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A Geomorphic Model for Coastal Cliff recession near Crescent City, California 
 

By Steven C. Devin, P.E.1 

 
 

Abstract 
 
Coastal cliff recession threatens to undermine Pebble Beach Drive at two locations near Crescent City, California.   
 
One site consists of a 20 to 25 foot (6.1 – 7.6 m) high cliff comprised of 8 feet (2.4 m) of unconsolidated stiff clay and fill overlying 
the St. George Siltstone.  Field evidence and laboratory testing suggest that the siltstone at this site is non-durable and susceptible to 
slaking when subjected to wet-dry cycles.  Samples subjected to wet-dry cycles from seawater were more durable than samples subject 
to cycles with distilled water.  Slaking of the siltstone degrades the properties of the intact rock making it susceptible to erosion by 
wave attack.  This site is often subjected to “fresh water” wet-dry cycles because it is set back farther from the still water high tide 
level than adjacent cliff sites.  Field observations suggest that those locations where siltstone is continually moistened by contact with 
seawater are more durable than those subjected to wet-dry cycles – especially from fresh water. 
 
The stiff clay within the upper slope is susceptible to toppling failures and slumps initiated along tension cracks in the stiff clay.  
Water accumulating in these tension cracks may trigger failure.  Debris from these failures generally falls directly to the beach below 
eliminating any stabilizing effect of the slump debris.  Failure in the stiff clay causes the most rapid observable cliff top recession.  
Failures in the siltstone occur as structurally controlled wedge failures or block falls as the properties of the intact rock mass degrade 
due to wet-dry cycles.  The overall recession rate was 0.28 feet per year (8.5 cm/yr) for the period 1972 to 2005.   
 
Ground nail stabilization measures have been recommended to reduce cliff top recession in the short to medium term. 

 
Introduction 

 
Coastal cliffs north of Crescent City, California have 
been receding throughout historical times.  Weak 
rocks and soils forming the cliffs between Preston 
Island and Point St. George have been particularly 
susceptible to erosion which has threatened 
infrastructure along Pebble Beach Drive.  Del Norte 
County has historically constructed quarrystone 
revetments to protect the cliffs from wave attack.  
These revetments have performed well however they 
have, in the opinion of many, degraded the scenic 
qualities along Pebble Beach. 
 
Cliff recession has encroached landward to a threshold 
that threatens the integrity of Pebble Beach Drive 
between two parking areas south of McNamara Field 
where 20 to 25 foot (6.1 to 7.6 m) high cliffs overlook 
Pebble Beach.   
 
While the most economical and environmentally 
friendly alternative to addressing the threat to 
infrastructure from cliff recession is to relocate the 
infrastructure, this is not a viable alternative at this 
site.  The area landward of Pebble Beach Drive at this 
location is culturally sensitive due to the possible 
existence of a Native American burial site. 

Del Norte County has received emergency Federal 
funds to develop cliff stabilization measures to protect  
Pebble Beach Drive.   The County desires to develop 
technically sound stabilization measures that are 
economical and environmentally friendly and which 
allow a streamlined permit process by, if feasible, 
avoiding contact with the beach.   
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This paper summarizes the results of a geomorphic / 
geotechnical study of the cliff behavior process and 
reviews alternatives for cliff stabilization. 
 
Wave Climate and Tides 
 
Coastal cliff recession is generally related to the 
interaction of the cliff face with the sea which can 
cause erosion of the toe of the slope leading to slope 
failure.  It is therefore important to have at least a 
rudimentary understanding of the wave climate and 
tides interacting with the cliff and fronting beach.  The 
wave climate essentially describes the height, 
direction, and frequency of occurrence of waves 
caused by local winds and swell from distant storms 
while tides describe the continual variation in the still 
water level (SWL) (i.e. the water level in the absence 
of waves) caused by the gravitational attraction of the 
sun and moon. 
 
Wave Hindcast   
 
The U.S. Army Corps of Engineers has prepared wave 
hindcasts for the coastal regions of the United States.  
The hindcasts consist of a number of wave 
information studies (WIS) which utilize historical 
meteorological data to back-calculate wave conditions 
over a range of geographic scales from a coarse scale 
deep water condition presented in a “Phase I” study to 
a finer scale shallower water condition presented in a 
“Phase III” study.  The Phase III WIS study (Jensen, et 
al. 1989) which includes data for the Crescent City 
area presents wave height, direction, and frequency of 
occurrence at a location with 10 meters (32.8 ft) of 
water depth for the 20 year period 1956 through 1975.  
Swell from southern hemisphere storms was not 
included in the analysis.  The 1964 tsunami that hit 
Crescent City was also excluded from the results of 
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the analysis.  The hindcast data were developed on the 
assumption of simple uniform bathymetry with bottom 
contours parallel to the shoreline. 
 
