of such a perched, shallow iéeputhen influences pore pressures within the shear

zone. As depth of the aquifer increases, pore pressures at the shear zone increase, effective stress
decreases, and shear resistance of the shear zone is reduced. For many monitored landslides,
initiation of movement occurs when pore pressures at the shear zone meet some threshold value.
Factors that influence the formation, depth, and persistence of this aquifer profoundly influence

the behavior of a landslide. Such factors include the rate and probgssbiEh water is

supplied to a landslide, and the rate and processes by which water drains from the landslide.
Increases in the amount or rate of water supply may increase groundwater levels; increases in the
amount or rate of drainage from the landslisiech as development of incised channels that limit

the height of the water table within the landslide body, may reduce groundwater levels.
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Pore pressures in the shear zone can also be influenced by confined pressurized aquifers beneath
theshear zone (Badger et al., 2011) and through the process of shearing, if drainage is impeded
and undrained conditions develop.

7.1.5 Strain softening, strairhardening

When sliding begins, particles within the shear zone shift position relative to eacHfdtiese

shifts enlarge pore spaces, the material dilates. If these shifts reduce pore spaces, the material
contracts. Dense materials tend to dilate upon shearing, while loose materials tend to contract. A
change in the size of pore spaces within thersh@@e will generate a corresponding change in

the water pressure within those pore spaces: enlarged pore space lowaratpopgessure;

reduced pore space increases poaer pressure.

A reduction in pore pressure increases effective stress witlesponding increase in frictional
resistance. If the shear zone dilates upon shearing, its strength in¢réasgseriences strain

hardening. An increase in pore pressure decreases effective stress with a corresponding decrease
in shear resistance. li¢ shear zone contracts upon shearing, its strength dedreases

experiences strain softening. These properties of the shear zone have a profound influence on
landslide behavior. Dilation of the shear zone promotes slow and discontinuous landslide
movemat; contraction of the shear zone causes a positive feedback that promotes runaway
acceleration (lverson, 2005).

If the shear zone dilates, reduction of pore pressures will cause water from surrounding material
to flow into the shear zone. If it contradtscrease pore pressures will cause water to flow out of
the shear zone. Shear zone permeability can be comparatively low relative to the landslide body
above, so the rate of water flow into or out of the shear zone may be slowed, aridishteat

changes in pore pressure can persist.

7.1.6 Strengthrecovery

Field and experimental evidence show that-clely, sheaizone materials may regain strength
during periods of inactivity under low confining stresses (e.g., Angeli et al., 2016; Hussain and
Stark, 2011). Experiments indicate that recovery increasegimighand can reach a substantial
proportion, up to 70%, of the pfailure soil strength (Stark and Hussain, 2010). However,
strength recovery occurs only under relatively small confining pressure, corresponding to depths
less than about five meters, ahérefore may apply primarily to shallow landslides or shallow
portions of deeseated landslides.

7.2 Landslide Body

The body of a landslide encompasses a portion of a previously intact slope, so it starts initially
having the strength and permeability oftthiact material. That material tends to break up as it
moves downslope, reducing its overall strength and altering its permeability. These changes have
profound influences on landslide behavior. The degree of fupalepends on the amount of
deformatiorrequired to slide over the shear zone, which may have bends and kinks that
compress or extend ovading material, and on the distance traveled downslope. THmaslide
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characteristics and factors controlling landslide behavior may ehawity over time with
landslide activity and with position along the axis of the landslide.

