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THE TTIRNAGAIN HEIGHTS LANDSLIDE:
AN ASSESSMENT USING THE ELECTRIC-CONE-PENETRATION TEST

By
Randall G. Updike

INTRODUCTION
Scope

The Turnagain Reights landslide was one of the most catastrophic ground
failures that resulted from the 1964 Prince William Sound Earthquake. This
study assesses the engineering soils rasponsible for that landslide based on
state-of-the-art in-situ testing provided by the electric-cone-penetration-
testing svstem (CPT).

Rationale

The Turnagain Reights area of Anchorage has continued to be an area of
residential and light commercial construction since the 1964 earthquake.
Engineering soils similar to those that failed in 1964 are being used as the
foundation for this construction. Few technical studles of these materials
have been conducted since the post-earthquake 1nvegtrigations 1in 1964-65,
Because of economlc pressures, the areas immediately adjacent to and withiuv
the Turnagain Heights landslide may soon be new construction sites, To
benefit future plaoning and development, the latest geotechnical techniques
should be used to assess the present-day in-situ conditions of the sgoils in
question,

Locatlon of Study Area

Five testing sites were chosen In the Municipality of Anchorage
Earthquake Park that 1s located in west Anchorage along a north=facing bluff
that borders Knik Arm (fig. 1). The filive sites are situated on upland areas
south and west of the 1964 landslide, adiacent to West Northern Lights
Boulevard (sec. 22, T. 13 N., R. 4 W., Anchorage A-8 NW Quadrangle).

Geologic History

The generalized geology of Anchorage, Including the study area, has been
mapped by Miller and Dobrovolmy (1959), Karlstrom (1964), and Schmoll and
Dobrovolny (1972). Recently, subsurface geotechnical data was used to make a
detailed geologic map of southwest Anchorage (Ulery and Updike, 1983; Updike
and Ulery, 1985). These reports show that the Bootlegger Cove Formationm,
which wunderlies the study area, was deposited in an ice~marginal
glaciolacustrine basin during late Plelstocene time. A glacier lJocated west
of Point Woronzof deposited a fan delta that grades from sand and gravel in
the west to silt and clay in the Earthquake Park-Turnagain Heights area.
Subtle varilations in the glaciomarine depositional regime resulted in eight
sedimentary facles within the Bootlegger Cove Formation, each defined by a
distinct engineering-parametric signature (Updike, 1982). These facies
include:
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Figure 1, Index map showing location of study area, boreholes, CPT sites, and
location of cross section shown on figure 19.
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Facies F.I Clay, with very minor silt and sand

Facles F.II Silty clav or clayey silt

Facies F.TIT Silty clay or clayey silt, sensitive

Facles F.IV Silty clay or clayey silt, with thin silt and sand lenses

Facles F,V S1ilty clay or clayey silt, with random pebbles, cobbles,
and boulders

Facies F.VI Silty fine sand, with silt and clay layers
Facies F.VII Fine fto medium sand, with traces of silt and gravel

Faclies F,.VIII Sandy gravel and gravellv sand, with discontinuous lavers
of silt and fine sand

The Bootlegger Cove Formation was deposited on a sequence of indurated
till and glaciofluvial deposits that Reger and Updike (1983) believe 1s late
Pleistocene (Knik Glaciation) in age (fig, 2). A pronounced unconformity
exists hetween these glaclal deposits and the overlying Bootlegger Cove
Formation, a formation that was probably deposited during late Naptowne time
(Reger and Updike, 1983), Within the project area, facies F.I-F.V are capped
by very fine to coarse, well-sorted sand beds (facies F.VI and F.VII). These
sands represent the waning phase of deposition of the Bootlegger Cove
Formation when the source-~area ice was stagnant, glacial dams were breached,
and the depositional basin was essentially drained. In the Turnagain Heights
area and northeast to downtown Anchorage, these sands are overlain by glaeilal
outwash (sand and gravel) deposited during a very late Plelstocene glacial
advance from the north that terminated in the Eagle River area. The outwash
plain thins to the southwest and eventually disappears i1ust east of the
project area. Within the proiect area, onlv & thin layer (1 to 5 cm) (0.5 to
2 in.)] of tan silt and a surface peat bed overlie the Bootlegger Cove
Formation. Facies F.VI-F,VII sands at the top of the formation are typical
throughout Anchorage, regardless of the overlvinp stratigraphy. Consequently,
I believe that little erosion of the upper surface of the formation has
occurred since deposition in late Pleistocene time (ca. 12,500 vr R,P.)Y,

During Holocene time, the stratigraphic sequence wasgs subijected to
1sostatic rebound and periodic tectonic uplift (Brown and others, 1977) that,
combined with fluctuations In sea level, resulted in the present bluff
topography along Knik Arm. The bluffs have gradually retreated because of the
effects of tidal erosion and the slope 1Imstability of the Bootlegger Cove
Formation. Perlodic seismic events have enhanced this retreat by causing
massive landslides like the one that occurred in Turnagain Heights in 1964,

Previous Investigations
In addition to the geologic mapping described above, the Turnagsin

Heights landslide was studied intensively after the 1964 earthquake. This
landslide, as well as analogous slides elsewhere in Anchorage, prompted
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considerable research into the cause and mechanics of such slides. Causes
that were proposed in the literature include liquefaction of sands (Shannon
and Wilson, 1964; Seed and Wilson, 1967; Seed, 1968, 1976) and failure of
sengitive, silty clays (Hansen, 1965; Long and Geoxrge, 1966; Kerr and Drew,
1965, 1968). The area hag become a case-history model for both types of
landslide mechanisma. A definitive agreement has not been reached as to which
mechanism 1s primarily responsible for the slides, or whether sands or clavs
should he of preeminent concern in future potential failures.

