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PENETRATION TESTS IN SUBSEA 
PERMAFROST, PRUDHOE BAY,ALASKA 

S.E. Blouin, E.J. Chamberlain 

P.V. Sellmann and D.E. Garfield 

INTRODUCTION 

This study was part of a larger project under-

taken to delineate the occurrence of subsea per-

mafrost in the Prudhoe Bay area of the Beaufort 

Sea and to define its engineering properties. It 

was sponsored by the Bureau of Land Manage-

ment and directed by the National Oceanic and 

Atmospheric Administration, as part of their 

joint Outer Continental Shelf Environmental 

Assessment Program. The bulk of the effort was 

spent on a two-year drilling and laboratory pro-

gram which provided core and data from nine 
sites within and adjacent to Prudhoe Bay to dep-

ths of nearly 70 meters. Details of this program 

have been reported by Chamberlain et al. (1978) 
and Sellmann et al. (1978). 

The penetration program was a two-year an-

cillary effort intended to develop equipment 

and techniques for rapidly obtaining engineering 

properties and temperature profiles of subsea 

sediments and for identifying shallow, ice-

bonded permafrost. Results of the 1976 pilot 

study were reported by Chamberlain et al. 

(1978). Both static and dynamic penetration tests 

were run at four sites, three of which were adja-

cent to drilling sites. Good correlation was ob-

tained between the static and dynamic penetra-

tion resistances and sediment types determined 

from the drill core logs. 

Convinced by these results that the potential 

utility of the penetrometer was high, the in-

vestigators of the present study decided to 

develop a new penetrometer for the 1977 field 

season that would eliminate the major dif-

ficulties encountered with the prototype equip-

ment. These difficulties included long setup and 

testing times, lack of an automated data acquisi-

tion system, operator discomfort because of 

lack of protection from the elements, and inade-

quate loading capacity of the equipment. 

This report describes the penetrometer used 

to conduct this investigation, test procedures, 

and methods of data collection and reduction. It 

correlates the results with laboratory tests and 

presents conclusions based on the study. 

EQUIPMENT 

The equipment developed for the second 

year's program was designed for rapid, 

automated acquisition of engineering data, in-

cluding temperature profiles. The primary mode 

of testing was intended to be static with a sup-

plementary dynamic capability planned for use 

beyond the limits of the static loading. Pene-

trometer data were eventually collected from 27 

sites along four lines, three of which extended 

from the coast into the Beaufort Sea with the 



fourth running offshore roughly perpendicular  
to them. A detailed description of the entire ap-
paratus and its operation is given in Appendix A;  
a brief description is given below.  

The testing equipment (Fig. 1) was completely  
housed in a 1.5-m x 2.6-m x 2.3-m (5-ft x 8'%-
ftx7%-ft) building mounted on a ski base. The  
skis also served as a parking pad for the large  
crawler tractor that acted as the reaction force  

for testing and eliminated the time-consuming  
anchor setting procedures employed during the  

first season (Fig. 2). The tractor was also used to  

transport the sled-mounted penetrometer. The  

heated building contained all the equipment  
necessary for electrical data acquisition and pro-
vided a comfortable working environment for  
the operators. In the static mode, shown  
schematically in Figure 1, the probe was pushed  
into the sea floor by means of a 12.7-cm (5-in.)-
diameter hydraulic ram mounted atop the equip-
ment building. Standard AW drill rod and casing  
were used to advance the probe and the casing  
shoe. The 1.83-m (6-ft) cylinder stroke allowed  

use of 1.52-m (5-ft) standard sections of drill rod  

and casing.  
The 6.35-cm (2%-in.)-diameter probe point,  

shown in Figure 3, was attached to the AW rod,  

while the casing was used to push the friction  
shoe and to isolate the point and rod from fric-
tion forces that would have otherwise caused an  
apparent increase in point resistance. The cylin-

drical casing shoe has the same diameter as the  

point and is attached to the casing behind the  
point shroud. The shoe was designed to measure  
local sidewall friction behind the point. The  

tapered shroud behind the point allowed  
relative motion between the point and casing  
while preventing soil from being forced into the  

annulus between the rod and casing, which was  

a major problem during the 1976 field season.  
The probe design is similar to the Dutch "mantle  

cone" described by Heijnen (1974).  
The hydraulic ram, pressurized with an elec-

trically powered hydraulic pump, was capable  

of driving the probe at a maximum velocity of  

approximately 2 cm/sec (0.8 in./sec). Electrical  
power for the hydraulic pump, lighting and in-

strumentation was provided by a diesel  

generator mounted along with the pump in an  

enclosure on the front of the building (Fig. 1).  

Cooling air from the generator was used to heat  

the building.  
In the dynamic mode, the probe was intended  

to be driven by a hydraulically-actuated hammer  

having a 590-kg (1300-Ib) drop weight with a  
0.3-m (12-in.) free fall. A heavy weight and short  
fall were utilized to minimize flow interference  
in the hydraulic system and to reduce transient  
peak stresses in the hammer anvil and probe  
stem. The driving frequency was adjustable up  
to approximately 30 blows per minute. A series  

of mechanical problems (see App. A), and the  

fact that the driving energy appeared to be too  

low to advance the probe significantly once it  

had reached static refusal, caused the dynamic  

mode of operation to be completely abandoned  

after several unsuccessful attempts.  

DATA COLLECTION AND REDUCTION  

The total resistance of the drill rod and casing  

and the casing resistance alone were plotted  

continuously as functions of displacement on an  

X-Υγ recorder. These data were obtained from  

load cells built into the coupler joining the  

probe string to the hydraulic ram. Displacement  

was measured with a cable-actuated linear  

displacement transducer attached between one  

of the overhead support beams and the end of  

the cylinder rod. An example of a plot from the  

recorder from the 7.3-to 10.4-m (24-to 34-ft)  

depth at probe site PH-10 is shown in Figure 4.  

On the left hand side of the original plot, total  

resistance was plotted at a scale of 715 kg/cm  

(4000 Ib/in.). On the right hand side, casing  

resistance was shown on a scale of 358 kg/cm  

(2000 Ib/in.). The depth scale was 10 cm/cm (10  

in./in.); therefore, each data plot contained 3.05  

m (10 ft) of data, the output from advancing two  

1.52-m (5-ft) lengths of probe string.  
In order to reduce these plots to useable size,  

they were digitized at the rate of 1 bit per 2.5 cm  

(1 in.) of depth and replotted by computer at a  

reduced scale. The plot of the entire hole at site  

PH-10 is shown in Figure 5. The static cone (or  

point) resistance q^, in bars, is plotted as a func-

tion of depth along with the local skin friction f,.  
The cone resistance is simply the point load (ob-
tained by subtracting the casing load from the  

total load) divided by the 31.7-cm 2  (4.91-in. 2) pro-  

jected area of the point. The local skin friction is  

the casing load divided by the 304.0-cm 2  

(47.12-in. 2) area of the cylindrical casing shoe. In  

herent in this calculation is the assumption that  

all the casing load results from skin friction on  

the shoe alone. The implications of this assump-
tion are discussed in the section on data inter-
pretation. However, it appears that occasionally  

2  
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additional side friction on the casing itself 
results from collapse of the probe hole around 
the casing above the point and shoe assembly. 

The reduced plots of point resistance and skin 
friction from the 27 probe sites studied during 
the 1977 season are presented in Appendix B. 
The probe sites studied were designated PH-1 

through PH -27 and their locations along with 

those of the drill sites (PB-1 through P8-8) are 

shown on the map in Figure 6. The site coor-
dinates are listed in Table 1, along with data on 
ice thickness, water depth and maximum depth 
of penetration. The maximum depth of penetra-
tion was determined by the reaction load capaci-
ty of the probe sled. When a total load on the 
probe string reached the design limit of 124.5 kN 

(28,000 Ib), the test was terminated. If this entire 
load was borne on the point, the static point 
resistance was 393 bars (5700 lb/in.=). 

