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ABSTRACT

The Johnson Creek Landslide is a translational slide
in seaward-dipping Miocene siltstone and sandstone
(Astoria Formation) and an overlying Quaternary
marine terrace deposit. The basal slide plane slopes
sub-parallel to the dip of the Miocene rocks, except
beneath the back-tilted toe block, where it slopes
inland. Rainfall events raise pore-water pressure in the
basal shear zone in the form of pulses of water pressure
traveling laterally from the headwall graben down the
axis of the slide at rates of 1-6 m/hr. Infiltration of
meteoric water and vertical pressure transmission
through the unsaturated zone has been measured at
~50 mm/hr. Infiltration and vertical pressure trans-
mission were too slow to directly raise head at the basal
shear zone prior to landslide movement. Only at the
headwall graben was the saturated zone shallow enough
for rainfall events to trigger lateral pulses of water
pressure through the saturated zone. When pressure
levels in the basal shear zone exceeded thresholds
defined in this paper, the slide began slow, creeping
movement as an intact block. As pressures exceeded

!Corresponding author email: george.priest@dogami.state.or.us.

thresholds for movement in more of the slide mass,
movement accelerated, and differential displacement
between internal slide blocks became more pronounced.
Rainfall-induced pore-pressure waves are probably a
common landslide trigger wherever effective hydraulic
conductivity is high and the saturated zone is located
near the surface in some part of a slide. An ancillary
finding is apparently greater accuracy of grouted
piezometers relative to those in sand packs for
measurement of pore pressures at the installed depth.

INTRODUCTION

There is large body of theoretical and empirical
data on the role of rainfall-induced pore-pressure
increases in triggering debris flows and earth flows
(e.g., see summary by Iverson, 2000) but little on
translational bedrock slides. Empirical demonstration
of theoretical work has generally focused on down-
ward infiltration into very shallow (~1-3 m deep)
soils and subsequent rapid increases in pore pressures
triggering landslide movement and debris flows soon
after the onset of intense rainfall or snowmelt (e.g.,
Torres et al., 1998; Montgomery et al., 2002), or, in
the case of deeper landslides, delayed increases in pore
pressure from downward infiltration that triggers
movement weeks to months after a rainfall event (e.g.,
Iverson and Major, 1987; Calabro et al., 2010). Pore-
pressure increases and resultant movement of some
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deep landslides have been observed very soon after
rainfall or snowmelt (e.g., Corominas et al., 2005;
Schulz et al., 2009a), and this is usually attributed to
very shallow groundwater depths or infiltration
through fractures. Baum and Reid (1995) found that
a clay-rich slide moved from vertical transmission of
rainfall-induced pore pressures, but only after the
groundwater table reached nearly to the surface. The
Johnson Creek Landslide is a deep (~7-30 m)
translational slide in fractured Tertiary sedimentary
rocks that moves in response to pore-pressure
increases within hours to a few days after intense
winter rainfall events, although the groundwater table
is quite deep (~5-20 m) throughout most of the slide.
We analyzed this deep landslide to evaluate the
mechanisms for this rapid reactivation. We performed
detailed surface and subsurface characterization of
geologic conditions of the landslide, its kinematics, and
its hydrology. Much of our work entailed continuous
monitoring of its movement and hydrology from
November 23, 2002, to April 1, 2007. The central
question that we answer in this paper is: Can vertical
infiltration or vertical pore-pressure transmission
trigger movement in this type of slide, or is lateral
pore-pressure transmission the principal trigger? Ear-
lier papers (Landslide Technology, 2004; Priest et al.,
2008) describe stability evaluations of the landslide
performed using limit-equilibrium analyses.

Study Area

The Johnson Creek Landslide (Figure 1) is one of
several similar translational slides on the coastal
bluffs of Lincoln County, Oregon, that cut through
seaward-dipping Tertiary sedimentary rocks (Priest
and Allan, 2004). When these bluffs form sea cliffs
20-60 m high, translational slides are common, with
single block failures on the order of ~100 m in width
(Priest and Allan, 2004). The bluff at Johnson Creek
has all of these characteristics: It is ~30 m high, is
composed of seaward-dipping Miocene siltstone and
sandstone of the Astoria Formation, and is affected
by a large translational landslide ~200 m wide
(Figure 1). Like many of the sedimentary rock bluffs
on the Pacific coast, a flight of Pleistocene marine
terraces creates a step-like landscape with a veneer of
Pleistocene beach and dune sand. The landslide cuts
through the second youngest terrace in this sequence.

METHODS
Data Acquisition

The slide was examined on the surface by detailed
topographic and geologic mapping. Movement of the