The Bootlegger Cove Formation slso plays an important role as a confining
layer in the ground-water regime of the region. Thig formation hags been the
subject of several hydrologic studies (Cederstrom and others, 1964; Trainer
and Waller, 1965; Barmwell and others, 1972) and continues to be studied by
the U.S. Geologicdl Survey Water Resources Division and the Municipality of
Anchorage.

TESTING PROCEDURE

Subsurface soll conditions can be evaluated bv drilling, sampling, and
laboratory testing, or by in-situ testing. Regardless of the care exercised,
the first method has inherent problems with sample disturbance and testing in
other than actual conditions. In-situ testing is limited by both the variety
- of techniques available and by data interpretation based on existing
soll-behavior theory. Penetration testing, which 1is the in-situ approach
penerally used, is based on the concept that the force or energy required to
push or drive a standardized probe into the soll can be translated into a
measure of soll strength or bearing capacity. Two principasl penetration-test
methods are used; the standard-penetration test (SPT) and the cone-penetration
test (CPT), The SPT mathod has been used in Anchorage for many vears and
remaing a standard for local foundation design. Although the CPT method has
been used in FEurope for geveral years, it haa only recently attailoed
acceptance in the United States geotechnical industrv. Although the CPT
method has been used for a variety of malor projects in the contiguous United
States (for example, nuclear power sites, dams, pipeline corridors, and
missile sites), this gtudy represents its first usage in Alaska.

Fquipment and Method

The cone-penetration test consigts of pushing an dInstrumented,
cone-tipped probe iInto the soill while recording the resistance of the soil to
that penetration. The tests were conducted 1n general accordance with
American Soclety for Testing and Materials specifications (ASTM-D3441-79)
using an electric-cone penetrometer. The test equipment comslsts of a cone
assembly, a series of hollow sounding rods, & hydraulic frame to push the cone
and rodg into the so0il, an analog strip-chart recorder, and a truck to
transport the test equipment and provide the needed 20-ton thrust-reaction
capacity (fig. 3). The cone penetrometer (figs, & and 5) consists of a
conical tip with a 60° apex angle and a cviindrical friction sleeve above the
tip., The cone assemblv used on this prolect has a cross-sectional area of
15 em? (2.32 in.?), and a sleeve surface area of 200 cm? (31 3n.2?). 1Imnside
the asgembly are strain gauges that allow simultaneous meagurement of cone and



= Ertec |

Figure 3. CPT laboratory truck with hydraulic iacks extended before iniclat-
ing gounding (April 5, 1982).

Figure 4. CPT probe 1n position to initiste sounding. Rod at right is used
to calibrate vertical 1ift of truck during sounding (April 5, 1982).
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Figure 5. Close-up of cone aggembly with cone and friction sleeve removed to
show strain gauges (April 7, 1987).

sleeve resistance during penetration (fig. 6). Continuous electric signals
from the strain gauges are transmitted by a cable 1in the sounding rods ta the
recorder at the ground surface. 1In addition, one sounding (EO-5) was done
using the plezo-cone, which simultaneocusly records pore-water pressure and
penetration measurements. The pilezo-cone 1s a standard cone with a
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Figure 6. Cross section of electric-cone assembly used in this study (figs. 4
and 5).
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pore-pressure transducer and porous element in the conical tip. The pilezo-
cone records cone-penetrometer data in the same mannexr as the standard unit.

Data Reduction and Interpretation

Reduction of the CPT data involved digitization of field strip-chart
recordings and subsequent computer processing., Processing was dome at the
data-processing center of Earth Technology Corporation (Ertec), Long Beach,
California., 7Jn addition to field-data reduction, subroutines that evaluated
CPT soil-behavior types, equivalent SPT blow counts, egtimated clav shear
strengths vs. depth, and cone resistance va. friction ratio for selected depth
intervals were done. Bruce Douglas (Ertec Regsearch Proiect Engineer), Brenda
Mever (Ertec Civil Engineer), and I interpreted the field data (CPT and
adjacent borehole logs) for input into computer programs.

TESTING RESULTS

Five CPT soundings were taken at Earthquake Park on April 5 and 7, 1982.
The soundings ranged in total depth from 25 m (76.4 £t) to 40 m (122,1 ft).
The resultant strip charts are shown in figures 7 through 11, including the
friction resistance (sleeve friction, f , in ton/ft2?), cone resistance (end
bearing, q_, in ton/ft2?), and friction ratio (R.=f /q ). All soundings
penetrated the base of the Bootlegger Cove Formatf%n!%hé%e the Knik diamicton
was encountered.

CPT soil-behavior predictions are tabulated in the appendix. The Ertec
computer program estimates soll types bv tracking the cone-end bearing and
average friction ratio at each requested depth. Based on guidelines of a
claggification chart that evolved from the work of Begemann (1965),
Schmertmann (1971), Sanglerat (1972), and Searle (1979), the chart was
calibrated to project equipment by Douglas and Oisen (1981)., An example of
the computer tracking for two soil types at site FQ-2 1s shown in figure 12,
Bv comparison of plots of cone reslstance (q ) vs. frictiom ratio (R.)
(f1g. 12) with data from nearby boreholes, sitg—specific correlations can be
made (see Calibration and Correlation). The basgic classification chart was
modified (as shown 1n figure 13) and used to tabulate soill-behavior types in
the appendix.