The probe sites were selected in an attempt to 
obtain data from most of the depositional en-
vironments in the Prudhoe area. As shown in 
Figure 6, data were collected from three lines 
normal to the coast. The shortest and western-
most line (4) was off Stump Island in an offshore 
bar environment. The middle line (2), along 
which some of the 1976 season's drilling and 
probing was conducted, was previously 
established by Osterkamp and Harrison (1976). It 
extended true north offshore from the ARCO 

discovery well near the west ARCO dock. The 
first line (1) ran northwesterly on the east side of 
Gull Island and included the first drill holes from 
both the 1976 and 1977 drilling seasons. A fourth 
survey line (3) ran roughly perpendicular to these 
three lines, extending along the 2-m bathymetric 
contour from Stump Island to the Sagavanirktok 
River Delta. 

Temperature data were obtained in the bore 
of the drill rod after the penetrometer had been 
driven to the maximum possible depth. The rod 
was filled with a nonfreezing fluid and a ther-
mistor probe was lowered to the bottom. Ther-
mal equilibrium was observed to occur in 6 to 8 
hours. To ensure that thermal equilibrium did, in 
fact, occur before the temperature readings 
were made, the probe was allowed to remain in 
place over night. Whenever two penetration 

tests were conducted in a single day, tempera-
tures were obtained only at the second site. 

Measurements were normally taken at 1.5-m 
(5-ft) depth intervals from the bottom up. In the 

upper portion of the profile, where the tempera-
ture at some sites increased rapidly with depth,  

temperature observations were made at closer 
intervals. 

Five to twenty minutes were usually allowed 
for the thermistor probe to reach equilibrium 
after being raised to a new position; the time re-
quired was dependent on the size of the tem-
perature change. The resistance of the thermis-
tor probe was continuously displayed on a digi-
tal ohmmeter so that temperature changes 
could be readily observed. 

The equilibrium temperature for each mea-
surement was established in terms of the 

measured thermistor resistance as the resistance 
where less than a 1-ohm change occurred in one 
minute. For the thermistor probes employed, a 

1-ohm change is approximately equal to 
0.0035°C (0.0063°F). 

Plots of the temperature profiles along each 
of the three major survey lines (lines 1, 2 and 3) 
are shown in Figures 7-9. In some cases where 
the temperature change with depth was very 
rapid, such as near the top of site PH-27 (Fig. 9), 
convection cells were set up in the bore fluid. 
Temperature fluctuations as large as 0.05°C 
(0.09°F) were observed to occur as a result of the 
convection. In the few cases where this oc-
curred, the reported temperatures are average 
values. 

DATA ANALYSIS 
AND INTERPRETATION 

Point penetration resistance and 
material properties 

A summary of the cone penetration resistance 
values for each of the major study lines is given 
in Figure 10. Maximum and minimum penetra-
tion resistance values are given for 2-m in-
crements. With a few exceptions penetration 
resistance values are low in the upper few 
meters and reach, or nearly reach, refusal (395 
bars) at depths between 10 and 14 m below the 
seabed. This refusal value was not always 
achieved because in most cases the resistance 
level rose rapidly as refusal was approached, re-

quiring the operator to reduce the hydraulic 
pressure to avoid damaging the equipment. 

The spread between maximum and minimum 

penetration resistance values was narrow in the 
upper 4 m, compared with the wide range of 

values observed in the material below. It was 
found that variations in the resistance data 

5 
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Table 1. 1977 Prudhoe Bay CRREL probe locations.  

Hole General location Latitude Longitude 

Ice 

thickness 
1m) 

Water 

depth 
1m) 

Maximum  

penetration  
(m)  

P11•1 2.8 km ΝΕ of Cull Island 70°23.3' 148°19.7 1.83 1.98 11.8  

P11-2 3.7 km NE of Cull Island 700 23.85' 148°18.8' 1.83 315 12.3  

ΡΗ -3 47 km NNE of Gull Ishnd 70°24.4' 148°19.85' 1.52 3.23 12.9  

PH-4 1.9 km  ΝΕ  of Gull Island 70°22.7' 148°19.7' 1.52 1.52 13.3  

PH-S 1.4 km Ε of Gull Island 70°21.9' 148°19 6' 0.90 0.90 7.5  

PH-6 3.3 km SSE of Gull Island 70°20.7' 148°19.7' 1 75 2.93 14.1  

ΡΗ -7 26 km SSE of Gull Island 70°20.3' 148°19.5' 1.60 2.43 15.1  

P Η -8 2.6 km SE of Gull Ι sland 70°21.2' 148°19.3' 1.50 1.69 10 3  

P Η -9 2.2 km SE of Gull Island 70°22.55' 148°31.9' 1.28 1.28 154  

PH-10 1.0 km ΝΕ of Discovery Well 70°23.05' 148°30.6' 1.68 2.12 11 3  

ΡΗ•11 0.8 km ΝΕ of Discovery Well 70°22.95' 148°30.8' 1.68 1.73 12.3  

P Η -12 0.5 km ΝΕ of Discovery Well 70°2285' 148°31' 0.91 0.91 1.3  

ΡΗ -13 0.63 km ΝΕ of Discovery Well 70°22.95' 148°30.9' 1.56 1.56 8.4  

PΗ -14 0.57 km ΝΕ of Discovery Well 70°22.9' 148°30.9' 1 53 1.53 12.2  

PH-15 0.5 km Ν E of Discovery Well 70°22.85' 148°31' 0.69 0.69 1.2  

ΡΗ -16 0.54 km ΝΕ of Discovery Well 70°22.87' 148°31' 1.35 1.35 9.9  

PΗ -17 0.12 km inland from Stumµ Is. 70°22.25' 148°34.1' 0.91 0.91 4.5  

ΡΗ -18 0.12 km seaward from Stumµ Is. 70°24.3' 148°33.7' 1.83 1.94 11.3  

P11-19 2.0 km ΝΕ of Discovery Well 70°23.5' 148°29.75' 1.80 1.95 10.6  

ΡΗ -20 3.5 km ΝΕ of Discovery Well 70°24.25' 148°28.5' 1.80 2.06 11.1  

P Η -21 4.2 km NW of Gull Island 70°23.9' 148°25.3' 1.70 1.88 8.3  

ΡΗ -22 3.3 km NW of Gull Island 70°23.65' 148°23.2' 1 85 2.17 10.9  

P Η -23 3.2 km N of Gull Island 70°23.6' 148°21.7' 1.60 2.13 11.2  

P11-24 3.2 km NW of Niakuk Island 70°22.9' 148°17.3' 1.80 2.03 10.7  

ΡΗ -25 1.5 km Ν of Niakuk Island 70°22.6' 148°15' 1.80 2.00 11.6  

P11-26 1.9 km ΝΕ of Niakuk Island 70°22.4' 148°12.7' 1.80 1.83 10.0  

ΡΗ -27 2.5 km ΝΕ of Heald Point 70°22.2' 148°10.4' 1.65 1.89 14.6  

Note: 1m = 3.28 ft.  
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could be readily correlated with geologic 
	

resistances correlate with layers of coarser 
features and the occurrence of frozen material. 	material. Additionally, various investigators (e.g.  
While very high penetration resistances caused 