7.2.1 Fracture inducedpermeability

Landslides in cohesive materials tend to involve initial movement of blocks of material, which
fracture as they move downslope. Fuaes and tension cracks within the landslide body open
pathways for water and increase hydraulic conductivity within the landslide. This network of
fractures and tension cracks is sometimes referred to as macro porosity. The fwoarit@dion,

and abudance of fractures developed within the body of a landslide (Figure 5) thus influence the
rate at which water infiltrates from the surface, the rate at which saturated zones form and
expand as water infiltrates, and the rate at which groundwater angrpsseire fluctuations
propagate through the landslide body (e.g., Debieche et al., 2012; Krzeminska, 2012; Malet et
al., 2005; Proffer, 1992). 48 i t U per meabi |l ity tests at Lad Cit
formed in heavily tectonized marine sedinagitrocks, found that hydraulic conductivity within

the landslide body is an order of magnitude greater than that within adjacent fractured bedrock
(Cervi et al., 2012; Ronchetti et £2009).

Fracture density also determines the amount of water thdtecstored within a given volume of

rock. Geochemical analyses at La Clapiére landslide (Binet et al., 2007a), located in igneous and
metamorphic crystalline rocks of south east France, find that specifi¢'yigttin the landslide

body is two orders of magnitude greater than in the surrounding bedrock.

These and similar observations at other landslides show that material within a landslide body
tends to be more heavily fractured than surrounding material, with correspgrglieater

porosity and permeability, and with associated greater specific yield (water storage per unit
volume) and hydraulic conductivity. Pepeessure responses to precipitation are therefore
different inside and outside of a landslide. Upslope ofthédL Ci t a | andsl i de, Cel
observed large pofgressured increases in response to precipitation, with a lag of about a week.
Within the upper portion of the landslide, they observed large seasonal variations in pore
pressure, but almost no resyse to precipitation events. They attributed this lack of response to
higher specific yield and conductivity within the landslide body. Larger specific iyialdyer

storage volumé generates a smaller increase in groundwater level, because the same oDl
water can be stored with a smaller increase in water level. Higher conductivity allows incoming
water to drain rapidly downslope. This difference in response, however, varies widely from site
to site. At a landslide in marine sediments in CalifgrRiffer (1992) found large and rapid
groundwateilevel response to precipitation within the landslide, while areas outside of the
landslide had very gradual groundwalerel responses, with a lag time of several months. The
important point is that groalwater levels within a landslide can respond to temporal patterns of
precipitation differently than those outside of the landslide.

11 Specific yield is the volume of water released, per unit area, for a unit depth decrease of the water table. It is a
measure of the amount of water stored per unit volume of rock.
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Figure 5. Cracks form as a landslide moves downslope and spreads laterally.

These cracks provide pathways for infiltration of water (Keaton and DeGraff, 1996;
Krzeminska, 2012; Stumpf et al., 2013).

Fractures provide the pathways for downslope flow of water and corresponding propagation of
increased pore pressure. The Johnson Creek Landslide, located in sedimentary rocks on the west
coast of Oregon, provides an exam(Priest et al., 2008). Rainwater infiltrated the soil

overlying the landslide body at a rate of about 5 cm/hr. The water table (top of the saturated
zone) was closest to the ground surface at a graben {dimpped block) formed at the head

(top) of thre landslide, so it was there that infiltrating water first created a rise in groundwater

level associated pore pressures. Piezometer arrays installed over the body of the landslide show
that the poreoressure rise initiated at the head of the landsliele fiiopagated laterally through
saturated material above the shear zone. This pressure wave travele@s0 td@hr through

the upper portion of the slide, and increased to 350 cm/hr and greater through the middle portion
of the slide. These high ratespressure transmission through the body of the landslide, arriving
downslope well before infiltrating water from above, were attributed to fractdreed high

effective conductivity.

7.2.2 Growth of fractures with landslidelisplacement

Monitoring at Johnsofreek landslide also demonstrated that gavesssure responses to rainfall
vary over time, attributed to changes in fracture patterns that occur as the landslide moves and
deforms. Temporal variability in the response of groundwater levels within aitentdsdy is
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found in many active landslides where monitoring instrumentation has been installed. At the
Rosone landslide in Italy, for example, Binet et al. (2007b) found that the increase in
groundwater level associated with a given irdiiéd volume of water became significantly
smaller after a period of landslide activity. They attributed this change to increased hydraulic
conductivity associated with new fractures formed by deformation of the landslide body.