The CPT data is averaged over a vertical distance of 11,2 cm (6 in.) to
smooth any rapld excursilons due to soil-layer interfaces or nonuniformities.
Aowever, the materilal type is calculated at gpecified depths and, 1f the
tabulation depth occurs at an interface, the data may be inaccurate. More-
over, if the tabulation depth falls in a pocket of material different from the
rest of the layer, the data may be misleading. Thus, the continuous penetra-
tion-registance profile 18 the primary source of profile description, and the
aoll-type tabulations should be considered supplemental. Further, the tab-
ulated data are defined om the basis of the response of the soll layer to
large shear deformations imposed during penetration and not necessarily to
predictions of grain-gize distribution. However, soil-behavior tvpes shown in
figure 13 generally agree with soil types defined in accordance with grain-
glze-distribution measurements used in the Unified Soil Classification Svstem
(Douglas and Olsen, 1981),
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Fipgure 8. Computer—generated CPT strip charts obtained April 5, 1982, for
site EQ-2 (fig. 1).
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Figure 9. Computer-generated CPT strip charts obtained April 5, 1982, for
site EQ-3 (fig. 1).
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- 14 -



1000
8001

600-

400-

200+

EQ-2(F.1I1) EQ-2 (FIi1)

=

Cone resistance, qc (tsf)
N
<

I
1 2 3 4
Friction ratio, R¢ (%)

-
o

Figure 12. Graph of cone resistance (qc) vs. friction ratio (R, = fs/q Y for
facies F.II and F,.III. The computér-generated tracks are represen%ative
of those obtained for each facies from each site and were used to define

the domains of figure 13.
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Figure 13. Graph of cone registance (q ) vs. frictlon ratio (Rf= f_/q );
derived from CPT data showing soil—cbehavior domains for faciles of the
Bootlegger Cove Formation.
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Numerous efforts have been made to correlate CPT data to in-situ shear
strength (Sanglerat, 1972; Lunne and others, 1976; Schmertmann, 1978).
Because ghear strength is of primary concern due to fallure of cohesive faciles
in the Bootlegger Cove Formation, I attempted to approximate the undrained
shear strength (S ). Because penetration of the cone tip into undisturhed
giltg and clays Ys a bearing-capacity problem, most efforts emplov a
back-calculation technique that uses the classic bearing-capecity equation:

qg = SN +o¢
where qu = uitimatevbearing capacity
Sz = undrained shear strength
Nc = dimensionless bearing-capacity factor
a, = total vartical stress

By setting q equal to q (from the CPT) a theoretical value of the shear
strength can be determined:

Su = (qc - ov)/NC

The primary difficulty is the selection of a proper value for N ., Previous
investigators used measured fileld and laboratory results for®s  and
back~calculated N_ values that ranged from five (for high-sensitiv%ty clays)
to 25 (for over-consolidated dry clays). The possible error in arbitrarily
gelecting an N value and applying it to CPT data to determine shear strength
1s critical, For this project, an N value of 20 for high-friction-ratio
81lty clavs was chosen based on f1eld“and laboratory test results of samples
from borings near the CPT locations. The field tests included torvane and
pocket-penetrometer tests., Torvane and unconfined compression tests were also
performed on correlative samples in the laboratory. By comparing the results
with the corresponding CPT-sounding log, the Nc factor was estimated based on
both the above measurements and on previous measurements taken by Douglae
(oral commun., 1983) on gimilar soills. After the estimated values of N were
computed, the computer calculated the shear-strength valuea (S ) shown §n the
appendix, b

For comparative purposes, 5 was alsgso calculated based on the hypothesis
that the sleeve-friction value (f ) represents a shear-strength value between
the calculated undisturbed ahearsstrength and the remolded shear strength
(Schmertmann, 1971), A dimensionless constant of 1.l0 was multiplied bv the
f wvalues to derive the second set of S values tabulated in the appendix.
Becauge of the present lack of theoretical understanding of the cone-sleeve-
soll interaction and the remolding phenomena as the tip passes through a
cohesive facies, the calculation of § based on CPT data should be regarded
cautiously. v

As previously mentioned, the gtandard-penetration test (SPT) 1s the more
common method of assessing in-situ soil conditions. This method consists of
driving a 50.8 mm-diam (2 in.) split-spoon gampler into the ground by dropping
a 63-kg (140 1b) mass from a height of 760 mm (30 in.). The penetration
regsistance (N) 1is reported In number of blows to drive the sampler 305 mm
(12 in,) 1into the soil. Because variation in N values can occur as a result
of differences in equipment and technique of operators, methodology should be
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gpecified. Nevertheless, N values are currently used as a basis for liquefac-
tion-potential analyses throughout the United States. Bennett and others
(1981) and Douglas and others (1981) have been successful in theilr attempts to
correlate the penetration data derived from CPT and SPT techniocues at a given
gite. On the basis of the relationships derived by Douglas and others (1981),
we used a computer routine that generated a predicted equivalent SPT profile
for each of the five sites using the CPT logs (figs. 14 through 18). Whereas
actual SPT values are obtained with a sampler and therefore can only record a
series of vertical data points with intervening data gaps, the CPT-equivalent
technique provides a continuous, predicted SPT profile with respect to depth.
All predictions were made using the following equation:

~ 1.3
N = 12.5 B

where N is the predicted blow count and 18 the energy expended during soil
penetration of the SPT sampler. Constants relating the energy-dissipation
function, E_, to the SPT valuesa obtained in carefully monitored borings in the
Bootlegger Eove Formation elsewhere In Anchorage were evaluated. The results
show a good correlation between predicted and real SPT values when a low-
energy, trip—-hammer technique 18 used. Correlaction of the profiles In
figures 14 to 18 1s most applicable to liquefaction-potential analyses of the
noncohesive facies F.VI and F.VII bared on the trip-hammer penetration test.
Constants relating N and F_ are dependent on the energv-transfer efficlency of
the specific SPT hammer-anvil-rod-sampler system used. If another sampler
gsystem 18 ugsed in gathering SPT data, a conversilon factor mav be required to
correlate the data with the profiles imn filgures l4 to 18. This calibration of
measured and predicted SPT values specific to equipment has been successfully
used by Douglas and others {(1981).