	
Sanglerat 1972) have demonstrated that the 

the termination of probing at all sites (in contrast 
	

higher the relative density in a given coarse- 
to running out of drill rod or encountering 

	
grained material, the higher is the corresponding  

mechanical problems), the possibility of en- 	point resistance. Thus, a loose, silty sand would 

countering finer-grained and softer materials at 
	

be expected to have a point resistance toward 

greater depths should not be discounted. 	 the lower end of the spectrum, while the point 
The speed and ease of obtaining this informa- 	resistance of dense, coarse gravel would lie 

tion permitted closely spaced observations and 
	

toward the upper end. 
enabled detailed lateral variations to be inter- 

	
Additional indicators of material type were 

polated along study lines. Α comparison of point 
	

the sounds and vibrations made as the probe 
resistance data with logs from five drilled and 

	
point penetrated coarse-grained material and  

sampled holes indicated that point resistance 
	

the resultant irregularities produced on the 
combined with certain characteristics of the 

	
recorder plot of total load. When the probe was 

continuous recorder plots correlated well with 
	

penetrating granular material, a continuous  

sediment type. 	 chain of acoustic emissions varying in intensity 
This observation was consistent with observa- 

	
from barely audible to rather loud resulted. 

tions reported by Sanglerat (1972) in his book, 	These sounds were very similar to those heard 
The Penetrometer and Soil Exploration. However, 	during high-pressure triaxial shear tests on  
Sanglerat reports that the ratio of the skin fric- 	granular soils. The penetration plot varied from 
tion component to the penetration resistance is 

	
a smooth to a very irregular (sawtooth) line, with  

also essential to classify sediment types more 
	

greatest irregularity corresponding to greatest  

accurately. Unfortunately, the skin friction com- 	acoustic emission intensity. The degrees of ir- 
ponent recorded during these investigations, 	regularity and sound intensity are believed to be 
while essential to separating the point penetra- 	associated with intergranular stress concentra- 
tion resistance from the total penetration 

	
tions that resulted either in the crushing or shear- 

resistance, appears to be of questionable value 
	

ing of individual grains, or abrupt stick-slip  
in determining this ratio because of the collapse 

	
sliding and dislocation of grains in the shear  

or partial collapse of the sediments around the 
	

zone. The intensity of the noise and the 
drill rod. This problem will be discussed in detail 

	
magnitude of the peaks on the plot seem to be a 

later in this report. 	 function of the grain size, relative density, and 
Fortunately, ground truth data obtained from 

	
presence or absence of fine-grained material in 

the drill holes fill the information gap left by the 
	

the matrix. 
uncertainties in the skin friction observation. 	 In fine-grained sediments, the traces were ex- 

Point resistance was generally lower in the 
	

tremely smooth, with variations in point-load  
fine-grained sediments than in the coarse- 	usually attributed to variations in density and to  
grained sediments. Typically, point resistance 

	

bedding planes. The coarse sediments, par- 
varied in the fine-grained sediment from less 

	

ticularly the gravels, became more obvious with  
than 0.01 bars (0.15 Ib/in.') (at times insufficient 

	

extremely irregular point-loads. The variations  
to keep the point from advancing under the 

	
ranged from traces with a slight "sawtooth"  

weight of the probe stem alone) to 15 bars (220 
	

characteristic to traces with great fluctuations  

Ib/in. 2). Resistance in the coarse-grained 
	

and spikes. The increase in the irregularity ap- 
sediments varied continuously and often 

	
peared to be related to an increase in pebble  

dramatically; the variations appeared to depend 
	

size as well as density of the gravel. Fairly  

on grain size distribution and relative density. 	smooth traces were observed in sandy  
Resistances as low as 27.5 bars (400 lb/in.=) were 

	
sediments, but as noted previously, point loads  

common, ranging upward to the capacity of the 
	

were usually higher than those associated with  

equipment (395 bars or 5730 Ib/in. 2). 	 silt and clay.  
An example of the correlation of point 

	
The expanded view of a portion of the point  

resistance with sediment type is shown in the 
	

resistance profile from probe site PH-10 (Fig. 4)  

comparison of point resistance data from site 
	

demonstrates these influences. The most ir- 

PH-10 with the log from the adjacent borehole, 	regular parts of the plot (and severest noise and  

ΡΒ-6Α (Fig. 11). In general, higher point 
	

shaking) corresponded to clean, relatively  
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geologic profile at drill site ΡΒ-6Α.  

coarse-gravel layers. As grain size decreased and  

silt became intermixed, the intensity of the noise  

tended to diminish. In fine-grained materials  

there was no audible noise. The saw-tooth char-
acter of the total load plots was lost during  

digitization (due to the coarseness of the  

digitization) and subsequent scale reduction. 
Thus, this information was obtained directly 
from the original plots produced on the X-YY 
recorder. 

In addition to the grain size information 
available from the point-load traces, it appears  
that point-load response to change in penetra-
tion rate provides some information on distribu-
tion of frozen (ice-bonded) sediments. This 
results from the strong dependence of strength 
on loading rate in frozen soils, a dependence 

well documented by many investigators [see, for 
instance, Scott (1969) and Ladanyi (1976)]. The 

average penetration rate used in all tests was  
about 30 cm/min (12 in./min). This rate could be 

varied by adjusting the hydraulic pump. It was  
noticed that small variations in the penetration  

rate had no effect on the point load in either 

fine-grained or coarse-grained materials. In  

frozen materials, however, increasing the pene-
tration rate caused a significant increase in point  

load. An example of this effect is shown in the  
expanded portion of the point load profile from  
probe site PH-16 (Fig. 12). A slight increase in  
penetration rate resulted in a corresponding in-
crease in point load, and a decrease in point  
load occurred with a reduction in penetration  
rate.  

In general, it was extremely difficult to pene-
trate frozen sand and impossible to penetrate  
frozen gravel. Penetration of a frozen sand was  
possible using a small (4.6-cm or  1 "1, 6  in diam) 
point pushed at a very low penetration rate.  
Point resistance was on the order of 690 bars  
(10,000 lb/in. 2 ). In some cases frozen fine-grained  
material could be penetrated with the large  

point driven at the standard rate with a point  
resistance on the order of 170 bars (2500 lb/in. 2).  
However, since no samples of these materials  
were collected at the probe sites where this oc-

curred, the specific material characteristics are  
unknown.  
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Lithologic and temperature profiles  

Once correlations had been established be-

tween point resistance data and the core logs 
from the five common sites, the additional data,  

including the thermal profiles, were examined in 
an attempt to determine the variations in bot-

tom conditions along the three major survey 
lines (1, 2 and 3). Using the established correla-
tions, all point resistance data were examined  
and converted to material logs. This was done in-
dependently by two individuals with extremely 
good agreement between the two interpreta-
tions. The resulting material logs for the three 
survey lines are shown in Figures 13 through 15.  

Line 1 (see Fig. 6) ran generally normal to the  
coast and crossed an offshore bar. The end south 
of the line was in a more restricted lagoonal-type 
setting, while the end north of the bar was in a 

more open marine setting. The most noticeable 
feature of this line is the shallow bar occurring in 

the center of the profile where, seasonally, sea 
ice freezes back to the bed. It is in this zone that 
frozen materials were encountered at the bed 
surface. Seasonally frozen bed sediments were 

penetrated in holes Ρ H-4, 5 and 9 where the bed  

depths were 1.5, 0.9, and 1.3 m (4.9, 3.0, and 4.3  

ft), respectively, and possibly in a thin frozen  

layer at the bed in PH-8 where the bed depth was  

1.6 m (5.3 ft).  
There was good evidence that the deeper sedi-

ments in ΡΗ-5, the shallowest site examined,  

were frozen. As shown in Figure 13 and in the  
point resistance data in Appendix B, refusal was  

reached at a much shallower depth (7.5 m or 24.5  

ft) than in holes P Η -4 and ΡΗ-9 on either side of  

ΡΗ-5. This layer at which refusal was reached  

was exceedingly hard, as evidenced by the point  

resistance plot for test P Η -5A shown in Figure 16.  