Geochemical analyses provifigther evidence of fracture growth associated with landslide
activity. For example, in examining the geochemistry of spring water emanating from slopes in
two Alpine valleys in gneiss, Binet et al. (2009) found that water draining areas with active slope
movements were enriched in sulfates derived from oxidative dissolution of pyrite on newly
exposed crack and fracture surfaces.

7.2.3 Downslope evolutionyweathering

Many deepseated landslides involve rotational or translational failure of relatively intact blocks.
Those blocks then move gradually downslope, breaking apart as they move. The degree of
disintegration can increase with the distance moved, so the blsskind texture of landslide
debris may vary with distance along the axis of the landslide.

Fracturing caused by movement and associated deformation of landslide debris provides access
of water to fresh surfaces, facilitating weathering and consequergmtenment of the

landslide debris. Disintegration and weathering of the debris tends to reduce porosity and
permeability, causing the debris to become less blocky and more fine grained. Landslides that
involve gradual downslope movement of debris thusrolftave intact blocks near the head and
more disintegrated debris toward the bottom.

This downslope evolution creates a downslope variation in material properties. For example, in
examining large rocklide/earthflow landslides in marine sedimentary rocksorthern lItaly,
Ronchetti et al. (2010) report an orddrmagnitude decrease in average hydraulic conductivity
from the head to the toe of the landslides. These changes result in associated differences in pore
pressure responses to precipitatiorthim head, groundwater levels rise in response to

precipitation with a lag time of-& days and seasonal variation of about two meters. In the toe,
groundwater response to precipitation is muted, with seasonal variations of less than a meter.

7.2.4 Up and downslopeexpansion

Landslide extent can grow upslope (retrogress) over time by new failures into intact material at
the head of the landslide. Such failures typically involve blocks of material that slide downward
along steeply dipping shear zones, which magilrved so that the block rotates. When a block
fails, lateral support is removed from intact material above and stresses within the slope change,
potentially creating conditions for progressive development of a new shear zone for the next
block in line.The body of many landslides are composed of a series of these blocks, each
moving gradually downslope and in progressively greater states of disintegration. In some cases,
the blocks disintegrate upon failure, creating a rock or debris avalanche, as@detuhe head

scarp of the Red Bluff landslide (Cascade Landslide Complex, Columbia River gorge) in 2008
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(Randall, 2012). Deposition of debris from these headscarp failures onto existing landslide debris
can reactivate movement within tlantslide body (Bertolini, 2010).

Landslides can also extend downslope as material in the toe of the landslide moves, overriding
whatever is not pushed out of the way. Rivers occupy valley floors, so the toes of many
landslides abut river banks. Materiakla¢ deepseated landslide toe may then fail via periodic
shallow landslides, the river removes failed material, and the process continues coelteyer

like as the landslide moves downslope.

7.2.5 Compoundandslides

Disaggregation of landslide debris as itwas downslope, together with changes in topography
generated by landslide movement or erosion by streams, offer opportunities for development of
additional shear zones and formation of landslides within landslides. Cronin (1992) describes
why these secondalandslides may exhibit substantially different behavior than the host
landslide and why they may be substantially more sensitive to periods of high precipitation and
other factors that can trigger landslide movement.

As discussed previously, presence of a-fmvmeability shear zone overlain by highly fractured
and variably weathered debris can generate an isolated aquifer within the body of a landslide,
with groundwater flow patterns controlled by geometry of thersh@ae and by the degree of
fracturing and weathering within the landslide body. Landslide behavior is strongly influenced
by the depth and persistence of the aquifer that forms above thpeloveability shear zone.
Behavior of a secondary landslide ifluenced by the geometry of its shear zone and material
properties of its overlying debris, which may result in substantially different responses to
precipitation, stream erosion, seismic shaking, or whatever perturbations that trigger landslide
movementhan exhibited by the host landslide.