Significant and Maximum Wave Height and Wave 
Direction 
 
Wave height is generally reported as the significant 
wave height (Hs) which is defined as the mean of the 
highest one-third of waves measured over a 20 minute 
period.  The maximum wave height (Hmax) can be 
assumed to vary from 1.53 to 1.87 times the 
significant wave height (Komar 1998, Table 5-1).  
Since coastal bluff erosion is episodic and generally 
occurs during storms, the maximum wave height and 
the wave direction are of particular importance.  The 
frequency that high waves occur from a given 
direction is also important.  These parameters can be 
summarized in a wave rose which graphically 
summarizes the height, direction, and frequency of 
occurrence of waves.  Such a wave rose developed by 
Jensen et al. (1989) for the coastline between Point St. 
George and 9 nautical miles south of Point St. George 
is presented in Figure 1.  The spokes of the wave rose 
indicate the relative frequency that approaching waves 
within a 45° sector fall within 0.5 meter (1.6 ft) 
brackets of heights (Hs) varying from 0 to greater than 
2.99 meters (9.8 ft).  The frequency of waves 
approaching from any sector is also indicated by the 
peripheral triangles at the outside of each spoke.  The 
relative frequency of waves within a given height 
bracket and approaching from a given direction is 
represented by the length of that portion of the spoke 
for that height bracket.   It can be seen that waves 
approach the coast from 263° azimuth (i.e. between 
azimuth 240.5° and 285.5°) 79 percent of the time and 
from 218° azimuth (i.e. between azimuth 195.5° and 
240.5°) 19 percent of the time.  However, the waves 
arriving from the southwest (i.e. azimuth 218°) are 
dominated by significant wave heights in excess of 
2.99 meters.  In fact, waves greater than 2.99 meters 
(9.8 ft) arrive from this direction 10.1 percent of the 
time while waves with heights from 0.5 to 1.49 meters 
(1.6 to 4.9 ft) arrive from the west (i.e. azimuth 263°) 
45.8 percent of the time and waves greater than 2.99 
meters (9.8 ft) only arrive from the west 5.5 percent of 
the time.  Thus it appears that southwesterly waves are 
expected to dominate cliff erosion. 
 
Bathymetry 
 
As waves approach the coast they begin to interact 
with the bottom causing the velocity to decrease and 
the wavelength to shorten; generally when the bottom 
depth is less than one-half the deep water wavelength.  
This interaction with the bottom is referred to as 
shoaling and results in wave steepening and ultimately 
wave breaking as the wave height increases to 
approximately the still water depth.  Wave crests 
approaching the shore also are affected by interaction 
with the bottom when an uneven bottom surface is 
encountered along the axis of a wave crest causing the 

velocity of a portion of the crest to decrease relative to 
other portions along the crest.  This variation in 
velocity causes the crest to curve, or refract, with the 
wave crests trending towards parallel with the bottom 
contours.  Variations in the topography of the bottom, 
or bathymetry, thus affect both the height and 
direction of waves as the waves travel from deep 
water into shallow water.  The deep water waves are 
transformed by the combined effects of shoaling and 
refraction.  
 
The bathymetry between Preston Island and Point St. 
George is shown in Figure 1.  The contours shown in 
Figure 1 were obtained from the USGS 7½ minute 
Crescent City quadrangle.  Preston Island and Point St. 
George are headlands comprised of Franciscan 
Mélange (Davenport 1982), a tectonic accretionary 
wedge block-in-matrix rock (i.e. bimrock) that is 
resistant to wave attack.  Offshore stacks of 
Franciscan Mélange are numerous along this coastline 
and include the prominent Castle Rock.  A shallow 
submarine platform extends shoreward from Castle 
Rock.  This platform is flanked to the north and south 
by two submarine canyons.  The offshore stacks, the 
shallow platform, and the submarine canyons together 
have a dramatic effect on the shallow water wave 
climate.  This is shown in Figure 1 where wave rays 
are drawn in a direction perpendicular to the moving 
wave crests.  Offshore the wave crests are essentially 
parallel and the rays are also parallel and equally 
spaced (although additional rays have been drawn 
arbitrarily at key locations).  Moving shoreward, the 
waves begin to “feel bottom” and are refracted by the 
stacks, platform, and canyons.  The rays converge 
through the canyons and diverge at the periphery and 
head of each canyon.  Convergence and divergence 
may be assessed by examination of the relative 
spacing between rays as the rays move shoreward.  
Convergence of wave rays results in an increase in 
wave height while divergence results in a decrease in 
height.  Waves are also reflected and eddies develop 
leeward of the stacks causing diffraction which 
interferes with the simplistic description of wave rays 
above.  However, Figure 1 provides a means by which 
the relative wave energy density arriving at a section 
of shoreline may be qualitatively assessed.  Figure 1 
suggests that waves diverge within the cuspate 
embayment near the project site.  Waves converge 
near the southerly limit of the project site (i.e. offshore 
of the existing quarrystone revetment).  Field 
observations made during January 2005 and February 
2006 seem to confirm the noted convergence and 
divergence of waves. 
 
Tides 
 
The tide range at Crescent City (Station ID 9419750) 
is 2.094 meters (6.87 feet) between the Mean Lower 
Low Water (MLLW) and the Mean Higher High 
Water (MHHW).  Tide ranges between 2 and 4 meters 
(6.6 – 13.1 ft) are described as mesotidal.  The tides at 
Crescent City are considered mixed with two high
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Figure 1,  Wave Climate and Wave Transformation near Crescent City, California. 

  
tides and two low tides per day.  The height of the 
pairs of high and low tides are not equal and therefore 
they are referred to as mixed tides.   
 