A small 4.6-cm- (1 "/, 6-in.) diameter point was  

fabricated and driven using the AW drill rod  

without the casing in an attempt to increase the  

penetration depth of test P Η-5. An increase in  

depth of only 1.4 m (4.5 ft) was achieved using  

the small point, even though the point load was  

probably increased to approximately 650 bars  

(9500 Ib/in. 2). The exact point load could not be  

determined because the side friction acted  
directly on the drill rod; thus only total load was  

plotted as a function of depth. Even though the  
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point load was doubled, only a small increase in 
penetration depth was achieved, which was still 
much less than at the immediately adjacent sites  

where the larger point was used. 
Additional evidence of ice-bonded sediments, 

at least in the upper part of the section, can be 
inferred from the thermal profiles shown in 
Figure 7. The sediment temperatures at the three 
probe sites in the shallow water over the center 
portion of the bar (PH-4, 5 and 9) were signifi-
cantly lower, both near the surface and at depth, 
than the sediment temperatures landward or 
seaward of the bar. Although the freezing tem-
perature of the water in these sediments is un-
known, chemistry data from nearby boreholes 
indicate that the freezing point was most likely 
in the range of —1.75 to — 3.55°C (28.85 to 
25.61 °F) (Page and Iskandar 1978). If the freezing 
points of the water in the upper part of these 
sediments fell within this range, then it is almost 

certain that they were ice bonded. 
Although the temperatures at depth at sites 

ΡΗ-4 and 9 are lower than the freezing point of 
normal sea water [-1.75°C (28.85°F)], these 
deeper sediments probably remain unfrozen be-
cause of the exclusion of salts during freezing 
from the sediments above, which results in 
higher salinities and lower freezing points in the 
deeper sediments. However, the temperature 
(— 3.25°C) at the deepest point penetrated at site 
PH-5 is much colder than at the adjacent sites 
PH-4 and 9 (see Fig. 7). Because of this and 
because penetration refusal was reached at a  

depth much shallower than at any of the other 
sites along this line, it is possible that ice-bonded 
sediments were encountered. This is uncertain 
because at this depth it also appears that dense 

gravelly sands are encountered. 
It is probable that the ice-bonded sediments 

found at shallow depths are formed seasonally 
while the ice-bonded sediments at greater 
depths are frozen year-round; i.e., they are bond-

ed permafrost. 
According to the material profile interpreta-

tions of Figure 13, the probe sites landward of 
the shoal have lithologic sections that are dif-
ferent from those to the seaward side of the bar. 
A fine-grained section occurs from the surface 
down to the coarse-grained sediment in ΡΗ -8, 6 

and 7, an indication of very quiescent deposi-

tional conditions typical of a lagoonal setting.  

These fine-grained sediments are also found 
under the bar complex (PH-5 and 9) overlying the 

deeper coarse sediment, although in this case 

they are capped with sandy sediments. 

This coarser sandy and silty material is prob-
ably discharged from the Sagavanirktok River  
forming the shoal area. Seaward from the bar or  
shoal area, the surface sand and silt unit in-
creases slightly in thickness and caps a fine unit 
(clay-silty clay). These clay to silt- sediments 
below the coarse sediment cap must reflect 
deeper marine deposition or deposition in a 
lagoon similar to the sediments found near the 
bed shoreward of the shoal. 

The second major survey line, running sea-

ward adjacent to the ARCO dock (see Fig. 6), was  

an uninterrupted transition from near shore to  

water depths approaching 3 m. One obvious  

feature of this survey (see the penetration resis-
tance data in App. B and the material profiles in  

Fig. 14) is that penetration of the near-shore sea-
sonally frozen coarse-grained sediments was  
very limited. At the two most shoreward sites,  
ΡΗ-12 and 15, having the coldest bed tempera-
tures, the frozen sand could not be penetrated.  

Seaward from these sites, the frozen bed could  

be penetrated, with penetration resistance  

decreasing with increasing water depth and  

distance from shore. The absence of seasonally  

frozen bed sediments detectable by this probe  

corresponded closely to bed depths where some  

water existed between the ice and the bed.  

Frozen sediments were encountered in ΡΗ -12,  
13, 14, 15 and 16, with possibly some frozen bed  

sediments in PH-11.  
A distinctive profile was noted at ΡΗ -16 (see  

Fig. 816, App. B), where point resistance,  
penetration characteristics, and thermal data  

are suggestive of alternate layers of frozen and  

thawed sediment. This may be explained by the  
fact that salt exclusion from downward freezing  

can cause zones rich in unfrozen brine followed  
by frozen zones of low pore water salinity. The  

thickness and ultimate layering characteristics  

are strongly dependent on sediment distribution,  
thermal gradients, freezing rates, and original  

pore water chemistry. Layering in the seasonally  
frozen sediment may also have existed in both  

PH-13 and 14, though the penetration records  
are not as conclusive as those of ΡΗ -16.  

Frozen sediments also appear to exist in the  

base of PH-16. Based on the probe response  

data, and thermal probe records that indicate  

temperatures as low as —2.5°C (27.5°F) in this  

zone, it is likely that these are perennially frozen  

sediments.  
Line 3, which was approximately normal to  

the previous lines, shows several interesting  
features. This profile (see Fig. 15), unlike the  
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other sections, was made at a uniform water 
depth and no seasonal freezing in the bed was 
noted. However, there were indications that 

deeper frozen (ice-bonded) sediments were pres-
ent on the east end of the line toward the bot-
tom of PH-26 and 27 and possibly at the bottom 
of PH-25. The supporting evidence for frozen 
sediment near the base of PH-27 is quite strong. 
The shape of the point resistance profile in-
dicates fine-grained material, but the point 
resistance was much higher than normal for fine-
grained materials in this area. In addition, the 
PH-27 thermal profile in Figure 9 shows a 
temperature of — 3.5°C (25.7°F) at the bottom of 
the hole, which is well below the freezing point 
of normal sea water; however, chemistry data 
needed to establish the actual freezing point 
were not available at this site. 

The thermal data along this line are notable 
since it would generally be assumed that the 
thermal environment should have been fairly 

uniform throughout the line. However, the ther-
mal profiles show a marked deviation from the 

assumed uniformity. The central and western 
holes all have thermal gradients that cluster in 
the range of those usually found in areas that do 
not freeze back to the bed. However, as the east-
ern end of the line was approached, progres-
sively colder temperatures were encountered. It 
is not certain what historical differences may 
have existed along this line. It was suggested 
that this eastern, colder zone may reflect an 
area in which recent erosion has removed some 
surface sediments which have in recent times 
been in contact with the sea ice during the 
winter. 

The geology along this line appears to be 
quite consistent. The near-surface sections in all 
holes consist of interbedded sand and silt. These 
sediments generally grade into fine clay-rich 
sediment along most of the line, before making 
the transition into the coarse-grained material. 