The host landslide has a groundwater system influenced by its shear zone, the infiltration and
preferential flow pathways, and hydraulic conductivity of its body. Secondarysadeded

landslides thus form within a grodwater environment greatly influenced by the host landslide.
By creating isolated aquifers within the host landslide body, the secondary landslides likewise
can alter the groundwater environment of the host landslide. Substantial interaction may occur
between the two, which are probably site and event specific. Cronin (1992) provides the only
example found in the literature that explicitly examines the implications of these factors for
stability of compound landslides, and he concludes that secondarljdasdse generally less
stable than the host landslide.

The presence of multiple, overlying shear zones provides opportunities for movement on one to
trigger movement on another. The Nile Valley landslide along the Naches River in Washington
in 2009, forexample, involved initial movement of landslide debris over a shallower shear zone
(20 to 35 m depth) and subsequent movement over a deeper (60 to 85 m depth) shetniizone

an underlying bedrock sequence (Badger and Smith, 2010; Badgek@1 4).,

Development of secondary shear surfaces is an important processctivation and downslope
displacement of large earthflows in northern Italy (Bertolini, 2010). In these cases, retrogressive
rock avalanches/flows at the headscarp add weight to landslimtes at the head of the

53

Non-glacial deepseated landslide literature revie



July 17, 201

earthflow. This compresses the debris and causes a transient increase in pore pressuhes within
debris (undrained loading, Hutchinson and Bhandari, 1971). The rise in pore pressure triggers
localized downslope movement across the shear zone. Inertia prevents complete reactivation of
the earthflow; rather, the localized movement is transferredwgpinto the body of the

earthflow along a new or existing shear zone to thrust material upward and over downslope
debris. This loads the downslope debris, triggering a similar response, which may be repeated
sequentially downslope, creating a series diricate thrusts that may ultimately extend

throughout the length of the earth flow (FigGje
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Figure 6. Progressive downslope compound landslide development by undrained loading.
From Bertolini (2010)
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7.2.6 Implications for hazardassessment

Changes in specific yield and hydraulic conductivity, both by opening of fractures during periods
of activity and healing of fractures (through deposition of precipitates and weathering products)
during periods of inactity, alter the porgressure response to precipitation, and alter thresholds
for initiation of landslide movement.

8 Water
Water contained within the body of a landslide has four potential sources:

1) infiltration of precipitation onto thiandslide,

2) surface runoff from areas upslope (e.g., streams, gullies) draining indmdtséide,

3) subsurface runoff from areas upslope draining into the landslide through the hisdrahd
scarpsand

4) groundwater seeping through the shear zone frelow.

Groundwater levels within the landslide aquifer(s) and landslide response to precigéptod

on the relative amount and timing of water flow from each of these sources. Groundwater levels
also depend on the amount and timing of water outflows frorattuslide body. Outflows
occurthrough

1) seepage downward through the shear zone, if material belmsasurated.
2) seepage to the surface to feed overland and channelized flow draining the laaddlide,
3) evapotranspiration of soNater.

8.1 Landslide waterbudget

We have found few studies that attempted to quantify the relative contribution from each source
for water inflow to a landslide. Proffer (1992) developed a water budget for a landslide in
southern California. She used five years of monitoring datasffanned years with average
precipitation and years with double the average. Her results are shown in Figure 7.

In this case, runoff from areas upslope provided a substantial portion of the water inflow to the
landslide. Loss of water from the landslide occurred by seeps at the toe, which accounted for
81% of the water inflow, and by evapotranspiration and downseggage through the shear

zone. None of the water inflow was attributed to upward seepage of deeper groundwater through
the shear zone.

In contrast, in constructing a water budget based on geochemical analyses for water draining the
Cad Lita oOrtherndtaly, Cedvieet al. (2012) attributed 64% of the water in the shallow
landslide aquifer to seepage from deep groundwater.