The piezo-cone~profile results (fig. 11) should be viewed conservatively,
but analogies can be drawn from the limited experimental and field Jdata
(Douglas, oral commun., 1982) that have been published, The dramatic rise in
pore pressure at a depth of about 2.6 m (8 £ft) marks the phreatic surface at
this station (site FQ-5, fig. 1). The correlation of a pore-pressure spike
with a facies F,VI bed at 12.4 m (38 ft) reflects the characteristic pore-
pressure buildup in a sandy silt as cone stress 1s applied. In contrast, the
well-sorted sands (F.VII) at 8.8 m and 17.5 m (27 and 53 £t) are thin but can
more efficiently disasipate pore pressures due to high permeability and lateral
continuity.

CALIBRATION AND CORRFLATION

The character of each engineering-geology facles of the Bootlegger Cove
Formation has been carefully documented iu several areas In Anchorage (Updike
and Carpenter, 1985; Updike, 1982, 1985; Updike and others, 1982; Updike and
Ulery, 1985). On the bagis of field and laboratory inspection of numerous
samples of each facies, the CPT profiles can be calibrated to distinguish
these faciles, and the followinpg characteristics can be applied to other CPT
profiles of the formation. Facles F.I is not listed because true clav lavers
are generally too thin to be distinguished on a CPT profile.

- 18 -~
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Figure 1l4. Graph showing SPT profile for site EQ-1 as predicted from CPT
data. Sand at S-la is plotted on figure 24.
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Figure 15. Graph showing SPT profile for site EQ-2 as predicted from CPT
data. Sand at S-2a is plotted om figure 24,
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Figure 16. Graph showing SPT profile for site EQ-3 as predicted from CPT
data. Sands at S$-3a, S-3b, and S-3c are plotted on figure 24.
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Pigure 17. Graph showing SPT profile for site EQ-4 as predicted from CPT
data, Sands at S-4a, S-4b, S-4c, and S-4d are plotted on figure 24,
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Figure 18. Graph showing SPT profile for site EQ-5 as predicted from CPT
data. Sands at S-5a and S-5b are plotted on figure 24.
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Profile erratic but often bell-shaped; spikes due to sand and
gtones,
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Profile shows abrupt spikes on three curves.
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trough on Rf. 5

q, = greater than 100 ton/ft2
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Other geologic units found by the CPT sounding also produce distimctive
profiles. The peat and loose silt that overlie the Bootlegger Cove Formation
yield very low q_ and f_ curves, and the resultant R_ 1s very high. The upper
meter of soll wae frozén during the soundings and produced spikes that were
off the scale for q and f with a resultant R, near zero. Sediments below
the Bootlegger Cove Formatidpn were also generalfy off the scale for q and f ;
numerous troughs 1indicate silt interbeds. Friction ratilos for thesd deep
soils are usually greater than 2 percent,

Seven geotechnical boreholes previously drilled (Shannon and Wilson,
1964) near the CPT sites were selected for stratigraphic ecorrelation. The CPT"
soundings were calibrated according to the facies criteria discussed above. A
crogs section (fig. 1) that passes through CPT sites EQ-1, EO-2, and EQ-3 and
is near the chosen horeholes was selected. The horehole logs were calibrated
using the previously established engineering—-geology-facles criteria of Updike
and Carpenter (1985)., The resultant stratigraphic-correlation chart (fig. 19)
shows an excellent match between major units.

Three maln stratigraphic units are recorded on the profiles: a) very late
Pleistocene to HRolocene peat, silt, and loose sand, b) Bootlegger Cove
Formation, and ¢) Plelstocene (Knik Glacilation?) diamicton. The uppermost
unit varles from 0.6 m (2 fr) to 3.3 m (10 fr) in thickness; the top 2 to
2.5 ft 1is seasonally frozen. The Bootlegger Cove Formation consilstently
increages in thickness from 21l m (68 £t) 1n the west to 34 m (104 ft) to the
southeast over a horizontal distance of approximatelv 500 m (1,525 ft). The
unit below the Bootlegger Cove Formation is far more consolidated than the
formation directlv above 8o that penetration was very difficult and resistance
quickly exceeded the equipment's 20-ton capacity. Borehole logs Indicate that
this unit 1s several temns of feet thick and varies from overconsolidated
clayey silt to gandy gravel. The abrupt transition in q_ and f_ values at the
contact between the Bootlegger Cove Formation and these 0lde? sediments
supports the Interpretation that the contact marks a substantial time hiatus,
The high end~bearing values below the contact also indicate either
substantlally higher lithostatic loads in pre-Bootlegger time or a long time
interval in which these older sediments were exposed to dessgication and
weathering, This would most adequately be explained by a pre—Naptowne
Glaciation age for the deposits.

Within the Bootlagger Cove Formation, all facies are distingulshable with
the exception of F.I, which 1is generally only identifiable in laboratory
samplea. The typical sequence throughout the series of holes and CPT sound-
ings 1s: a) sands of F.VI and F.VII at the top of the formation; b) a thick
gsequence of F.IV, which decresses Iin strength with increasing depth; ¢) a
uniform sequence of F.II that becomes progressivelv thicker to the southeast
and within which both F.IIT beds and thin Intercalated layers of F.VI occur;
d) a consolidated F.V layer that marks the base of the formation in the west,
but grades into F.IT and F.IV to the goutheast (fig. 19).