slide between October 2002 and April 2003 (the
largest wet season movement in 5 years of observa-
tion) was determined at the ground surface by
surveying, using a total station survey, pins along a
line-of-sight parallel to the Oregon Coast Highway
(precision of *0.5 cm) and steel stakes (precision of
+11-15 cm horizontal, =6 cm vertical) placed in
three lines from the head to toe of the slide (for
detailed descriptions and data, see Priest et al., 2008).
Hand measurements with a ruler of the heads of
marker nails installed on both sides of well-defined
scarps (precision of *0.1 cm) provided additional
displacement data for movement between March 12
and April 11, 2003. Movement in the subsurface was
monitored episodically between October 2002 and
January 2003 using three borehole inclinometers
(Figure 1). We examined the slide in the subsurface
using a 1.5-m-deep test pit at the toe and five
boreholes within the landslide (Figure 1). Several
parameters were monitored continuously (15 minute
to 1 hour intervals) using solar- and battery-powered
data loggers during various periods between October
2002 and April 2007: Landslide movement was
monitored by three inclinometers (LT-1, LT-2, and
LT-3; Figure 1) that were converted to extensometers
passing through inclinometer casings and anchored
beneath the slide; hydrological conditions were
monitored using vibrating-wire piezometers and soil
moisture probes; and rainfall was monitored by a rain
gauge at the head of the slide (Figure 1). After
inclinometer measurements in December 2002 estab-
lished the location of the basal shear zone, vibrating-
wire piezometers (LT-1p, LT-2p, and LT-3p; Fig-
ure 1) were installed next to the inclinometers, each in
~3 m of silica sand that reaches or penetrates the base
of the basal shear zone (Table 1). Each sand pack was
isolated hydrologically by bentonite above and, in the
case of the middle (LT-2p) borehole, below the sand
pack as well. The latter hole also had a piezometer
installed below the slide, but the connection was
sheared off by movement before meaningful data
could be retrieved. In the last 4 months of the project,
vertical arrays of vibrating-wire piezometers were
installed at the western (LT-1) and middle (LT-2)
observation sites, each in a bentonite-grout mixture
(approximately 0.1:0.4:1 of bentonite:cement:water
by weight). This mixture has an approximate hydrau-
lic conductivity of 10~ m/s (Mikkelsen and Green,
2003; Contreras et al., 2008). As demonstrated
theoretically, in the laboratory, and in field settings
(Vaughan, 1969; McKenna, 1995; and Contreras et
al., 2008), grouting of piezometers has no effect on
measurement accuracy if the conductivity of the grout
is at most 1,000 times greater than conductivity of the
geologic formation. The grout we used has lower
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Figure 1. Site map of the Johnson Creek Landslide showing the 2002-2006 drill sites, soil moisture probes, and the rain gauge. Borehole

labels ending in “a” or
soil moisture probes.

conductivity than the Johnson Creek Landslide
because the lower bound for conductivity of unfrac-
tured siltstone bedrock is on the order of 1077 m/s
(e.g., Fetter, 1994). Bentonite-grout backfill was used
because (1) it permits accurate readings of pore
pressures in vertical arrays, (2) it results in shorter lag
time than sand backfill, and (3) it provides a high-air-
entry media, permitting measurement of negative
(suction) pressures (e.g., McKenna, 1995; Contreras
et al., 2008). We were interested in observing changes
in pore pressures above the groundwater table as well
as below. The history of geotechnical installations is
summarized in Table 2. Depths of boreholes, soil

“p”” have piezometers; boreholes LT-1, LT-2, and LT-3 have inclinometer casing. WC-1S, WC-3S, and WC-3D are

moisture probes, and piezometers are summarized in
Table 1. Additional details of borehole construction
and instrumentation are given in Schulz and Ellis
(2007) and Priest et al. (2008).

RESULTS

Slide Structure

All available evidence indicates that the Johnson
Creek Landslide is a 200-m-long translational slide
with a back-rotated passive toe wedge (Figure 2). The
basal slide plane, as defined by the three inclinome-
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Table 1. Depths and elevations of the ground surface, piezometers, and soil moisture probes relative to the base of the basal shear zone (“'slide
plane’ in the table).

Borehole Total Depth to Probe  Slide Plane Slide Plane Sand-Pack
Elevation Depth  Probe Tip Elevation Depth Elevation Depth Interval

Hole Site (m) (m) (m) (m) (m) (m) (m)
LT-1p piezo. @ 24.80 m West 25.179 26.8 24.80 0.38 26.2 —1.1 23.8-26.8
LT-1 inclinometer West 25.048 33.8 26.5 -1.5 -
LT-2p piezo. @ 16.70 m Middle 24.698 25.0 16.70 8.00 18.4 6.3 15.2-18.2
LT-2p piezo. @ 24.70 m Middle 24.698 25.0 24.70 0.00 18.4 6.3 21.8-25.0
LT-2 inclinometer Middle 25.028 34.7 18.6 6.4 -
LT-3p piezo. @ 5.5 m East 24.472 7.0 5.50 18.97 5.8 18.7 3.9-7.0
LT-3 inclinometer East 24.746 28.7 7.0 17.7 -
LT-1A piezo. @ 3.35 m West 25.201 26.5 3.35 21.85 25.9 —=0.7 Grouted
LT-1A piezo. @ 9.14 m West 25.201 26.5 9.14 16.06 259 -0.7 Grouted
LT-1A piezo. @ 15.24 m West 25.201 26.5 15.24 9.96 259 —=0.7 Grouted
LT-1A piezo. @ 21.34 m West 25.201 26.5 21.34 3.86 259 -0.7 Grouted
LT-1A piezo. @ 24.08 m West 25.201 26.5 24.08 1.12 259 -0.7 Grouted
LT-1A piezo. @ 26.21 m West 25.201 26.5 26.21 —1.01 259 —0.7 Grouted
LT-2A piezo. @ 3.05 m Middle 24.792 19.4 3.05 21.74 18.8 6.0 Grouted
LT-2A piezo. @ 6.10 m Middle 24.792 19.4 6.10 18.69 18.8 6.0 Grouted
LT-2A piezo. @ 10.67 m Middle 24.792 19.4 10.67 14.12 18.8 6.0 Grouted
LT-2A piezo. @ 13.72 m Middle 24.792 19.4 13.72 11.07 18.8 6.0 Grouted
LT-2A piezo. @ 16.76 m Middle 24.792 19.4 16.76 8.03 18.8 6.0 Grouted
LT-2A piezo. @ 19.29 m Middle 24.792 19.4 19.29 5.50 18.8 6.0 Grouted
WC-18 soil moisture probe @ 1.5m  West 25.048 1.50 1.50 23.55 26.5 -1.5 -
WC-3S soil moisture probe @ 1.6 m  East 24.396 1.60 1.60 22.80 7.0 17.4 -
WC-3D soil moisture probe @ 3.1 m  East 24.396 3.10 3.10 21.30 7.0 17.4 -

