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The route of the Trans-Alaska Pipeline System (TAPS) traverses 789 mi of diverse 
terrain, including three major mountain ranges and 590 mi of permafrost. Before the 
pipeline could be designed, detailed information on soil, bedrock, groundwater, perma
frost, and other environmental conditions had to be gathered along the entire route and 
analyzed. Field reconnaissance information and conventional airphoto interpretation 
were combined with computer-assisted methods in an integrated program designed to 
evaluate terrain conditions over large areas, where acquisition of ground-truth data is 
limited by high costs and difficult access. 

Airphoto interpretation was used to prepare terrain unit maps on a photomosaic base 
at a scale of 1: 12,000 to show the distribution of landforms in a 2-mi-wide strip along the 
project route as well as locations of soil borings. This document served as a basis for 
designing the pipeline and determining construction techniques suitable for each land
form along the route. It has also been useful in locating materials sources and disposal 
sites, establishing oil-spill and erosion-control contingency plans, anticipating avalanche 
problems, evaluating slope stability conditions, and numerous other applications. 

The construction of TAPS at a projected cost of over $6 billion is the largest and 
most expensive private project in history. Designing and building a 48-in. hot oil pipeline 
across diverse terrain, including three major mountain ranges (Fig. 1) and 590 mi of 
permafrost, presented a truly awesome challenge. To comply with stringent government 
stipulations designed to protect the environment and ensure the integrity of the pipe 
from hazards such as earthquakes and thawing of icc-rich permafrost, the pipeline route 
had to be investigated in more detail and with greater accuracy than any previous large 
construction project in Alaska. Detailed geotechnical information on soil, bedrock, 
groundwater, permafrost, and other environmental conditions had to be gathered along 
the entire route, most of which crossed extensive undeveloped and uninhabited areas. 
Very expensive field operations and difficult access problems led to the development of 
techniques for evaluating terrain conditions over large areas where ground-truth informa
tion is limited. 

Investigation of the TAPS route began with the customary compilation of data from 
the literature and unpublished documents. Because of its importance in mineral investiga
tion, bedrock geology had been mapped by the U.S. Geological Smvey on a reconnais
sance level or better for most of the route. However, the character of the surficial 

1 The work described in this report was performed while the authors were affiliated with R & M Con
sultants, Inc., P.O. Box 2630, Fairbanks, Alaska 99707. 
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FIGURE 1 Physiographic provinces in the vicinity of the Trans
Alaska Pipeline route. (Modified from Brew, 1974, Fig. 1.) 

deposits and the distribution of permafrost, which arc of primary concern in pipeline 
design, were largely unmapped and poorly known. 

Following a preliminary soil-boring program, in which boreholes were spaced 1 to 10 
mi apart, a reconnaissance soil map of the route corridor was prepared at a scale of 

1:12,000. A detailed soil-boring program was then undertaken to refine the soil map; 
define soil properties such as texture, moisture, density, specific gravity, and thaw

settlement characteristics; and provide more detailed information on the distribution of 
permafrost, groundwater, and bedrock. As of January 1974 over 3,500 soil borings had 
been drilled along the proposed pipeline route; 2,100 of these were on pipe centerline at 
an average spacing of 2,000 ft. These borings provided soil test data from over 33,700 
samples. 

A computer-based data bank was designed for storage and rapid retrieval of the 
geotechnical information from this extensive sampling and field program. From this 
massive volume of data, a quantitative assessment of the natural variation of critical soil 
properties in each landform was summarized by the computer. These summaries have 
been very useful in comparing conditions in different landforms, establishing exploration 
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priorities, allocating field expenditures, and planning pipeline construction. Timely prepa
ration of construction planning estimates would not have been possible if manual 
examination of all soil information had been necessary. 

Similar techniques have been used to analyze terrain in Australia, Canada, Africa, and 

Asia. 

LANDFORM CLASSIFICATION USED IN 
THE TAPS PROJECT 

ln most large construction projects, an intensive soil-boring program is undertaken to 
determine specific soil properties needed for design. For example, borings arc usually 

spaced about 500 ft apart (or less, in critical areas) along proposed highway alignments 
Soil properties arc then correlated from one boring to the next, and a geologic cross 
section or series of cross sections is prepared. However, an investigation at this level of 
detail for the TAPS route was not practical because as many as 20,000 boreholes would 
have been required during the prcconstruction soil investigation of the 789-mi-long 
alignment. Even this large amount of soil sampling would not have been adequate to 
delineate completely certain highly variable subsurface conditions found in permafrost 
terrain. For example, attempts were made during the early soil-sampling program to 
delineate each occurrence of massive ground icc along the proposed route so that soils 
potentially subject to excessive differential thaw settlement could be identified. As many 
as 11 holes were drilled within a 300- by 300-ft area to define a single ground ice mass. It 
soon became obvious that such detail was prohibitively expensive. Another approach 
was needed for predicting soil variations without an excessive number of borings in areas 
where previous knowledge was minimal or generalized, access difficult, and logistics 
extremely expensive. 