Casing penetration resistance 
While casing load profiles were obtained from 

most tests, quantitative analysis of these data is 
difficult because of the design of the apparatus. 
Most of the casing load data came from mea 

surements on the casing assembly shown in 
Figure 3. The 6.35-cm (2%-in.)-diameter by 
15.24-cm- (6-in.)-long casing shoe welded to the 
5.72-cm-(2%-in.)-diameter casing was pressed in-

to the sea floor behind the shrouded point. The  

casing resistance equaled the sum of the fric-
tional resistance acting on the casing shoe plus 
any component of side friction resulting from 

collapse or rebound of the hole around the cas-
ing above the point and shoe assembly. It is im-
possible to quantitatively separate these two 
components. Generally, total casing load was 
quite low, usually less than 8.9 kN (2000 lb). If an 
8.9 kN (2000 Ib) load was borne entirely as shear 
on the casing shoe, shear stress would average a 
relatively high 2.9 bars (42 Ib/in. 2) over the shoe 
surface. However, casing load tended to in-
crease with increasing depth of penetration, 
probably indicating that a portion of the high 
casing load resulted from soil acting on the cas-
ing. 

At site PH-3, a modified point assembly was 

tested in which an unshrouded 5.72-cm- (2%-in.)-
diameter point was pushed ahead of the 
5.72-cm- (2%-in.)-diameter casing without a cas-
ing shoe. Thus, the hole made by the point was 
exactly the diameter of the casing, making this 

test analogous to that of a foundation pile. As 
shown in Figure 63 (App. B), a significant portion 
of the total load on the string was needed to ad-
vance the casing. Even though a majority of the 
9.75-m (32-ft) penetration was through fine-
grained material having almost no point resis-
tance, the casing resistance built steadily to al-
most 40 kN (9000 Ib) before the point reached re-
fusal in a gravel layer. The average shear resis-
tance over the entire casing length was about 

0.23 bars (3 1/3 Ib/in. 2). Even though the soil pro-
files at most of the test sites seem ideally suited 
for end-bearing piles founded on dense gravels, 
this test suggests that significant bearing cap-
acity at shallower depths could be generated by 
the side friction shear component as well. 

APPLICATIONS 

There has been an extensive effort, mainly in 
Europe, to develop both static penetrometer 

equipment and standardized engineering appli-
cation procedures using the data from these 

tests. Sanglerat (1972) and the European Sym-
posium on Penetration Testing (1974) have ex-

cellent summaries on the varied equipment and 
procedures in use throughout the world. 
Sanglerat summarizes this work in a set of re-
commendations for making direct application of 
point resistance data in the design of both 
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+q.,2  

shallow and deep foundations. Because the  
static penetration test is not well known in this  
country, and because it demonstrates the poten-

tial utility of the data gathered in the Prudhoe  

Bay area, these recommendations are briefly  
summarized here.  

Shallow foundations  
The allowable bearing pressure in cohe-

sionless soils (which constitute the bulk of the 

shallow sediments in the Prudhoe Bay region of 

the Beaufort Sea) for conventional spread 

footing '/2 m ('/2 yd) in width and at an equiva-

lent depth may be taken as ι/,ο the point 

resistance: 

Qee = gλ10 	 (1) 

where q, d  is the allowable bearing stress and q,  
the point resistance. Generally the allowable  

stress is taken as about 1/3 of the ultimate 

strength. 

In cohesive soils, the undrained shear strength 

c„ (apparent cohesion) is somewhat dependent 

on the type of penetrometer. For normally con-

solidated sandy clay: 

qu10 < ε „  <  q '120 	 (2)  

and the failure load q, can be calculated from:  

	

= 5.7 c. 	 (3)  

for long footings and 

	

q», = 6.8 c„ 	 (4)  

for square or circular footings. Again, Sanglerat  

recommends that the allowable bearing stress  
be taken as 1/3 of the failure load. 

Estimates of settlements and differential set-

tlements of shallow footings in cohesive and 

cohesionless soils can be made from 

penetrometer data. Sanglerat (1972) summarizes  

several techniques for predicting settlement; 

however, these are beyond the scope of this 

report. He recommends use of point resistance 
data to classify soils broadly into two categories. 

In soils with q' s greater than 12 bars, set-

tlements of shallow footings embedded 1 to 2 m 

(1 to 2 yd) are generally negligible. In soils with-

q^ s of less than 12 bars, significant total or dif-

ferential settlements may occur. In these cases, 

settlement analyses using point resistance data 

or other techniques must be performed. 

Deep foundations  
According to Sanglerat, static penetrometer  

point resistance can be used directly to give 

values of allowable bearing pressure for use in  

design of end bearing piles. Allowable bearing  

pressure is given by:  

q 0 e = q,/F 	 (5)  

where F is the safety factor. For a pile embedded 

a minimum of 8 pile diameters into a thick, 

homogeneous bearing layer, the failure load q, 
 can be assumed equal to the point resistance q,  

with a safety factor of 2 chosen for values of 

point resistance less than 100 bars. For these 

conditions, allowable bearing is given by:  

qad = q '/2 	 (6)  

For point resistances of more than 100 bars,  

such as were encountered in the deeper gravelly 

sands, the safety factor should be increased to 

account for excessive loads on the concrete fill-

ing of the pile, which Sanglerat feels should not 

exceed 50 bars. He also cautions that for values 

of point resistance below 80 bars, where end 

bearing is in a sand layer below the water table,  

liquefaction may result from subsequent driving, 

resulting in loss of end bearing. In such cases, he 

recommends that full-scale pile load tests be 

performed, particularly when values of q, are 

less than 50 to 60 bars. 
In homogeneous clay layers, Sanglerat recom-

mends that the safety factor in eq 6 be raised to 

3.  
For bearing layers that are not homogeneous, 

Sanglerat recommends the method used by 

Fugro, where ultimate bearing capacity is given 

by:  

2  

where q '0  is the average penetration resistance  
over a depth of two pile diameters beneath the  
pile tip, q,,, is the minimum penetration  
resistance over the same two diameter interval,  
and q,2  is the average minimum point resistance  

over a height of 8 pile diameters above the tip.  
The allowable bearing pressure is given by eq 5  

with a safety factor of 2 for cylindrical piles and  
2.5 for piles with enlarged bases.  

Sanglerat cautions that a bearing layer must  

extend well below the potential failure surfaces  

(7)  
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beneath the pile tip. This requires that the ver-

tical extent of potential bearing layers be deter-

mined either by penetrometer data or by drilling 

if the penetration resistance is too high. 

Sanglerat does not recommend the use of 

penetrometer data for the design of friction 

piles; rather he recommends the use of full-scale 

in-situ pile load tests to determine both bearing 

capacities and settlement characteristics.  

soft clay layers. For instance, in point PH-3, the  

interbedded sand and silt to a depth of 7 m  

would be sufficient support for shallow founda-

tions for many applications; but the very soft,  

silty clay layer from 7 to 12 m would likely  

preclude the use of shallow foundations for any  

substantial structure at this location.  

Foundations in permafrost  
In instances where offshore structures bear on  

bonded permafrost, foundation design may be  

considerably more complicated. While bonded  

permafrost is generally a strong material, ex-

cessive settlement can occur if heat transfer  

through the foundation melts the interstitial ice  

in the permafrost. In addition, even if no melting  

occurs, differential creep settlements may be a  

problem in time, especially in fine-grained per-

mafrost with high salt and ice contents. Thus, op-

tions open to the foundation designer tend to be  

limited by the material.  

A coarse-grained, thaw-stable permafrost  

would present no additional problems to the  

designer, while a fine-grained, ice-rich per-

mafrost would be unstable if allowed to thaw  

and in the frozen state might be subject to ex-

cessive creep settlement. Design of foundations  

in such material is covered in the literature,  

e.g., Sanger (1969); but there will certainly be  

problems peculiar to the subsea setting, such as  

marginal temperatures, presence of salt, lateral  

loads of ice, etc., which will mean additional  
complications to the already difficult design  

problems.  