Piezo. = piezometer; @ = at depth of; all elevations are relative to NAVDSS.

Table 2. Summary of work on the Johnson Creek Landslide that is utilized in this paper.

Date

Project Work

Reference

October 2002—
January 2003

March-May
2003

2004

2004

December 2006

2007

2008

October 2002 topographic survey + survey of marker pins and rain gauge
installation; October—December 2002 drilling of paired inclinometer-
piezometer boreholes at three sites in a line from the headwall to the lower part
of the slide. Piezometer and rainfall data collected hourly. Slide movements
from December 2002 to January 2003 prevented inclinometer logging (precision
= £0.25 mm), so all inclinometers were converted to extensometers (precision
= *1 cm) by January 3, 2003.

Surface movements determined by April 17, 2003, survey of marker pins
(precision = *=11-15 cm horizontal, =6 cm vertical), line-of-sight surveys
down coast highway (precision = *=0.5 cm), and by hand measurements
between marker nails on fresh slide scarps (precision = *0.1 cm); test pit
excavated at slide toe.

Limit equilibrium stability modeling for winter 2002-2003 season monitoring
data.

November 20, 2004, USGS installs data loggers to automatically record
movement at the three extensometers (precision = *=0.5 mm; accuracy
= *4 mm) simultaneously with piezometer and rainfall data.

Vertical arrays of grouted piezometers installed at the middle and west drill sites;
soil moisture probes installed at the eastern and lower western sites. USGS
website posted showing real-time monitoring data: http://landslides.usgs.
gov/monitoring/johnson_creek/

USGS open-file report on monitoring data for last 2.5 years of collection: http://
pubs.usgs.gov/of/2007/1127/

DOGAMI Special Paper on 5 years of monitoring data plus modeling.

Landslide Technology (2004);
Priest et al. (2006, 2008)

Priest et al. (2006, 2008)

Landslide Technology (2004);
Priest et al. (2006, 2008)

Ellis et al. (2007a, 2007b), Schulz
and Ellis (2007)

Priest et al. (2008, 2009), Schulz
(2007), Schulz et al. (2009b)
Schulz and Ellis (2007)

Priest et al. (2008)

USGS = US Geological Survey; DOGAMI = Oregon Department of Geology and Mineral Industries.
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Figure 2. Geologic map and cross section. Topographic contours are at intervals of 2 m relative to NAVDS&S8; blue arrows are direction of
movement from surveys of steel markers between October 24, 2002, and April 17, 2003; brown arrows are direction of movement between
March 12 and April 11, 2003, from marker nails on fresh slide scarps. Strike and dip of tectonic faults (red dashed lines in cross section) are
inferred and cannot be located more accurately than the spacing of the boreholes, so they are not depicted on the geologic map. Vertical

scale equals horizontal scale in cross section.

ters, is curving but sub-parallel to the seaward dip of
the Tertiary Astoria Formation (~17 degrees west).
The slide plane surfaces at the beach, where a test pit
revealed it dipping landward and over-riding Holo-
cene sand and colluvium. This reversal at the slide toe
of the westward dip of the slide plane and westward
dip of the Astoria Formation (15-45 degrees east at
the toe) is evidence for back-tilting of the toe block by
up to 62 degrees. The 6-15 m headscarp lies above a

Environmental & Engineering Geoscience, Vol. XVII, No. 4, November 2011, pp. 315-335

headwall graben, 7-23 m wide, behind the much
wider translational slide block (Figure 1). The Pleis-
tocene marine terrace is vertically offset 21 m from
the headscarp to the slide toe. In the central part of
the slide, the contact of the Pleistocene marine terrace
sand with the underlying Astoria Formation is 2 m
lower in boreholes LT-2 and LT-3 than in LT-1 to the
west (Figure 2). Lacking evidence of a Quaternary
fault in the area, an internal slide structure is inferred
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between boreholes LT-1 and LT-2 with apparent dip
of 58 degrees east. This apparent dip is reasonably
well constrained by measured offsets of the sub-
horizontal Pleistocene terrace and west-dipping
marker beds identified in cores of the Astoria
Formation. A similar structure occurs in the toe
block (Figure 2).

