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GEOLOGIC CONTRQOLS OF THE ORIGIN, CHARACTERISTICS,
AND DISTRIBUTION OF GROUND ICE

J.R. Mackayl, V.N. Konishchev2

ahd A.I, Popov2

1
Unjversity of British Columbia, Canada
Moscow State University, U.S.5.R.

ABSTRACT

The geologic controls of the origin,

characteristics, and distribution of ground
ice in the permafrost areas of the world
are numerous, The review authors are very
conscious of the fact that in a brief sur-
vey of the more than 300 papers which have
been published since 1973, it is obviously
impossible to discuss all topics and to do
justice even to those topics which are
discussed. The sequence of topics, in

this summary, are the same as for the long-
er review paper which contains the biblio-
graphic references omitted in this summary.

Frost Heaving and Tce Lensing

Much attention has been given to
the theoretical aspects of ice lensing,
the problem of simultaneous heat and mass
transfer in frozen and unfrozen soils, and
especially to computer modelling. The
concept of normal frost heave (primary
heave) has been extended to include that of
secondary heaving. Theory and experiments
suggest that appreciable quantities of wa-
ter can move through frozen soils in res-
ponse to thermal or other gradients. The
role of overburden pressure on the mech-
anism of ice lensing remains a controver-
sial question. Of particular interest to
the geologic controls of ground ice and
laboratory studies on changes in the cry-
ogenic fabric of frozen ground which re-
sult from temperature fluctuations and
other factors. Field observations on the
lower reaches of the Yenisei River have
confirmed the results of the laboratory
investigations.

Ice Wedges

Important advances have been made
on the theoretical aspects of ice-wedge
cracking. The theory attempts to predict
the temperature field required to induce
cracking and the spacing, depth, and width
of the resulting cracks. Differences of
opinion have been expressed on the struc-
ture and origin of some of the thick old
Pleistocene ice wedges of Northern Yakutia.

In Canada, studies have shown that some
ice wedge cracks originate at depth,

not at the ground surface. Wedge-like
structures have been found in the geo-
logic record, dating back to the Pre-
cambrian in Canada, Norway, South Africa
and elsewhere, but the field evidence
for a permafrost origin is debatable.

Pingos and Palsas

As more data accumulate, it is
apparent that pingo ice cores can show
every gradation between pure injection
ice and ice rich mineral soil. Many
pingos have been found in abandoned
channels, Large pressurized sub-
pingo water lenses, as much as 2,2 m deep
and with diameters of at least 300 m,
have been identified by detailed drilling.
The major focus of palsa research contin-
ues to be the life cycle of palsas;
whether palsas are favored by ice injec-
tion or ice segregation; and whether the
features are essentially degradational or
aggradational in origin.

Massive Ice

There is8 a continuing difference
of opinion on the origin of some of the
massive bodies of ice found in some per-
mafrost areas of Western Siberia. Accord-
ing to one view, some workers believe
the 1ce to be buried glacler ice. Accord-
ing to the opposing view, the ice is
injection, injection-segregation, or
segregation ice formed in place. 1In the
Western Canadian Arctic water quality
evidence favors a non-glacial origin. 1In
some local areas, it might be very diffi-
cult to distinguish between buried sub-
glacier regelation ice and debris rich
segregation ice.

Geochemistry of Ground Tce

The geochemistry of ground ice,
including the use of stable isotopes,
appears to be a promising research field



for the study of ice lensing, the growth
of permafrost, hydraulic conductivity of
frozen soils, changes in the thickness of
the active layer, and in paleocryologic
reconstructions of past environments.
Oxygen isotopes have been used to provide
paleoclimatic information from three
antarctic cores and from the Mackenzie
Valley, Canada.

Thermokarst

One major aspect of recent research
has been the mapping of thermokarst
features over large areas by remote sens-
ing. Detailed investigations have been
carried out in the U.5.5.R. on the ages
of thermokarst features in many perma-
frost regions.

Permafrost Distribution

The worldwide distribution of al-
pine permafrost has been extended in
temperate and tropical regions, such as in
the Pamir, Tien Shan, Andes, and Hawaii.

A great deal of progress has been made in
the mapping of submarine permafrost in
the arctic waters of Eurasia and North
America. Theoretical aspects have been
discussed in some detail.

Paleocryological Studies

Paleocryological studies have
been developed to the greatest extent
in the U.5.5.R. There have been numerous
diverse studies such as on the relation
between the cryogenic structure and the
thermal regime of permafrost, the horizons
which might be formed by epigenetic freez-
ing in fine grained soils, and the recon-
struction of paleoclimate from present day
geothermal data.

Cryogenic Weathering

The interaction of water with
different structural groups of rock-form-
ing minerals has been investigated and a
theoretical model of mineral stability
with respect to rock weathering presented.
The results show that the ultimate grain
size distributions for the basic rock-
forming minerals in a cold area with
freeze-thaw cycles are opposite to a
warm area without the cycles.

Cryolithogenesis

Although there is no uniformity in
the use of the term, many investigators
have been concerned with the topic. A
cryolithological map of the U.S.8.R. has
been compiled on a scale of 1:4,000,000.
The map clearly shows the regional occur-
rence of permafrost and the two main types,
epigenetic and syngenetic.
a wealth of information om cryogenic

The map provides

textures, the estimated area of frozen
ground, and the relation between the
distribution of frozen ground and its
genesis in the U.5.85.R.

INTRODUCTION

The geological controls of the
origin, characteristics, and distribu-
tion of ground ice in the permafrost
areas of the world are numerous and the
recent published literature is very
extensive., At the First Intermnational
Conference on Permafrost (Lafayette,
Indiana, U.S$.A,, 1963) there was a panel
discussion on Massive Ground Ice. In
addition, papers relating to ground ice
were presented in sessions on soils,
vegetation, geomorphology, and phase
equilibria and transitions, At the
Second International Conference on
Permafrost (Yakutsk U.S$.S5.R.,, 1973)
Soviet and North American scientists
prepared two review papers on the genesis,
composition, and structure of frozen
ground and ground ice. The 1973 Soviet
and North American Proceedings also
contain numerous papers on various aspects
of ground ice with contributions from
many countries of the world. This review
paper has been a collaborative effort
with the two Soviet authors assuming
prime responsibility for the literature
of the Soviet Union and the Canadian
author prime responsibility for the non-
Soviet material. In view of the fact that
there are frequently no precise English-
Russian equivalents for many permafrost
terms, some of the English words used in
this review do not convey the precise
meaning of their Russian counterparts
(Brown and Kupsch 1974; Fyodorov 1974;
Poppe and Brown 1976; van Everdingen 1976).
For this reason, bracketed terms will be
used frequently to iIndicate substitute
words which might help to clarify the
meaning. In a brief review of the 1973~
1978 world literature, whiech considerably
exceeds three hundred publications, the
review authors are very much aware of the
fact that it is obviously impossible to
cite all papers; to give equal emphasis
to all topics; and to review adequately
even those topics which are discussed.
However, an effort has been made to discuss
some of the more important recent
research and to mention a number of the
more specialized review papers and con-
ference proceedings where additional
material on ground ice can be found.

GENERAL REVIEWS

Two monographs, the first by
Vtyurina (1974) on "The cryogenic struc-
ture of the seasonally thawing layer"
and the second by Vtyurin (1975) on



"Underground ice in the U.S.5.R." provide
in combination an excellent overall

review of underground ice. Vtyurina (1974)
discusses the cryogenic fabric (structure)
of the active layer. Diagrams, cross
sections, and photographs illustrate
cryogenic fabrics (Jumikis 1977) produced
in different soil types by both downward
freezing of the active layer from the
ground surface and upward freezing from the
frost table. Vtyurin (1975) has summarized
data on the different regions of the Soviet
Union and has proposed a genetic classifi-
cation of underground ice including primary
ground ice (ice cement, segregated ice, ice
lenses, ice beds) and secondary ground ice
(ice wedges, vein 1ce, cave ice), Buried
ice (river ice, glacler ice) is also con-
sidered. Vtyurin has also determined the
regional distribution of ground ice in

the U.8,8,R. and has estimated its total
volume. Nekrasov (1976) has written a
regional review on the morphology, thick-
ness, thermal regime, and related perma-
frost features of a large, mainly moun-
tainous region in the northeast and south
of Siberia, complete with a map on a scale
1/2,500,000. Fotiev et al. (1974) have
described the gemneral geocryological
conditions of a vast, poorly studied

region of central Siberia. The authors
also show that water, at a negative temper-
ature, is widespread at depth beneath ice-
bonded permafrost. Badu and Trofimov
(1974) have carried out cryogenic studies
in the Yamal Peninsula. The U.$8. Army

Cold Regions Research and Engineering
Laboratory, Hanover, N.H., U.8.A., has pub-
lished many technical papers relating to
ground ice, Jahn's book on "Problems of
the Periglacial Zone", originally published
in Polish, has been translated into English
(Jahn 1975). The book 1is worldwide in its
coverage of periglacial topics and the
references are multilingual. Péwé (1975)
has written a monograph on the "Quaternary
Geology of Alaska", in which ground ice is
included, but it is not the main topic.

For Canada, a widely scattered literature
on ground ice can be found in the numerous
reports prepared for the Environmental-
Social Committee, Northern Pipelines
(Ottawa: Task Force on Northern 0il
Development) and in other reports (eg.
Heginbottom et al. 1978) dealing with a
proposed, but now defunct, Mackenzie
Valley Pipeline. The most comprehensive
English language book which includes

ground 1ce is Washburn's (in press)
"Geocryology: A Survey of Periglacial
Processes and Environments".

FROST HEAVE AND ICE LENSING

Theoretical Considerations

Ice segregation and frost heaving
have been the topic of several recent

international conferences (Aguirre-Puente
1978; Frost Action in Soils, Proceedings
of an International Symposium, University
of Luleg, Sweden, 1977, Vols. 1 and 2:
Soil-Water Problems in Cold Regions,
Proceedings of the First and Second
Conferences, Calgary, Canada, 1975 and
Edmonton, Canada, 1976; International
Symposium on Ground Freezing, Ruhr Univer-
sity, Bochum, Germany, 1978). Consider-
able attention has been paid to the
theoretical aspects of ice lensing since
1973, The capillary model for non-
colloidal soils has been criticized by
Takagi (1977) on the grounds that the
model applies to static conditions
whereas the freezing of pore water is a
kinematic effect which requires a differ-
ent thermodynamic appreach, Miller and
colleagues (Miller 1978) have extended
the capillary model to include the
concept of secondary heaving. This
involves a series-parallel transport of
moving pore ice and unfrozen water

where the rigid pore ice phase and the
incompressible mineral particles inter-
act via an intervening water film with
properties which tend to drive the ice
phase in the direction of decreasing
temperature and the granular skeleton

in the opposite direction. Although an
ice~water fringe is considered to be
characteristic of ice lens growth in

clay soils, there is disagreement on

the presence of an active ice-water
fringe below a growing ice lens in non-
colloidal soils (Penner 1977).

The problem of simultanecous heat
and mass transport in frozen and unfrozen
soils has received much attention,
particularly in the field of computer
modelling (eg. Guymon and Luthin 1974;
Outcalt 1977; Sheppard et al. 1978).
Studies have shown that appreciable
water can move in frozen soils in
response to imposed thermal gradients
(Anderson 1977; Williams 1976). In this
respect, Williams (1977) concludes that
under certain conditions the suction at
the frost line that determines the
migration of water through the unfrozen
soil may be comsequent upon suctions
having their origin well within the
frozen zone. Water filled veins can
occur in polycrystalline 1ce (Raymond
and Harrisom 1975) and in ice lenses.
Osterkamp (1975) has observed liquid
filled three-grain boundaries developed
in ice lenses at an early stage in the
melting process and he has stressed
their ability to act as channels for
water flow during freezing and melting.
Williams (1977) has likewise concluded
that the existence of ice lenses 2 to 3
cm thick may not prohibit water movement
in frozen soils (Penner 1977). Nuclear
magnetic resonance (NMR) techniques have
been used to study unfrozen water in



frozen soils (Kvlividze et al. 1978; Tice
et al. 1978, According to Tice et al,
1978) the results show, contrary to
previous conclusions, that the unfrozen
water content determined by the techniques
of pulsed NMR depend upon the ice

content.

The role of overburden pressure
on the mechanism of ice lensing remains
a controversial question (Loch and Kay
1978). According to one school of
thought, for each so0il there is a shut-
off pressure at which the effective
stress at the frost front will cause
neither flow of water into or away from
the freezing front (McRoberts and Nixzon
1975). When the shut-off pressure is
exceeded water is then expelled in advance
of the freezing front (Hill and Morgen-
stern 1977). Takashi et al. (1978)
have found that heaving decreased rapidly
with an increase in effective stress
and they have proposed a model for
suction/discharge at the freezing front.
On the other hand, there 1s experimental
evidence that the observed water expul-
sion in some experiments may be only
temporary. Penner and Ueda (1978) have
found that the ratio of in situ to migra-
tory water which is frozen can change
continuously during a test and has no
influence on the heave rate, In thedir
experiments, the gignificant factor in
determining the heave rate was the value
of the cold-side temperature which Penner
and Ueda consider determines the suction
potential at the growing fice lens. The
reversal from initial water expulsion to
subsequent water intake is not fully
understood (Hill and Morgenstern 1977).
Loch and Miller (1975) attribute the
expulsion to nucleation reflecting volume
changes of freezing pore water to form
pore ice and intake to the segregation of
ice lenses.

Melamed and Medvedev (1974), de-
veloping Goldshtein's concept (Goldshtein
1952) of the existence of an optimum
temperature of freezing, at which there
is a maximum amount of ice segregation
with other conditions being equal, have
specified the optimum conditions of
growth of segregated dice in fine-grained
soils (fine-dispersed rocks) and have
given a mathematical formulation for
computer solving of the problem of ice
lensing.

A group of workers under the
leadership of Ershov (Ershov et al., 1978a,
1978b) have carried out extensive labora-
tory investigations in the formation of
pore and lens ice by investigating heat
and mass transfer in the freezing and
thawing of different soil types under a
wide range of freezing rates. Ershov
(1977) has distinguished between the

necessary and sufficient conditiomns for
the formation of cryogenic fabrics
(textures) in freezing soils. The
necessary conditions are the thermo-
physical factors of heat and mass
exchange, But proceeding from the
factors of heat and mass exchange, 1t is
impossible so far, according to Ershov,
to explain fully the nature of ice
segregation. The sufficient condition
for ice segregation is a physical-
mechanical ratio between the temsile
strength of the soill and the expansion
forces attendant upon soil freezing,

Cryogenic Fabrics (Textures)

Recent studies have shown that
the cryogenic fabric of frozenm ground
can change in response to pressure,
temperature, and other factors. Ershov
(1977) was the first to demonstrate
experimentally the change of one cryogenic
fabric into another, in particular, the
change of a massive texture (cement ice)
into an ice lensed (schlieren) type as a
soil warms and thaws. Ershov's laboratory
experiments have been confirmed by
Parmuzina (1977) from field observations
in the basin of the lower reaches of the
Yenisei River, U.S.5.R. A change from
a massive texture of pore ice to a lensed
texture was noted in thawing of the
active layer.