Based on the penetrometer results, some  

general conclusions may be drawn regarding off-

shore foundation types in the Prudhoe area. The  

deep unfrozen sandy gravel which is prominent  

along all survey lines appears to be an excellent  

bearing layer for end bearing pile or caisson  

foundations. The depth to the top of the layer is  

not excessive, generally between 6 and 12 m  

below sea level, and the point resistance in-

creases rapidly with depth in this layer to values  

of hundreds of bars.  

In some areas it may be possible to use  

shallow foundations based in the unfrozen in-

terbedded sand and silt. This application would  

require great care, however, as excess set-

tlements and differential settlements could oc-

cur due to the interbedding and/or underlying  

CORRELATIONS WITH LABORATORY  
TESTS  

Staged triaxial compression tests have been 

run on a number of core samples from several of 

the drilling sites. Stress-strain data from the 

three tests at PB-5, and the single test at P8-6 

(corresponding to probe sites PH-1 and 10 

respectively) are shown in Figure 17. Confining 

pressure was held constant at the estimated in-

situ pressure throughout the initial portion of 

each test. As each sample approached failure, 

the confining presure was increased. On the two 

nonplastic silts from P8-5 and on the silty sand 

from P8-6, this produced an increase in shear 

stress due to the frictional behavior of these 

materials. The confining pressure increase had 

no effect on the stress-strain curve of the plastic 

silt from ΡΒ-5, indicating that the coefficient of 

internal friction 4  was zero for this material. The 

silty sand sample from P8-6 had a stress-strain 

curve that was distinctively different from those 

for the silt samples of PB-5. A well defined 

failure occurred at less than half the strain 

associated with failure in the silts. Such behavior 

is characteristic of the material property dif-

ferences between the two materials. 

Comparisons between the peak shear 

strengths from the four tests and the point 

resistance profiles from the corresponding probe 

holes are shown in Figure 18. There appear to be 

a considerable number of inconsistencies in 

these correlations. The point resistance values 

for the two deeper silt samples in PH-1 are of the 

same relative magnitude as the shear strengths 

(both very low). However, the point resistance 

values for the shallow nonplastic silt and for the 

silty sand are both approximately two orders of 

magnitude higher than the laboratory shear  

strengths. 

There are several possible explanations for 

these discrepancies. First, the laboratory 

samples, as frequently is the case, may not have  
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been respresentative of the bulk of the material  

in the vicinity of the samples. In selecting  

samples, the "best" pieces of core were chosen  

because they were the only pieces satisfactory  

for testing. In both cases, these were not  

representative of the bulk of the material in a  

given core section, but were taken from fine-
grained silt or silt lenses within a coarser sand  

section. Another possible explanation may be  
that minor local variations over the 100- to 200-ft  

distances between the boreholes and the probe  

holes were such that details of the material  
layering between the two may not exactly cor-
respond. In either case, the lack of consistent  

correlation between the field and laboratory  

data once again emphasizes the difficulty of  

making in-situ characterizations using extrapola-
tions of laboratory data.  

CONCLUSIONS  

The static cone penetrometer provided an ef-
fective means of rapidly acquiring information  

on engineering properties of sediments in an arc-
tic marine environment. When correlated with  

information obtained from a few drill holes the  

penetration resistance data permitted construc-
tion of geologic profiles. The penetrometer was  

also a useful tool for determining the occur-
rence of subsea permafrost because  

temperature profiles could be readily obtained.  
(By classical definition permafrost is that  

material where the temperature remains below  

0°C for several years or more.) However,  

because of a lack of information on salt concen-
trations in the pore water of the sediments,  

freezing temperatures were unknown or at best  
could only be estimated based on a few drill  
hole determinations. The temperature data,  

though, when augmented by penetration  

resistance characteristics, did allow the deter-
mination of ice-bonded zones.  

In the Prudhoe Bay region of the Beaufort Sea,  

it appears that fine-grained sediments overlie  

coarser sand and gravels at most of the sites in-
vestigated. The thicknesses and penetration  

resistances of the different sediment types vary  

considerably over the area. Seasonally frozen  

sediments were found to occur in shallow waters  

where the sea ice froze to or near the seabed.  

Perennially frozen sediments were observed in  

the deeper sands and gravels at several sites.  

High penetration resistances were characteristic  

of all sites where frozen materials were en-
countered. Although it appears that the occur-
rence of shallow, ice-bonded material can be ex-
pected in very shallow water, the occurrence of  

deeper, perennially frozen sediments is less  

predictable.  
The depth of penetration was limited only by  

the load capability of the apparatus. In very  

shallow waters where cold, seasonally ice-
bonded coarse-grained sediments were en-
countered, little or no penetration was possible.  
In deeper waters where the sea ice was not in in-
timate contact with the seabed, penetration was  

usually limited by either perennially frozen  

sediments or by very dense and stiff gravels. Ten  

to twelve meters of sediment was commonly  

penetrated. Buckling of the unsupported  

penetrometer column can be a problem when  

water depths exceed a few meters.  
Coarse-grained, non-ice-bonded permafrost  

would present no particular problems to the  

designer of foundations for offshore structures.  

However, because of the uncertainties related to  

the occurrence of ice-bonded sediments, and  

because of the extreme variability in material  

types and penetration resistance observed, it is  

concluded that foundation design in this region  

is very much related to the specific site.  
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APPENDIX A: DESCRIPTION OF PENETROMETER 
AND TEST PROCEDURES 

TEST APPARATUS 

Based upon the 1976 field experience and a 
review of current literature on penetrometers, 
two separate testing methods were planned: the 
first, a so-called "static" test in which the point 
and casing assembly are advanced at a relatively 
slow rate (less than 2 cm/s) (0.8 in./s); the second, 
a dynamic test in which repetitive blows from a 
heavy weight provide the driving force for the 
drill rod and casing. Requirements placed on the 
total system were that: a) it be easily transport-
able over snow-covered ice; b) the unit be as 
compact as possible for shipping purposes; and 
c) the unit have a power source for remote 
operation. Since drill string buckling was a prob-
lem in the 1976 tests, heavier AW casing and drill 
rod were selected to push the point because of 
their greater column stability. 

STATIC APPARATUS 

Original design requirements of the static 

penetration system were that: a) it be capable of 
exerting a 133-kN (30,000 Ib) force on the drill 
rod and casing; b) it be capable of attaining a 
maximum penetration rate of 2.0 cm/s (47.2 
in. /min.); c) the load must be capable of being 
applied to the drill rod or casing independently 

or to both drill rod and casing simultaneously; 
and d) some means be provided to measure the 
penetration resistance as a function of probe 
depth. 

The probe was designed around a standard 
60° cone. It was similar in design to the Dutch 
mantle cone. A 7.0-cm- (2%-in.)-diameter cone 
was machined to 6.35-cm (2 1/2-in.) diameter, and 
pinned to the drill rod so the point was recover-
able. Since the magnitude of the frictional 
forces between the casing and hole wall was 
unknown, it was decided to provide for 15.2 cm 

(6 in.) of relative axial movement between the 
drill rod and casing, allowing independent move-
ment of the casing or drill rod. This was ac-

complished by attaching a stainless steel shroud 
to the point assembly. The inner diameter of this 

sleeve was slightly larger than the casing outside 
diameter, while the sleeve outside diameter was  

tapered to reduce the influence of sidewall fric-
tion effects on it. Above this stainless steel 
sleeve, a 6.35-cm- (2V-in.)-diameter sleeve 15.2 

cm (6 in.) long was welded to the casing. The 
idea was that the majority of casing side wall 
friction forces would be concentrated at this en-
larged section, allowing some distinction be-
tween frictional forces in various materials. The 
complete point assembly is shown schematically 
in Figure 3. A photograph of the point is shown in 
Figure Al. 