The technique of terrain analysis that was ultimately adopted for the TAPS project 
consisted of identifying landforms by airphoto interpretation and subsequently defining 
the variation of geotechnical conditions in each landform by field observations and soil 
borings. The landform approach to terrain analysis is based on the premises that ( 1) 
terrain classification by landform is a reliable means of arranging and correlating borehole 
and soil-test properties, because each landform represents either a single geologic process 
or a combination of processes that commonly function together; and (2) each landform 
consequently has a characteristic range of soil properties, such as unified soil classifica
tion, dry density, soil moisture, and thaw settlement (Belcher, 1946, 1948). Each 
ground-truth observation not only provided information about a particular location, but 
also-when considered with all other observations in the same landform-helped develop a 
pattern of variation for that landform. Once the variation of properties in each landform 
was known, an acceptably conservative design for each route segment was developed by 
identifying landforms through stereoscopic examination of airphotos and the placement 
of a few strategically located confirmation borings. This system allowed the most effi
cient use of exploration funds. 

A landform has been defined by Belcher (1946, 1948) as an element of the landscape 
that has a definite composition and range of physical and visual characteristics, such as 
topographic form, drainage pattern, and gully morphology, which occur wherever the 
landform is found. lt should be emphasized, however, that there is no universally 
accepted standard definition for the term "landform." Some earth scientists and geog
raphers prefer that this term be restricted to the description of topographic features, i.e., 
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mountains, valleys, and basins. But this particular usc of "landform" is only of limited 
value in a geotechnical investigation, because it does not include a consideration of such 
three-dimensional properties as soil characteristics and other physical and environmental 
conditions at the surface and at depth. Although the word "form" indicates shape only, it 
has become generally acceptable to usc the term "landform" to describe not only surface 
topography, but also the deposits comprising the feature (Howard and Spock, 1940). 

The landform classification developed for the TAPS project grouped landforms 
genetically, because similar geologic processes usually result in landforms with similar 
characteristics and engineering problems. Each landform is identified by letter symbols, 
the first letter of which is capitalized and indicates the basic genesis of the deposit (e.g., C 
for colluvium and F for fluvial deposits). Subsequent lowercase letters differentiate 
specific landforms in each genetic group. These symbols are chosen mnemonically for 
simplicity and as an aid to users: Fp, floodplain alluvium; Fg, granular fan. 

For the specific purposes of the TAPS project, it was necessary to define two 
supplemental terms more precisely than the general definition of landform given above. A 
landform consists of one or more single components, called landform types, each of 
which usually represents a single geologic process. Where exposed at the ground surface, 
the landform type is a morphostratigraphic unit (Gary ct al., 1972, p. 464) because it is 
usually identified primarily by its surface form. Where buried, it is identified by boring 
information. Terrain units arc defined as the landform types expected to occur from the 
ground surface to a depth of about 25 ft. They arc used only in map (plan) views to give 
three-dimensional information on landform types present ncar the surface of the ground; 
they arc not used in geologic sections. A limiting depth of 25 ft was chosen because 
deeper soils generally have minimal effect on pipeline design and construction. 

Figure 2 illustrates the relationship of terrain units to landform types. In the geologic 
cross section there are three landform types: floodplain alluvium (Fp ), granular alluvial 

A. MAP VIEW 

,::Pipeline Ce_nt_er_lln_e __ -"1 

Bx 

B. GEOLOGIC CROSS SECTION 

Bx 

FIGURE 2 Relationship of terrain units in map view to landform types in geologic cross 
section. 
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TABLE 1 Landforms Identified Along the Trans-Alaska Pipeline Route 

Symbol Landform Symbol Landform 
-------

Bx Bedrock Fpb-c Braided floodplain cover 

Bx-u Unweathered, well- deposits 
consolidated bedrock Fpb-r Braided floodplain riverbed 