Wave Transformation 
 
Wave transformation is required to determine the 
water height acting on the base of a cliff.  In the 
current study, waves must be transformed from the 
significant wave height at a water depth of 10 meters 
(32.8 ft) given in the WIS (Jensen, et al. 1989) and the 
corresponding maximum wave height to a nearshore 
breaking wave height and still water line (SWL) set-up 
on the cliff face.  As alluded to earlier, waves  

 
generally break in water depths that approximate the 
wave height and then in the case of a gently sloping 
bottom profile travel across the surf zone as bores 
which run-up onto the shore beyond the limits of the 
water line had there been no waves present.  The total 
run-up above the SWL consists of an upward slope of 
the mean water line caused by the momentum of the 
incoming waves referred to as wave set-up and the 
swash from individual waves oscillating above the 
mean.  Water wave mechanics is a mathematically 
rigorous phenomenon.  This is particularly true of the 
wave theories which best describe waves in shallow 
water.  However, for the purposes of the current study 
the less rigorous approaches to wave transformation 
from deep to shallow water are sufficiently accurate. 
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Airy, or linear, wave theory was used to transform 
wave data from the WIS to wave set-up at the shore. 
The calculated set-up was then plotted on surveyed 
cliff cross sections such as that shown in Figure 2 for 
maximum wave heights with a return period of 20 
years.  The set-up water surface is referenced to the 
MHHW.  The set-up water surface represents the 
mean water surface induced by the presence of waves 
of the specified height.  Additional run-up height 
would result from swash oscillations about this mean. 
 
Geology and Geotechnical Properties 
 
Observations of the cliff face show that an 
unconsolidated soil deposit overlies fine grained 
marine sedimentary rock.  The overlying soil has been 
mapped as a Pleistocene marine terrace deposit 
designated as the Battery Formation (Davenport 
1982).  The sedimentary rock within the lower cliff 
and extending across the foreshore is described as a 
massive, poorly bedded, Pliocene marine siltstone and 
shale designated as the St. George Formation 
(Davenport 1982).  A field investigation was 
conducted during January 20-24, 2005 and February 
16-20, 2006 that included drilling four exploratory 
borings through the unconsolidated soil to bedrock, 
drilling two shallow horizontal holes into the cliff face 
near its base, and performing a limited rock mass 
discontinuity survey.   
 
A laboratory testing summary is presented in Table 1. 
 
The stratigraphy of the unconsolidated deposit consists 
of about 2 feet (0.6 m) of dark brown Silty SAND 
(SM) with gravel (Fill) overlying about 6 feet (1.8 m) 
of Stiff Sandy Fat CLAY (CH) which overlies 
siltstone and mudstone.  A thin Organic CLAY (OH) 
layer was also encountered a depth of 5.7 feet (1.74 m) 
in the two borings farthest from the cliff face.  A 0.5 to 
1.2 foot (0.15 – 0.40 m) thick water bearing Clayey 

fine SAND (SC) layer was encountered at a depth of 
about 4.5 feet (1.37 m) on the north portion of the site. 
 
The Atterberg Limits, which include the shrinkage 
limit (SL), the plastic limit (PL), and the liquid limit 
(LL), are those gravimetric water contents which 
demarcate the behavioral state of cohesive soils from 
solid to semi-solid; from semi-solid to plastic; and 
from plastic to liquid, respectively.  The plasticity 
index (PI) is the liquid limit (LL) minus the plastic 
limit (PL) and represents the range of water contents 
over which the material remains plastic (i.e. is 
moldable). Natural water contents in the clay range 
from about 38 to 41 percent which is above the plastic 
limit (PL).  Plastic limits range from 30 to 36 while 
liquid limits (LL) vary from 86 to 95.  Consequently 
the plasticity index varies from 53 to 65.  The activity 
of the clay (Ac), which is defined as the PI divided by 
the percent of clay size particles (- 0.002 mm), was 
also computed for three samples.  The activity of a 
clay can be used as an indicator of the type of clay 
minerals present.  The corrected activity for these 
samples (i.e. –No. 40 fraction) was found to be 0.97, 
1.46, and 2.08, respectively.  The increase in activity 
with depth suggests that clay minerals from the upper 
portion of the deposit have been leached downward by 
groundwater percolation.  The plotting position of 
these samples on the Plasticity Chart and their 
activities suggest that the composition of the clay 
fraction grades from the illite group of clay minerals 
near the surface to the montmorillonite group with 
depth. 
 