Important experiemntal research
into the dynamics of ice lensing has
also been carried out by Zhestkova (1978)
and Zhestkova and Guzhov (1976). In one
freezing experiment lasting 22 days, a
slow but persistent change in ice lenses
and soil fabric was observed in the
frozen zone. When an ice lens (schlieren)
formed and grew, the mineral aggregates
broke away from the soil beneath the
lens and moved slowly or were forced
out by the ice. The movement of the
mineral aggregates in the experiment
averaged a fraction of a millimetre a
day. The probability of an ice-saturated
soil layer, given any type of ice fabric,
changing into an extemsive ice lens
increases with the degree of ice satur-
ation of the layer as it forms., Ice
lens (schlieren) growth is favoured when
the temperature fluctuates in response
to variations in the surface temperature,
The dependence of the structural charac-
teristics of an ice lens on the mineral
composition of the subjacent material
has been corroborated experimentally by
Golubev and Kabanova (1976). Maksimova
(1977) has derived a classification
scheme for cryogenic textures in fine
grained soils.

Comment

The theoretifical and laboratory



studies on frost heave, lce lensing, and
changes in cryogenic fabric have made
important contributions to our understand-
ing of the genesis of primary ground ice
and yet, at the same time, important
questions have been raised. Clearly there
are scaling problems in transferring
laboratory studies to field conditions
where freezing rates, time periods,
pressures and so forth can vary by several
orders of magnitude. For example, a very
low hydraulic conductivity of a frozen
soil or a slow temperature induced change
in eryogenic fabric may be of little con-
sequence in an experiment, but of apprec-
iable consequence given a geologic time
scale.

MASSIVE (BEDDED) ICE

Massive bodies of jce are charac=-
teristic of some permafrost areas of
Western Siberia (Solomatin 1977) and the
Western Canadian Arctic (Ramptom 1974;
Rampton and Walcott 1974). In the U.S$.5.R.,
until recently most of the bedded ice was
regarded as injection, injection-segregation,
or segregation ice, although in some of
the earlier publications, the ice was
believed to be buried surface ice, parti-
cularly glacier ice (Saks and Antonov
1945) ., Recently, Kaplyanskaya and
Tarnogradsky (1976) and some other workers
have revived the suggestion of a glacier
origin. Soleomatin (1977) has presented
data to support the initially superficial
origin of the bedded ice. In the Western
Canadian Arctic there could well be some
buried glacier ice. However, most of the
magssive (bedded) ice is probably injec-
tion, injection-segregated, or segregated
ice, because of the stratigraphic assoc-
iation with fossiliferous sediments, the
ice petrofabrics, and the ice (water)
quality composition. In some cases, it
may be very difficult to distinguish
between buried subglacier regelation ice
(Clapperton 1975) and debris rich segre-
gation 1ice, because of similarities in
appearance,

ICE WEDGES

Ice wedges and wedge structures
have long been studied intensively in
areas of contemporary permafrost, in peri-
glacial areas, and more recently in the
geologic record. Romanovskii (1973, 1977,
1978) has written 1in considerable detail
on ice wedges and related features. He
subdivides the structures into two groups.
The classification is applicable to both
epigenetic and syngenetic forms. The
primary structures are those formed by
repeated frost cracking, with infilling of
the resulting cracks with ice or earth
materials. The secondary structures are

formed as a result of thawing of the
primary structures. Both primary and
secondary structures have been divided,
by Romanovskii, into subtypes depending
upon criteria such as position within
the seasonally thawed (frozen) layer and
the nature of the infilling material,

Theoretical

Important advances on the theory
of ice-wedge cracking have been made by
Grechishchev (1975, 1976, 1978). The
theoretical solutions are difficult to
apply to field conditions because of
uncertainties in our knowledge of
vertical and horizontal temperature
gradients; ice content and soll type;
seasonal changes in the rheologic pro-
perties of the active layer, wedge ice,
and permafrost; and inhomogenieties in
the microrelief. Nevertheless, Grechi-
shehev has been able to integrate some of
these factors into a theory which attempts
to predict the temperature field required
to induce cracking, and the spacing,
depth, and width of the resulting cracks.
Casanov (1976, 1978) has analysed the
basic factors that control the ultimate
size of ice wedges (recurrent-vein ice)
and has distinguished four possible cate-
gories and four vardants of ice-wedge
(ice vein) growth depending upon:

a) the depth of frost-induced cracking;
b) the depth of seasonal thawing;

¢) the rate of sedimentation; and

d) the horizontal growth rate of the
annual (elementary ice veinlet.

Pleistocene Ice~-Wedge Growth

The most comprehensive data on
the structure of the thick old Pleistocene
ice wedges (polygonal wedge ice) are
presented by Solomatin (1974). Solomatin
considers that the structure of the old
ice wedges differs essentially from
that of the young epigenetic ice wedges
in which the structure of the veinlets
(elementary veinlets) are distinct and
recognizable. Solomatin has come to the
conclusion that the lateral migration
of water in frozen ground has a deter-
mining role in the accretion of ice to
the old wedges. These inferences have
been disputed by Volkova and Romanovskii
(1974), upon the basis of their extensive
investigations of the chemical composition
of underground dce in the Quaternary
deposits of the southern part of the
Yana-Indigirka lowland. The minerali-
zation of wedge ice varies from 0.01 to
0.05 gr/l and that of segregation ice
from 0.02 to 0.13 gr/l. These data
indicate that the wedge ice is formed
by freezing of surface water that has a
lower mineral content and a more uniform
composition than the water of the season-
ally thawing layer which forms the



segregated ice and eventually becomes conclusions are: the frequency of ice-
incorporated into permafrost in areas of wedge cracking averages 30 percent per
syngenetic ice wedges. Consequently, the year with most cracking occurring from
source of water 1s unlikely to be from mid-January to mid-March; crack fre-
lateral migration. Tomirdiaro et al. quency varles inversely with snow depth;
(1975) have suggested that the large medium sized wedges crack the most
Pleistocene ice wedges are mostly sublim- frequently; instrumentation shows that
inal in origin, with the growth of hoar some ice-wedge cracks initiate within
crystals in the cracks, the moisture the wedges and propagate both upwards
source being atmospheric air. However, and downwards; measurements with probes
Gasanov (1977) disagrees with the concept. placed within the cracks show that
He concludes there would be a vertical air most cracks close appreciably before
convection in the frost cracks in winter meltwater can enter the cracks to grow
with sublimation and therefore removal of ice (elementary) veinlets; there is
ice from the walls of the crack. The main little evidence from probes inserted to
source of crack infilling to form new the bottom of c¢racks to show that the
veinlets is surface water from melting cracks progressively deepen as the cold
snow, rain, or runoff., According to winter temperatutre wave propagates
Gasanov, sublimation leads only to an inner downward; and in low centred polygons,
redistribution within the crack of previ- there tends to be a net outward dis-
ously formed vein (congelation) ice. placement of the active layer material
to form ridges, the movement averaging
Dostovalov's model (Dostovalov 1952) from 0.5 to 2 mm/yr.
of thermal contraction cracking and the
simple dependence between the mean annual Sublacustrine polygons, consid-
temperature (TI) and the amplitude (A) of ered by Shilts and Dean (1975) to be
the tempera&ure at the base of the active similar to subaerial ice-wedge polygons,
layer (T = %) has been used by Kaplina and have been described for lakes where
Kuznetsova %1975) to calculate past mean there 1s no evidence of shoreline sub-
annual temperatures, The authors conclude mergence. Lf the polygons have indeed
that the old Pleistocene ice wedges, which formed under water, ice-wedge cracking
are thicker than those of today, were is then initiated within permafrost
formed at a mean annual temperature rather than at the lake ice surface,
(T = E) of about -20°¢C. because otherwise, cracking could not
recur in the identical geometric pattern,
Numerous radiocarbon dates have year after year.
been obtained in recent years on the age of
the most intensive growth of ice-wedge Ice-Wedge Petrofabrics
prelygons in Northern Yakutia. According
to radiocarbon dating the deposits are Petrofabric studies are proving
40,000 to 12,000 years old and are mainly of great assistance in the understanding
of Karginsk-Sartansk age (Konishchev 1974; of the mechanics of ice-wedge growth and
Tomirdiaro et al. 1975; other authors). in the differentlation between different
In the western North American Arctic, types of ground ice. Black (1978)
small syngenetic Pleistocene ice wedges of has reported on the ice petrofabrics of
at least early Wisconsinan age ( > 50,000 four actively growing surface wedges and
years) are still preserved at Hooper Island, nine deeply buried inactive wedges near
Canada. Fairbanks, Alaska. Lineations of optic
axes were better developed in the surface
Present Ice~Wedge Growth wedges than in the buried wedges and
the surface wedges displayed more compli-
Kaplina (1976), in a study of the cated fabrics than did buried wedges,.
special features of ice-wedge growth in There was evidence of recrystallization
the Kolyma lowland, U.S8.8.R., has found a of ice in the buried wedges., Gell (1978)
dependence of growth rate on ground temp- has carried out petrofabric studies on
erature. Kaplina has established a co- ice wedges of several types and has
efficient between the width of the incre- investigated the change in grain size
mental ice veinlet (elementary ice veinlet) outward from the centre of a wedge, ice
near the top of an ice wedge to the size of at the junction of two wedges, and massive
the polygon. Within the Kolyma lowland the segregated ice cut by ice-wedge cracks.
coefficient for ground of similar lithology
increases as the mean annual ground Wedge Casts and the Periglacial Record
temperature decreases, and varies from
0.3 to 1.9 mm/m. Measurements of ice-~ The world distribution of ice
wedge growth for many ice wedges have been and soil wedge casts for the Quatermary
made at Garry Island, Canada for the 1976- is now reasonably well known and detailed
1978 period (Mackay 1974, 1975). The mean references are given by Washburn (in
annual alr and ground temperatures are press). The literature is particularly

-12°C and -8°C respectively. The broad rich for the U.S5.5.R. and Europe, but



numerous papers have been published for
other parts of the world including
Argentina, the British Isles, Japan and
North America. As ice-wedge polygons
only grow in a permafrost environment,
identification of ice-wedge casts is

then evidence of past permafrost (Black
1976). 1If the eriteria for an lce-wedge
origin are unequivocal, then estimates
can be made of past temperatures. How-
ever, it is very difficult to extrapolate
from present to past mean annual air or
ground temperatures., Many writers

cite Alaskan data (Péwé 1973) where
active lce wedges grow in areas with a
mean annual adr temperature of about

~6°C or -8°C and colder and assume this to
hold for other areas under different
climatic and soil conditions in the geo-
logic past. Romanovskii (1973) states
that ice veins may form at ground temper-
atures of -2°C and colder, depending upon
factors such as soil type and geomorphic
conditlons. 1In the Mackenzie Delta,
Canada, ice wedges are growing on young
alluvial islands with mean annual ground
temperatures of -2 to -3°C whereas nearby,
some old ice wedges rarely crack, even
though mean annual ground temperatures
are -8°C. Svensson (1977) points out
that polygonal frost cracking now occurs
in non-permafrost areas of Norden. Inas-
much as mean annual ground temperatures
can range from 1 to at least 8YC warmer
than mean annual air temperatures, and
thermal contraction cracking is not
linearly related to mean annual air
temperature, ground temperature, or soil
type, extrapolation from the dimensions
of wedge casts to paleotemperatures is
difficult,

Wedge Casts and the Geologic Record

In view of the indubitable evidence
of past glaciation in the early geologic
record, it is not surprising that some
wedge-like structures, found in assoc-
iation with tillites, have been inter-
preted as ice-wedge casts and therefore
indicative of past permafrost,. The
geologic evidence is difficult to assess
because the wedge structures are small,
good polygon patterns have not been
observed, and a wedge structure is no
proof by itself of permafrost. Young and
Long (1976) have described wedge casts,
»>2.3 b.y. old, north of Espanola, Ontario,
Canada. The wedges were exposed only in
section, so it was impossible to determine
if a polygonal pattern was present., In
view of the evidence, an ice-wedge origin
is questionable. Nystuen (1976) describes
an ice-wedge cast from a Late Precambrian
tillite in southern Norway and compares
the conditions with wedge casts suggestive
of permafrost in the Precambrian in
Scotland, Spitsbergen, and Finnmark. The
apparent width of the wedge 18 5 cm at the

top, the presumed depth is 70 cm, and
the adjacent bedding in the adjoining
sandstone contact 1s bent slightly
downwards, The feature is so small

that it may have been formed only by
cracking in a seasonally freezing layer
and therefore does not give proof of
permafrost, Narrow clastle dikes,
generally less tham 10 cm in width, have
been found within the basal tillite of
Late Ordovician to Early Silurian glac-
fations of South Africa, Daily and
Cooper {(1976) regard the dikes as sand
wedges, genetically similar to the sand
wedges of McMurdo Sound, Antarctica,
where the climate is dry and cold.
However, the polygonal forms described
by Daily and Cooper are much smaller
than those of McMurdo Sound, and the
intersection patterms are atypical of
thermal contraction cracks. In addition,
Daily and Cooper also suggest that a
three-dimensional crack pattern in
sandstone may be the cast of a reticulate
three-dimensional ice vein network, such
as frequently occurs in fine grained
tills and lake and marine clays in
present permafrost areas. But such
reticulate ice vein networks are found
in fine grained sediments rather than

in sands (sandstones).

PINGOS

Pingos, although localized in
distribution, are of interest because
pingo growth is a dynamic response to
changes in the ground thermal regime
and ground water hydrology. More and
more studies show that pingo ice can
range from pure injection ice, injection-
segregation ice, segregation ice, to
segregation ice interlayered with a
preponderance of mineral and/or organic
matter (Evseev 1976; Mackay 1977; Pissart
and French 1977; Rampton 1974). Evseev
(1976) in his paper on the main charac-
teristies, occurrences, ages, and cryo-
genic struectures of pingos in the
European part of the U.S5.5.R. and
Western Siberia, discusses segregation
lce in the pingos.

Pingo Growth

Field studies on Banks Island,
Western Canadian Arctic (Pissart and
French 1977) show that some pingos have
grown on low terraces following the
lateral migration of a river channel
and the freezing of a talik which had
formed beneath the channel. On Prince
Patrick Island, Canada, elongate pingos
located near the coast are believed to
have formed following fluctuations of
sea level and the inundation of river
valleys. Other pingos in the central
parts of Prince Patrick Island appear



relatred to the presence of deep faults
in the underlying bedrock at a time

when permafrost was aggrading. Kowalkowski

(1978) has also described pingos, with ice
lensed cores which have formed in aban-
doned channels in a basin of the Khangai
Mountains, Mongolia.