Bx-w Weathered or weakly deposits 
consolidated bedrock Fpc Creek or small watercourse 

deposits 
c Colluvium Fpm Meander floodplain deposits 

Ca Avalanche deposits Fpm-c Meander floodplain cover 

Cg Rock glacier deposits 

Cl Slide deposit Fpm-r Meander floodplain 

Cm Mud flow riverbed deposits 

Cs Solifluction deposits Fpt Old terrace deposits 

Css Silty solifluction deposits Fs Retransported deposits 

Ct Talus Fss Retransported silt 

Ctc Talus cone 
Ctp Protalus ram part G Glacial deposits 

Gt Till sheet 
E Eolian deposits Gg Glacier 
El Loess 
Ell Lowland loess GF Glaciofluvial deposits 

Elr Frozen complex upland GFo Outwash 

silt3 GFk Kames and eskers 

Elu Upland loess 
Elx Frozen upland loessb I-I Man-made deposits 
Es Sand dune deposits Hf Fills and embankments 

l-It Tailings 
F Fluvial deposits 
Fd Delta deposits L Lacustrine deposits 
Ff Alluvial fan Lt Thaw-lake deposits 
Ffg Granular alluvial fan 
Fp Floodplain deposits M Marine deposits 
Fp-c Floodplain cover deposits Me Coastal and coastal-
Fp-r Floodplain riverbed deposits plain deposits 
Fpa Abandoned floodplain deposits Mcb Beach deposits 
Fpa-c Abandoned floodplain cover Met Tidal-flat deposits 

deposits 
Fpb Braided floodplain deposits 0 Organic deposits 

Ox Organic basin fill in gsa 

aon the North Slope only. 
bin the Yukon-Tanana Upland and Kokrine-I-Iodzana Highlands. 

fan (Ffg), and bedrock (Bx). Between points B and D, a relatively thin granular alluvial 

fan overlies both bedrock and stream alluvium. This superposition is indicated by terrain 
unit symbols on the map view between the letters B and C and between C and D. 
Elsewhere along this geologic section, either floodplain alluvium or bedrock is exposed as 
a simple landform. Thus, landform types and terrain units are necessary to describe fully 
and spatially define landforms. 

Fifty-five basic landforms were identified along the pipeline route (Table 1). Many 
landforms commonly occur together in complex relationships and could not be mapped 
separately; these landforms arc represented by composite symbols. An example is the 



0., TABLE 2 Frequency of Landform Occurrence by Physiographic Province and for Entire Route Based on Cross-sectional Area to Depth of 50 c 
Feet Beneath Pipeline Centerline on Landform-type Profile 

By physiographic province For entire route 

Physiographic Cumulative% Physiographic Cumulative % Cumulative% 
province Landform %Area area province Landform %Area area Landform %Area area 

Chugach Bx-u 41.2 41.2 Kokrine- Bx 43.2 43.2 Bx 13.6 13.6 
Mountains Ffg 14.5 55.7 Hodzana c 19.3 62.5 Gt 10.5 24.1 

Bx 12.9 68.6 Highlands Bx-w 13.3 75.8 G+L 10.3 34.4 
Gt 11.3 79.9 Cor F? 7.1 82.9 Fp-r 9.1 43.5 
Fpb·r 6.1 86.6 Fpt 3.6 86.5 Fpb-r 7.5 51.0 
Fp-r 1.2 87.8 Fs 3.4 89.9 Bx-w 4.8 55.8 

Fp·r 3.3 93.2 Bx-u 3.8 59.6 
Copper River G+L 89.4 89.4 C? or F 1.7 94.9 c 3.2 61.8 

Basin L 2.4 91.8 Ffg 3.2 65.0 
Bx 1.5 98.3 Brooks G+GF 16.1 16.1 G+GF 3.0 68.0 

Range GF 11.9 28.0 Fss 3.0 71.0 
Alaska Range Gt 35.1 35.1 Fp·r 8.9 36.9 GFo 2.6 73.6 

GFo 14.4 49.5 Bx 6.8 43.7 GF 2.3 75.9 
Bx 10.8 60.3 L 6.5 50.2 Elx 1.7 77.6 
Ffg 7.7 68.0 Fpb·r 5.7 55.9 Fs 1.6 79.2 
Fp-r 6.5 74.5 Ffg 5.4 61.3 L 1.5 80.7 
Fpb-r 6.5 81.0 GF orL 5.4 66.7 Me 1.2 81.9 
G+L 2.7 83.7 Fs 4.6 71.3 GForL 0.9 82.8 
Bx-u 1.7 85.4 Gt 3.5 74.8 Es 0.7 83.5 