The stability of a soil slope is related to the shear 
strength of the materials which comprise it.  Estimates 
of the shear strength can be made by many field and 
laboratory test methods which vary from simple to 
complex.  For the purposes of this study, very simple 
approximate estimates of the undrained shear strength 

  

Figure 2, Cliff and Foreshore Profile 
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Table 1, Laboratory Testing Summary 
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Table 1 Footnotes 
1) Dick and Shakoor, (1997) 
2) Lower value for fresh rock higher value for slightly weathered rock 
3) Free water encountered while drilling through a discontinuity in the rock mass 
4) Non-Plastic fines 
5) Grayed cells indicate that either testing was not performed or values were not calculated 

 
 

 
 
(su) were made using the CPT and torvane.  The 
undrained shear strength estimated from the torvane 
was 0.87 tsf (85 KPa).  The manual Dutch Cone CPT 
does not provide direct estimates of su but rather cone 
tip resistance must adjusted by a factor of 0.10 to 0.20 
to estimate su.  The tip resistance measured in the clay 
in boring B-1 between 3.7 and 5.3 feet (1.1 – 1.6 m) 
varied from 8.5 to 12 tsf (814 – 1149 KPa); averaging 
about 10 tsf  (958 KPa).  Applying a factor of 0.1 to 
the tip resistance results in an estimated su of 1.0 tsf 
(96 KPa) which is in close agreement with that 
estimated from the torvane.  The CPT tip resistance in 
nearby boring B-2 increased from 5.0 to 45.5 tsf (480 
– 4360 KPa) from depths of 2.3 to 5.2 feet (0.70 – 
1.59 m).  The corresponding su increased from 0.5 to 
4.5 tsf (48 – 430 KPa). 
 
Sedimentary Rock  
 
Rock masses found near the earth’s surface are almost 
always discontinuous and inhomogeneous.  They are 
discontinuous because they are crossed by joints, 
bedding planes, shears, and the like which isolate 
intact rock blocks from one another.  They are 
inhomogeneous because their properties can vary 
widely from one location to another due to such 
factors as the degree of weathering or the presence of 
groundwater.  Therefore, the engineering behavior of a 
rock mass is related to the properties of the intact rock, 
the discontinuities, and the interaction between the 
two.   

Intact Rock 

The St. George Siltstone is exposed over the lower 
one-half to two-thirds of the cliff face.  This Pliocene 
marine siltstone contains many shells and occasional 
layers of mudshale (Dick and Shakoor 1997).  The 
rock mass is medium-gray when relatively fresh and at 
locations where it remains moist while it becomes 
yellowish-gray to “rust-stained” at more weathered 
locations. 
 
Two shallow horizontal borings, designated HB-1 and 
HB-2, were made into the cliff face.  Boring HB-1 was 
drilled 1.0 feet (0.3 m) into the intact siltstone rock 
mass with a continuous flight auger.  Boring HB-2 
was drilled 0.7 feet (0.2 m) into a mudshale layer.  
Drill cuttings from both borings were gathered to 
create composite samples for testing.  Samples were 
prepared in the lab by grinding drill cuttings in a 
distilled water / rock slurry using an ASTM mixing 
cup and stirring apparatus normally used for a 
hydrometer test.  Oversized rock and shell fragments 

were reduced to their original particle size in this 
manner.  
 
The uniaxial compressive strength (UCS or σc) of the 
intact siltstone was estimated using correlations with 
the Type N Schmidt Hammer rebound number (RN) 
and the Point Load Index (IS(50)).  An average RN value 
of 23 (adjusted to a vertical test inclination) was 
obtained from testing of intact rock on the cliff face.  
Using a correlation developed by Kahraman (2001) 
the UCS was estimated to be 11.1 to 13.0 MPa (1610 
to 1885 psi).  A limited number of point load tests 
were also performed on samples of intact siltstone.  A 
Point Load Index (IS(50)) of 0.43 MPa (62 psi) was 
obtained with a corresponding estimate of the UCS of 
13.1 MPa (1900 psi) (Kahraman 2001).  These 
estimates of the UCS result in a qualitative description 
of the intact rock as weak (ISRM 1981).  The tensile 
strength of rock (σt) can be approximated as the Point 
Load Index (IS(50)) or 0.04 to 0.20 times the uniaxial 
compressive strength (UCS) (Sunamura 1992).   
 
Intact Rock Durability  
 
The durability of mudrocks such as siltstone or 
mudshale can be affected by a number of factors but is 
often related to wet-dry cycles.  Durability could also 
be related to resistance to abrasion or scour.  The 
disintegration of mudrocks subject to wet-dry cycles is 
referred to as slaking.  Slaking occurs as the result of 
the compression of air in the voids as water is drawn 
into the rock by capillarity and by the swelling of 
expansive clay minerals as water is taken up by the 
mineral structure (Bell 2000).  The former process is 
dominant in rocks containing less than 50 percent 
expansive clay minerals while the later occurs when 
there is an abundance of such minerals (Dick and 
Shakoor 1992).  Rocks which are deficient in 
expansive clay minerals such as siltstone often contain 
many micro-fractures that are exploited as the rock 
fabric is stressed by compression of air in the voids 
upon wetting.  The rock will then disintegrate along 
these pre-existing micro-fractures.   The durability 
related to abrasion and scour by sediment laden 
moving water is much more difficult to assess.   
 