It was decided that a self-contained test sled 
that could be towed to the test sites with a 
crawler tractor would be desirable. Rather than 
setting anchors in the ice to provide the reaction 
forces as had been done the previous year, the 
towing tractor was backed onto the test sled, 
thus providing the necessary vertical reaction 
force. Photos of the test sled being towed and 
with the tractor on board are shown in Figures 
A2 and A3, respectively. 

The building frame was fabricated from struc-
tural angle, channel, and I-beams to withstand 
the 133-kN (30,000-Ib) maximum applied vertical 
force. The sled skis were fabricated from a 
45.7-cm (18-in.) structural channel and extended 
about 4 m (13 ft) beyond the rear of the building. 
The distance between the skis was such that the 
majority of crawler tractors in the weight range 
required could be accommodated. Two 20.3-cm 
(8-in.) wide-flange I-beams spanned the width of 
the building and provided a reaction frame for 
the main hydraulic ram, as well as a trolley track 
for a traveling hoist unit. A skin of 1.3-cm 1%-in.) 
plywood covered the building. A photo of the 
test sled before application of the plywood skin 
is shown in Figure A4. A door was provided in the 
front of the building and a double-pane acrylic 
window was installed on the side of the building 
facing the front of the sled. The diesel generator, 
hydraulic power supply, and fuel supply were 
contained in a module, shown in Figure A5, at-
tached to the side of the building towards the 
front of the sled. Waste heat from the generator 
and hydraulic unit provided ample heat for 

maintaining the uninsulated building at above 
freezing temperatures even with ambient 
temperatures at —40°C (-40°F). 
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Figure Al. Penetrometer casing and point. 

Figure A2. Tractor towing penetrometer sled. 
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Figure Α3. Tractor on sled runners to provide reaction force. 

Figure Α4. Interior of sled building  
before application of plywood skin.  
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Figure A5. Diesel generator attached to side of the sled building. 

The hydraulic system provided power for driv-
ing and extracting the penetrometer. The power 
supply consisted of a 3-hp electric motor driving 
a pressure-compensated, variable-volume vane-
type pump, all mounted atop a 37.85-liter 
(10-gal.) hydraulic reservoir. The pump was 
capable of pumping 15.1 liter/min. (4 gal. /min.) at 
69 bars (1000 Ib/in. 2) or 6.8 liter/min. (1.8 

gal./min.) at 103 bars (1500 Ib/in. 2 ). The double-
acting hydraulic ram, bolted to the I -beams on 
the top of the building, had a 12.7-cm (5-in.) bore 
and a 183-cm (72-in.) stroke. The cylinder stroke 
would accommodate standard 152-cm (60-in.) 
lengths of drill rod and casing. An oversized 
6.35-cm- (2%-in.)-diameter piston rod was 
selected to provide greater column stability 
when driving the penetrometer. The ram was 
capable of driving at 2.0 cm/s (47.2 in./min.) with 
a driving force of approximately 89 kN (20,000 

lb). This capability was reduced to a rage of 0.9 
cm/s (21.3 in./min.) with a driving force of 133 kN 

(30,000 Ib). The pressure compensated pump ap-
plied essentially a constant power input to the 

system. A schematic diagram of the complete 
hydraulic system, including the dynamic system 
described later, is shown in Figure A6. 

The force measuring system was designed to 
separate the point driving force from the friction 
force of the casing against the hole wall. A 

diagram of this arrangement is shown in Figure 

A7. The lower hollow load cell measured only 
casing forces. The total of casing force plus 
point load was measured by the upper load cell. 
Outputs from both load cells were amplified and 

continuously recorded on an X-YY chart recorder 
as a function of penetration depth. Penetration 
depth was measured in 152-cm (60-in.) in-
crements with a cable-actuated potentiometer. 
Thus, a continuous record of penetration force 
versus depth of penetration was obtained. 

DYNAMIC APPARATUS 

A dynamic test apparatus was also designed 
and built to provide a means for further driving 
the penetrometer after the static system could 
no longer provide the necessary force. The ap-
paratus consisted essentially of a large, 590-kg 
(1300-Ib) cylindrical steel hammer dropped 30.5 

cm (12 in.) onto an anvil. A guide tube was pro-
vided to stabilize the large hammer. The ham-
mer was raised with a pair of hydraulic cylinders. 

A pilot-operated hydraulic pump valve was set 

to release when the hydraulic pressure rose to a 
set point somewhat above the pressure required 
to raise the hammer. The higher pressure was ob-
tained when the hammer contacted a mechani-
cal stop on the guide tube. A hydraulic time 
delay circuit was designed to hold the dump 
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Figure A6. Schematic of hydraulic loading 
sys tem. 

valve open and allow the hammer to free-fall on-

to the anvil. The guide tube was rigidly fastened 

to the anvil and extended through a centrally 

located guide hole in the hammer. Two back-to-

back channels rigidly attached to the top of the 

guide tube provided a means for attaching the 

hydraulic lift cylinders. A schematic view of the 

hydraulic system is shown in Figure A6 and the 

hammer is shown in Figure A8. 

A maximum repetition rate of 30 blows/min. 

allowed manual counting of the number of 

blows for a given depth of penetration. The 

dynamic test apparatus was maneuvered into 

position using the hoist and trolley system men-

tioned previously. It was then suspended from 

the piston rod of the static force apparatus, and 

was piloted onto the casing and drill rod through 

a hole in the anvil. When dynamic test apparatus 

was being operated, the static cylinder was plac-

ed in a "floating mode" so it would descend with 

the dynamic apparatus and exert little restrain-

ing force. 

Figure A7. Diagram of force 
measuring system. 

FIELD TESTS 

Because the electric generator had not arrived 

prior to the scheduled shipment date, tests could 

not be performed on all of the equipment. In-

stead the majority of the equipment was shipped 
to Alaska by truck and the generator was ship-

ped later by air. The equipment was assembled 

in a large building several miles from the test 

area. When all equipment was assembled and 

checked out, the test sled was removed from the 

building. Once the electric generator was 

started, it ran continuously during the entire 

2-week test season, except for short periods 

while preventive maintenance was being per-

formed. The crawler tractor also ran continuous-

ly during the test period. 

A typical static test involved towing the test 

sled to a pre-selected test site (Fig. A2). In some 

cases, a road could be plowed as the sled was 

towed to a test site; however, if the snow was too 

27 



Figure Α8. Drop hammer. 

deep or too hard, the road plowing was ac-
complished on a separate trip with the tractor  

alone. The actual test site was cleared of snow  

by lowering the dozer blade to the ice surface,  

and making a single pass to clear an area slightly  

longer than the test sled. A 20.3-cm- (8-in.)-
diameter hole was then augered through the ice  

using a gasoline engine-powered ice auger. The  

hole was centered with respect to the test sled  

using the towing hitch as a guide. This hole was  

drilled as close to vertical as possible to avoid  

alignment problems later. After the hole was  

drilled and cleaned, the sled was towed over the  

hole. One person, besides the tractor operator,  

was required to align the test sled. Correct align-

ment with the hole was accomplished by the sec-
ond person visually sighting on a rod extended  

through the centrally located guide bushing in  

the building floor, and directing the tractor  

operator. After correct alignment was achieved,  

the tractor was unhitched from the sled and  

driven around to the rear of the sled. It was then  

carefully backed onto the runners until the trac-
tor just contacted an I-beam attached to the side  

of the building (Fig. Α9). This contact was re-
quired to aid the sled runners in resisting vertical  

building deflection during testing.  
After the tractor was in position, all remaining  

work was performed inside the shelter. One per-
son cleaned the penetrometer point and  

assembled this unit while the other person set up  

and performed a calibration test on the in-
strumentation. The instrumentation was set up  
such that a 25.4-cm (10-in.) vertical probe  

displacement produced 2.54 cm (1 in.) of hori-
zontal pen displacement. Both load cell circuits  
were calibrated to produce a 2.54-cm (1-in.) of  

pen displacement for a 17.8-k Ν (4000-Ib) load.  
After initial preparations, the penetrometer  

point was then lowered through the bronze  
bushing in the building floor, through the sea ice  

and water to the sea floor, and additional  
lengths of drill rod and casing were attached as  

necessary. Once in position, an adapter was  
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Figure Α9. Detail of tractor on the sled. 

screwed onto the upper end of the drill rod (Fig.  