There are no direct measurements of hydraulic
conductivity of the slide mass, but the highly
fractured rock should provide ready pathways for
lateral and vertical flow of groundwater. The rock
matrix at the three drill sites consists of moderately to
highly fractured sandstone, siltstone, and tuffaceous
mudstone of the Astoria Formation overlain by 5-7 m
of Pleistocene marine terrace sand. While the terrace
sand is very well sorted and probably highly
permeable, the Astoria Formation has 24-4 percent
clay and 17-93 percent silt, which effectively limit the
permeability of the rock matrix (see Appendix A of
Priest et al., 2008). Permeability values for Astoria
Formation with similar percentages of silt and clay
are ~3-31 millidarcies (Snavely et al., 1964). Gouge
material at the basal slide plane is very soft, slightly
clayey to clayey, sandy silt. Brecciated siltstone and
sandstone were commonly encountered in the slide
debris, especially at the basal shear zone, but were not
encountered in the rock below the slide. In exposures
at the toe of the slide, spacing of tectonic joints in
Astoria Formation below the slide plane tends to be
irregular, with some areas nearly devoid of joints over
distances of a few meters next to areas with sets of
joints spaced at a few tenths of a meter. On the face of
the sea cliff, extensional high-angle fractures parallel
to the cliff face have normal listric slip of a few to
several meters. An exposure at the sea cliff on the
north side of Johnson Creek has fracture systems
spaced at an average of 12 cm, with many only a few
centimeters apart. Fractures in the slide are generally
stained by apparent iron oxidation, occurring in three
major sets, N47°E, 32-42°W, and N7-17°E with sub-
vertical dip. No preferred orientation could be
documented, except a general observation that the
most closely spaced fractures tend to occur at and are
parallel to major internal block boundaries. This
fracture pattern was apparent in fresh exposures of
fractured Pleistocene marine terrace sand blocks near
the head of the slide.

The fractured Tertiary rock and overlying fractured
marine terrace sand are covered by a thin (<1.5 m)
veneer of sandy soil in most areas of the slide, except
at the head graben, where colluvial sand and rock
fragments fill former fissures to at least a few meters
depth. There are no direct measurements of the
hydraulic conductivity of this soil and colluvium, but
the high sand content probably promotes water

infiltration. This hypothesis is supported by the
observation that large rainfall events seldom result
in standing water, except at the head graben, where
the groundwater table is near or at the surface.
However, sparse wetland plants do occur on the
marine terrace sand in a few small (10 m) areas,
indicating locally perched groundwater.

Slide Movement from Surface Observations:
2002-2003

Surface monitoring revealed slide movement down-
slope away from the slide perimeter, with fastest
movement in the southwest quadrant. Survey points
were established on the ground surface at three east-
west sections across the slide; two of the sections had
movement larger than measurement error (Figure 3).
Readings were taken on October 24, 2002, and April
17, 2003, bracketing the period of largest known
continuous slide movement. The direction of this slide
movement was generally parallel to the slide axis
(Figure 2). Based on readings taken upslope of the
headwall graben in stable ground, the survey repeat-
ability error is large, about 11 ¢cm to 15 cm horizontal
and 1 to 130 cm vertical. The one point with 130 cm
vertical error is not typical and was probably the
result of disturbance of the steel stake or calculation/
transcription error; vertical error was generally
+6 cm. At the drilling transect (Figure 1), horizontal
surface displacement was 22 to 33 cm to the west to
southwest and 4-9 cm vertical (Figure 3). Largest
movement was in the southern survey line, where the
slide moved 21-131 cm horizontal and 6-70 cm
vertical (Figure 3). Line-of-sight survey readings
taken in January and February 2003 along Highway
101 also show that the southern part of the slide
moved more than the north part (Priest et al., 2008).
The survey data are consistent with December 2002
measurements of vertical displacement of Highway
101 of only ~1-2 cm vertical on the northern margin
but 18 cm vertical on the southern margin (for data,
see Priest et al., 2008).

Data from marker nails are consistent with en mass
movement of the entire slide during a small move-
ment event in March 2003 (for data, see Priest et al.,
2008). On March 12, 2003, marker nails were placed
across fresh scarps created from the large January
2003 slide movement and then measured on March 24
and April 11, 2003. A slide movement episode
measured at ~2 = (.1 cm at the three extensometers
during March 21-28 displaced all of the nails around
the slide perimeter by ~2 cm. Direction of motion
determined from the nails was westward at the
headwall graben, right lateral at the north margin,
and left lateral at the southern margin, consistent with
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survey and inclinometer data (see movement vectors,
Figure 2A). Nails placed across an older, sharply
defined bedrock scarp in the interior of the slide
showed no differential movement (east-northeast—
trending scarp with a 90 degree dip in southeast part
of slide; Figure 2).

Slide Movement from Subsurface Observations:
2002-2007

Shear movement was detected in December 2002
inclinometer measurements at depths of 26.5, 18.6,
and 7.0 m below ground surface from west to east in
LT-1, LT-2, and LT-3, respectively (Table 1). Land-
slide Technology (2004) places the slide plane near the
bottom of the shear zone deflection in inclinometer
data (Table 1; for inclinometer plots, see Landslide
Technology [2004] or Priest et al. [2008]). All shear
displacement of the inclinometer casings occurred
within a 1.2-m-thick zone, indicating that the basal
shear zone at these locations is less than 1.2 m thick
(Schulz and Ellis, 2007). About 64 percent and 83
percent of the shear displacement of the inclinometer
casing at boreholes LT-1 and LT-2, respectively,
occurred within a 0.6-m-thick zone, strongly suggest-
ing that the basal shear zone at these locations is less
than 0.6 m thick (Schulz and Ellis, 2007). Core

logging (Landslide Technology, 2004) was unable to
conclusively identify the basal shear zone in any
borings, although fracturing decreased at a depth of
26.2 m in LT-1, slickensides were observed at a depth
of 18.1 m in LT-2, and core recovery was 51-93
percent for these two borings where sampling crossed
the location of the basal shear zone, as indicated by
inclinometer monitoring. Inclinometers LT-1, LT-2,
and LT-3 measured shear zone movement vectors in
the directions 273, 258, and 247 degrees azimuth,
respectively (red arrows in Figure 2). These directions
were consistent with the survey and marker pin data
(blue arrows in Figure 2).