For the current study, estimates of the slake durability 
of the intact rock were made using a method proposed 
by Santi (1995) in which samples are subjected to 
repeated cycles of wetting and drying.  In this method 
five or more wet-dry cycles are performed in which 
each cycle consists of soaking each sample in water 
for 24 hours, washing the sample over a No. 10 (2 
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mm) sieve, and then drying at 105°C for 16 hours.  
The cumulative sample loss, or slake index, is 
determined after each cycle.  Santi suggests that the 
loss after the first-cycle represents the state of 
weathering of the rock while the fifth-cycle minus the 
first-cycle represents its susceptibility to weathering.  
Santi refers to this method as the slake differential 
(SD) test.  
 
SD tests were run on samples of fresh and slightly 
weathered siltstone obtained from the cliff face.  
These tests were run using both distilled water and 
seawater as soaking agents.  Six samples were tested 
for each condition.  The mean cumulative loss for each 
series of tests is presented in Figure 3.  Two important 
trends can be seen in Figure 3.  (1) Weathered samples 
experienced greater slaking then fresh samples at each 
cycle with the rate of slaking increasing at a faster rate 
for the weathered samples than the fresh samples.  (2) 
Samples soaked in seawater experienced less slaking 
than samples immersed in distilled water.  This second 
finding is of particular importance to the susceptibility 
of sea cliffs to erosion.  Santi provides a chart by 
which SD values may be plotted and qualitative 
descriptions of rock durability obtained.  The SD test 
results are plotted on such a chart in Figure 4.  From 
Figure 4 it can be seen that the first-cycle slake index 
is low for all samples but that the rate of weathering 
increases with each cycle (i.e. each sample plots to the 
left of the constant rate line).  Using Santi’s 
nomenclature the St. George Siltstone can be 
described as a Poor Non-Durable Rock. 
 
A modified jar slake test (Santi, 1998) was also 
performed in which a jar slake category (R-value) 4 
was determined for a fresh, air dried sample of 
siltstone immersed in distilled water.  Santi (2006) 
categorizes the long term behavior of such rock as 
“Poor, yet Durable”.   
 
Such predicted behavior is in contrast to a modified jar 
slake classification of Czerewko and Cripps (2001) in 
which the observed jar slake behavior is categorized as 
“Fast” and “Durable”. 
 
Rock Mass 

The properties of the intact rock are often secondary to 
the orientation, spacing, persistence, aperture (width), 
and filling of discontinuities.  The degree of 
weathering of the intact rock which affects its strength 
and durability is affected by the presence of 
discontinuities.  Discontinuities provide a secondary 
porosity to the rock mass which serve as conduits for 
groundwater flow.   
 
The orientation of discontinuities is particularly 
important in relation to the stability of rock slopes.  
When the intact rock is competent, discontinuities 
provide the only path by which movements may occur 
in the slope.  In such cases failure of the rock mass is 
said to be structurally controlled.  The size and shape 
of potential sliding blocks is governed by the 

orientation, spacing, and persistence of the 
discontinuities.  The shear strength of a discontinuity 
is related to its aperture, roughness, wall compressive 
strength, and the presence of any infilling material.  
 
A limited discontinuity survey was performed at the 
project site.  A description of the rock mass based on 
this survey follows (ISRM 1981).  Four joint sets and 
a bedding surface were noted.  The joint sets consist of 
one pair of steeply dipping approximately orthogonal 
joints and a massive to very thickly bedded  bedding 
plane which strikes 288° and dips 14° to the northeast.  
Two additional joint sets intersect creating potential 
sliding wedges along east – southeasterly trending 
slope faces.  Joints are moderately (200–600 mm) to 
widely (600-2000 mm) spaced with low (1-3 m) to 
medium (3-10 m) persistence.  Joints near the cliff 
face are tight (0.1-0.25 mm) to open (0.5 to 2.5 mm) 
and appear unfilled.  Some wide (>10 mm) joints are 
present sub-parallel to the cliff face.  The rock mass is 
slightly to moderately weathered. 
 
Groundwater seepage was observed from some joints 
with seepage rates varying from occasional drops of 
water to low pressure flow. 
 
Rock Mass Durability  
 
The durability classification of intact rock can be 
extended to the rock mass through a myriad of rock 
mass classification systems.  Santi (2006) presents one 
such field system for weak and weathered rock masses 
in which the weathering grade of corestones, the 
estimated strength, the spacing, aperture, and 
condition of discontinuities, and the jar slake value are 
used to predict long term behavior.  According to this 
system, the St. George Siltstone may experience 
significant loss in strength upon exposure to wet-dry 
cycles, but the original system of discontinuities is 
likely to continue to strongly influence rock mass 
behavior.  Field observations of slope failure patterns 
confirm this assessment of durability and rock mass 
behavior. 
 