Pingos in bedrock are frequently

reported in the literature (eg. Ahman 1973:

Balkwill et al. 1974). The pingos are of
both closed and open system types and
bedrock has been domed 35 to 40 m above
the surrounding ground level, so the up-
1ift pressures have been considerable. As
extensive ice segregation is unlikely to
occur in bedrock, injection ice cores

can be inferred for pingos with a bedrock
overburden. 1In an endeavor to determine
the characteristics of pingo waters, a
detailed study (Allen et al. 1976) has
been carried out on waters in Scoresby
Land, northeast Greenland. Samples of
different waters (eg. glacier, stream,
pingo) were analyzed chemically for their
principal solute ions, and isotopically
for their deuterium and oxygen isctope
contents, It was concluded that all of
the waters from the pingos are of recent
meteoric origin.

The growth of pingos along the
Western Canadian Arctic coast has been
measured by precise levelling (1969-1978)
of bench marks installed dinto permafrost
(Mackay 1977). Drilling has shown that
the hydrostatic head of a growing closed
system pingo may rise far higher than the
top of the pingo. Pressure transducers,
installed beneath aggrading permafrost
surrounding growing pingos, show that the
pore water pressures generated by pore
water expulsion can exceed 80 percent
of the total overburden pressure, even
beneath permafrost 40 m thick. Drilling
has also shown the presence of large
subpingo water lenses as much as 2.2 m
deep and with basal diameters of up to 300
m (Mackay 1978). There is some field
evidence to suggest that there may be
downslope creep of the overburden and
ice core of some of the oldex and larger
pingos. Two theories have recently been
proposed for the origin of pingos. Bleich
(1974) suggests that a pingo grows with a
water supply from a lake fed through ice-
wedge cracks. Ryckborst (1974) believes
pingos originate as upward-growing ice
lenses above the water table in the
active layer in unsaturated sand. How-
ever, both theories are contradicted by
abundant field data.

Pingo Scars

The ldentification of thawed
pingos is difficult, because circular
forms with ramparts may also result from
other processes than pingo collapse, eg.

from glacial, thermokarst, eolian, and
anthropogenic causes. The recognition of
pingo remnants, in former periglacial
areas, is widespread (eg. Bastin et al.
1974; Cailleux 1976; Flemal 1976; Svensson
1976; Watson 1976). Many of the identifi-
cations have been based upon detailed
mnapping of the stratigraphy, structure

and palynology of ringed depressions. As
pingo~llke remnants have been recognized
from the lower Paleozoic in the Sahara
desert, pingo scars, like ice-wedge casts,
can contribute to our understanding of the
geologic record,

PALSAS

The major focus of palsa research
continues to be the life cycle of palsas:
whether palsas are formed by dice injection
or ice segregation; and whether the fea-
tures are essentlally degradational or
aggradational in origin (Jahn 1976;
Seppala 1976), Ahman (1977), in a detail-
ed palsa investigation in Fennoscandia,
has classified them into palsa plateaus,
esker palsas, string palsas, dome-shaped
palsas, and palsa complexes. The primary
prerequisite for palsa formation accord-
ing to Ahman is a soil suitable for ice
segregation. Genetically, no difference
was found in the starting point or further
development of a pure peat palsa on one
extreme to that of a pure mineral soil
palsa at the other extreme. According
to this view, a palsa 1is a hillock
formed by segregated ice in soil, peat, or
a combination of them.

GEOCHEMISTRY OF GROUND ICE

The geochemistry of ground ice,
including the use of stable isotopes,
appears to be a promising research field
for the study of ice lensing, the growth
of permafrost, hydraulic conductivity of
frozen soils, changes in the thickness of
the active layer, and in paleocryologic
reconstructions of past environments
(Anisimova 1978). Hallet (1978) discusses
some of the problems of redistribution of
solutes in freezing soll solutions and
points out that there are implications
on the nucleation of ice lenses, the
rhythmic spacing of ice lenses, and the
heaving characteristics of the soil.
Oxygen isotope ratios have been used to
provide paleoclimatic information and
chronology of three cores from Antarctica
(Stuiver et al. 1976). Although the
interpretation of the oxygen isotope record
from permafrost is more complicated than
for glacier ice cores, because the accumu-
lation of sediments is not necessarily
continuous, and a portion of the ~-°0
record may be missing because of replace-
ment by younger waters or for other



reasons, the Antarctic record shows great
promise, Michel and Fritz (1978) have
studied oxygen 1lsotope ratios for sedi~
ments in the Mackenzle Valley, Canada

and have interpreted the more negative
values at depth as reflecting deep in-
active permafrost possibly as much as 7,000
to 10,000 yeags old. They consider that
tritium and 1 0 data can be used to
distinguish between active and inactive
(relic) permafrost. Van Everdingen

(1978) has used oxygen-and sulphur iso-
topes and water quality analyses to study
the source of water and freezing processes
of frost blisters near Fort Norman,
N.W.T., Canada.

THERMOKARST

Since thermokarst features reflect
natural changes, whether geomorphic,
climatic, or vegetational, a study of
thermokarst is a study of change (Brown
1974; French 1974; Ramptom 1974; Shur 1974
Ugolini 1975). One aspect of recent
research has been the mapping of thermo-
karst features over large areas by means
of remote sensing Iimagery. Sellman et al.
(1975) have studied thaw lakes on the
Arctic Coastal Plain, Alaska using sequen-
tial satellite imagery by means of which,
for example, lake depths could be esti-
mated from the extent of ice cover, and
deductions made on ground ice volumes
and basin genesis. In Quebec, Canada,
Thibodeaux and Cailleux (1973) have
mapped thermokarst terrain over very large
areas using air photographs. Features
such as circular lakes, beaded streams and
string bogs, presumably of thermokarst
origin, were shown to vary along north-
south sampling areas. On an interplanetary
scale, Gatto and Anderson (1975) have
compared an Alaskan thermokarst terrain
with a possible thermokarst analog on
the plant Mars.

Gravis (1978), from radiocarbon
dating of alas, alluvial, and marine
deposits of the same age, together with
palynological data, shows that most
thermokarst depressions on the Maritime
Plain and Novosibirsk Islands, U.5.5.R.,
are of pre-Holocene age. Thermokarst
occurred mainly during cold glacial
epochs (Zyran and Sartan) and coincided
with a lowered sea level. Shur (1974) has
concluded that at present thermokarst
is formed mostly as a result of local
conditions of heat exchaige in the system
(soil, underground ice, enviromment) and
changes in the climate may either acceler-
ate or retard thermokarst development.
Velikotsky (1974) has presented data which -
show a relation between tectonic jointing
in the north of the Yana-Omolol interfluve,
U.5.5.R., and the development of thermo-
karst (alas) forms of relief. Rampton

(1974) believes that many of the
thermokarst features of the Western Arctic
Coast, Canada have developed during the
postglacial warm period which culminated
about 8,000 years ago. Rampton and
Walcott (1974) have used gravity profiles
across ice-cored topography to determine
the amount of excess ice and probable
thermokarst subsidence if the area were
thawed.

REGIONAL GEOCRYOLOGY

Alpine Permafrost

Alpine permafrost with limited
amounts of ground ice exists in many
temperate mountainous areas of the
northern and southern hemisphere and even
in the tropics, such as Hawaii (Woodcock
1974). Fujii and Higuchi (1978) have
attempted to map the distribution of
alpine permafrost in the northern hemi-
sphere and have suggested that the lower
limit of alpine permafrost corresponds
to the altitude where the mean annual air
temperature is in the range of -1 to -3°C.
Although such a correlation between mean
annual air temperature and permafrost may
exlst in some areas, other factors,
particularly snow cover (Haeberli 1978),
make correlation between mean annual air
temperatures and permafrost distribution
on a world scale difficult,

Considerable research has been
carried out on alpine permafrost in the
Pamir and Tien Shan. Gorbunov (1976,
1978) has found some regularity in the
formation of permafrost and the cryogenic
structures in mountain environments.
Gorbunov has distinguished three main
types of layered permafrost in mountain-
ous areas of the world, namely a single-
layer of permafrost (thawing and degrad-
ing); two-layered permafrost (thawing
and frozen); and aggrading permafrost
(single-layered). The extent to which
Gorbunov's three main types occur
elsewhere in alpine regions still needs
field confirmation.

Investigations of alpine perma-
frost in the Canadian Rocky Mountains by
Harris and Brown (1978) show that perma-
frost may extend to a depth of 100 m or
more, the upper portion having adjusted
to the present climate and the lower
layer being relic. Rock glaciers (Barsch
1978; Corte 1978) are also local indi-
cators of permafrost, In general, except
for the ice in rock glaciers, ground
ice in areas of alpine permafrost is
probably negligible because of the
abundance of bedrock at depth.
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Submarine Permafrost

Considerable progress has been
made in the delineation and mapping of
submarine (offshore) permafrost since
1973 but comparatively little is known
about the contained ground ice, According
to Are (1976, 1978) offshore permafrost
extends over the greater part of the shelf
of Asia and the Arctic Basin. He has
identified two zones over the bottom of
the Arctic Basin, viz., a deepwater =zone
with temperatures below 09°C and a zone
between 200 and 900 m with waters above
0°C. The seawater temperature in the
abyssal trough situated between the
Lomonsov Ridge and the Barents-Kara shelf
is at about ~0.7 to -1.0°9C, this suggesting
permafrost under the bottom of the trough.
The bottom deposits probably do not contain
ice, i.e. the deposits are not ice-bonded.
Permafrost, according to Are, is absent in
the upper portion of the continental slope,
in the deepest parts of the arctic seas,
and probably also in the zone of warming
of large rivers where depths are less than
20 m. Relic permafrost can occur in that
part of the shelf which was exposed during
the last glacial sea level lowering. In
these areas, ground ice might occur at
depth as it does in some nearby land areas.
Detailed large-scale studies of submarine
permafrost of the Vankina Guba (Bay) in
the Laptev Sea show that the permafrost
conditions are complex (Zhigarev and
Plakht 1974). Kudryavtsev et al, (1978)
give a map showing submarine permafrost
for Eurasia. Numerous investigations have
been carried out on offshore permafrost
along the North American Westerm Arctic
Coast (eg. Hunter et al. 1978; Iskandar
et al, 1978). Seismic and drilling records
have shown that ice-bonded permafrost may
occur beneath non ice-bonded sediments
whose saline pore water is below 0°C. 1In
some areas, initially ice-bonded permafrost
has had the interstitial fresh-water ice
dissolved by saline water at a negative
temperature (Iskandar et al, 1978).

PALEQOCRYOLOGICAL STUDIES

Paleocryologic studies have been
developed to the greatest extent in the
U.5.85.R., In North America, a substantial
percentage of the area now with permafrost
was beneath glacier ice only 15,000 years
ago and since near surface bedrock 1s
widespread, old underground ice is necess~
arily difficult to identify or generally
absent. The history of permafrost in
the eastern part of the Bolshezemelskaya
Tundra, U.S5.S.R,, and the relation between
the cryogenic structure and the thermal
regime of permafrost has been studied by
Tumel (1977). She has drawn interesting
conclusions on the long term effect of the
thermal regime of the ground on the fabric

of ground ice (cryogeniec structure) in
permafrost in the region. The paleo-
cryogenic reconstruction shows that
permafrost grew in the past in different
subsurface materials but under similar
ground thermal regimes. Hence the
epigenetically frozen permafrost although
of different ages has a similar composi-
tion, water content, and cryogenic fabric,
Tumel has also shown that the association
of the cryogenic fabriec of the upper

part of permafrost with the modern mean
annual ground temperature at the depth

of zero annual temperature change or

with other modern temperature values

{s absent in the surface loams of the
Bolshezemelskaya Tundra.

Gravis et al. (1974) in a recently
co-authored publication on "General
Geocryology" has discussed the processes
of ice segregation of fine-grained soils
under conditions of epigenetic freezing.
He distinguishes three horizons of ice
formation which are, from top to bottom:
1) the horizon of ice formation with ice
lenses (cryogenic fabric of a segrega-
tional type) where the water which
migrates to the freezing front is under
a suction; 2) the horizon of ice formation
with injection ot intrusive ice (cryogenic
fabric of an injection type) where
the water which migrates towards the
freezing front is under pressure; and
3) the horizon of passive ice formation
with the cryogenic fabric reflecting that
of the host material. According to
Gravis, if there are several deep-lying
water bearing horizons with water under
pressure, several horizons with cryogenie
fabriecs of an dinjectional type will be
formed. The three horizons, discussed
by Gravis, were observed by him din
Mongolia (Gravis 1974). The extent to
which the three horizons can be recog-
nized elsewhere remains to be determined.
For example, the occurrence of horizon
two is probably absent in many regions
where no build up of water pressure was
possible. Katasonov (1975) has attempted
to associate the contemporaneous cryogenic
forms of relief with the genesis of
underground ice and the encleosing deposits.

Studies of the vrelief features
due to underground ice (cryogenic forms
of relief) in the area of old permafrost
(paleocryogenic area) of the Russian
Plain have continued to develop. Berdni-
kov (1976) has discussed in detail the
geomorphological characteristics of the
relic cryogenic relief in the Upper Volga
Basin and he has discussed some charac-
teristic features of the morphology of
wedge-like features and asymmetric
aspects of their structure, Koreisha
(1976) has shown the importance of
paleographical research in his analysis
of the ground ice in the extreme Northeast



area of the U.5.5.R. where the concentra-
tion of underground ice is the greatest
for the entire permafrost area of Eurasia.
The Northeast area comprises only 25 per-
cent of the whole permafrost zone but up
to 40 percent of the total underground ice
is concentrated there. This 1s a region
where the great range and close inter-
relationships of different underground.
ice types (veined, segregation, and
injection) and surface ice types (icings,
glaciers, etc.) are exposed the most
vividly., Koreisha has shown, in a general
way, the relationship between underground
and surface ice of the Northeast and the
climate, altitudinal zones, and tectonic
development,

The reconstruction of paleoclimate
from present day geothermal data can be of
considerable assistance to paleocryological
studies (Balobaev 1978; Sharbatyan and
Shumskiy 1974). By using geothermal data
for disequilibrium permafrost thawing from
below, Balobaev (1978) has concluded that
during the last cold period (glaciation) in
the northern part of the Asiatic continent,
about 20,000 years ago, the climate was
colder by about 10 to 13°cC.

CRYOGENIC WEATHERING

One of the most important problems
involving ice on a miecro scale is the
degree to which there are compositional
and textural changes in different types
of materials when they undergo freeze and
thaw. A second and related problem is the
degree to which changes may take place
through geologic time at below 0°C temp-
eratures., In filne-grained soils which can
have considerable unfrozen pore water
below 0°C, temperature fluctuations in
the below 0°C temperature range can cause
changes in the cryogenic fabric, ice/water
content, frost heave, and hydraulic con-
ductivity. Konishchev (1977, 1978) has
investigated the interaction of water with
different structural groups of rock-forming
minerals and has suggested a theoretical
model of mineral stability with respect to
factors of rock weathering. According to
the model, the resistance of common rock-~
forming minerals, such as quartz, feldspar
and mica form a series. Experimental
studies of the resistance of primary and
clay minerals have confirmed the theoreti-
cal model (Konishchev et al. 1974, 1978),
In the experiments,
was lower than that of non-weathered feld-
spars. Thus, for example, the lower
particle size limit for disintegration by
freezing of quartz 1s from 0.05 to 0.01 mm,
and that for feldspar from 0.1 to 0.05 mm.
Consequently, the ultimate grain size
distribution for the basic rock-forming
minerals in a cold area with freeze-thaw
cycles are opposite to that of a warm area
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the 1esistance of quartz

without the cycles. Konishchev et al.
(1973) have also shown that certain
microstructures of fine grained soils
can form in response to repeated
freeze-thaw cycles.