Total slide displacement measured at the boreholes
over the 5 years was ~37 cm at the western site (LT-
1), ~45 cm at the middle site (LT-2), and ~25 cm at
the eastern site near the headwall graben (LT-3)
(Figure 4A and Table 3). Inclinometer readings
began on December 11, 2002. Shear movement was
first detected in the casings on December 16, 2002.
Displacements of 2.3 to 3.2 cm at the slide plane
caused enough distortion of inclinometer casing to
prevent passage of the logging device (Figure 4A).
Each inclinometer was converted to an extensometer
when this happened. Excessive slide movement that
precluded the continued use of inclinometers pro-
gressed from the toe (west) to the head of the slide
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Science Center (HMSC), 12 km south of the study area.

(east): December 23, 2002, for LT-1, December 26 for
LT-2, and January 3, 2003, for LT-3. The middle drill
site (LT-2) generally moved further than the other
two sites, except during the initial movements in
December 2002, when the west site (LT-1) moved

~1 cm further than the middle site (Table 3). The east
site (LT-3) generally lagged behind the others, except
for an anomalous apparent movement on November
19, 2004, which was probably related to the instru-
mentation upgrade that occurred on that day, and a
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Table 3. Displacement for each movement event episode. Differ-
ences of 1-2 cm in total inferred movement between this table and
Figure 44 are caused by accumulated rounding errors in extensom-
eter data collected after inclinometer readings in December 2002 but
before automated data collection began on November 20, 2005;
those data have measurement errors of *1 cm.

West Site Middle Site East Site

(LT-1) (LT-2) (LT-3)
Episode (cm) (cm) (cm)
Dec. 13-31, 2002 5 4 32
Jan. 31-Feb. 3, 2003 14 24 5
Mar. 21-28, 2003 2 2 2
Nov. 15, 2003-Mar. 4, 2004 4 2 3
Nov. 11-19, 2004 0 0 2
Dec. 27, 2005-Jan. 4, 2006 1.4 14 1.0
Jan. 6-24, 2006 33 3.5 1.8
Jan. 27-Feb. 10, 2006 3.4 4.0 32
Nov. 6-15, 2006 0.6 1.1 0.6
Dec. 24-28, 2006 0.3 0.2 0.3
Jan. 2-11-2007 1.1 1.0 0.9
Feb. 15-16, 2007 0.0 0.0 0.2
Feb. 25-Mar. 9, 2007 2.2 2.2 2.2
Mar. 12-15, 2007 0.0 0.0 0.1
TOTAL 37 45 25

February 15-16, 2007, movement of 0.2 cm (Figure 4
and Table 3). The 24 cm displacement at LT-2
between January 31 and February 3, 2003, created
10 cm of contraction in the lower part of the slide
(between LT-1 and LT-2) and 19 cm of extension in
the upper part (between LT-3 and LT-2) (Table 3).

Rainfall

Most rainfall occurred between the middle of
September and May in each of the five monitored
winters; the most intense precipitation was between
November and February each year (Figure 4B). Total
rainfall for each water year was highest in 2005-2006,
followed by 2002-2003, 2003-2004, 2006-2007, and
2004-2005. December 1-February 1 rainfall was highest
in 2002-2003, followed by 2005-2006, 2003-2004, 2006—
2007, and 2004-2005(dotted rectangles in Figure 4B);
slide movement followed the same pattern (Figure 4A).

Groundwater
Soil Moisture Data

At the west site (borehole LT-1), the probes were
installed in Pleistocene marine terrace sand with
negligible soil veneer. At the east site (borehole LT-
3), probes were in 1.3 m of loose brown, clayey, silty
fine sand with woody organics (fill) and underlying
marine terrace sand (Landslide Technology, 2004).
The probe at 1.6 m depth at the east site (probe WC-
3s) had less pronounced and slower response to

wetting events than the one at 1.5 m depth at the west
site (probe WC-1s; Figure 5).The soil moisture probe
at 3.1 m depth at the east site responded to major
rainfall events before the probe at 1.6 m depth and
contemporaneously with total piezometric head
reaching 1 m above the probe elevation (Figures 5
and 6); hence, the response at 3.1 m depth was
apparently from rise of groundwater. Assuming that
the soil moisture response at 1.6 m depth at the
eastern site is the wetting front from local precipita-
tion, travel time of the wetting front was 59 mm/hr for
the January 2-5, 2007, event and 44 mm/hr for a
rainfall event on February 13-17, 2007 (Figure 5). A
wetting front at the western site traveled to the WC-1s
probe (1.5 m depth) at 154 mm/hr on January 2, 2007
(Figure 6), and 75 mm/hr on a similarly well-defined
rainfall event on February 14-15, 2007 (Figure 5).
Slower infiltration at the eastern site may be related to
the 1.3 m of fill dirt there.