The in-situ undrained shear strengths derived from the CPT data are
correlated with S values obtained in the laboratory on core samples in
figures 20 througﬁ123. The cores were obtalned from boreholes drilled and
tested in 1964 (Shannon and Wilson, 1964). Thus, the guality of the cores and
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Figure 19,

Eagt~west cross section based on geotechnical boreholes and cone-

penetration soundings in the vicinitv of Earthquake Park, Anchorage (see

fig. 1).

the technique of laboratory testing are not verifiable,
selected CPT data points vs.

depth and sall laboratory data points.

Each filgure shows

General

varlation trends in shear.strength can he equated between the three series of

points (lab S , S based on £ , and S based on q
a significantudis%arity between values at severa
1s greater than 0.5 ton/ft2.
agreement between lab values and f values than with q, ~-derived values.

egtimated S

Also,

and a, ). However, there 1is
depths, particularly where
there 18 generally a closer
The

sleeve~friction measurement appearg to consistently provide a more conserva-

‘tive S
deriveg S

penetratea
mented,

the laboratory-derived S

The tendencv for the f£ —derived values to be lower than laboratory-

's may reflect the unkfiown effect of soil remolding as the soil is

Because the accuracy of the laboratory techniques cannot he docu-
values must be regarded conservatively.

Further, the CPT-derived values are esgentially continuous throughout the
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Figure 20. Graph of undrained shear strength vs. depth., Empirical values
derived from the CPT for site EQ-3 are compared with laboratorv values
from boreholes C-133 and C-134 (fig. 1).
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Figure 21, Graph of undrained shear strength vs. depth. Empirical values
derived from the CPT for sites EQ-4 and EQ-5 (using the equation S = £
x 1.10) are compared with laboratory values from borehole C-140 (f{“g. 1.
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Graph of undrained shear strength vs. depth. Empirical values
derived from the CPT for sites EO-4 and EQ-5 [using the equations § -
6 /N )] are compared with laboratory values from borehole c-Ys0

1y, ¢
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Figure 23. Graph of undrained shear strength vs. depth. Empirical values

derived from the CPT for site EQ-1 are compared with laboratory values
from boreholes C-141 and C-142 (fig. 1).
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.length of the sounding under constant testing conditions, whereas the
laboratory tests are only provided for specific test points within a core.
Therefore, there iz more chance for atypical test results on labhoratory cores
that have unknown varilables, such as original sample disturbance, faulty
stratigraphic control, loss of sample moisture, or disturbance 1n the 1lab.
One must conclude that although the CPT method cannot replace the laboratory
tests, 1t can complement the limited laboratorv values with a more
comprehensaive profile of empirical shear strengths., The closest correlation
of Su valueg between the three techniques 1s provided by those solls that have
very low shear strengths, and whose soill stability is of most concern. Thus,
where the strength values are most needed from the CPT, they seem to be most
reliable. The greater disparity at higher S values may reflect the
introduction of increasing amounts of granular particles that would enhance
the cone-bearing values (for the g -based calculations) and reduce the
sleeve-friction values in the soil. "In facies F.IV and F.V, the laboratory
value 1s more accurate.

CONCLUSIONS

Although the logs recorded by the CPT system correlate very well with the
geotechnical-borehole logs, they result from continuous soundings and vield a
more detailed characterization of the soil than can be attained from a
sampling technique. The CPT approach 18 most effective in a testing program
complemented by conservative drilling, sampling, and laboratory testing. The
CPT system provides a comprehensive and detailed plcture of the subsurface
geology; alds in determining what soill units should be sampled during a
subsequent drilling program; acqulires data on soil units that would be very
difficult to sample; decreases the time required to investigate a site by
limiting the amount of drilling needed; and substantially reduces the cost of
geotechnical~site evaluation without sacrificing quality.

Correlation of borehole logs and CPT profilles in the Farthquake Park area
provides a three-dimengional stratigraphic pilcture consistent with the
previously proposed model of an ice-marginal deltalc regime that extends into
a quiet-water depositional basin to the east. The early phase of this svstem
included the accumulation of facies F.V ice-rafted debris that grades eastward
into more uniformly fine-textured clayey silts with interbedded silty fine
gands (F.IV). This time interval, represented by facies F.II and F.III, was
probably a period of marine deposition and should be confirmed by the preszence
of marine fossils. The climax of basin deposition consisted of more varied
textures of clays, 8illts, and sands interbedded in a restricted basin where
the fresh-water influence from adiacent glacliers affected sedimentation rates
and emnergy. The sequence F.IV should yleld fresh-water microfauna. The top
of the formation is marked by a discontinuous bed of silty fine sand (F.VI) to
medium sand (F.VII) that represents basin-water drainage to expose fan-delte
sediments,

The Turnagain Heights landslide was a result of fajlure within the facies
F.III zone (fig. 19), probably due to fabric collapse of the sensitive, silty
clays. Facles F.III1 1is present throughout the study area, but significantly
increases in thickness from 3.3 m (10 ft) (northwest) to 9 m (28 ft) {(south-
east). This zone of potential fallure will vary in elevation from less than
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+2 m (5 ft) to about +12 m (35 ft), and therefore geotechnical testing for
design work should evaluate soils to a depth of about 22 m (65 ft)., The silty
fine sand beds (F.VI) within facies F,III were poorly recorded in the bore-
holes, but are obvious in the CPT soundings. These sands mav be responsible
for the sensitivity of the adjacent sillts and clays by functioning as confined
aquifers whose waters leach salts from the surrounding finer sediments.