White (1976) has raised the
question as to whether some products
attributed to frost action may not be
the result of hydration shattering
where the pressure of absorbed water
(hydration) may generate forces
sufficient to free grains and disintegrate
rock. The process, experimentally sup-
ported, may be significant even without
freezing.

New and interesting data have
recently been published on cryogenic
weathering beneath glaciers., Subglacial
regelation weathering without any temper-
ature change has been discussed by
Troitsky et al. (1975) and Moskalevsky
(1978). Hallett (1978) has discussed
cryogenic chemical deposits which can
form in freezing soils. The study of
cryogenic weathering and related features
can serve as an aid Iin understanding
present processes and the interpretation
of paleocryologic conditions.

CRYOLITHOGENESIS

The term "cryolithogenesis"
refers to the genesis of permafrost mater-
ials with some ice content. The word
derivation is from lithogenesis, the
origin and formation of rocks, especially
sedimentary rocks. Popov (1973, 1976)
uses the term in a broad context to
include the complex interrelated geologic
and associated processes involved in the
study of frozen ground through space and
time. By way of contrast, Gasanov (1976,
1978) restricts the term to sedimentary
processes of a hydrothermal type. Popov,
Rozenbaum and Vostokova (1977, 1978)
have compiled a cryolithological map of
the U,5.5.R. on a scale of 1:4,000,000.
The criteria for the map legend are
based upon a recognition of the major
genetic types of permafrost, the spatial
associations of the genetic types,
and the processes by which the genetic
types were formed, The map clearly shows
the regional occurrence of the two main
genetic types of permafrost, epigenetic
and syngenetic, The map also shows
whether the frozenm ground is composed
primarily of ice (i.e. a cryclite such
as the ice core of a pingo or wedge ice)
or 1is frozen ground with some ice (eg.

a cryolitite such as frozen sands orvr
frozen peats). The map provides a

wealth of information on c¢ryogenic
textures, the estimated age of the

frozen ground, and the relation between
the distribution of frozen ground and the



type of cryolithogenesis.

The ¢ryolitho-

logical map is an excellent example of
the application of theory to the generali-
zation of extensive geocryologic data for

the U.5.8.R.

Vtyurin (1978) advocates the

genetic approach in the cryolithological

regionalization of permafrost areas;
the distribution should be mapped,
areally and at depth,

i.e.
both
according to

genetic types.

In the opinion of the reviewers,

the study of cryolithogenesis in the
broad sense is the integrating factor in
our understanding of the geologilc controls

of the origin,
tribution of ground ice,

characteristics, and dis-
the theme of this

review paper.

AGUIRRE-PUENTE,
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MEP3JIOTHO-T'HIPOI'EQOJIOT'MYECKOE PAAOHUPOBAHHUE
BOCTOYHOH CHEHPH

N.H.MeneHHKOR
UM CO AH CCCP

O.H.ToncTHXHH
BCETHHTEO

BBEJEHHE

BHXOO B CBEeT MHOTOTOMHOA MoHOTpaduu "THi-
poreonorua CCCP", papa MoHorpadHd no Mopdo-
JIO'HH KPHOJNHTO3O0HH, oOGobmawmux paboT no pac—
NpOCTPaHEeHHY HaJNenHWHX ABJEHHR, HapHAY ¢ Teo-
PeTHUYECKHMH pa3paboTKaMH BOMDOCOB H3IMEHeHHA
THAOPOTEOJIOTHYECKHX NapaMeTpoOB CTDPYKTYP NDH
rayGoOKOM HX NMpoMep3aHHH, OOJOKEHHHX B HOK-
napax Ha I MexnyHapoOHoOlt KOHPEpPEeHUHMH [0 Mep-—
anoTopeneHuw (1,2) , NO3BONAKT NMOCTABHTE Ha
o0CyXOeHHe pPeTHOHAJILHHEe BONPOCH Mep3JIOTHOHR
THOPOI'€@OJIOTHH, PACCMOTPEeB HX Ha NIpuMepe Boc-
TOYHOH CnOHpH,. llpexme YeM nepelTH K o6GCYyKOe-~
HHIO [0 CYmMecTBY, IeNecoobpa’HO OCTAHOBHTLOS
Ha NPHHATON TEepMHHOMOIHMH, HMesa B BHIY pac-
CMOTpEHHEe JIHWE TeX TEePMHHOB, KOTOpHE Hemo—
CTATOYHO UWHPOKO HCMONML3IYIOTCA B IEeYaTH, HMe-
OT pa3HYHHEe TPAKTOBKH MM HeobXOOUMH IJIA
MOHMMAHHA NPHHOHMHANBHEX MNO3HUME aBTOPOB.

AHANHBHPYWOTCA JBe KATETOPHH CTPYKTYD -
THAPOT @ONOrHvecKHe Maccusu (I'M) , KOTODHe B
MHTepaType YacTO CHHOHHMH3HMDPYIT TE&DMHHOM
GacceilHH TpPemHWHHHX BOJ, B apTe3HaHCKHe 6Gac-
ceftHn (AE) , €O CBOHCTEEHHHM KM IOBYUJIeHHHM
CTPOEHHEeM H HANHYHEeM B 4YexJye TJIACTOBHX BOX
H B dyHmamMeHTe - TpeumuHHHEX (3). MpoMexyToyu-
HHE KATerOpHH CTRPYKTYP OnpenesieHH Kak af-
apre3naHckHe (AnP) 6GacceilHW M I'HOPOTeONOrH-
YeCcKHe agMaccHBH (AnM) . S5TH CTPDYKTYPH Xapak-
TePH3YITCA HaJHYHEeM H TpPemHHHHX K NJacTOBHX
BOO B NPHMEPHO PABHHX COOTHOWEHHAX, ORXHAKO
no MOPQONOIHYECKHM NMPH3HAKAM OHH TATQTEKT
COOTBETCTBEHHO JIHGO K apTe3HaHCKHM Gacceli-
HaM, JHOO K THIAPOTeOJIO'MYEeCKHM MACCHBAM,

B uucne AE npencTaBnAeTcA leecoobpasHEM
BHOGJIHTE naaTGOPMeHHHe W MeXropHHe. OHH BCer-
Oa Pa3jHYHH o pasMepaM, a, KpoMe TOro, no
CTPOEHHKW uexna, THIPOXHMHYECKOMY paspesy,
VCJAQBHAM MNHTAHHA, T.e. UeNOMY DALY DONOJHH-
TeJIbHRX NPH3HAKOB, BO MHOIOM Oflpenessomux
THOPOTEQJIOTHYECKHE NapaMeTPH 3THX CTPYKTYD.

B 0OCOGyl KaTeropHo BHHECEHH TaKxe BYJka-
HOI'@HHHE THOPOreoJIOTHYECKHEe CTDYKTYPH. Byny-
YH HAJIOKEHHEMHM HA DASJIHYHHE TeoJIorHYecKHe
OGPa30BAHMA, 3TH CTPYKTYDH NOJYYHIH Ha3BaHHe
BYJIKAHOTE@HHHX cynepbacceiinor (BcB) .

B OCHORY aHaNHM34 MEP3JIOTHHX XapaKTepHCTHK
NONOXeHO, B NepBYI odepenb, COCTOAHHE TpEepH-
BHCTOCTH MEP3JIOR 30HH, N0 KOTOPOMY BHIOENeHA
CIVIOWHAA Mep3Jyiafd 30HAa, I'Oe Mep3asHe NopoaH
HMENT mIomank pacnpocTpaHeHHa 80% U Gojnee,
NpepHBuCcTas Mep3nad 30Ha, T'Ae MepaJiHe Nopo-
OE MMenT NaoWank pacnpocTpaHeHns 40~80%, u

OCTPpOBHAaA Mep3Jsasa 30Ha, I'ne OCTpoBa, 3aHA-
THEe Mep3NILMH NOPOoLNaMM, COCTABNSKNT MeHee 40%.
p# 3TOM nog MERP3JIHMH NOPOOAMH MNOHHMAaKTCH
TakHe, NN KOTOPHX Mep3noe cocrofalHe (oTpH-
narenbHag TeMiiepaTypa no mkane [HenbCcHg H
HaJMyHe B COCTAaRe Nbla-lleMeHTa) ARJIAETCH
XapakTepHHM H ONHTeNbHEM, MHOT'OJMeTHHM,

H3 aHanMza MHOTOUYHCJIEHHHX THAPOreQJIOTH-
YeCKHX MaTepHAaJIOB crienyet, YTO B npenesax
TePPHTOPHHR OCTPOBHOI'O H MNPEePHBHCTOrO pacnpo-
CTPAHeHHS MepP3INHX Mopon NocielHHe He OKA3ZH-
BAWT peulapmero BO3NeNCTBHA HA XapaxkTep I'M-—
OPOTeONOTHYeCKHX CTPYKTYP HIJIIH HAa MX THIOpO-~
OHHAMHYECKHe napaMeTpH, [O3TOMY JHONMA Taxkux
TEPPHTOPHA nanbHeAWHA aHaNJM3 He OCyuecTBNnA«
erca. [Ona TeppHTOPHH CIHIIOWHOH MEpP3JIOH 30QHH
pellapiee 3IHaAYEHHE& NPHOBpeTaeT BONpPOC MOWHO-
CTH Mep3JIHX NOpOa M TAYOGHHH NpOMep3aHHs
HeIp B YCJIOBHAX PAa3JIHYHHX TIHOPOreojiorHdYec-
KHX CTpYKTYpP. B kadecTBe cnenudyecKHxX
CTDYKTYP N0 YVCHOBHAM NPOMEpP3aHHA BHOSNANTCH
(4) :

= KPHOreoJIOTHYEeCKHEe MacCHBH, B KOTODHX
MOUHOCTE MepP3JION 30HH 3JIHAYHTENIBHO 6GoJibue
MOMHOCTH BO3IMOXHOI'O PErHOHANBHOTO pacnpo~
CTpPAHEHHA MNOOIEMHHX BOJ, TNPHYEM MNoOcJiefHHe
MOI'YT OHTEH [PHUYPOUYEHH COOTBETCTBEHHO K 30-
HaM HaH6oNee TNYGOKHX PAa3IJIOMOB HJIM ydacT—
KaM, no/nawmuMcA KapCTOBaHHI MpaMopH3soBaH-
HHX [10ODOn;

- HKPHOTreOJIOTHYeCKHe GacCe’HH, npelcras-
NAvmHe COGOR aprTe3HaHCKHe CTPYKTYPH, B KO-
TOPHX OCAHOYHHH YeXOJl NOJHOCTLKN NPOMODPOXEH
H nongs3eMHHe BOJH MOT'YT OHTL COCPenoTOMNMeHH
e B dyHOAMEHTEe;

~ KpHOApTe3HWAHCKHe 6GacCeHlHH, B KOTODPHX
NPOMOPOXEH NOAC MNPEeCHHX BOA H HenocpencTReH-
HO Noa Mep3JHMH NOopollaMH 3ajleranT COJIeHHe
BOIH M pacCosH;

- apTe3HaHCKHe GacCCeHHH CNIJIONMHOTr'C IJIy6o-~
KOr'o npoMep3aHHA, XapaKTepH3IyomHecs perido-
HaAJNIBHHM PAa3BHTHEM CINOMHOR MeD3JIOR 30HH,
NPeCHEX H cnafo CONOHOBATHX MMOKIEMHHX BOIN B
ee OCHOBAHHH,

Hapsany ¢ nepevynclneHHHMH, HCHONL3OBAHH
TEePMHHH @

= KPHOMN®rH — COJNeéHHe BOOH H DACCONH,
HMeK e MOCTOAHHO OTPHUATENBHYK TeMnepartypy;

= IDeATeNbHHHE CHoH « Ce3l0HHONPOTaHBAaiMHKA
HIH ce30HHOTpOMep3awmHil CJIOH;

~ MEp3JHe MNOPpoIH = NOpPOJH, Mep3Jyioe Co«
CTOAHHE KOTOPHX NPOAO/IKAGTCHA MHOrQ JeT.

PafioHupoBaHHe BoCTOYHOH CHOHDH OCyHMeCcT-
BJI€HO Ha CTPYKTYPHO-I'HIOPOTeONOTHYeCKOH
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OCHOBe, OTOOPaXeHHOR B 0606manmuX CBOIOHHX
pagdotax (1,5) H Ha kxapre K HHM.

B KayYecTBe CTRPYKTYP NepBOr0 NOpsaakKa Ha
TePPHTOPHH BocTovuHOM CHGMDH BHIOeJIeHH Bog-
TouHO-CHBMDCKAA apTe3MaHcKkasx o6JIacTe, Boc-
TOYHO-CHOHPCKan, BepxoaHo-YykoTCckad H Kam-—
JaTCKO-KOPAKCKaaA THAPOTEONOTHYECKHE CKIamg~
YaTHe o6lacTH. Hume nepexoiHM K NOoCeIoBa-~
TeNbLHOMY HMX PACCMOTPEHHK B TexX IpaHHIAX, B
KOTODHX r'pollecCH KPHO'eHe3a onpenelsgwnT yo-
JIOBHA (QOPMHRORAHHA I'HIPOreQJIOPHUYECKHX CTRYK-
TYP H comepXamuxXcA B HHX TNON3IeMHHX BO..