Piezometer Data

The pressures in each vertical array of grouted
piezometers fall on a line consistent with estimated
hydrostatic pressure, assuming that the piezometric
head is close to the groundwater table (Figure 7).
Head values in sand-packed piezometers were ~2.0 m
lower than the estimated hydrostatic pressure and
projected pressures observed from the grouted
piezometer arrays (Figure 7). Data from the vertical
arrays of grouted piezometers are only available for
the first 4 months of 2007, whereas data from the
sand-packed piezometers cover the entire 5 years.

Rainfall-induced vertical pressure transmission was
tracked by vertical arrays of grouted piezometers
through the deeper parts of the unsaturated zone at
slightly higher rates than in shallower parts, but it was
similar to corresponding rates of infiltration mea-
sured by the soil moisture probes (44-154 mm/hr).
Intense rainfall on February 14, 2007, was preceded
by nearly 3 weeks of negligible rain, creating the
clearest response in the unsaturated zone for the
4 month observation period. In the western (LT-1a)
borehole, the unsaturated piezometer responded after
132 hours after first increase in rainfall at 3.4 m depth
(26 mm/hr), 199 hours at 9.1 m (46 mm/hr), and
263 hours at 15.2 m (58 mm/hr) (Figure 8). Vertical
pressure transmission at the west site was 132 hours at
3.4 m (26 mm/hr), 199 hours at 9.1 m (46 mm/hr), and
263 hours at 15.2 m (58 mm/hr); at the middle site, it
was 50 hours at 3.0 m (60 mm/hr). A linear regression
through these data yields ~50 mm/hr (R* = 0.84) for
the February 14-26, 2007, event; inclusion of the
infiltration data from moisture probes also yields
~50 mm/hr (R? = 0.90).
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Rainfall-induced waves of pore-pressure increase in
the saturated zone progressed from the head to the
toe of the slide much faster than can be explained by
vertical infiltration or vertical pressure transmission
through the unsaturated zone. For example, the
piezometer at 21.3 m depth in the saturated zone
nearest to the toe of the slide (LT-1 site) responded
within 36 hours to the February 14, 2007, rainfall
event, while the wetting front at this site had
progressed just below 1.5 m without producing any
pressure response in the piezometer at 3.4 m depth
(Figure 8). Pore-water pressure perturbations from
rainfall events generally arrived at the LT-3p site near
the head of the slide within 15 minutes (Figure 9) to
90 minutes (Figure 6) of rainfall change, although
arrivals were delayed as much as 2.75 hours (Priest et
al., 2008). The initial pressure increases traveled
laterally through the basal shear zone at speeds of
~1-6 m/hr between the east and middle sites and 1—
S m/hr between the middle and west sites (Figures 10
and 11). Arrival time of pore-pressure change varied

little with depth and was far earlier than infiltration
or vertical pressure transmission at all sites except at
the head of the slide, where the piezometric surface
and groundwater table are shallow (Figure 12). A sag
pond in the head graben near the LT-3p piezometer
(Figures 1 and 2) is further evidence of the shallow
depth of the saturated zone there.

The piezometric surface slopes westward from the
head to the toe of the slide and is steeper on the west
side, intersecting the ground surface (or very nearly
so) in the eastern head graben, and then falling to a
depth of ~17 m at the western piezometers (Fig-
ure 13). The head above the basal shear zone is
highest in the middle of the slide (Figure 13). Vertical
hydraulic gradient is small, and flow direction
inferred from the flow net of Figure 13 is roughly
parallel to the slide plane and piezometric surface
(Ellis et al., 2007a). The closer spacing of flow lines
between the middle and western sites is consistent
with higher hydraulic conductivity relative to the
upper part of the slide (Figure 13).
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Correlation of Movement to Pore Pressure

The threshold head above the slide plane for start
and stop of movement had a maximum range of 3 m
in the 2003-2004 hand-measured extensometer data,
but only ~1 m once the automated system was
installed in November of 2004 (Figure 14). The pore-
pressure data illustrated in Figure 14 are for only the
sand-packed LT-1p, LT-2p, and LT-3p piezometers,
because they were installed for the entire observation
period, thus eliminating previously discussed differ-
ences between pressures from grouted versus sand-
packed instruments. For eight small movements
recorded after precise, automated movement data
became available, the threshold head above the slide
plane for start and stop of movement at LT-1p, LT-
2p, and LT-3p were ~6.2 = 0.2 m, 8.7 £ 0.6 m, and
3.4 £ 0.5 m, respectively. Standard deviation from
mean values increases from the west (LT-1) to the east
site (LT-3), ~3 percent for LT-1p data, ~7 percent
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for LT-2p data, and ~15 percent for LT-3p data
(Figure 14). There appears to be a general tendency
for movement to start and stop at decreasing
threshold head from 2003 to 2007, but the decrease
is at most ~0.7-0.8 m of head, ~14-16 percent of
normal summer-winter fluctuation, and is not signif-
icant relative to variance of the data (R*> = 0.01-0.08;
Figure 14).