Pore pressures at the shear zone exert a primary control oselde landslide behavior. These
pore pressures are a funetiof the quantity and flow patterns of groundwater within the

landslide. The quantity and timing of water flow into the landslide influence the quantity and
flow patterns of groundwater. As shown in the examples above, the quantity of water from each
of the four sources of water to a landslide can vary substantially. The timing of water influx also
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Proportion of water inflow by sourc
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Figure 7. Landslide water budget.

Abalone Cove Landslide, Southern California. From Proffer (1992)

differs for each source. Three of the four sources, surface and subsurface runoff from upslope
and groundwater inflow from below, originate from precipitation and snow melt outside the
perimeter of the landslide. The ert of this area, its size relative to the size of the landslide, and
the proportion of water falling on this area that flows as surface runoff, as subsurface runoff, and
as groundwater to the landslide are all important controls on landslide behavee.fatiers

are unique for each landslide, but the physical factors that govern these processes can be
observed and potentially characterized to provide quantitative, or at least qualitative, estimates
where the water controlling landslide behavior cofras.

8.2 Runoff versus persistengroundwater

Runoff involves the relatively rapid (hours to days) drainage of water from hillslopes to streams
during and following rainfall and snow melt events. Rapid drainage occurs through both

overland flow and subsurda flow. Forest soils tend to have high infiltration capacity and

hydraulic conductivity?, so precipitation readily infiltrates the ground surface, except in areas
lacking soil (rock outcrops, road surfaces), or where saildeen compacted (Harr, 1977).
Subsurface flow occurs in both unsaturated and saturated pore spaces. Flow through unsaturated
zones occurs along a film of water coating soil particles and crack surfaces. In unsaturated zones,
water movement is primarilyostvnward. Rapid drainage by saturated flow, also called storm

12 Harr (1977) measured saturated hydraulic conductivities for a forest soil in the H.J. Andrews Experimental forest
in western Oregon that ranged from 412cm/hr near the surface (30cm depth) to 22cm/hr at 150 cm depth.
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flow, interflow, and thoughflow, occurs when transient zones of saturated soil or fractured rock
form during and after precipitation events (Figure 8). These zones form where soil or rock
permeability decreases with depth and the rate of infiltrating water seeping downwankexcee
the infiltration capacity. In these saturated zones, groundwater can move laterally and flows
downslope roughly parallel to the ground surface. The depth below the ground surface at which
such transient saturated zones form during and after rainfallssdepends on the variation of
hydraulic conductivity with depth.

Although permeability generally decreases with depth, it does not go to zero, and water
continues to seep downward to recharge a perennial zone of saturation at deeper depths. This is
the persistent groundwater zone (Figure 8).

Figure 8. Water flow pathways.
Gray coloring indicates saturation. From Scanlon et al. (2000).

Storm runoff has traditionally been associated with shallow subsurface flow through saturated
zones that form above the sbiédrock interface. Many studies, however, find that a substantial
portion of storm runoff can occur within the bedroEkgUre 9, where highly fractured zones

near the surface provide conduits for rapid transit of water downslope (Gabrielli et al., 2012;
Kosugi et al., 2011; Montgomery et al., 2002; Padilla et al., 2014). These highly fractured zones
may extend from a few meters to tens of meters below the ground surface.

Groundwater in both the transient and persistent groundwater zones flows from areas of high
elevation to areas of low elevation. Where the top of the saturated domevater tablé

intersects the ground surface, water seeps out to form overland flow and to feed stream flow.
Summer base flow in streams is maintained by outflow from the deep groundwater zone.

Transient and persistent groundwater are both recharged by infiltratingatarmow snowmelt.

Depth to the water table for both zones thus changes over time and with location as the amount
of infiltrating water varies. The response of groundwater to precipitation events generally differs
for these two zones. Water must travergeuhsaturated zone before contributing to

groundwater, so there is a lag in response to precipitation that increases with increasing depth to
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