 
Geomorphology 
 
Understanding the geomorphology and cliff behavior 
process at each site is the key to developing 
appropriate cliff stabilization measures.  Geomorphic 
processes acting on a sea cliff are many and complex 
(e.g. Bird 2000; Lee and Clark 2002; Sunamura 1992).  
A cliff behavior unit (CBU) (Lee and Clark 2002) 
consists of a geomorphic model in which the cliff top, 
cliff face, and foreshore interact and through which 
sediment is transported from the cliff top to a littoral 
cell.  The sediment arriving in the littoral cell is then 
transported either offshore or alongshore by ocean 
currents.  This section will attempt to identify the 
relevant processes based upon the data already 
presented and a review of the literature. 
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Figure 3,  Slake Index Mean Values for Fresh and Slightly Weathered Siltstone in Distilled Water or Seawater. 

 
 

 
Figure 4,  Slake Differential Test Interpretation.

Recession Rates 
 
Sea cliff recession is an episodic process that occurs 
when the resisting forces within the cliff are overcome 
by the driving forces that initiate failure.  Both the 
resisting forces (e.g. rock mass strength) and the 

driving forces (e.g. wave action) vary in time and 
space.  Due to its episodic nature, recession rates in 
the short term (<10 years) are highly variable but, in 
historical times, tend to reach a constant rate in the 
long term (>100 years).  Predictions of the short term 
rates are therefore suspect but long term rates can 
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provide valuable insight for cliff management.  For the 
current study, estimates of historical cliff recession 
rates were made using historical aerial photography 
from 1972 and 1989 and survey data from 2005 and 
2006.  Scanned imagery from 1972 and 1989 (1 inch = 
1,000 feet) provided adequate detail to digitize the 
position of the cliff top location at the time of the 
photography.  Due to the scale of the photography and 
consequent low resolution at the scale of interest, the 
cliff top location was estimated by examining 
contrasts in albedo (i.e. reflectance of light) between 
the cliff top and cliff face.  The photographs were geo-
referenced in ArcGIS using rectified digital 
orthophoto quads and GPS derived survey data for 
reference.  In this manner, distortion in the 
photography was reduced and the images referenced 
to Pebble Beach Drive and surrounding fixed 
landmarks.  This methodology allowed the relative 
location of the cliff top to be established for 1972, 
1989, and 2005.   
 
The cliff top area lost to erosion during each time 
interval was then determined and cliff top erosion 
estimated by dividing the area lost by the length of the 
cliff.  The estimated average cliff top recession was 
6.48 feet (1.976 m) from 1972 to 1989 and 2.74 feet 
(0.835 m) from 1989 to 2005.  The corresponding 
recession rates were 0.38 feet per year (11.6 cm/yr) 
and 0.17 feet per year (5.2 cm/yr), respectively.  The 

overall recession rate was 0.28 feet per year (8.5 
cm/yr) for the period 1972 to 2005.   
 
A recession rate of 0.22 feet per year (6.7 cm/yr) was 
also estimated for the 13 month period between 
topographic surveys in 2005 and 2006. 
 
The maximum estimated erosion at any given location 
during the 33 year time interval was about 52 feet (16 
m) with an average recession of about 9 feet (2.8 m) 
during this same time period. 
 
The areas lost to erosion during these time intervals 
are shown in Figure 5.  
 
These estimates compare favorably with typical 
erosion rates of 10 to 100 cm/yr for Tertiary 
sedimentary rocks reported in the literature (Sunamura 
1992). 
 
Benumof and Griggs (1999) developed a correlation 
between a rock mass strength classification system 
modified from Shelby (1980) and the recession rate of 
sea cliffs in San Diego County, California.  Applying 
their classification system and correlation results in a 
estimated recession rate of 0.24 ft/yr (7 cm/yr) which 
also agrees closely with the estimates made from 
historical aerial photography. 

                                                                                                                                                                                                                                         

 
 
 
Figure 5,  Historical Cliff Recession.
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Cliff Behavior Model 
 
Failure Modes 

The cliff at the project site can be categorized as a 
composite cliff in which an unconsolidated soil 
deposit overlies a weak rock “wall”.  In this case the 
upper slope in the unconsolidated soil is very steep 
and is more susceptible to degradation by subaerial 
weathering processes such as rain, wind, burrowing 
animals, etc.  than the lower portion of the cliff which 
is also susceptible to many of the same subaerial 
processes, but is more frequently subjected to wave 
action and sea spray.   

Field observations suggest four probable types of 
slope failure modes which include (1) topples, (2) 
slumps, (3) structurally controlled wedge failures, and 
(4) falls.   
 
The upper slope appears to fail by either toppling of 
soil wedges forward onto the beach or by rotational 
slumping.  In both cases, the debris from a failure 
generally is not able to accumulate at the toe of the 
upper slope because it cascades directly onto the 
beach.  This immediate removal of debris can quickly 
lead to an oversteepened condition and subsequent 
failure, especially if the lower rock slope has receded 
landward.  The toppling mode of failure was not 
directly apparent but is inferred by the presence of 
vertical tension cracks in the stiff clay and forward 
leaning soil slabs that were observed during site visits.  
Evidence of the rotational failure mode is limited and 
seemingly contrary to the estimated shear strength of 
the stiff clay.  Tension cracks would have to play a 
significant role in this failure mode as well.  Both 
these modes of failure may be triggered by the 
accumulation of rainwater in the tension cracks.  
Failures of the upper slope appear to lead to the most 
rapid recession of the cliff top.  
 