Bx-u 1.3 76.1 Elr 0.7 84.2 
Yukon-Tanana Bx 22.6 22.6 Fpm-r 0.6 84.8 

Upland Fp-r 17.8 40.4 Arctic Fpb-r 28.3 28.3 Fp-c 0.6 85.4 
Fss 12.4 52.8 Slope Gt 21.3 50.1 Fpb-c 0.4 85.8 
Elx 7.4 69.0 Fp·r 10.8 60.9 Ht 0.4 86.2 
c 7.2 76.2 Bx-w 7.9 68.8 Fpa-c 0.3 86.5 
Es 2.6 78.8 Me 7.0 75.8 Fpt 0.3 86.8 
Fpm-r 2.3 81.1 Bx 5.0 80.8 Elu 0.2 87.0 
Fs 1.5 82.6 Elr 4.0 84.8 Ell 0.1 87.1 
Fpc+ Cs 1.5 84.1 GFo 2.6 87.4 Ell+ Lt 0.1 87.2 
Fp-c 1.5 85.6 Fpb-c 1.6 89.0 
Ht 1.5 87.1 GF 1.3 90.3 

Fpa-c 1.1 91.4 
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complex glaciolacustrine deposits (symbol G + L) in the Copper River Basin. Although 

250 combinations of single landforms were mapped, only 29, representing 87% of the 

soils along the route, are of major importance (Table 2). 
In our terrain analysis, some consideration was also given to different conditions at 

the ground surface, even though these conditions do not significantly affect the soils at 
depth. Terraces and dissected remnants of alluvial fans, for example, arc flooded infre
quently and may have distinctive vegetation and surface characteristics, but these charac
teristics do not affect the soil properties. Because these types of surface differences do 
not reflect different soils, they arc not ranked at the same level as landform types or 
terrain units in the classification, but arc treated as subordinate surface phases of 

landforms (Table 3). Surface phases arc used with terrain units in map views. They are 

symbolized with lowercase letters in parentheses after the terrain-unit symbols describing 

the deposits beneath the surface. For example, Fp(ft) designates a relatively young 
alluvial terrace. In contrast, the alluvium in very old terraces, such as those just north of 
the Yukon River in the Ray River drainage, is extensively weathered. Because of its 
altered condition, this ancient, high-level alluvium was not mapped as a surface phase but 
as old terrace deposits (Fpt). 

TERRAIN UNIT MAP 
AND LANDFORM-TYPE PROFILE 

Terrain unit maps were prepared at a scale of 1:12,000 by the interpretation of 
airphoto and boring information to illustrate geotechnical conditions in a 2-mi-wide zone 
along the route (Fig. 3). Their main features arc (1) a photomosaic showing the areal 
extent of each terrain unit and the locations of the pipeline alignment, roads, streams, 
pump stations, and selected borings; and (2) a profile showing the landform types 
expected to a depth of 50 ft along the pipe centerline. Landform types appear on this 

profile because boring spacing was generally too great for meaningful correlation of soil 
types. Also shown on the landform-type profile arc groundwater levels, borehole depths 
and numbers, and permafrost distribution. Other information illustrated includes surface 
soil classification, a topographic profile, and survey stationing along pipeline centerline. 

TABLE 3 Landform Surface Phases Identified Along the Trans-Alaska Pipe
line Route 

Surface phase 

Young terraces or 
dissected remnants 

Pcnnafrost-m odificd 
floodplain 

Moraine 

Drumlin 

Symbol Topographic condition 

(ft) Pormcr floodplain or alluvial fan surfaces that arc 
no longer actively flooded. Terrace deposits are 
not significantly weathered. 

(fk) A hummocky floodplain surface modified by the 
formation and/or thawing of permafrost. 

(gm) Irregular topography of discontinuous ridges, knolls, 
and hummocks surrounding closed depressions on 
till sheets. 

(gd) Low, linear ridges separated by broad, shallow, linear 
troughs formed in unconsolidated deposits by the 
flow of glacial ice. 
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FIGURE 3 Typical terrain unit map prepared during the preconstruction terraitt evalua
tion of the Trans-Alaska Pipeline route. 
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LABORATORY AND SOIL DATA BANKS 

A computer-based storage system was set up for geotechnical information from all 
field investigations and laboratory tests for two reasons: (1) to facilitate report publishing 
and revision as new information became available, and (2) to facilitate data handling as 
studies were made of soil property variations in each landform. 