A10). A second adapter was then placed on the  

casing, and the hydraulic ram lowered until con-
tact was made with the drill string (Fig. A11). The 

ram was then raised slightly and all instrumenta-

tion channels zeroed (Fig. Α12).  
A measurement from the top of the drill rod to  

the building floor established the starting point,  

since the distance from the building floor to the  

ice surface was fixed. The ram was advanced to  

the end of its stroke, forcing the penetrometer  

point into the sediments. During ram retraction, 

the drill rod and casing adapters were removed  

and another length of drill rod and casing was  

readied for assembly. Ten lengths of drill rod  

and casing were stored inside the building,  

which was sufficient for the majority of tests per-

formed. After the drill rod and casing were  

tightened, the adapters were again installed and  

another 1.52-m (5-ft) length was pushed into the  

sediments. The chart paper was changed every  

3.0 m (10 ft) of penetration. This process was  
repeated until the penetration resistance was 

sufficiently high to prevent further penetration.  

A penetration resistance of 125 kN (28,000 lb) 

was considered "refusal." This limit was 

established because of the uncertainty on the 

amount of lateral support given to the column 

by the subsea sediments. The drill string did 

buckle on one occasion; however, quick action 

by the operator prevented any damage to the  

equipment or the drill string.  

A complete static penetrometer test could be  

performed in about 3 hours. Since temperature  

profiles were also required, it was decided to 

perform one penetrometer test each morning,  

move to a new site, perform a second pene-

trometer test, and leave the drill string down-

hole to establish thermal equilibrium before  

temperature measurements were taken the  

following morning. Thus, in the 2-week test  

period 27 static penetrometer tests could be per-

formed.  
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Figure AlO. Detail before coupling ram and load cells  
to the drill rod.  

Figure All. Detail after coupling ram and load cells to  

the drill rod.  



Figure Α12. Close-up of recording system.  

Originally, it was planned to use the dynamic  
test apparatus to drive the penetrometer when  
refusal was reached with the static apparatus.  
The purpose in building the dynamic apparatus  
was to penetrate further into the hard materials  

to help establish whether such layers were suff i 
ciently thick to provide support for pile founda-

tions. Initial tests with the dynamic test ap-

paratus were unsuccessful due to hydraulic fluid  
leakage past the piston seals of the lift cylinders.  
Upon disassembly, it was discovered that the  
piston seals were step-cut metal rings similar to  

those used in automobile engines. The seals  
were replaced with rubber 0-rings, which  
operated satisfactorily. After a number of blows  
with the repaired hammer, it was obvious that  
significant penetration could not be obtained  
beyond that obtained with the static test ap-
paratus. Core samples in the area indicated that,  
in this locality, refusal with the static pene-

trometer occurred in dense gravels of substan-
tial depth. Further testing with the dynamic ap-
paratus was discontinued.  
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PH-13. 

38  



^ 

e} s' 
Point  

Resistance  

Skin  
Friction  

30  

2—  

4  

ε  ∆ ή  
∆ 

8  

10  

40  
100 ι 

 200 	̂i001b/int  

10 	 20bors  

1s  Skin Friction  

12  

100  Ι00  

0 	 10  
fs  Skin Friction  

300 Ib/int  

20 bars  

q Point Resistance  

100 	 200 	300 bars  

τ 	ι 	I 	I 	'  
O Ib/in2  

Point Resistance  

ft  ι ι ι 	,ηι,ι 	̂ ι,• ι  

Skin  
Friction  

m 
0 

ε 

8  
2  

C^ Point Resistance  

O 	 ΙΟ0 	200 	300 bars  

0— 
f  t00 	11000 1  2000 	3000 

1 
 4000 τ  50001b/n2  

PH-14  

Figure 814. Point resistance and skin friction profiles, site  
PH-14.  

Figure 815. Point resistance and skin friction profiles, site  
PH-15.  

39  



	t  

10  

2  

4  

q  Point Resistance  

	

0 	 100 	200 	300 bars  

	

m 
0—  f

t 
 0. 	 Ι000  ι  2000  3Ό00  , 

	 ι 
 4000 5000  lb/in2  

ι 	ι 	ι 	ι 	1  
P11- Ι6 	

Point  
i 	ncs  

	 -  

Skin  
Friction  

— 20  

10  

12  
100 	200 	300 lb/in 2  
	 ι  

0 	 10 	 20 bars  

f, Skin Friction  

Figure 816. Point resistance and skin friction profiles, site  
ΡH-16.  

Load  

	

0 	2 	4 	6 	8 	ΙΟ ΝκΙΟ•  

	

^  f^0 	4 	Θ 	Ι 2 ^ 	Ι 6 	20 	24 Ibis  Ι0  

ΡΙ·&17 	Total Load (split spoon sampler)  

Total Load  
(1.8125 inch point)  

t  
Τ  

Casing  
^Lood  

Point Load  
(2.25 inch point)  

10  

6  -20 
 

Figure 817. Point resistance and skin friction profiles, 
site ΡΗ-17. 

40  

2  

ε  

8  
4  S^  



ε  
ά  ({  
ό  

qc  Point Resistance  

O 	100 	200 	300 bars  

Ó _  f t0ν 	r  1000  2000  3Ó0O 4000 50001Nh2  

PH -18 PH-18  

2  

4  

Point  
Resistance  

Skin  
Friction  

8  

30'- 0'- 

10  

00 ' X00 	206—  3&1 lb/in 2  

0 	 ι0 	20 bars  

fs  Skin Friction  

12  

Ο  

Figure 818. Point resistance and skin friction profiles, site  
ΡΗ-18.  

q c  Point Resistance  

	

0 	 Ι00  
m 
0 	

f  ο 	ΙΟ^)0 
Ι 
 Γ 	 2900  

PH-19  

200 	300 hors  

34 4000 T  50001b/kn2  

2  

4  

ε  

ē 6  c  

8  

1  

	

40 	• 	•  i 	• .  Ib/int  

	

0 	 10 	 20 bars  

fs  Skin Friction  

Figure 819. Point resistance and skin friction profiles, site  
PΗ-19.  

41  

12  



20  

qc  Point Resistance  

100 	200  

PH-20  

300 bars  
I 	'  

O Ιb/inn  

Ο 	 

Ι  
... 	. 	 ι ι„• 	4•'•$  	••  

2  

10  

4  
Point  

Resistance  

Skin  
Friction  

1  

40
0 	100 	200  Ib/int  

20 bars  

12  

ε  
S g  
Ο  
^  

8  

ór fó  

0 	 10  
fs  Skin Friction  

q c  Point Resistance  

100 	200 	 300 bars  

p1b/in2  

Point  
Resistance  

ι  

0 	 10  

fs  Skin Friction  

0  

Figure 820. Point resistance and skin friction profiles, site  
PΗ-20. 

Figure 821. Point resistance and skin friction profiles, site 
PΗ-21. 
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Figure 827. Point resistance and skin friction pro-
files, site PΗ-27. 
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