1. BoCTOYHO-CHOHPCKAS apTe3HaHCKasa obw
J1acThk MO reoJIOTHYEeCKHM YCJNOBHAM NpencTaBlIg—
eT COBOA JDOCTATOYHO CHOKHYI QTDYKTYDY, Xa=-
PaKTepH3IyOHNyKCA DAIBUTHEM HeCKOJLKHX BIAaOHH,
BHIIOJIH@HHHX OCAJIOYHEHMH OTJIOXEHHAMH DPa3JIHYHO-
ro BO3pacTa, reHe3s’Hca H COCTaBa, paslelieHHHX
MEXKOY COOGOH CTPYKTYPHHMH NOOHATHAMHE QYyHRa-
MeHTa., CTPYKTYPHHEe BNAOHHH OOpPa3ywT KpPYIIHHE
AE nnatdopMeHHOT'O THUNa : AHrapo-JIeHCKHN,
TYHrycckHA, KOTyRcku#, SKYTCKHY, OJfleHeKCKHH
H XaTaHrckH#. HauGoyee KpPYHNHOe€ M3 CTPYKTYD-
HHX NOOHATHA -~ AHabGapCcKHMH MaCCHB=NpeacTas-—
nAeT CcOGOH OGUHDHHE DO MaomaiHd BHXON KpH-—
CTANMIHYeCKHX H MeTaMOpOHYeCKHX nopon dyHma-
Me@HTa Ha noBepXHocTe, Ha ire AEF BoCTOYHO-
CHO6HPCKON OOGMACTH COYNIEHAWTCA ¢ CAAHCKOA H
Eakano=AnnaHCcKoON THAPOTeQlIOI'HYeCKHMH CcKaal-
YATHMH OGNACTAMH,

Uexon AE BOCTOYHON CHOHPH CJIOKEH pa3Ho-
BOBPACTHHMH OOPa30BaHHAMH, OTJHYANHMHMHCSH,
KpoMe TOro, eme H JHTOMOTHUYECKHM COCTaBOM
Nopon, HX I'eOXHMHUYECKHMH XapaKTepHCTHKAaMH.
Ha 3HayuTenbHON TepPPHTOPHH AHTapo-JIeHCKOTO,
B 3anagHoOf H Wwro—3anamnHoR 4YacTH SIKYTCKOTO
H B BOCTOYHOH H Wro—-BOCTOUHON yacTH TyH-
I'yCCKQro AE UWHMDOKO pPacnpOoCTpaHEeHH BepXHe=
NPOTEepPOIOHCKHE H naleo3olckie (kemBpun - ne-
BOH) TepPMreHHO-KapOOHATHHE H xapboHATHHE OG-
Pa3s0OBaHHA, YACTO raloreHHHE HIH ¢ CYHMeCTEeH-
HO cynpdaTHON MHHepanul3aluer, LHeHTpanbHad
4acThk HAKYyTCKOro AB-JieHo-BHMmMOACKHH AB BTOPOTO

MOPAUJKA=CJIOKXEH MONHOH TOJuell TeppHUTreHHHX Me30-

BOACKHX 06pal’30BaHMll CYMeCTBEeHHO KOHTHHEeHTAlh-

HOI'Q [IPOHCXOXIOCHHA.B OTAMYMe OT JleHo=-BHMONCKO-

ro- TYHrycCRHH AR npelCTaB/ieH TeppUTreHHO-BYJI~

KAHOT'@HHEHMH OTJAOXKEHHAMH 3HAYHTEeNBHOH MOMHOCTH.

B paspese XaTaHrckoro AD necuaHO=-TJIHHHCTHEe
OTJIOXEHHS Me3030HCKOI'O H BepXHenaneosolckoro
BO3pacTa NMOOCTHNAAKNTCA TaloOl'@HHHMH ob6pa3opa=-
HHAMH CpenHero najaeo3of.

CymecTBeHHOE pa3Hoob6pa3He B COCTABE H CJO-
KEeHHH MopoMn, CraralidX BocTOYHO-CHOHPCKYID
apTe3HaHCKYw o06/acTh, NOOYEDKHBAETCA H Mop-
POCTPYKTYDPHEMH DasNHYMAMH. Ha Gonbmel 4acTH
TEPPHTOPHH €€ NOBepPXHOCTE MNpedCcTaBiAeT CoGoR
B TOH HAH HHOR Mepe pacuJiIieHeHHOe nIATO, Ypo-—
BEHh KOTOPOTrO B IEeJIOM NOHHXKaeTcA B HacceliHe
Bumoss 1 JleHun, re OHO flepexXoOdT cHadana B
BEHICOKYK, a 3aTeM = HH3KYI0 3PO3HOHHYHN H 3po-
3HOHHO=AKKYMYIATHBHYK PaABHHHH.,

HaHboOJsiee BO3IBHIWEHHAS YAaCTh MOBEPXHOCTH -
nnato IyTopaHa- nOpencTaBlJIAET COB0R” NaBoBOe
TeKTOHO—IOeHYAAallHOHHOe O6pa3oBaHNe, KOTOopoe
Nno MOHMHOCTH GOPMHRYWMEX ero 6a3albTORHX NO-
KPOBOB, OOCTHrawmHx 2-2,5 KM , MOXeT pac-
CMaTPHBATECA B KadYecTRe BYJNKAHOTEHHOrO cynep-
sacceiHa,

B npeneyax noJjef pPACHpPOCTPAHEHHA TepPpPHTeH-
HO=Kap6OHATHHX, CYMeCTBEHHO TAaJIO'@HHHX O6-
PA30ORAHHUN 4YeXna, B YCHOBHAX CPaABHHTENBHO
rAYyBO0KOrO APeHaxa 3THX OOpA3OBAHHA, BO3HH~
RaJM YyCJOBHA, HEe OJaronpHATCTBYOIMHEe GOpMH=
POBAHHI0 3HAYHTEJNBHON MOMHOCTH NOACA NPECHHX
BONA, ¥ HA CPABHMTENERHO He3HaYHTENbHHX I'Ny-
O6MHAX B npenenax nepsux 200 merpos oT no-
BEDPXHOQCTH 3aneralZii yxe CoOJleHHe BOIOH HJAH pac-
coJH., O6paTHas KapTHHa HaGopgalack B npele-—
Nnax npolefl pacnpoCcTpaHeHHA NPeHMymecTBEHHO
KOHTHHEHTANIEHHX o6pa3OoBaHHA, HalpuMmep, BH-
JWACKON CHHEKJIN3H, TI'Oe B OTNOXeHHAX Mena ™
BepXHeHl opH MOr (ODPMHPOBATECA MOIHEME, H3IMe-
pAEMHA MHOI'HMH COTHAMM METPOR MNOAC NPEeCHHX
NMoA3eMHEX Bon. BepoATHO, OGJIH3KHE THAPOXHMH=-
YeCKHe YCNOBUA OHJIM M B Npeneysax naato Nyrto-
paHa, THIPOTEONIOIHYEeCKad CTPYKTYPa KOTOROTOQ
GHJIa OCJIOXHEHA TeKTOHMYECKHMMH IOJIHHaMHM, BH-—
NOJHEHHHME MOUHEMH DPHXJIHMH MOJACCONOAOGHEMH
OTJNIOKEHUAMH, [IpoMexyTodHOe NOoJOXeHHe 3aHHMa~—
M TepPpHTOPHH, I'Ie B COCTaBe Kap6GOHATHO-Tep—
PHTEHHOI'O KOMIIJIeKCa TafOreéHHHe HJIH THICOHOC-
HHe $aluHH OTCYTCTBORAJH, XakK, HalpHMep, Ha
Ce@BepHOM KPpHJe ANOaHCKOH aHTEKJIH3H, e Ha
CPABHHTENBEHO HeOGOJNBWHX IJIYBHHAX MOXHO OGHNO
OXHOATE HaJIHYHE CNabo COJIOHOBATHX cynbdar=-
HHX HJIH XJIODHIHHX BOX. Hapany ¢ pasnudMaMH
THOPOXHMHUYECKHX flapaMeTpoB, YYHTHBRAA 3HaYM-
TEeJBHY PACUJIEHEHHOCTE penbeda NOBePXHOCTH
naaTGopMel H HEOOHOPOOHOCTE B CJIOXKEHHHM NOPON
yexyia, HUxX TeKTOHHUYEeCKYK HapymeHHOCTE DerHo-—
HaJLHEMH H ONEeDAKMHMH pasjIOMaMH, MOXHO npen-
MOJIOKHUTE H CYUHEeCTEBEHHOE Ppa3JIHYHe THOPOIHHa=-
MHY@CKHX YCJIOBHHA.

Bce cKa3aHHOe MO3BOJAET SakJNYHTL, 4YTO
KO BpeMeHH Hadana QOpPMHPOBAHHA Mep3JIoil 30HH,
ray60KOTo NpoOMep3aHHA 4Yexfla apTe3HaHCKHX
CTPYKTYpP, B npenenaxXx BocToOuHO=-CHBHPCKOH ap=-
Te3HAHCKOR o6NMacTH cymecTBOBaJNia MOOBOJIEHO
HeOOHOPOAHAA THAPOreOJ/IOTHYeCKAR H THODOXHMH-
yeckas cuTyauua (6). B uenoMm oHa NpencTaBafa-
eTca alenyiinHM O6pazoM,

OueBHOHO, YTO IpoMep3aHHe Help, CBA3aHHOe
¢ OOWHM MOXOJIOOAHHEM KJIHMATa H YyBeNnHYeHHEeM
ero KOHTHHEHTaNbHOCTH B IJIEACTOLEeHe, XOJIKHO
GHJIO MPOTEKAaThk NMO-pa3HOMY, B 3aBHCHMOCTH OT
KOHKpPeTHOHR reoMopdonornyeckoli, HOPOI'eOJIOTH-
YeckOHN M TeOoXHMMHYEeCKOH CHTYALHH,

B YyCJHOBHAX MODHOM 30HH NPECHHX MNOO3eMHHX

BOR M NOHHMXEHHHX 3JIEMEHTOB peineda, B HYaCTHO-
CTH LeHTPANEBEHOR YacTH JIeHO=-BHIAKACKOIO AEB,B
nponecce OXJNaxAeHUA HeNAp mno nNpoMepIaHHe
BOOOHOCHHX TOPH3IOHTOB, CONPOBOXKIAEMOE BHMa-
HaHHeM H3 3aMep3alnmHX MOA3eMHHX BOO Haubonee
TPYAHO PACTBODHMEX coOJIel KaNnbLUHA M MaTCHHA,
HEKOTOPON KapGoHaTHl3auMell paspesa, OHCTHINA-
LHeH TOIN3EeMHHX NbLAOE H KOHUEHTPHPOBAHHEM pac—
TBODEHHEX COJMIER Nnepen PPOHTOM NpoMep3aHKA.
B 3THX YCNOBHAX ee MOMHOCTH JOCTHIIH MaKCH—
MaJbLHHX 3HaYeHHH- o 650 MeTpomR, M BCe Bepx-
HHe BOQJIOHOCHHE TOPH3IOHTH OCTAJIMCE NPOMOpOKe-—
HH Ha MOJIHYKD MOWHOCTH,

O6GpaTHaA KapTHHa HaGJAanack Ha nnomapnax
pPacnpocTpaHeHNA KapBOHATHHX H Kap6QHATHO-
TEPPHUI€@HBHX TaNIOTeHHHX Nopo, OTHOCHTENLHO
cyabo APeHHPOBAHHHX M Ha HeGOJBIHX T'IyGHHAX
colepXamUx CoOJleHHe BOOH M paccofh. OxXnaxoge~
HHE HeOp B TaKHX YCJIOBHAX MNPHBEJIO K CPaBHH~
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T@NpHO GHCTPOMY INMPOMEP3aHHK BEepXHeH, OBHYHO
no 200-300 m , vacTH pa3pesa, Nocue Yero Ha-
Janock MeJIeHHOe H IJIHTeNbHOe oXNnaxmeHHe co-
JMeHHX BOO H paccosioB, HX TemMnepatypa CHH3H-
JNack 0O OTPHUATeNbHHX BEIMHYHH, M OXJIaxOeHHe
nocreneHHo OXBATHIO MOMHOCTL BepXHeH YacTH
THOPOI'€ONOrNYecKoro paspesa oo IJyGHHH

1450 M .

OxnaxneHHe GaccefHOB, CJIOXKeHHHX TeppHreH-
HHMH H KAapOGOHATHHMH OTJIOXCHHAMH, He cojepxa-
MHMH B COCTaBe BepXHHX TOPH3IOHTOB DaCCOJIOB
H BHCOKOKOHUEHTPHPOBAHHHX COJIEHHX BOX, NpPH-
BEJIO K NOCTENeHHOMY NnpoMep3aHH bepxHeR vac-—
TH paspesa, aHANOIHYHO NPOMEP3aHHK NPEecHO-
BONHHX OTNOXESHHH, OOHAKO,MOMHOCTH Mep3JHX
NOpoOn OKa3aNMHCh HEeCKOJIBKO HHXe, H B OCHOBa-
HHH HX TOXe BO3HHK MNOAC OTpHLATellbHOTeMNnepa-
TYPHHX BOR = KPHOM3IOB, OJHAKO,He CTONL 3HA-
YHTENEHOH MOMHOCTH, Kax 3TO HMeJI0O MecTO B
TaloreHHHX paspes3ax.

QOnHOBP@MEHHO C BO3PACTAaHHEeM TJYGHHH Npo-
MEp3aHHEe OXBATHBANO BCce OONBUIHE TEepPPHTOPHH,
NocTeneHHO NPOOBHI'AACE OT HAHOONee BO3IBH-
WeHHHX K MNOHHNXKeHHHM y4YacTKaM H C ceBepa Ha
wr, cokpamas NNomwAaAnd TayXHKOB, KOPEHHHM O6pa-
3IOM MeHAA YCNOBHA B3AHMOCBA3H NON3IEMHHX BOZ
C NOBEPXHOCTHHMH, THIAPOOHHAMHYECKYI CTPYK-
TYPY 30HH CBOGOJHOT'O H 3aTDYOHEHHOI'O BOOO-
o6MeHa apTe3HaHCKHX CTPYKTYp CHOHDPCKOH niaaT-
dopmu, Ha cepepe BocTOUHO-CHGUPCKON apTe3H-
AHCKOA O6JIACTH 3TH NPOUECCH OXBATHIH RCe
apTe3HaHCKHEe CTPYKTYPH, BHE 3aBHCHMOCTH OT
cnaranmMxX ¥X MOpoJ; Ha Ore, B npenesiax no-
Jel pacnpoCTpaHeHHA KapoTyomHxXcds kapGoHaT-
HHX OTJNOXEHHI, Mepsanad SOHa COXpPaHAna Ipe-
PHBHCTHH XapakTep, a MOog3eMHHe BOOH = nocTa-
TOYHO HHTEHCHBHOE HOHTAHHE,

B COOTBETCTEHHA C XapakTepoM THIpPOXHMHYeC-
KOO paspe3a Ha OGLHPHOH YacTH TepRHTORHH
TyHrycckoro AB, B 3anagHOH HacTH AKYTCKOTO
AE, KoTy#ckom, OJIeHeKCKOM H, YacTH4YHO, Xa-
TAaHr¢kOoM AE  30Ha MNpecHHX BOA OHJIA NoJ=
HOCTBXY NPOMOpPOXeHa, chopMHUpPOBANAcCE MOUHAaA
TOJIMA KPHON3rOB H apTe3HaHCKHe 6GaccefHH ne-
pemnl B KpPHOApTEe3HaHCKYl ¢azy Pa3BHTHA,.