Two data banks were created: (1) The laboratory data bank (LDB) stored boring 
location, permafrost conditions, water-table level, and the results of laboratory soi\ tests, 
such as gradation and hydrometer analyses, unified soil classification, organic content, 
specific gravity, dry density, Atterburg limits, and moisture content (Fig. 4). (2) The soil 
data bank (SDB) stored most of the soil-test information on the LDB in addition to all 
estimated or calculated properties derived from the laboratory results. Calculated proper
ties included dry density, saturation, and moisture content in both frozen and thawed 
states, excess ice content, thaw strain, and thaw-settlement values (Fig. 5). To prepare a 
comprehensive thaw-settlement analysis, it was necessary to have actual or estimated soil 
properties to a projected depth of 99 ft for most borings along the centerline. Therefore, 
in situ soil properties were estimated for strata intervals that were not actually sampled or 
tested; for a particular boring, these estimated values are designated by an "E" suffix in 
the SDB. 

Thus, the LDB contains only soil-test results, and the SDB contains both test results 
and estimated or calculated engineering properties. Both banks contain landform types 
for all borings and samples. From these two banks a series of summaries were produced to 
compare conditions in different landforms. 

Landform soil property summary tabulates soil test results and estimates of five soil 
properties for each landform. Moisture content and dry density distributions for specific 
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FIGURE 5 Typical listing of measured, calculated, and estimated soil index properties 
stored in the soil data bank (SDB ). 

depth increments are displayed in addition to the percentage of the landform that is 
frozen. The percentage of samples in each unified soil classification 1 is shown, as well as 
the amount of massive ground icc encountered and the occurrence of cobbles and 

boulders (Fig. 6). 

Textural triangle plots illustrate the range of soil textures that can be expected within 
each landform. Because soil textures arc defined in terms of four particle sizes (gravel, 
sand, silt, and clay), and because a triangle plot can show only three variables, it was 
necessary to usc two triangles to represent fully the range of soil samples tested (Fig. 7). 
The computer program used in developing these triangles extracted gradation and/or 
hydrometer data from the LDB. The percentages of the clay, silt, and coarse (sand and 
gravel) fractions were plotted in the left triangle, and the fines (clay and silt), sand, and 

gravel were plotted in the right triangle. 
Modified textural triangle is a graphic display of the range of engineering soil types in 

each landform (Fig. 8). It is based on the unified soil classification and a textural triangle 
of the ternary system: gravel-sand-fines (clay and silt). Because the unified soil classifica
tion is based entirely on plasticity characteristics when more then 55% of the soil is fines, 
the upper part of the triangle was replaced by a format showing plasticity-liquid limit 
relationships and organic content. Data from the LDB are entered on the left side of each 
box; data from the SDB arc entered on the right side and underlined. Soils with 5 to 55% 
fines are shown in the middle and lower parts of the triangle; they arc classified by 
particle-size gradation and plasticity characteristics of the silt-clay fractions. Soils con-

1 On the TAPS project, the unified classification system was modified to better define borderline soils 
by adding additional classifications for soils with 45 to 55% fines. 
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FIGURE 9 Comparison of moisture-content (upper) and thaw
settlement (lower) curves for various landforms on a typical 
terrain unit map (Fig. 3 ). 

taining less than 5% fines arc plotted along the base of the triangle and arc classified 
solely on the basis of their size gradations. 

Additional summaries of thaw-strain, soil-saturation, and grain-size curves were pre
pared for each landform. Figure 9 illustrates the differences in moisture-content and 
thaw-settlement predictions for the landforms on the sample terrain unit map (Fig. 3). 

SOIL VARIATION WITHIN LANDFORMS 

Landforms may be homogeneous or heterogeneous, depending on the nature of the 

processes forming them. Homogeneous landforms, such as sand dunes (Es), are usually 
the result of eolian, fluvial, or lacustrine processes that deposit well-sorted materials. 
When identified, they define a fairly narrow range of geotechnical characteristics. Heter
ogeneous landforms contain poorly sorted deposits usually formed by colluvial or glacial 
processes. The range of soil properties encountered in these landforms often varies 
considerably. A till sheet (Gt) can contain not only material deposited directly from the 
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melting glacial icc, but also minor amounts of alluvium deposited by streams flowing on 
or in the glacier, as well as lacustrine deposits laid down in ponds occupying depressions 
in the stagnant ice. 

Variation of landform is best considered within the framework of the physiographic 
province (Fig. 1 ). Not only does the pattern of landforms differ significantly in each 
physiographic province, but our investigation of the TAPS route also demonstrates that 
the geotechnical properties of landforms may vary from one province to the next because 
of differences in climate, weathering rates and processes, and predominant bedrock type. 