For moderate to high shear-strength soils, the CPT empirical derivations
of 8§ are less than adequate, However, at low S values, the correlation
betwien laboratory and CPT values 1s quite close,uwhich strongly supports my
hypothesis that the sensitive facies have strength properties identical to
those that existed 1in 1964, A preliminary evaluation of liquefaction
susceptibllity for the facles F.VI silty sands, using the SPT-equivalent
profiles (figs. 14 through 18) to give N values, was applied using the
technique of Nishiyama and others (1977). The N values used in the plot of
SPT vs. depth (fig. 24) were modified by the addition of 7.5 to the raw

0 - : 0
NON-LIQUEFIABLE
10+
+5
20+ o
o 3
W _ S-4a P
£ 30'[‘ QUESTIONABLE s
b S-Ba\ ,S-4b T g
Q * S-3a -
) 1
Q 40 * E
50__ S-3b. .8'18 --15
LIQUEFIABLE
60T *S.4d
— 20
0 30 . 40

Modified SPT (BPF)

Figure 24. Graph of SPT (blows per ft) va. depth, with field of liquefaction
susceptability (from Nishiyama and others, 1977). Data points are from
predicted SPT profiles in figures 14 to 18 for sands and silty sands.

SPT values have been modified for sllty sands as recommended by Seed and
Idriss (1981),
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numbers taken in figures 14 through 18. This follows the suggestion of Seed
and Idriss (1981) that the 7.5 factor 1s required for silty sands in order to
enter the SPT plot. The resultant plot indicates that facies F,VI zones are
elither questionable or nonliquefilable. More advanced techniques of
liquefaction—-potential analyses were not used because-I do not feel that a
relliable CPT-SPT analog has been derived for Anchorage area soils. However,
the plot gilves some support to my hypothesis that- the Turnagain Heights
landslide was a result of sensitive, clayey silt collapse rather than sand
liquefaction (Updike, 1983). The abrupt termination (to the west) of the 1964
slide can be attyibuted to the rapid thinning of facies F,III in that
direction., This thinning may be a result of the subtle change in depositional
regime near the western source area (that 1s, a change in scil fabric even
though graimsize distribution is similar), or to the pinching out of the
facies F.VI sands that may have enhanced sensitivity of ¥.II silty clays due
to leaching in Holocene time and resulted in the F.IIT facies.
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APPENDIX

This appendix presents the tabulated data derjved from digitization of
the rectified CPT curves shown in figures 7 through 11. Soil-behavior types
are based on computer tracking of friction ratio vs. cone rasistance
(figure 13). Undrained shear strengths, S , were computer calculated using
the indicated empirical equations (see text" for discussion).
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DEPTH CONE FRICTION RATIO SOIL BEHAVIOR TYPES SPT SuU=Fg#1. 10 SU={C-T}/NC
F1 TEF TEF ' (PEF) (PSF)

1.0 i61. 13 1. 8& 1.12 SAND TQ SILTY SAND

2.0 20. 89 0. 34 2.70 SENS. CLAYEY SI-SI CLAY 7399. 23849.
3.0 3. 49 0. 40 11. 01 CLAY 87%5. 419,
4.0 3.21 0. 27 8. 28 CLAY 993. 3?7
s 0 3.33 0. 2& 7. 53 CLAY 571. 3a7.
& 0Q &. 85 0.27 4, 38 SILTY CLAY TO CLAY . 394. 821.
7.0 &1.78 0. 34 0. 70 SAND TOQ SILTY SAND

3.0 9. 34 0. 91 1.43 SILTY_SAND TO SANDY SILT

2.0 106. 91 0. 55 0.73 SAND TO SILTY SAND

10.0 19, 39 0. 50 2.71 SENS. CLAYEY 8I-81 CLAY _ 10920. 2364. .
11.0 27. 77 1. 50 3. 32 8ILTY CLAY TD CLAY 3304, . 3430.
12. 0 29, 8& 1. 83 4. 40 SILTY CLAY TD CLAY 40285. 4909,
13.Q 40. 52 2. 38 5. 72 SILTY CLAY TO CLAY 5231, 4998,
14. 0 23, 80 1. 70 4. 82 SILTY CLAY TO CLAY 3740 4101
15. 0 31. &7 1.52 4. 794 SILTY CLAY TO CLAY 3343 3847
146. 0 29. 24 1.59 9. 36 SILTY CLAY TO CLAY 3404 3559
17. 0 A7. 3& 1. 395 4. 36 SILTY CLAY TO CLAY 3410 4544
18. 0 7. 01 1. 41 4.83 SILTY CLAY 70O CLAY 3113 3245
19.0 29. 93 1. 20 4. 12 SILTY CLAY TO CLAY 25644, 3524
20.0 25. 74 1. 04 4. 21 SILTY CLAY TO CLAY 2339, 3074
21.0 28. 3a 1. 36 4. 45 SILTY CLAY TO CLAY 2999. 3416
22. 0 22. 88 0. 90 4. 14 SILTY CLAY TO CLAY 1972 2723
23.0 22. 47 1. 04 4. 590 SILTY CLAY 7O CLAY 2249, 2664
24.0 18. 54 Q. 38 317 SILTY CLAY TO CLAY 1277. 21569
23.0 a2. 31 1. &4 4. 24 SILTY CLAY TO CLAY 3503. 3884
24.0 <1. 07 0. 84 Q.72 SILTY CLAY TO CLAY 18854. 2475
27.0 ig. 44 0. 72 3. 98 SILTY CLAY TO CLAY 1593. 2141
23. 0 13. &4 Q. 54 4. 06 SILTY CLAY TQ CLAY 1242, 1532.
29. 0 19. &2 Q. && 3. 69 SILTY CLAY TO CLAY 1348. 2273,
30.0 19. 42 0. 81 4. 146 SILTY CLAY TO CLAY 1793. 2241
31.0 14. &3 0. &4 3. 82 SILTY CLAY TO CLAY 1412. 1885
32.0 17. 11 0. 38 3. 30 SILTY CLAY TO CLAY 1284. 1941.
43. 0 14. 4B 0. 44 3. 24 SILTY CLAY CLAY 1015. 1404.
34.0 12. 31 0. 33 2.71 SENS. CLAYEY 8I1-81 CLAY 732. 1328.
35. 0 14. 77 Q. &0 4. 09 SILTY CLAY CLAY 1307. 1629.
36. 0 11,30 g 32 279 SENS.. CLAYEY SI-SI CLAY 71g. 1214,
37.0 11.33 0. 29 2. 92 SENS. CLAYEY SI*BI CLAY. 628. 1187.
38.0 11. 36 Q. 37 2 93 SILTY CLAY Tg C 808. 1184.
39.0 12. 18 0. 33 2.73 EENS. CLAYEY BI-SI CLAY 737. 1280.
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CONE FRICTION
TSF TEF