Failures in the St. George Siltstone lower slope “wall” 
appear to be dominated by rockfalls in which blocks 
of rock detach from the slope and fall almost directly 
onto the beach.  The rock debris is rapidly removed by 
wave action and may, when driven by wave action, act 
as an abrasive on the cliff base.  This failure mode was 
observed at a number of locations in July 2004.  These 
failures occur when the tensile strength of the rock 
degrades to a point where gravitational forces are able 
to overcome it and blocks detach from the face (e.g. 
the simple cantilever model of Hampton (2002)).   
 
However, recent structurally controlled wedge failures 
were observed in February 2006.  The mean joint and 
bedding plane orientations estimated from the 
discontinuity survey confirm the observed structurally 
controlled failures since joint planes and intersections 
daylight into the slope face (i.e. sliding block failure 
along one or more discontinuities).  The magnitude of 
these failures can limited or quite extensive whereby 
cliff recession of several feet may occur during one 
failure.  Therefore, while falls from the rock wall 

occur more frequently, structurally controlled wedge 
failures result in the greatest observable short term 
recession. 
 
Durability 

The siltstone in the lower slope is moderately 
weathered with the degree of weathering increasing 
from the cliff base upwards.  The lower portions of the 
cliff are subjected to wave action and sea spray.  The 
frequency of seawater reaching the face decreases 
with height above the base.  The portions of the rock 
face which are subjected to little or no direct 
interaction with seawater are more highly weathered 
due to subaerial (i.e. “fresh” water) processes and 
therefore, considering the results of the slake 
differential tests, more susceptible to slaking.  In other 
words, those portions of the cliff face which are 
subjected to frequent wet-dry cycles appear to be more 
weathered and friable than those portions which 
remain moist or dry.  Slaking caused by wet-dry 
cycles degrades the rock’s resistance to hydraulic and 
abrasive forces from infrequent storm waves which 
can impact high onto the cliff face (see Figure 2).  
Thus, the siltstone subject to frequent wet-dry cycles 
and infrequent direct wave action is highly susceptible 
to erosion by the hydraulic and mechanical action of 
waves.  
 
The cliff face is fronted by a Type-A (Sunamura 1992) 
shore platform with a narrow fine-grained sand beach.  
Type-A shore platforms consist of a gently sloping 
surface without abrupt changes in slope extending 
from the cliff base to a point seaward of the low tide 
level.  Field observations suggest that the beach 
sediment is very thin.  The slope of the beach is about 
10 percent.  Such steep beaches are considered 
reflective and dissipate less wave energy in front of 
the cliff than flatter dissipative beaches because waves 
break closer to shore.  The base of the cliff lies far 
back from the edge of the MHHW still water line 
(SWL) and is only subjected to wave run-up.  
Consequently, under normal wave conditions the 
hydraulic impact on the base is low and little spray is 
generated.  Much of the cliff face remains dry and 
subaerial weathering processes dominate.  In contrast, 
at the northern edge of the project site and along the 
embayment to the north, the cliff base is much closer 
to the high tide SWL and therefore the cliff base is 
frequently subjected to direct interaction with broken 
waves and wave run-up.  These waves also impact the 
face with more energy and create spray which falls on 
higher portions of the slope.  Field observations 
suggest that those areas which are subject to continual 
seawater interaction are less weathered and less 
susceptible to slaking.  The later cliff sites also receive 
less wave energy due to wave refraction than the 
major portion of the project site.  The effect of wave 
divergence experienced along the north embayment 
diminishes moving southward into a zone of wave 
convergence at the existing quarrystone revetment. 
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Cliff Stabilization Alternatives 
 
Cliff stabilization measures can be broadly classified 
as (1) increasing or maintaining the resistance of slope 
materials against failure; (2) reducing the driving 
forces which create instability; or (3) a combination of 
both.  Consideration of the cliff behavior models 
developed above together with these stabilization 
methods allows for the selection of viable alternatives.  
 
The perfect stabilization measure at this site would (1) 
strengthen the stiff clay to prevent toppling and 
slumps; (2) protect the rock mass from degradation 
from wet-dry cycles; and (3) protect the cliff face from 
wave attack.  Several alternatives will be reviewed and 
their effectiveness discussed. 
 
Quarrystone Revetment 
 
The quarrystone revetment located immediately south 
of the project site appears to have performed well.  
Such structures prevent direct wave attack against the 
cliff and act as stabilization berms which reduce shear 
stresses within the cliff.  They are made of large, 
angular, durable rock of approximately equal size.  
This angularity and high porosity make them very 
effective at dissipating wave energy.  These 
revetments are flexible and able to withstand damage 
while still performing effectively.  They would be 
marginally effective at preventing degradation of the 
protected rock mass but this is largely offset by the 
reduction in wave energy reaching a degraded rock 
mass during an extreme wave event.  They are the 
simplest and most economical alternative.  However, 
they require direct contact with the fronting beach and 
therefore require an extensive permit process prior to 
construction.  They also are considered by many to 
degrade the scenic qualities of the shoreline.   
 