PaccmaTpuBasa deHoMeH rJayboKoro npomMepsa-
HHA apTe3HaHCKHX CTRYKTYP H HX lIepexon B
KpHOaApTEe3HaHCKyYl $a3lsy pPasBHTHHA, HeJIE3A He
NORYEPKHYTE TOTO OGCTOATENLCTEA, YTO NOCIen—-
HAA NpPEencTaeiAeT cobod KadecTBEHHO HOBOe
IHOPOCTRPYKTYPHOE 06pal’oBaHHe, CBOHCTBA KOTO-
pOro onpenensioTcA

= HaludHeM pPerHOoHANLHOI'O Mep3JIOTHOI'O BO-
noynopa, MOMHOCTE KOTOPOTO HenocTosHHA BO
BpEeMEHH ;

= OTCYTGTEHEM PErHOHAaJNBHO=-BHIOEDXKaHHOH
30HH CBOBOOHOrO BOOOOOME&HA H CBOACTBEHHON el
NpeCcHHX NOO3EeMHHX BOX;

= HaJHM4YMeM NofAca KPHOM3I'OB — OTPHUOATENb-
HOTeMnepaTYpPHHX BOO H pPAaccoONIOB B OCHOBAHHH
Mep3NMOH ZIOHH H JIHH3 KPHOMN3TIOB B €e Ipenenax;

= THIPOXUMHYECKHMH H THAPOOHHAMHYECKHMH
NpoueccaMy, BH3HBAEMHMH KOJIeOGAHHAMH HHXHER
NOBEPXHOCTH Mep3NIOR 30HH, ee OTTAKBAHHEM H
npoMep3aHvueM, Crnegyom¥M 3a IepHoJaMu notren—
NTeHHA HIH NOXOJONAHHAj;

~ HH3KHMH NBEE3OMETPHYECKHMH YPOBHAMH NOO-
3eMHHX BOQn, o6nanalmwHx, MOMHMMO HH3KOH TeMmine-
paTypH H BHCOKOHN MHHepaJH3alHH, HYacTO H BHCO-

KHM ra3sosuM (aKTOPOM ;

- CBA3HBAHHEM IlOIO3eMHHX BOL B KpHOIHO-
paTHOR dOpMme,

Bce TH OCOGEHHOCTH, CBOHCTBA HJIH NPOo-
lecCcH, nNpoTekawilide B KDHOAPTE3HAHCKHX CTPYK*
Typax, OHIK OCBemeHH B Tpymnax [ MexuyHapon-
HOR koHbepeHuHH (7) H DpAOEe NAPYTHX patoT Co-
BeTCKHX Tuaporeosnoros (8,9), uro nosmonser
OCTAHOBHTBLCHA JIHWE HA HEKOTODHX acCNeKTax
POPMHPOBAHHA MONO3IEMHHYX BOJ DTHX CTPYKTYP.

OoMH K3 Haubosiee CJOKHHX H MaJIO paspa-
G6OTAHHHX BOMPOCOB-~ DHAPOOHHAMHYECKHE YCJo-
BHA $OpPMHpOBAHHA NOO3eMHHX BOA. Mu He HMeeM
B BHIOY MJONOXHTL HOBYW TeOpPHK GOPMHPORAHHA
HH3IKHX NMbe30MEeTPHYECKHX YPOBHeH NMOO3EeMHHX
BOL, XAapaKTePHHX OMA PTHX CTPYKTYP K no-pa3s-
HOMY OGLACHeHHHX HCCHemOBATEeJISIMH, 3aHHMAaBmH-
MHCHA 3THM BONPOCOM., MH XOTHM JIHUE NOOYepK-—
HYTE TO OBCTOATENLCTRBO, 4YTO NHTAHHE NOOMep3-
JIOTHHX BOJ C NOBEPXHOCTH B YCJOBHAX KPHO&p=-
Te3HaHCKHY CTRYKTYP HCKIOUEHO.

JIeACTBHTENEHO, naxe B cCaMeX IIy6oko npo-
MOPOXEeHHHX apTe3naHCKHX 6accedHax, IO MHO-
THX H3 KOTQPHX TaKke XapaKTepHd HH3KHE nbe-
30MeTPHYEeCKHe YyPOBHH, HaJHYHe CKBO3HOI'O Npo-
HHIAEMOT'O TAaJIHKa ABASeTCcHA HOCTATOYHEHM YCIO=
BHeM IJA BEAHMOCEASH MOBEPXHOCTHHX H HOA3&M=
HHX BOO. B KDPHOAPTE3HMAHCKHX CTPYKTYPax BHCO-
KOKOHIUEHTDHPOBAHHEHE COJIEHHEe BOAH H DACCONH
o6agawT OOCTATOYHO HH3IKHMH OTPHLATEeNBHHMH
TeMnepaTypaMH, B OTOENLHHX cCJaydaAaX OOCTHIa-
oMl =14V (HopaBHK) , H NpecHHe MNon3eMHHe
BOMH, MPOHHKaWmHe B NOAOGHHE YCJIOBHA C IO-
BEPXHOCTH, HeH3IGEeXHO OOJKHH 3aMep3HYTh.
CrazaHHOe TOOTBepXIaeTcs 3KCIHepHMeHTAaMH,
NnpoBeneHHEMH HHCTHTYTOM Mep3JIOTOBEeNeHHHA
CO AH CCCP Ha OOHOM H3 MECTOPOXIEGHHAR Ha KWFre
CuBupckoft nnaTtdopmu. Kazanoce Gum, B YCIOBH=-
AX OTCYTCTEMA NMHTAHHA ¢ IIOBEDXHOCTH B OIH-
cHBaeMHX AB MOJDKHA HACTYIHTh CcTaGHIH3AUHMA
THOPOOHHaMHYeCKOH OOCTAHOBKH. B QeACTBHTenbL-
HOCTH, OTCYTCTBHE BO3MOXHOCTEHN NOBEPXHOCTHO-=
TO NHMTAHHA He CBHOETEeNbCTBYET O THOPOOHHaMH=
yeckoll CTaGHJIBHOCTH PACCMAaTPHBAEeMHX CTRPYK-
Typ. BoOnee TOro, HaJIMYHe COJIEHHX HCTOYHHKOB
B 6Haccefiie p. Bumosa, Bonpuwof M ManoR TyHryc-
CKH CBHIETENBCTBYET O 3HAYHTENBbHOH MOMHOCTH
CpPABHHTENBEHO AKTHBHOI'O THOPOOHHaAMHYECKOIrO
pPexXHMa .

OnHoM H3 NpPpHYMH ero BO3HHMKHOBEHHA MOXeT
cTaTk NpoTavBaHHe Mep3ZIoR 30HH CHH3Y H BO3-
HHKHOBEHHE B 3TOH CBA3M Tak Ha3HBAeMHX nedH-
UHTOEBE HANOPOB. Kak NOKa3HBAKT (paKTHYECKHEe
OaHHHE, NOAYYeHHHe B NOocAeOHHe TojH, ITO
ApoTaHBAHHE Mep3JIHX NOpOoH OT HHXHeH TpPaHHUE
NPOHCXOOHT HepaBHOMepHO. Bo BCoAkoOM cnydae,
MOIMHOCTE ME@D3JHX [HOopon Hal 30HaMH DerHoHanb-=
HHX pasJIoMOB (GaKTHUECKH OKa3sWeaeTcda Ha 60-
80 MeTpoOB MeHbLE, Y&M BHe BJIHAHHA ITHX 3BOH,
OnHaKoO, €CnH MpoTaHBaHHE MEP3JIHX NOPonm npo=-
HCXOOHT HepaBHOMEepHO, 3HA4YHT HEepaBHOMEDHO
OOJIXHH OHTE pacnpenelleHH B nedMLUTH HANOPOB;
OHH JOJXHH OHTE MAKCHMaJbHH TaM, TOe 3TO
NpoTaMBaHHe MNOCTHIJIO MaKCHMAJILHHX 3JIHavYeHHUH,
CnenorpaTelIsHO, B STHX 30HaX MaKCHMAJIBHOI'O
NMPOTAHBAHHA H MaxCHMaJILHOIC AedHUHTa HaNoOpoB
OONMXHE CYM@CTBOBATL TaKXe 30HH BO3MOXHOIO
NOoTJioMeHHs . PaKTUYecKHe JMaHHHe, NONyYeHHHe
NpH pa3BeaKe MNOO3eMHEX BOIO Ha pAle OCLEKTOB
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B 3anafHOH 4acTH AKYTCKOrQ apTe3MaHcKoro 6Gac-—
cellHa, NOOKPennANT BHCKAZIAHHHE COOBPAKeHHH.
OTClOa MOXHO CHOellaTh HEeCKOJIBKO HeoXHIOaHHOe
ofmee 3aKJIWUYEHHe — Mep3nad 30Ha, ABJAKNMAACA
PerMOHANIBHEM BOIOOYNMOPOM, BO3HHKWHM Ha MecTe
30HH CBOGOOHOIO BOOOOGMEHA, B CHJY OHHaMHU-
HOCTH CBOEI'O Pa3SBHTHA CTHMYJIHpPYeT akTHBHS3a=-
LUHK THAPONHHAMHYECKHX MNpPOLUEecCCOB B BEpPXHHX
NOAMEP3JIOTHHRX I"OPH3OHTaXx, Hokawyasa croGon-
HHF BOOOOGMEH ¢ NOBEPXHOCTBK, OHA CNOCOGBCT-
ByeT aKTHBH3AUHH BHYTDEHHero BOIOOOOGMEHa.

KakoBa xe MOMXHA OHTL HANPaBJIEHHOCThL DTO-
'O BHYTPEHHEero BOIOoo6MeHa? JUIa TOro YToOH
OTBETHTE Ha 2TOT BONPOC, CAenNyeT OCTAHOBHTEL-
CA HAa JOBYX OGCTOATENBCTBAX.

NMepBOE COCTOHT B TOM, UTO AedHIHT HANOPOB
BO3HHKaeT BCerfa B BEePXHHX MNOOMED3JIOTHHX BO-
OOHOCHHX POPHAIOHTAaX,., 2TO BHJIO XOpomo noxasa=
HO B Tome XX "I'maporeonorus CCCP" (10). B
pe3ynsTaTe HaMoOpH MNOA38MHHX BOJI BOAOHOCHHX
TOPH3IQOHTOB, 3aJeranmHX HUXe MO pPa3pe3’y, KaK
NpaBuyIo, OKA3HBAWTCA Bhlue BepXHHX. Chenoepa-
TeNnpHO, BO3SHHKHOBEHHE H Da’3BHUTHe AedHIHTA
HaNMoOpOB NPHBOAOHT K OOmel TeHOeHUHMH NnepeTrexa-—
HHA NMON3EeMHHX BOJ M3 HMXHHX FOPH3OHTOB B 60-
Nnee BepXHHE, €CNH BO3IHHKAKT NYyTH, JaomHe
BO3MOKHOCTE NOOOGHOrO NepeTekaHHsa. (negoepa-
TelbHO, BO3ZHHKHOBEHHe IOedHMUNTa HaNopoR crno-
cOBCTBYET BO3IHHKHOBEHHHW TeHNEeHHHH BepTHKAJb—
HOH MHrpauuHd GIIOHLOB THOPOTeONOTHYeCKOI'o
paspeza CHHM3y BEepX.

Brtopoe oGCTOATENLCTBO COCTOHT B TOM, YTO
HaHGOJblEeEe OTTaHBAHHE MEP3JION 30HH Npochne-
XHBAeTCA MO JIHHEHHO-BHTAHYTHM 30HaM, OTBE-
YawmHM 30HAaM pPAa3OMOB. HyxXHO 3aMeTHTH, YTO
B 3THX 30HaAX BO3pacTaeT Ha OOHH-OBa nopanka
H BOIONPOBORMMOCTH IlOpox,., CrlenoBaTenkHO,
BO3IHHKHOBEHHe H pa3’BHTHe neduilHTa HATIOPOB
NMPHBOOHT KO BTOPOH ObBMeH TeHNeHNUHH nepere-—
KaHHA TMOO3eMHHX BOX MO HNNACTYy H3 30H HaH~
ME@HBHIEI'O MPOTAHBAHHA B 30HH HAHOGONLUETO
NpoTanBaAHHA.

Ece 3TO no3soNsAeT cOenaTk eme OOHO obmee
IaKkjIwvyeHHe: IMHAMHMKA PAa3BHTHA Mep3JyIod 30HH,
HAJIOKEHHAA Ha CJIOKHHF TeQCTRPYKTYDHHE QOH,
crnocobeTeyeT manbHefmeMy OCJIOKHEHHK pPerHo-
HaJABHON THAPOOMHAMHYECKOR CTPYKTYDH KDHOAp-
TE3IHAHCKHX GacceHHOB, HepaBHOMEPHOCTH ob6BOng-
He@HHA BepXHel YacTH pa3pesa NHOoAMepP3aNOTHHX
BOO, CYHeCTBEHHO OCJIOKHAET BO3MOXHOCTH HHXG-
HEPHOr'0 OCBOEHHA MOA3EMHOI'0 NPOCTPAHCTEBAa.

CKa3aHHOe, OIHAKO, OTHOCHTCH HEe TOALKO
K NOOMep3NOTHOH YacTH I'HOpOreQJIOCHYeCKoro
paspes’sa. 'MOpPOreoJIOrHYECKHEe CheMOYHHe H chne-
UHaNbHHE DPAa3BefiIoYHHEe pPaboTH nokasalii, 4YTo M
B Be@pXHel vacTH paspe3a, B Npegenax perHo-
HaJILHOT'O PACHpPOCTRPaHEeHHA Mep3JiHMX Mopoll ocTa=-
JIHCE TANEHMH 30HH OCO60 BHICOKON BOOONPOBOIH-
mMocTH, [IpHpOIa TaKMX 30H CBA3aHA JIHH0O C ne-
peyrny6nesHEMH NMOJIMHAMH NepBHYHO TeKTOHH4YeCc—
KO TNPHPOIOH, BHNOJHEHHHMH MOJACCONOnOOHEMH
necyaHo=ralledyHuMH OTNOXEHHSAMH, JH60 C pas3-
JIOMaMH, MepeceKanMiMH MACCHBH KapSOoHATHRHX
nopon H pevyHHe JOJHHH Da3NHYHOrO YDPOBHA
(6accedn p. Bunwd)., B nocnemgHeM crnyvae BHCO-
Kafd NoTeHUHankHaa BOAOIPOBOAOHMOCTE COUeTaeT-—
CA € OoCO60 GJATONPHATHHMH YCAOBHIAMH KpPYTJIO-
FOOHYHOTO MHTaHHA, YTO NMPEenNATCTRYET IIpOMEp-
3aHMI ITHX 30H H CnocoGCTByeT COXPaHeHHN HX

TaJIHKOBOA NPHPOIH, ECTs OCHOBaHHE OXHNATL,
9YTO NOONOGHHE BHCOKOOOGBOOHEHHHE 30HH MOTYT
OHTE TaKXe CBAJAHH ¢ OTHOENBbHHMH 0COGO Tpe-
MHHOBATHMH TeNaMH TRANMNOB, BO3IMOXHO, nan-
KaMH. KOCBEHHHM TOMY IDPH3IHAKOM ABJIANTCHA
MOMHHE HaNlelH, BHABAEeHHHEe B BePXOBbBAX HeKO-
TOPHX PEeYHHX MNONHH, GepymHxX HadYaJlo Ha Tpal-
IOBHX BO3BHUWEHHOCTAX.