The piezometric response and movement pattern
for the largest movement and rainfall events that
occurred in December 2002 and January—February
2003 were markedly different from all later events.
Taking the February-March 2007 and December
2005-February 2006 events as examples of later
events, the pressure response decreased in amplitude
from the middle to the western site by factors of ~2-6
(Figures 15 and 16) relative to the January—February
2003 response (Figure 17). Movements in response to
the pressure pulses in the 2005-2006 episodes began
as near-equal movement at all sites followed by the
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middle site outpacing the other two as total move-
ment exceeded ~2 cm (Figure 16). At the middle site,
maximum velocity in 2005-2007 was 0.27 mm/hr, and
maximum displacement was 9 cm. In contrast, the
western site moved further than the other sites in
December 2002 (Figure 17). In January-February
2003, the pulse of pressure at the western site nearly
equaled that in the other sites (Figure 17). This
pressure response was not repeated in the succeeding
4 years and accompanied the largest (21 cm) and
fastest (6 mm/hr) movement. In the 2002-2003, 2005—
2006, and 2007 examples, the east site appears to have

reached a maximum rate of movement of =0.3 mm/hr
and was essentially “left behind” by the middle site,
where head above the slide plane is always highest
(Figures 15-17). The eastern site also starts and stops
movement at much more variable pore pressures than
at the other two sites (Figures 15-17).

DISCUSSION

Monitoring at the Johnson Creek coastal landslide
for 5 years allowed us to examine the factors
controlling movement of large translational landslides
in fractured sedimentary rock. The slide moves in
response to intense rainfall that raises pore-water
pressure throughout the slide over a period of 30—
50 hours. The sequence of events that leads to
movement starts with vertical infiltration and vertical
pressure transmission through the unsaturated zone
at ~50 mm/hr (~1.5-3.0 m depth in 30-50 hours).
The piezometric surface slopes down the axis of the
slide from near the ground surface at the head graben
to a depth of about 20 m at the bluff crest above the
landslide toe. Infiltration raises pore-water pressure in
the graben within as little as 15 minutes, followed by
lateral pressure transmission down the axis of the
slide at speeds of 1-6 m/hr. Arrival time of this
pressure “wave” or pulse occurs well before wetting
fronts and associated vertical pressure pulses in the
unsaturated zone reach the saturated zone in lower
part of the slide (Figure 12). Exactly the opposite
behavior occurs in slides with low hydraulic conduc-
tivity, such as the clay-rich Alani-Paty landslide in
Hawaii, where movements are triggered by vertical
rather than horizontal pulses of pressure through the
saturated zone (Baum and Reid, 1995). For example,
vertical pressure waves that trigger movement in the
Alani-Paty landslide occur in response to bursts of
intense rainfall, but only after the entire slide reaches
near-complete saturation. The Johnson Creek Land-
slide is only fully saturated in the head graben, but the
entire slide moves within hours of intense rainfall
during the rainy season.

High hydraulic conductivity of the Johnson Creek
Landslide is probably the cause of the relatively rapid
lateral transmission of pore-water pressure. Vertical
hydraulic gradient between the three monitoring sites
is significant but small, indicative of flow roughly
parallel to the west-dipping slide plane and ground-
water table (Figure 13). The hydraulic gradient is
about twice as high in the lower part of the slide as the
upper part (Figure 13). These observations are
consistent with a high effective saturated hydraulic
conductivity throughout the slide mass, especially the
lower part (Ellis et al., 2007a, 2007b). Since the rock
matrix throughout most of the saturated zone is
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relatively impermeable siltstone and sandstone, high
hydraulic conductivity is probably caused by the
fractures observed in cores and outcrops. The basal
shear zone is heavily brecciated, which should
enhance hydraulic conductivity, particularly horizon-
tal conductivity (Kj,), relative to the rest of the slide
mass. An apparent fault or internal slide structure
that causes 2 m of down-to-the-east displacement of
strata between boreholes LT-1 (western site) and LT-
2 (middle site) (Figure 2B) probably also affects the
observed head distribution (Landslide Technology,
2004; Ellis et al., 2007a).

The Johnson Creek Landslide has a brecciated
basal shear zone with probable high Kj in close
connection to a shallow groundwater table at the
head of the slide, leading to extremely efficient
transmission of lateral pore-water pressure. Lowering
the groundwater table at the head of this slide
through dewatering schemes should be an effective
means of stopping or slowing slide movement.

Grouted vibrating-wire piezometers may be more
accurate than sand-packed vibrating-wire piezometers
for tracking the vertical and horizontal “waves” of
pore pressure and for prediction of slide movement

thresholds. The range of threshold pore pressures for
slide movement for grouted piezometers in the basal
shear zone is much narrower and better correlated to
start and stop of movement than for sand-packed
piezometers in adjacent boreholes (Figure 15). The
grouted piezometers were also able to record the very
small changes in suction pressure (—0.1 to —0.3 m)
associated with rainfall-induced, vertical pore-pres-
sure propagation in the unsaturated zone (Figure §).
Grouted piezometers installed at the same depth as
adjacent sand-packed piezometers recorded saturated
pore-pressure heads that were ~2 m higher during
wet seasons (Figure 7). If one assumes that the
groundwater table is approximated by the piezomet-
ric surface, as indicated by measurements from the
vertical arrays of grouted piezometers, and that flow
has an insignificant effect on pressure, then grouted
piezometer pressures occur on the hydrostatic gradi-
ent, while sand-packed pressures were lower than the
predicted hydrostatic pressure at the installed depth.
However, flow through the saturated zone is not
perfectly horizontal (Figure 13), so the small compo-
nent of vertical flow may lower the head in the sand-
packed piezometers. The ~3 m of sand around the
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sand-packed piezometers and their location in the
brecciated rock at the base of the slide probably
enhance the opportunity for vertical flow.