Principles of Landform Variation Analysis 
The variation of soil properties within a landform can best be evaluated using data 

derived from field observations and soil tests of that landform. However, unweightcd 
averaging of such data can be very misleading because of biases incurred through different 
drilling and sampling methods. When soil properties in a particular landform are studied 
during an alignment investigation, data should be considered not only from borings 
drilled along centerline, but also from borings drilled off-line in the same landform. 
Figure 10 is a hypothetical terrain unit map showing the pipeline route crossing several 
landforms on a hillside including bedrock (Bx) at the hill crest, colluvium over bedrock 
[~x) on the upper slope, colluvium (C) on the lower slope, and retransported silt (Fss) in 
the valley bottoms. In this example, the alignment traverses short segments of these 
landforms, which were sampled by only one or two borings. Within landform Fss there 
are only two boreholes along centerline, neither of which encountered icc-rich soils. By 
just considering the results of these two boreholes, one would erroneously conclude that 
the segment is free of massive icc. On the other hand, if all the borings within landform 
Fss are considered, whether on or off-line, four out of ten borings encountered ice-rich 
soils, indicating that about 40% of the retransported silt contains significant ground icc. 
There is a strong probability that both borings drilled in the short segment of retrans-

• • 

c 
Bx 

----------
• 

• 

@ BORING ENCOUNTEflED ICE-RICH SOILS 

• BORING DID NOT ENCOUNTER ICE-RICH SOILS 

FIGURE 10 Hypothetical terrain unit map showing distribution of on-line and 
off-line boref10les encountering different ice conditions in various landforms. 
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ported silt could miss the icc-rich sediments. Thus, examination of all available data from 
local as well as other borings in the same landform provides the most accurate range of 
expected soil properties. 

The usc of all available information from borings drilled in a particular landform also 
provides a reliable basis for predicting soil characteristics in segments of the pipeline route 
where there arc no borings. For example, at locality 1 in Fig. 10, the centerline crosses a 
short, undrilled colluvial deposit (C). Six borings were drilled in landform C; four are off
line and two arc located in a nearby section of the alignment. Soil data from all these 
borings can provide a reliable basis for predicting the range of characteristics that might 
be found at locality 1. 

Usc of Landform Types and Terrain Units 
in Soil Property Studies 

Soil properties and test data generally should only be grouped by landform type, not 
terrain unit. In Fig. 11, although none of the test pits are sufficiently deep to penetrate 

the thin glacial till (Gt) and encounter the underlying bedrock (Bx), the terrain unit was 
classified glacial till over bedrock ~~~] on the basis of information derived from airphoto 
interpretation and fieldwork. If the soil properties of the deposits encountered in the test 

pits in this terrain unit were to be averaged without regard to landform type, the 
importance of the organic deposits (0) would be overestimated and the presence of 
bedrock missed completely. These erroneous conclusions would not be reached if a more 
valid sample of all the landforms present were obtained by deeper drilling. A better 

method of summing soil properties is by landform type: only the five samples of glacial 
till should be used to predict properties for landform type Gt, and only the samples from 
the organic material should be used to predict properties of the organics. When soil 
properties are summarized by terrain unit rather than by individual landform type, mislead-

10 ..-LANDFORM TYPES ENCOUNTERED IN TEST PIT 

TP I 

SCALE Uti 

10 
C>o 

II 

II--------TERRAIN UNIT ;~ ------------------11 

LANDFORM 0: 0ROANICS(5 SAMPLES) 
LANDFORM Ot: GLACIAL TILL (5SAMPLES) 
LANDFORM Ba: BEDROCK (0 SAMPLES) 
TP= TEST PIT 
X 1 SAMPLE LOCATION 

FIGURE 11 Hypothetical cross section showing relationship of test pits to 
complex soil conditions in a glaciated terrain. 
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ing averages commonly result from the mingling of sample data from dissimilar 
landforms. 

EVALUATION OF METHODS AND DATA 

Prediction of Soil Properties 
The prediction of subsurface soil properties is generally difficult because these soils 

are masked by vegetation and surface deposits; furthermore, economic considerations 
limit the number of borings that can be made to sample them. The number of borings 
required to evaluate subsurface soil conditions can be considerably reduced if variations 
in data from subsurface samples can be correlated with visible stu·face features. Once this 
correlation is established, reliable estimates of subsurface soil conditions can be made by 
studying surface patterns. 

What is to be done, however, when conditions encountered in boreholes cannot be 
reliably correlated with surface features or landforms? An example is the erratic and 
unpredictable occurrence of massive ground ice without distinctive surface expression-a 
common situation in interior Alaska. The landforms in which massive icc can occur are 
readily recognized, but the distribution of large ground-ice bodies within these landforms 
cannot be determined without intensive soil sampling. Another common example is the 
variability of thaw-settlement values between boreholes without obvious correlation with 
recognizable surface or geologic patterns. In these situations it is best to consider the 
probability of occurrence within landforms until further research demonstrates a discern
ible pattern or reason for property variations. Such probabilities should be determined 
from a random sample population of boreholes or field observations of a recognizable 
landform. 