ApTe3HaHCKHe GACCeHHH CIJOWHOINO CIAyGOKO™
o NpOMep3aHHMA TakHe, Kak JIeHO-BHIWOACKHH,
Ha 3HAYUTENBHOR miomand - XaTaHICKHil, dac-
THYHO, B 3anagHOW YaCTH - TYHI'YCCKHI no pa-
Oy NPH3IHAKOB M MPOHCXOOAMMX B HHX MNpPOIecCoR
HanOMHHaWT KPpHOapTe3zHaHCKHe, OHHM OTIHYAKTCA
B OCHOBHOM OTCYTCTBHEM TNOACA KPHONSTOB H
BCEX TeX OCOGEHHOCTEN pPa3BHTHA, KOTOPHEe CBA-
3aHH C THM NOACOM H PacCMOTPEeHH BhIue. Kpo-
Me TOI'0, MNPeHMYUmecCTBeHHO TeppUTeHHHN CcOoCTaB
nopon, OGPA3YIMHX YeX0NA 3THX apTe3HaHCKHX
GaccefHOB, OGYCJIOBIHEBAaeT GOJlee pPaBHOMepHoOe
npoTaHBaHue Mep3JIOH 30HH, COOTBETCTBEHHO H
foJiee PABHOMEPHYK BOMNONPOBOOMMOCTE NOPON
no nnacrTy.

AHanH3 CTATHYECKHX VPOBRHEHN MNepBROro nono-—
Mep3NOTHOTO BOOOHOCHOI'O TOPH3QHTa NOKa3WBa-—
eT, YTO MHOTIOUYHCIeHHHEe TAaJIHKOBHE OKHa, otpa-
30BaBWHECA B Pe3yiIbTaTe TEeIJIOBOTO B3aHMO-
NefcTBHA MEep3JIHX MOopol C PeKaMH HIAM o3epa-
MH Ha [NOBEDXHOCTH, He ABJAKNTCA OoYaraM nH-
TAHHA MOOMEDP3JIOTHHX BOOOHOCHHX TIOPHI3IQHTOR,
XOTA MEeD3JIOTHHE VYCJIOBHA HE MOr'YyT TOMY l(ipe-
NATCTBOBATE, [I[PHYHHOA OTCYTCTEHA B3aHMMOCBA-
3H ABJIANTCA JHTOAODIHUYECKHEe BONOYNOPH, XOpo=
WO BHMOOJHAKIHE CBOK H3IQAHPYHHNYH POAR Ha
OTrpPaHHUEHHHX TMJIOMAajaAX Pa3BHTHA CKBO3HHX Ta-
NTHKOB,., BMecTe ¢ TeM, NOaHHHEe PEXHMHEX Habmo-
AeHHHA H PAOHOH3IOTONHHX HCCHAEeOOBAHHN YKa3h—
BAKT Ha NPOHCXOOAMYW B HACTOAmeEee BpeMa HHE-
TeHCHOHKaUHW BOnoo6MeHa, KOTOPAA CBA3IWBaeT-
ca ¢ GOPMHPOBAHHEM H pacuiHpeHHeM O6JIacTH
neduiHTa HaAIOPOB H OTCYTCTBHEM THIAPOOHHaAMH-
YeCKOrQ PaBHOBECHA MexXOy OTAeJIbHEMH 3JIeMeH=-
TaMH CJIOKHOW BOIOHATIOPHON CHCTEeMH STHX
apTe3HaHCOKHX 6GaccerHon (9, ¢.9-14). Cnemo~
BATEeNBHO, KAK H B KPHOApPTEe3HAHCKHX 6Gaccef-
Hax, (OpMHpOBAHEe H XapaKTep IHOPOOHHaAMHYEC-
KOR CTRPYKTYph AB CIUIOMHOIO TAYSBOKOro npo-
MeD3aHHA onpenensaeTcsa BO MHOIOM IOTHHAMHKOR
Pa3BHTHA Mep3JIOA 30HH. OHA onpepenseT TaKk-
Xe XapakTep BepXHeHl YacTH THIPOreosIorH4Yac-
KOr'o paspes3a: Hajx MepsJsof 30HOR H B ee npe-~
nenax. OH Gonee CJOXeH B ONHCHBAEMHX CTPYK-
TYypPaxX H3—3a HAJIHYHUA MHOTOUYHCJICHHHX O3EepPHHX
BNanHH H O3ep, PEeJIMKTOBHX HJH HOBOOGPa3O=
BAHHHX, TepMOKapCTOBHX, HO BO RBCEX CIyYaax
NPHBEOUHX K O06Ppa30BaHHK BOAOHOCHHX Nonos3ep-
HHX TaJIHKOB,. [IpH GJIAarOnNpHATHHX JHTOAOIHYeC-
KHX YCIOBHAX ~ HaJIMYHe NOPpOIO BHCOKON BOOO-
NpOBORHMOCTH, OGCHYHO B npelleflax dYeTBepTHY~
HOTO KOMMNexKca OTNOREeHHH, NOoOo3epHHe TalJlku-
KH COYeTaWwTCA C NOJMHHHHMH H B lpenejlax Meps-
JIOA 30HH BOBHHKAKWT ROMNOMHHTENBHO CJIOKHHE
Hag=- H MeXMepP3NOTHHe 6aCCeNHH I'DYHTOBHX
M Ccy0apTe3HMaHCKHX MeXMep3JIOTHHX Bonm, npe-
HMymMeCTBEHHO O3epPHOTO HIH KOHIOeHCALHOHHOIO
MUTAHHA. Pasarpyska STHX BOO NDOABJAeTCA
GOPMHPOBAHHEM BHICOKOINEGHTHHX POOHHKOB, OQOGH-
YHO O6pa3youMX KpYMHHe Haneuw (9, ¢.35-45),

[lo Mepe ODBHXEHHA C CeBepa Ha KT KPHO-
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apTesHaHCKHe BacceflHH K apTe3HaHCKHe BacceHl-
HH CIJIOWHOTO AyBOKOr'o mnpoMep3aKHA CMeHAnT-=
ci BaccelHaMM C NPepPHBUCTHM Pa3sBHTHEM Mep3—
NHX MOopon: ANNaHCKoe KpHJo SKyTckoro AEB,
BepxHe=JleHCKH® AB, HXHasa H Kro-3anajpHas OKpa—
HHa TyHrycckoro AB. Ux ruapogMHaMHYecKHe yc-
NOPHA BIH3KH K AB, He 3aTPOHYTHM IJIYGOKHM
npoMep3aHHeM, H TOJBKO THAPOXHMHUYECKHE XapakK-—
TEPHCTHKH CBHATENBCTBYWT O HeKorma CymecTBO=-
BaBmWeR 3IOeck HMHOH, GONee CYpPOBOR Mep3NOTHOR
OGCTAHOBKEe, OTBeYaBued PAacCCMOTPEHHHM BHue
THOPOTreOoNOTHYECKHM CTPYKTYPaM.

3HAUHMTEJIBHHA HHTepec B Mep3JIOTHO-TH)Iporeo—
NOTHYEeCKOM OTHOMeHMH NMpencTaBinfgeT AHaGapcKHi
MUT. Tennodu3lHYeCKHe pacueTH, BHMNOJHEHHHE
P.T.MacTrkeBH4YeM, AOKasamnd, YUTO MOMHOCTE Mep3-
NOMX 30HH TaM npepnwaeT 1000 M , B yCHIOBHAX
pPa3BUTHA KPHCTAJJIHMECKHX H MeTaMopPOHUEeCKHX
nopon OXUAATE Ha 3THX DAY6HHAX OMYTHMHX Dpe-
CYPCOB MOO3EMHHX BOO OKAa3aJZlIoCck ReChbMa Mano-—
BepOATHEM, Ha 3TOM OCHOBAHMH AHAGAPCKHA WMHT
6HJI OTHECeH K KPHOreOJIOTHYeCKHM MacCHBaM,
OpnHako reodxavyeckHe JaHHHe, MOJYYeHHHEe B
nocnenHHe rogd B HHCTHTYTe Mep3JIOTOReAeHHT
CO AH CCCP, noka’aju, YTO B OCHOBaHHH Mep3-
oW 30HH AHaABApPCKOro mHTa BOOA BCe—-TakK Mo-
KeT OHTh.

2. BocToUHO-CHOMDCKAA THAPOTeONIOI'HYeCcKan
cKJag4yaTaa oO0NMAaCTh BKAKYAET B ceb6A OOGUHDHYIO
TeppuTOpuKw lpnGankanea, 3aBafikanba, Balkano-
NaToMckoe Haropee H CraHoOBOH XpebGer. Ilo yor-
poficTsy penbeda — DTO CIHIOKHO MNOCTPOEHHAR
TropHasg CcTpaHa, B KOTOpOH Ha doHe HATODHH H
MIOCKOTOPHE PAa3NIHYHOA CTEeneHH paculleHeHHOoC-
TH PA3BHTH BHNAOWUHH DAIMHYHON TeKTOHHUYECKOH
NPHPONE H BOSBHIANTCH AJBIHHOTHIIHHE XPe6TH
C BepPUHMHAMH-TOJIBLAMHM, HMEelMHMH aGCONOTHHEe
OTMETKH 2-3 THCHYH MeTpPOB.

Mopapnaomas YacTe OGJIACTH CnOoXeHa KpHCo—
TanMNUYeCcKHMI H MeTaMOpdHUEeCKHMH ODPEeBHHMMH MMO=
poJZaMH, MeHbuHEe N0 nnomailHd TEePPHTOPHH = MOJIO=
IOBIMM BYJIKAHO'@HHHMM M HMHTPV3HEHHMH of6pa3losBa-
HHAMH H OkoJio 8% cocTasBJIAT HOpManbHHE Oca-—
AOYHHE KOMILJIEKTH, O6pa3youie apTe3HAHCKHHA
YeXoJl MeXrOpHHX GaccefiHoB. [0 BpeMeHH obGpa-—~
30BAHHA M CHOEH NMPHPOOE MNocJIellHHe MNeJIATCA
Ha TpH OCHOBHHE THHa: 3abaHKaNnbCKHi, IOXKHO—
AKYTCKHR B GalkanbCKHA,

BnaguHHe 340afkalIbCKOT'O THIIA XapaKTepHay-
KTCA YeXJIOM MOMHOCTEI no 2000 M, CIOXKEHHHM
KQHTHHEHTANABHEMH M 20OY3IHBHEMH O6pPAa3OBAHHA—
MH WDPCKOI'O M HHXHEMeJIQBROr'O BO3pacTra, HeTbep-
THYHHE OTIOXeHHA B HHX COCTABJIAKNT He3HaAUYH-
TeNMbHYK MONMHOCTE H HE O6pa3s’ynT apTe3HaHCKHX
BONOHOCHHX TOPH3OHTOB. Ha KpLUIBAX BIAOWMH MO-
TYT GHTE PA3BHTH OoGpaMmisimHe HX DA3JIOMH.

BrnagMHH KDXHO-AKYTCKOIO THIIA HMENT OCO6YI0
TEKTOHHYECKYKW NpHpony, aCHMMeTPHUYHOe CTrpoe-
HHEe C KPYTHMH MNajeHHAMH H SHaYHTeJBHOHX MeTa-
MopdHzauHel NMOpOR Ha KXKHHX GOpTax H MNOJIOrH-
MH - HA CeBEePHHX; BHIIONHEHH OHH WDCKHMH yI'-
JIEHOCHEHMH OTJIOXKEHHAMH MOMHOCTBIO OO 4 THCHAY
MeTpoB, NOACTHIAEMHMH C CEBEepHHX GOPTOB HHX-
HEKeMOGDPHACKHMH OO0pas3oBaHHAMH. I0OXKHOe XPHJIO
TakKHX BIAIMH OCHOXKHEHO 30HOH Das’JIoMOB.

BnanMin GalKanprCKOIr'O THIIa CBAZaHH ¢ Kpyn-
HEMH MepeMemeHHAMH TeKTOHHYeCKHX OGJIOKOB H
CcOoYeTawnT B cefe CTPYKTYPH nporufa H rpacteHa,
OGHYHO OGpPaAMIeHH Pa3/IOMaMH H BHIIOJIHEHH Mom=-

HHEHMH TOJ/aMH{ 4YeTBepTHUYHHX OTJIOKEeHHHR O3epHoO-—
GIOBHOI'NALHANBPHOIO M AJUIOBHAJIBHOI'O TIPOHC~
XOKOEHURA .

THaporeonoriYecKie yCcJIoBHA paceMaTpHBa-—-
eMOll ckIag4YaToOl O6GJIACTH CYymecTBEHHO OCNOX-—
HeHH MNpPpOMep3aHHeM Henp, BeChbMa HepaBHOMeDp-
HHM KakK IO mjaolaii, Taxk H 10 MOmMHOCTH 3O0HH
Mep3JIHX Nnopold. OCHOBHHE 3aKOHOMEpHOCTH $op-
MHDOBaHHA MeD3Nof 30HH COCTOAT B YBenude-
HHH ee ofmell MOMHOGCTH C Wra Ha ceBep, OnOHa-
KO 3Ta OobmaA 3aKOHOMEPHOCTh CYHEeCTBeHHO
OCJIOKeHa BHCOTHOR Mep3JIOTHOH NOACHOCTERN,
OTpaxXeHHeM KOTOPON ARIAETCA TAyDHOKOe, Ha
MHOTHe COTHHM MeTpOB, NpOMep3aHHe TOPHHX
MacCCHBOB, CHHXeHHe MOMHOCTH M BO3HHKHOBE-
HHE MPepHBHCTOCTH MeD3JION 30HH Ha IJjato H
HATOpPBLAX, NOBEPXHOCTH KOTODPHX OTHOCHTENBHO
NOHHXEHA .

B npenenax lpen6adkanbCKOR BHNagHHH H
[IpUNeHCKOro mIaTo, B NOJe Pa’BUTHA kapbo-
HATHHX TOPOO Mep3nasa 30HA HOCHT IMpepHBHC-
THIA XapaxTep, XOTA MOWHOCTB MEpP3IJHX ITOpPOoa
snech NOCTATOYHO BEeNHKA H JOCTHraeT He Me~
Hee 300 M ., [pepHBHCTOCTE MEepP3NOR IOHH HA
DTON TEPPHTOPHH ONpenenseTcs OTenJSINHM
BOo3neicTRHeM HMHOHIBTDAIHMHM aTMOc)epHHX ocan—
KOB CKBO3k KapPCTOBHE MNOJIOCTH PAa3JIHYHOI'O
poda. W XOTHA OKHa TaNXHMKOR He HMEWNT DEerHo=
HAJIBHOTO 3HAYEHHA, B3aHMOCBA3bL MNOBEPXHOCT-
HHX H No3eMHHX BOR SOPMHPYETCH HenocpencT-
PeHHad, a YCJIOBHA BOCHOJHE&HHMA PeCcYpcOB nom-
3eMHHX BOL BecbMa GIaronpHATHH, CXooHasa o6-
CTAHOBKA MOXeT OHTE OTMEeYeHA H IOJIA HWXKHON
vqacTtH Yuypo-MaficKoro MIOCKOIOpbA, XOTA TaM
MOXHO OXHIOATEL ehe OGOJLIIHX MOMHOCTEeR Meps-
JIHX MOPOX, a BOUONOTJIOWAIMHE TANHKHK, CBA-
3aHHHEe ¢ KAPCTOBHMH MNOJIOCTAMH, MNO—BHOHMOMY,
ene Honee JNOKANH3OBAHH MO MJOMmMAIH.