Threshold pressures that triggered slide movement
had a variance of *£0.2-0.5 m for the most precise
data (Figure 14). This variance may be related to
antecedent conditions such as the degree of saturation
of the slide mass, changing lateral pressure distribu-

tions within the slide created by differential move-
ment of neighboring blocks (Ellis et al., 2007a,
2007b), the relative importance of effective stresses
at the monitoring locations, and the likely reduction
in overall slide stability over the 5 years of observa-
tion as resisting toe material was removed by wave
action; this latter factor is supported by the observed
(though statistically insignificant) reduction in thresh-
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Figure 16. Correlation of movement to head above the basal shear zone in sand-packed piezometers for a December 2005-February 2006
slide movement. Piezometers are LT-1p (west site at 24.8 m depth), LT-2p (middle site at 16.7 m depth), and LT-3p (east site at 5.5 m depth);
extensometers are LT-1 (west site), LT-2 (middle site), and LT-3 (east site). Data are for sand-packed piezometers in the basal shear zone.
Cum. precip. = cumulative precipitation; cum. mvmt. = cumulative movement; mid. = middle extensometer site.

old heads with time (Figure 14). Part of the variance
may be due to previously discussed potential error in
the sand-packed piezometer data; however, measure-
ments from the sand-packed piezometers cover a
much longer time span (5 years) than those from the
grouted piezometers (4 months), so time-varying
processes may also have affected their variance.
Pore-water pressure change at the middle part of
the slide appeared to be an important factor
controlling movement. The middle monitoring site
had head above the slide plane persistently higher
than at sites to the east and west. Total movement
there was a factor of 1.8 and 1.4 times that of the east
and west sites, respectively (Table 3). The slide begins
to move en mass when threshold pressures are
reached, and the middle site (LT-2) outpaces the ones
east and west when head at the middle site is =9.4-
10.8 m above the slide plane. Pore-pressure thresholds
for movement at the east site (LT-3 extensometer)
near the headwall graben varied in complex ways not
always well correlated to pore-pressure changes (e.g.,
Figures 15 and 16), consistent with passive response
to movements at the middle part of the slide (LT-2

extensometer). For example, the February 15-16,
2007, movement of the site near the head graben (east
site at LT-3) did not trigger movement down the axis
of the slide (Figure 15A).

The lower part of the slide was also a critical
control on stability. Pore-water pressure thresholds
for movement in the lower part were much narrower
and thus better correlated to movement than in the
upper part of the slide (Figure 15). Only once in the
5 years of observation did the western site record as
large of a pressure response to rainfall as the two sites
higher on the slide (Figure 4A; compare Figure 17 to
Figures 15 and 16); this unique response in February
2002 triggered movement an order of magnitude
larger and faster than all others. The following
conditions triggered the unique pressure response at
the western site were: (1) rainfall of 0.84 m in the
previous 60 days, (2) 2.1 mm/hr of rain in the previous
62 hours, and (3) 1 cm of extension between the
western and middle sites created by greater movement
in the western site in December 2002 (Figure 17 and
Table 3). Extension should increase fracture perme-
ability and thereby raise effective hydraulic conduc-
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and LT-3p (east site at 5.5 m depth); extensometers are LT-1 (west
extensometer data were available during these observations, hence,
data. Cum. precip. = cumulative precipitation; mid. = middle exte

tivity. Such a rise in hydraulic conductivity in the
saturated zone probably contributed to the large
pore-pressure response at the western site. The
resulting large movement in the middle site increased
compression between the middle and western sites for
the next 4 years. This compression probably de-
creased the effective hydraulic conductivity in the
western part of the slide and contributed to the lack
of large movements in the following 4 years. At some
point in the future, the toe of the slide, perhaps in
response to ongoing coastal erosion, may once again
move more than the middle, opening up the fracture
system and triggering faster, larger movements.

CONCLUSIONS

Five years of monitoring the Johnson Creek
Landslide has demonstrated that rapid lateral trans-
mission of rainfall-induced pore-pressure waves was a
critical control of movement. Lateral pore-pressure
transmission may be common in slides that share the
following characteristics with the Johnson Creek
Landslide: (1) high hydraulic conductivity in frac-
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site), LT-2 (middle site), and LT-3 (east site). Only manually measured
the relatively large error bars and wide spacing in time of movement
nsometer site.

tured bedrock, and (2) shallow groundwater table in
some part of the slide, particularly at the head where
the basal shear zone can be in close connection with a
shallow groundwater table. Lowering the shallowest
part of the groundwater table should be an effective
means of slowing or stopping lateral pore-pressure
transmission and resulting movement. This hypothe-
sis and other remediation approaches were examined
by Landslide Technology (2004) and Priest et al.
(2008) through limit equilibrium modeling.
Other major findings are:

Extension in the lower part of the slide mass
appears to enhance pore-pressure response in the
saturated zone, dramatically increasing speed and
degree of slide movement; compression does the
opposite. Destabilization by coastal erosion of the
slide toe probably creates an alternating pattern of
extension followed by compression in the lower
part of the slide when the upper part “catches up.”
Vertical arrays of grouted vibrating-wire piezome-
ters are an efficient means of tracking vertical and
horizontal pressure transmission and may be more
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accurate than sand-packed vibrating-wire piezom-
eters. Grouted piezometers recorded a narrower
range of threshold pore pressures for slide move-
ment and higher pore pressure than adjacent sand-
packed piezometers at the same depth.
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