gt

felojelelalelelelviolelate]
ODr & & s DOWRMO.
NARORNED AL PN

80IL BEHAVIOR TYPES

SILTY CLAY
SANDY CLAY TO SILTY CLAY
SILTY 5A TQ CLAYEY SAND

CLAYEY SA TQ SANDY CLAY
gtNDY CLAY TO SILTY CLAY
SILTY CLAY TO CLAY
gﬁk;;vsg TG CLAYEY SAND
A TO 8AN

ETLTV o DY CLAY
SANDY CLAY TO SILTY CLAY
SILTY GAND TO SANDY BILT

EUTFS%I.IO

PEF)

2041.
3142.

28460%.
20237,

26037,
10404.

4208.
19495,

BUm(C~T) /NC
(PEF )
9183,
5647,

24%75.
261596,

12920.
?337.

3764,
17842.

_017_




.-'[|7.—

DEFI4  CONE FRICTION RATIO  SOIL BEHAVIOR TYPES 8PT SU=FE*1.10  BU=(C-T}/NC
£ TSF TsF (PSF) (PEF )

1.0 103. 75 0. 44 0. &0 SAND TO SILTY SAND

2.0 &. 74 0. 81 11. 08 CLAY 1782, 230.
3.0 2. &3 0. 49 17.93 CLAY 1088, 359.
4.0 2 34 Q.39 13. 91 CLAY - _ 831. 303.
5.0 11. 29 0. 2& 2. 40 -+ SENS. CLAYEY ST1-8T CLAY 963, 137%
&. 0 22. 95 0. 44 2. 04 SANDY SI TQ CLAYEY SBILT

7.0 7. 460 Q. 20 2. 212 SENS. CLAYEY SI-8I CLAY 430, ?L7.
.0 10. 25 0. 32 3. 02 SILTY CLAY TO CLAY 713. 1234.
2.0 el 73 Q. 53 2. §2 SILTY CLAY 1136. 26862
1.0 <0. 20 0. 37 3. 20 SILTY CLAY TO CLAY 1242, 2444
11.0 18. 24 Q.75 3. %4 SILYY CLAY TO CLAY 1438, 2303,
12. 0 13. 21 0. .74 3.7 SILTY CLAY _TO CLAY 162%. i1820.
13. 0 18. 78 0. 50 2. 80 SENS. CLAYEY SI-8I CLAY 1095. 2248,
14. 0 13, 92 0. S0 a.19 SILTY CLAY TO CLAY 1104. 1704,
153.0 20.1G , 0. &4 3. 37 SILTY CLAY TQ CLAY 1448, 2430
14. 0 i2. 05 0. 41 .15 SILTY CLAY TO CLAY F13. 1407.
12. 0 17. 20 0.4&5 3. 23 SILTY CLAY TQ CLAY 1437. 2045
16. 0 32. &9 Q.72 2. 35 SANDY SI 10 CLAYEY SILT

19.0 13. &6 Q. 38 2. 59 SENS. CLAYEY SI-51 CLAY a27. 1590.
20. 0 14. 87 Q. 34 3. 47 SILTY CLAY TO CLAY 1192, 1734,
21.0 21. 30 Q. 53 2.77 SILTY CLAY 1204. 2343.
22.0 13. 10 8. 33 2.74 SENS. CLAYEY SI-Bl1 CLAY 722, 1501.
23. Q 18. &5 0. &5 3. 93 SILTY CLAY TO CLAY 1432, 218949,
24.0 13. 29 0. 43 3.33 SILTY CLAY TO CLAY 238. 15312,
2%. 0 13. a1 Q. 44 3. .33 SILTY CLAY TO CLAY 974. 1572.
246. 0 11.93 Q0. 42 3.58 SILTY CLAY TO CLAY @27, 1330.
272.0 12. 47 Q. 446 3. &7 SILTY CLAaY TO CLAY 101&. 1392,
28. 0 13. 4% 0. 33 3. 91 SILTY CLAY TO CLAY 1215, 1313,
29. 0 14. 9a 0.37 2, &5 GENS. CLAYEY SI-SI CLAY g816. 1492.
30.0 12. 44 0. 42 Q. 49 SILTY CLAY TO CLAY : 234. 1324%.
31.0 14. 33 0. 47 3. 03 SILTY CLAY TO CLAY 1024. 1874.
32.0 Q. 2 0. 33 a. 32 SILTY CLAY TO CLAY 7264, 954,
33. Q ?. 656 0. 21 2.19 SENS. CLAYEY SI-51 CLAY 447. 1003.
34. 0 2. 40 0. 22 2. 40 SENS. CLAYEY S§I-81 CLAY 494, ' 264.
35%5. 0 7. 05 Q.13 1. 43 SENS, CLAYEY SI-SI CGLAY J30. FL4.
34. 0 9. 30 Q.14 1.77 8ENS. CLAYEY SI-S1 CLaAY 396. 937.
37.0 8. 03 G. 34 3. 68 SILTY CLAY TO CLAY 747. 774.
38.0 0. 51 0. 51 3. 53 SILTY CLAY TO CLAY 1128. 1077.
37. 0 17. 40 1.42 & 74 CLAY 3114. . 1933,
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_E-I;y..