Offshore Rubble Mound Breakwater 
 
 An offshore rubble mound breakwater is similar to 
the quarrystone revetment in construction materials.  It 
consists of quarrystones piled in mounds offshore to 
create breakwaters which reduce wave energy arriving 
at the cliff base.  Any structure designed to only 
reduce wave energy arriving at the cliff base ignores 
the subaerial erosion that creates instability in the stiff 
clay on the upper slope.  Their use also has many 
permitting and scenic degradation issues.  They were 
not be considered further due to these flaws. 
 
Ground Nails 
 
Ground nails, also commonly referred to as soil nails, 
are closely spaced (i.e. 3 - 5 ft (1 - 1.5 m)) passive 
inclusions drilled or driven into the ground.  Nail 
lengths can vary from 6 feet (1.8 m) to 30 feet (9.1 m) 
depending on design parameters.  They reinforce the 
native soil or rock by adding a tensile resisting 
capacity (i.e. cohesion) which may have been limited 
or absent.  A shotcrete (i.e. sprayed on reinforced 

concrete) facing is often added to prevent erosion and 
sloughing of the soil or rock between the nails.  Their 
primary function is therefore to strengthen the soil or 
rock.  They will also protect the rock mass from 
degradation due to wet-dry cycles and can protect 
against wave attack if properly designed.  If they are 
installed over the full height of the slope they can 
satisfy each of the aforementioned “perfection 
criteria”.  However, such a full slope height 
application would be more expensive than the 
quarrystone alternative and, depending on installation 
methods, may not avoid contact with the beach during 
construction.   
 
Ground nail stabilization of the stiff clay on the upper 
slope is an economical alternative to the full slope 
height application for the short to medium term.  This 
approach would prevent slumping and toppling 
failures in the clay which result in the most rapid 
recession of the cliff top.  The design life for such an 
application would be approximately 20 years based 
upon an estimated rock mass recession rate of 0.30 
ft/yr (9 cm/yr).   
 
Several alternatives are available to reduce the visual 
impact of the shotcrete facing and protruding nail 
heads.  Coloring can be added to the shotcrete to blend 
with the existing soil color.  Short PVC pipe plugs 
may also be installed throughout the facing and native 
vegetation planted in each plug as recommended by a 
botanist or qualified erosion control specialist. 
 
A major benefit of this approach is that ground nails 
may be driven into the slope face by ballistic means 
with equipment located at the cliff top that can reach 
over the edge.  This avoids any contact with the beach 
and allows for a streamlined environmental permit 
process.   
 
Conclusions 
 
Cliff recession threatens the integrity of Pebble Beach 
Drive near Crescent City, California.  A 20 to 25 foot 
(6.1 to 7.6 m) high composite cliff is comprised of 
about 8 feet (2.4 m) of unconsolidated stiff clay and 
fill overlying the weak Pliocene St. George Siltstone.  
 
Field evidence and laboratory testing suggest that the 
siltstone at this site is non-durable and susceptible to 
slaking when subjected to wet-dry cycles.  Samples 
subjected to wet-dry cycles from seawater were more 
durable than samples subject to cycles with distilled 
water.  Slaking of the siltstone degrades the properties 
of the intact rock making it susceptible to erosion by 
wave attack.  This site is often subjected to “fresh 
water” wet-dry cycles because it is set back farther 
from the still water high tide level than adjacent cliff 
sites.  Field observations suggest that those locations 
where siltstone is continually moistened by contact 
with seawater are more durable than those subjected to 
wet-dry cycles – especially from fresh water. 
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The stiff clay within the upper slope is susceptible to 
toppling failures and slumps initiated along tension 
cracks in the clay.  Water accumulating in these 
tension cracks may trigger failure.  Debris from these 
failures generally falls directly to the beach below 
eliminating any stabilizing effect of the slump debris.  
Failure in the stiff clay causes the most rapid 
observable cliff top recession.  Failures in the siltstone 
occur as structurally controlled wedge failures or 
block falls as the properties of the intact rock mass 
degrade due to wet-dry cycles.   
 
Historical cliff recession rates were estimated from 
aerial photography.  The estimated average cliff top 
recession was 6.48 feet (1.976 m) from 1972 to 1989 
and 2.74 feet (0.835 m) from 1989 to 2005.  The 
corresponding recession rates were 0.38 feet per year 
(11.6 cm/yr) and 0.17 feet per year (5.2 cm/yr), 
respectively.  The overall recession rate was 0.28 feet 
per year (8.5 cm/yr) for the period 1972 to 2005.   
 
A recession rate of 0.22 feet per year (6.7 cm/yr) was 
also estimated for the 13 month period between 
topographic surveys in 2005 and 2006. 
 
Estimated recession rates compare favorably with 
those reported in the literature for Tertiary 
sedimentary rocks (Sunamura 1992, Benumof and 
Griggs 1999) 
 
The maximum estimated erosion at any given location 
during the 33 year time interval was about 52 feet (16 
m) with an average recession of about 9 feet (2.8 m) 
during this same time period. 
 
Ground nail stabilization measures have been 
recommended to reduce cliff top recession in the short 
to medium term. 
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