Weighting Sample Data 
The soil-test data used to prepare the landform soil property summaries were 

generally not collected in a statistically random manner. Biases were introduced in 
selecting boring locations and in testing the different strata encountered in individual 
borings; because of these biases, certain soils arc often emphasized. A representative 
determination of soil properties from nonrandom data requires a series of weighting 
procedures. 

Figure 12 illustrates a hypothetical, although typical, situation in a segment of the 
TAPS route across perennially frozen, retransportcd silt. Inclusion of all sample data from 
boring cluster "A," which was drilled to delineate an icc mass, would overemphasize their 
importance in a landform soil property summary if their significance was not weighted in 

some fashion. An excellent, although tedious, technique for weighting nonrandom data 
was used by Thiessen ( 1911) to evaluate data from irregularly spaced sample locations. 
Use of this technique considers each boring as representing an area around it defined by 
lines equidistant between it and surrounding borings (Fig. 13). By weighting boreholes in 
this manner, the effect of each boring in "A" on the landform soil property summary is 
minimized. 

Another, simpler, technique for minimizing the emphasis of a cluster of borings is to 
select a single representative boring from the cluster and discard the remaining data. The 
landform soil property summaries used this method for information derived from the 
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FIGURE 12 Hypothetical distribution of soil borings in perennially frozen, 
retransported silt (landform Fss). 

SDB, since only selected representative borings along centerline were included on the 
SDB. 

Sampling bias within an individual test hole can result because in situ samples arc 
difficult to obtain from unfrozen coarse-grained soils. Use of standard penetration 
samplers in these materials is hindered by frequent refusal and poor recovery; samples for 
density tests are particularly difficult to obtain. A considerable number of the borings in 
frozen soils along the TAPS route were drilled with diamond-set core barrels utilizing 

cooled fluids (Hvorslev and Goode, 1966 ). This technique is an ideal sampling method 
because it permits the retrieval of undisturbed cores through all frozen materials. 
Therefore, when summarizing soil property data in coarse-grained landforms, it is neces
sary to compensate for variations in drilling and sampling methods. 

The SDB contains estimated properties for soil strata not sampled or tested in borings
in addition to strata that were sampled. These properties arc weighted according to strata 

thickness to reduce biases, and appear in the SDB section of the landform soil property 
summaries (Fig. 6 ). Soil property information from the LDB is not weighted. The 
differences between weighted (SDB) and unweighted (LDB) data arc illustrated in the 
density distributions of three landforms (Fig. 14 ). Dry densities from the two data banks 
differ significantly only for partly frozen granular alluvium (Fp-r) in the Yukon-Tanana 
Upland, which was primarily sampled with auger borings. Almost all sampling in frozen 
granular floodplain alluvium (Fp-r) on the Arctic Slope was accomplished using refriger-

0 LOB BORING • SOB BORING -9-+ BORINGS ENCOUNTERING ICE-RICH SOILS 0 • BORINGS NOT ENCOUNTERING ICE-RICH SOILS 

FIGURE 13 Technique for establishing areas represented by data from individ
ual soil borings. 
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------ LAB DATA BANK (UNWEIGHTED SUMMARY) 
(/ 

SOIL DATA BANK (WEIGHTED SUMMARY) 
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FIGURE 14 Comparison of weighted (SDB) and unweighted (LDB) dry densities of var
ious landforms in selected physiographic provinces along the trans-Alaska Pipeline route. 

atcd coring, and there is little difference between density distributions derived from 
weighted and unwcighted data. The situation is similar in unfrozen upland loess (Elu), 
where the testing of standard penetration samples provided representative data. Differ
ences between SDB and LDB unified soil classification information are also illustrated by 
the example of lacustrine deposits (L) in the northern Brooks Range (Fig. 8); these results 
arc due to nonrandom sampling. Most of the borings in this landform were drilled with 
compressed air methods, and relatively few samples were obtained. 

APPLICATIONS OF LANDFORM ANALYSIS 

The terrain unit map has served as a design and planning document for construction 
of TAPS. It was used for evaluating reroute possibilities, locating materials sources and 
disposal sites, establishing erosion-control and oil-spill contingency plans, anticipating 
avalanche problems, evaluating slope stability, conducting resistivity studies for establish
ing cathodic protection procedures, determining work-pad thicknesses, and many other 
purposes where geotechnical input was required. It was also distributed to contractors for 
bidding purposes and to government agencies and consultants reviewing the project. 