DERPTH CONE -FRICTION RATIO S0IL BEHAVIOR TYPES EPT &GuU=FE#1. 10 SU=(C-TI/NC
F1 T&F {PSF} - (P&F}

TSF

81.0 16.35  0.32 1.87 SENS. CLAYEY SI-SI CLAY 707. 1540
82. 0 15.72  0.30 1.92  SENS. CLAYEY SI-SI CLAY 658. 14354,
83. 0 17.04  0.35  2.06 HENS. CLAYEY SI-SI CLAY 764. 1613
84. 0 17.82  0.37  2.05 EENS. CLAYEY SI-SI CLAY 814. 1705
85.0 17.647  0.37 2,04 SENS. CLAYEY SI-81 CLAY 803. 1679
85. 0 17. 61 0. 33 1.99  SENS. CLAYEY SI-SI CLAY 772. 1664
B7. 0 1&.8%  0.33 1.93  SENS. CLAYEY SI-SI CLAY 729. 156%
83. 0 16. &4 0. 31 1,88 SENS. CLAYEY SI-81 CLAY &80, 1331
89. 0 1684  0.3%  2.03 SENG. CLAYEY SI-S1 CLAY 764. 1351.
90. 0 17.38  0.33 1.92  SENS. CLAYEY SI-S! CLAY 718. 1612,
?1.0 17.48  0.34 205 SENS. CLAYEY BI-SI CLAY 785. 1618,
92. 0 17. &4 0. 33 1.97 SENS. CLAYEY SI-§I CLAY 772. 1632
93.0  [0.88  0.40 215 SENS. CLAYEY SI-SI CLAY eas. 2030.
?4. 0 17.90  0.49 273 SENS. CULAYEY SI-8I CLAY 1073. 1452,
95. 0 18.25 0.4t 2.26 SENS, CLAYEY SI-SI CLAY a89%. 1689
74 Q 17.88  0.38 1.98 SENS. CLAYEY SI-S1 CLAY 828, 1634
97. 0 19.47  0.40  2.07 SENS. CLAYEY SI-SI CLAY 874. 1829.
?a. Q 18.88  0.33 1.78 SANDY SI TO_CLAYEY SILT

99. Q 18. 81 0.57 3,02 SILTY CLAY TO CLAY . 1247. 1734
100. 0 17.08  0.37  2.26 SENS, CLAYEY SI-SI CLAY - _820. 1512,
101. 0 a1. 38 1.47  3.50 SANDY CLAY TD SILTY CLAY 3229. 3654
102. 0 56.06  4.04 829 SILTY CLAY_TO CLAY a891. &371.
103.0  152.57 5. 51 3.71 CLAYEY 8A TO SANDY CLAY

104.0 113.00  4.98  4.15 SANDY CLAY_TO SILTY CLAY 10954. 10781,
105:0 198.44°  5.77  3.08 CLAYEY SA TQ SANDY CLAY -

105. 0 25. 53 1.7%9  3.11  GBANDY CLAY YO SILTY CLAY 2850. 4026.
107. 0 85.00  3.49  3.42 SANDY CLAY_TO SILTY CLAY 7672 79664.
108. 0 191. 28 4. 0t 2. 97 CLAYEY SA _TQO SANDY CLAY

109.9 147.47  3.14 2,37 SILTY SA TO CLAYEY SAND

110.0  29.34  0.59  2/16 SANDY §I TO CLAYEY SILT

111.0 151.82 810  3.29 CLAYEY SA TO SANDY CLAY

112'0 28 &3 1.14 4,05 SILTY CLAY_TD CLAY astt, 2880.
113.0 277.23  8.70 321 - CLAYEY SA TO SANDY CLAY

114.0 182645  5.90  3.00 CLAYEY SA TO SANDY CiAY

115.0 115.89 2,47 247 CGLAYEY BA TO SANDY CLAY

114.0  B85.98  2.31 2.82 CLAYEY SA_TO SANDY CLAY

117. 0 31,72 0. 49 2. 09 SANDY SI TO CLAYEY SILT

113.0  3492.52 11.16  3.29 CLAYEY 8A TO SANDY CLAY

117.0  216.30 & &4 309 CLAYEY 8A TO SANDY CLAY

120.0  90.31 2.85  2.94 CLAYEY SA TO SANDY CLAY

121. 0 &7. 346 2. 43 3.18  SANDY CLAY TO SILTY CLAY 3347. &132.
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DEPTH CONE FRICTION RATIO 60It. BEHAVIOR TYPES: 6PT SU=FS#1.10 SU=(C-T1)/NC
FT TSF T5F (FEBF) - (PGF)
81. 0 132. 28 3. 94 3. 54 CLAYEY 8A TO SANDY CLAY

82.0 48. &3 1.&67 4. 00 EANDY CLAY TO SILTY CLAY 3574, 4434.
83. 0 5. 89 4. 04 9. 39 SILTY CLAY TO CLAY 6729. 11449

84. 0 153. 77 3. 80 4. 465 EANDY CLAY TO SILTY CLAY 12109 14959

85. 0 197. &7 g. 10 4. 53 SANDY CLAY TO SILTY CLAY 178195 19343

84. 0 177. 30 10. 75 3. 51 EILTY CLAY TGO CLAY 23453 2186246
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