160 
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One of the most important applications of the landform approach to the TAPS 
project was its usc in computerized construction planning where input of soil conditions 
was required. For example, as an aid in materials management, the volume of earthwork 
was computed for all cuts and fills in each landform. Using soil-texture characteristics and 
moisture-content data, an estimate was made of excavated material suitable for usc as 
embankments in each landform along the entire route. The landform soil property 
summaries were very useful for comparing conditions in different landforms, allocating 
exploration funding and efforts, and estimating ditching and pile-drilling rates so that 
construction activities could be effectively scheduled and equipment ordered. Timely 
preparation of these construction planning estimates would not have been possible if 
manual examination of all soil-boring logs and field data had been required. 

COMPARISON WITH 
OTHER TERRAIN ANALYSIS SYSTEMS 

Several other landform classification systems and terrain evaluation methods have 
been developed to assess terrain over large areas where ground truth is limited or 
acquisition of data is difficult. 

The land resources surveys by CSIH.0 1 in Australia (Christian and Stewart, 1968) and 
the land system atlases published by the MEXE2 group and Cambridge and Oxford 
Universities in Great Britain (Beckett et a!., 1972) were developed for agricultural land 
utilization and general-purpose terrain classification. The MEXE system and its derivatives 
are used in central and southern Africa, Malaysia, and India, and the similar CSIRO 
system is used in Australia and eastern New Guinea. These systems are based on the 
recognition of local landform associations, called land systems, which are named after a 
locality in the same fashion that soil series arc named by the USDA. 3 However, land 
systems differ from soil series in that they arc in a higher rank of terrain classification 
generally corresponding to the soil association of the USDA. Unlike the USDA soil series 
and soil associations, which arc defined almost entirely on the basis of pedologic soil 
characteristics, land systems arc defined in terms of all terrain parameters, such as 
geology, climate, vegetation, and surface morphology, in addition to pedologic soils. The 
land systems, once defined, are divided into facets or land types that in many cases 
correspond to individual landforms, such as floodplains or moraines, or minor subdivi
for agricultural reconnaissance and landuse purposes, was also developed for military uses 
Because the land system units are named after geographic localities, the classification does 
not relate units to one another by genesis. The MEXE system, in addition to being used 
for agricultural reconnaissance and land-use purposes, was also developed for military uses 
such as trafficability and engineering construction problems. It was specifically set up for 

the storage of terrain information in a data-bank system. 
In Australia, CSIRO has also developed the PUCE4 program of terrain evaluation for 

engineering purposes (Grant, 1973, 1974 ). This system is based on parent material and 
geologic age. It has four ranks of subdivisions that allow the classification of terrain down 

1 Commonwealth Scientific and Industrial Research Organization, Melbourne, Australia. 
2 Military Engineering Experimental Establishment, Christchurch, U.K. 

3 U.S. Department of Agriculture, Soil Conservation Service. 
4 Pattern Unit Component Evaluation. 
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to very minute components. The units, however, arc distinguished by number and not by 
name. This designation is somewhat inconvenient and confusing to usc on a map; 
however, it is superbly adapted to usc with computers. The PUCE system is apparently 
unrelated to the CSIRO land-system classification. 

A terrain classification based on the genesis of landforms is being used in studies of 
the Mackenzie River valley in Canada (Zoltai and Petta piece, 1973 ). Their units arc 
symbolized with letters keyed to geologic processes (such as eolian and fluvial). Other 
letter symbols indicate landform morphology and surface soil texture. This system is very 
similar to the system developed for the TAPS project. 

All the above systems were designed to classify surface soils for mapping purposes. 
They arc not used in the construction of cross sections or in the grouping of soil data 
from borings deep enough to encounter buried deposits of different genesis. The land
form classification developed for usc during the TAPS project required this capability. 

SUMMARY 

The preconstruction geotechnical investigation of the TAPS route utilized airphoto 
analysis and landform classification as an aid in correlating geotechnical information from 
over 3,500 boreholes and numerous field observations. Soil properties in each landform 
were summarized on two computerized data banks and used for many engineering 
purposes where geotechnical input was required. The landform approach allowed the 
timely preparation of construction planning estimates, which, because of the magnitude 
of the project, would not have been possible using manual procedures. 

Several two-dimensional terrain analysis techniques utilizing the landform approach 
have been developed for different purposes in areas where ground-truth data arc scanty 
and access is difficult. The system of terrain evaluation developed for the TAPS project 
introduces a three-dimensional concept. 
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