B npelenaxX CTAHOBOrO Haroped H CeBEPHON
YACTH BHTHMCKOTrO INOCKOrOPbA NnpeotnanaeT
cryomHad MepaNas 30Ha, MONHOCTL KOTOpOHM B
TOpPHHX Xpe6TaxX NpHGAHkaeTcs X 1000 M , a
MeCcTaMH H NpeBHuMaeT 2Ty BeIHUYHHY, a B ped-
HHX OOJIHHAX ¥ MeXTIOPHHX BragHHaX CHHXaeTcCH
oo 130 m . B sananHo#l, npenfaRKanhCKol uac~
TH CTAHOBOI'O Haroped MOMHOCTE MepR3JIHX No-
pon mnoHmxaeTca no 100 ¥ MeHee MeTpoOB, MNpe-
PHEHCTOCTE BO3DACTAET, M HENMOCPEeNCTBEHHO B
HPHEPEXKHOH MNoJIoce Mep3ajiHe noponH npHobGpe-
TawT OCTPOBHOE PACHPOCTRAHEeHHE.

B HXHOA YAaCTH BHTHMCKOI'O NJIOCKOTQREA H
B CpeOHEeBHCOTHHX ropax OnekMHHckoro CraHo-
BHKA MOHMHOCTE MEPR3JION 30HH CHHXaeTcAa B Io-
pax mo 300-100 M , Ha wre = BONOpasnens H
OKHEE CKJQHH YacTO Tanuwe, a B MeXTOpPHHX
BraguHaX MOKMHOCTE MEeD3JIOA 30HH HAaobopoT
BospacTtaeT o 200-300 M . B nenoMm Mepsnan
30Ha NpHoGpeTaeT 30eCk MNPepPHBHCTHA XapaxkTep.

B mpenesiax ANOaHCKOTrQ HAT'OPbA MOWHOCTH
Mep3noft 30HH ABIAETCA IPAMOH QYHKLUHEeHR BH-~
COTHHX OTMeToK. Ha BrhcoTax 6Gomee 900~1000 M
MOWHOCTE: CIVICKHOR Mep3JyIOf 30HH [OBCEMECTHO
npeBsmaer 200 M, npHYeM Ha BoJopasmesax
BozpacTaeT mo 800-1000 M , Ha MeHBHNHX OTMET-~
KaxX OHa CcHMXaeTcs no 50-150 M , mepsnasa so-
Ha NpHOGpeTaeT NPEepPHBHCTHI xapakTtep. [Ipe«
HMymeCcTBeHHO [pepHBHCTas Mep3iiad 30Ha Mom-
HocTew 200-100 M pacnpoCTpaHeHa M Ha HOXKHOM
CcKJIOHe CTaHOBOT'O XpelTa H TONMBKO B TOPHHX
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Xpe6Tax M CcHCTeMaX OHa MeCTaMH BHOBBR TIRHOG-
peTaeT CIJIOWHOHN XapaKTep, VBelNHYuBasaChk I10
MOMHOCTH o 300 M .

YyHTHBaA CpoMansEyw NJIomalk TEepPHTODHH
BOCTOYHO=CHEHDCKOR I'HIPOI'€QJIOTHYECKOR cKaan-
JaToH o6nacTH, CIOXHOCTE MEP3JIOTHOR H reo-
JNIOCHYEeCKON OGCTAHOBKH, GOJBUOE YHCIO THIOPO-
TeQNOTHYECKHX CTPYKTYRP = OOHHX TONBKO apTe-
3HAHCKHX GaccelHOP 3MeCh HacuHTHBaeTcsa Gonee
60 - npencTapisgeTca LeAecoOoBpa3HHM oXapakKkTe=-—
PH3IOBATE I'HOPOrEOJIOTHYECKHEe YCIHOBHA MO THIAM
THAPOTEONOTHYSCKHX CTDPYKTYP H B COOTBETCTBHH
C TeMH BOOOHOCHHMH KOMIIJIEKCAMH, KOTOpPHEe HX
XapakTepuayioT,

I'naporeosOoruiecKHe MACCHBH MO YCJOBHAM
bOopPMHPOBAHHA NONSEMHHX BOI NOoOpa3neleHH Ha
a) MacCHBH, CJIOKEHHHE KPHCTANNMHUYSCKHMH H
MeTaMopdHUYeCKHMH NOPONAMHM,H 6) MACCHEBH,
BEepPXHAA 4YacCcTh KOTOPHX o6pa30oBaHa KapboHAaTHH-
MH PAa3HOCTAMH NOPOLO.

a) I'mgporeoJJOrHYecKHe MaCCHBH, CJOXeHHHe
KPHCTaNNHYeCKUMH H MeTaMopbHYeCcKHMH Nopona=-
MH, B CHIOPOreOJIOPHYECKOM OTHOUeHHK TOoXe He-—
ONHOPOOHE, YCIOBHA GODMHPOBAHHA B HHX noo-
3eMHHX BOO BO MHOI'OM 3aBHCAT OT XapaKTepa
Mep3JyIol 30HH. 30eCh MHOTI'OE onpenenfaeTrca co-
OTHOMEHHEM MOMHOCTH MeD3JIOf 30HH C MOMHOCTLIO
30HH DerMOHANBHON TpPemHMHOBATOQCTH, KOTOPAaH
OGHYHO B TakOr'o DOJAa NMOpomax JIeXHT B Npene-
nax nepBux 100 MeTporB, YCNOBHAMH IOpPEHHDOBAaH-
HOCTH H NMPOMEDS3aHHA, XapakKTepoM NDephHBHCTO-
CTH Mep3Jiol 30HH,. [0 3THM YCIOBHAM HAMeYawT-—
CA crnenywimHe THIH THOPOTeONIOTHYeCKHX MacCcH-
BOB.

I'noporeoJIorH4ecKHe MacCHBH, BHpDAXeHHHe B
peirede rOpHHMH COOPYXEeHHAMH, CHIALHO pacdine-
HeHHHe, PachnoJIOXKeHHHEe B YCHOBHAX CrJOWHON
MEpP3NMOR BOHH, MONHOCTE KOTOPOHW COCTABJAET He
MeHee 300-400 M M npepHiyaeT MOMHOCTE pPerHO-
HaJILHON TpPEeMHHOBATOCTH.

TakHe YyCNOBHA XapaKTepHH s THAROTeQno=
THYECKHX CTRPYKTYP CTAHOBOI'CO HAr'oOpeA H CeBep-
HOH YacTH BHTHMCKOIO IJIOCKOrOpRA, B Npenenax
ANNaHCKOr® Haropbs Ha BHCOTax Gonee 900 m ,
B NPpHBOOOPA3NEeNpHOR 4YacTH CTaHOBOrO XpebTa,
BO3IMOKHO = B IPHBOIOPA3NENBHHX YaCTHAX Xpeb—
TOB AHKaT-TykYpHHTpa-JXargH H I'OPHOR CTPRAaHH,
O0pPAa’0BAHHOR Xpe6TaMu TypyH=-BYpPEeHHCKHM H Ipy-
T"'HMH,

B npegenax Takoro pola TCHIPOreOJIOTHYECKHX
MaCCHBOBR NMON3EeMHHEe BOIOH He HMewnT DRerHoHalh-
HOT'O pacrnpocTpaHeHHsa, OHH GHBAWT NPHYPOYEHH
TOJIBKO K JOHHIlAM PeYHHX [OONHKE, rae (OpMHDYIT-
CA B TOJME PHXJHX AJJIOBHANBLHHX, O(MOBHOIJIALH-
ANBbHHX HJH HHHX JOJUHHHX OTJIOXKEHHA H TpemH-
HOBATON 30HEe B MONCTHIAKNMHX KOPeHHHX Nopomax.
[IpHYPOYEHHOCTE 30H MOBHULEHHON TPerHHOBATOCTH
KPHCTAJUVIHYECKHX H MeTaMOopdHUYECKHX NOopol B
STHX VCJOBHAX HMEHHO K DPeYHHM IOJHHaM cCBA3a=-
Ha C OBYMA OGCTOATENLCTRBaAMH. BO-NepBHX, C
BHOOPOYHOH 3pPO3HeR PeYHOrO NnOTOKAa, HanGomnee
OeACTBEHHOR KaK pas B MNopolax MNOBEMeHHON
TPEMHHOBATOCTH H NOHHXEHHON YCTORYUBOCTH K
areHTaM BHEETPHBAHHA, H BO-BTODHX, MNpolecca-
MH KDHOr@HHOH nepepaboTKH KPHCTANNMHYECKHX H
MeTaMopdPHUYeCKHX Iropon npu SGOPMHPOBAHHHM H pas-
BHTHH Mep3Nol 30HH, [OCKONBKY TDPEeMHMHOBATOCTE,
B CBOK oOvYepelbk, BO3pacraeTr QBHYHO B 30HAX
TEKTOHHUYECKHX HapyueHHR, TO H DPedvHHe IOJIMHH

37]ech YacTO SaJIOKeHH MO 30HAM PAa3IOMOB HIH
ONEpPAWNHAX HX PA3PHBHHX OHCJIOKALHY.
YCTOAUHBEE BOJNOHOCHEHE I'OPH3OHTH B aJimo-
BHAJIBHHX H TPOUHHOBATHX NOpPOJax, HOOCTHNA-
WHHX OHHIMEe JOJMHH DeKH, MOr'yT CcOOpPMHPOBATEH=-
CfA ML NPpH OOCTATOYHOM BOOHO~-TENNOBON >Hep-
THH MOTOKa, CNOCOGHON o6pa3oBaTh MOMHHE Ha-
Mep3JIOTHHI HJIH CKBOZHON Tanuk. TakHe NMOTO-
KH peaZIbHO BOZHHMKAWT JHulk MNPH onpenesleHHHX
nnomanAx BOOOCGOPOB, B npemenax oT 50 mo
200 xpaypaTHHX KW/IOMETDOB, & B psane ciaydya-
eB ¥ SGonbued nnomand,. Takum odpasoM, B NpH-
BOAOPA3NEeNbHHX YHacTKaX pacCMaTpHBAEMHX

‘MACCHBOB MNMOAO3eMHHX BOJI He cCcrneayeT OXHIATE

maxe B PEUYHHX IJOJIMHAaX.

JpyruM paxHeM ¢axTopoM GOPDMHPOBAHHA B
PedYHON OOMHHE TallMKka H HAOeXHOrO TaNHKOBO-
' BOOOHOCHOT'O T'OPH3OHTA ABAAKNTCA Te0sIOTH=-
YeCKHe YCJIOBHA HAKOMJEHUA PHXJHX OTJIOXKeHHH
H XapakKTep NoCeIenHHxX, npexiae BCero - Mo~
HOCTE 3THX OTJIOXEHHA H NMOnepedYHoe HX ceye-
HHe, BOINONPOHHHAGMOCTL, KO3OOHUHeHTH OHABT-
PalHH M H3MEHEeHHA DTHX NapaMeTPOR BIQJE IO-
NHHH pekH. Kak npaeuno, B TOPHHX HOJHMHAaX
BocTroyHOoRn CHMOMPDH H B NpenesiaX paccMaTpHBpae-
MOH TeppHTODHH TaxKkxe NapaMerTpn 2TH BIOOJNb
10 JOJIMHAM PeK CYMeCcTBeHHO HAMeHAKWTCA. B
YaCTHOCTH MEHAKNTCA MOMHOCTH DHXJIHX OTHOKe-
HHH, Hx MpPpOCTHPaHHE NONepeK NOJNHHH, BIJIOTH
OO TOJIHOrQ BHKJIHHHBAHHA, MEHAETCA HHTEHCHB-
HOCTEL U TNyGHHaA 30H TpPemHHOBATOCTH, MEHAKNT-
cA ko3bdPHUHEeHTH OOHNBTRAUHH AJINIWBHAJNBHHX OT-
JNIoXeHHH. B KOHEYHOM HTOTe MeHAeTCA NOTeHIH-
anbHag eMKOCTh NOODYCHOBHX BOOOHOCHHX I'OpPH-~
30HTOB M, ClenoBaTenhbHO, €CTeCTEEeHHHEe pecyp-
CH TIOA3&MHHX BOJ, OOPMHDYVHOMHECA B 3TOR eM-
KOCTH [pH TaJloM €e COCTOSHHH.

MpHXOOHTCA TaKkKe HMETh B BHOY, 4YTO B OO-
NMHHaX ¢ HnHPOKHM pa3BHTHEM Hajlegeil Halleneobt-—
pPasoBaTenbHHe NPONEeCCH CNOCOGCTRYHT CcpadoT-
Ke 3anacop MnoaseMHEY BOA B KPUTHYECKHHA BOO-
HHH TepHOon.

TuaporeonorHdyecKkle MAaCcCHBH, BHPaXeHHHE B
penkede CpenHeBHCOTHHMH 'OpaMH, IJaTo, NNO-
CKOT'OPBLSAMH, OTHQOCHTENBHO CNato pacyJyIeHeHHH-
MH, PACHOJIOKeHHHEe B YCJOBHAX CIJIOMHON HIIH
MPEPHBHCTON Mep3JIOR 20HH, MOWHOCTE KOTOPOH
coctasnaer 100-300 meTpoB, pexe 6GoJsiee, H
GJIN3KA HJIH MeHee 30HH PEerHoHaANLRHOW TpemuHO=-
BaTOoCTH, TakHe YyCnopBnA XapaKTepPHH IONa THIpO-
IreOJIOTHYECKHX CTPYKTYP HXHOH YacTH BUTHMCKO-
ro MIQCKOTrOopLA, ONMeKMHHCKOI'O CTaHOBHKa, An-
OaHCKOT'O HArOpPbA Ha OTMeTKax MeHee 900 m ,
WKHHX CKJIOHax CTaHOBOro xpetra, Ha 3HA4YH~
TEeNBHOH YaCTH TEPPHTOPHH XpebToB fJHKaAH-Ty=-
KYpHHrpa-karngn # APYTHX TOPHHX COOPYXEeHHH,.

B npepesiax TAKOro polda CEAPOreQJIorHYec—
KHX MACCHBOB MOO3EMHHEe BOIH OPHOGPeTalwT pe-—
THOHaNLHOE PACNpPOCTpaHeHHe B CHAY OGonee Glaw
CONPHATHHX YCJIOBHH NHTAHHA CKBO3b (QHIALTPa-
LHOHHHEe TaNMHKM H B CBAA3H C NOABJIEHHEM B OCHOw
BAHHH MEP3JIHX Nopoy SO0HH KPHOreHHOR Oe3HH~
Terpalldd - CAYSGHHHOI'O BHBEeTPHBAHHA, BHS3BaH=-
HOr'Qo HEeOIJHOKPATHHM 3aMep3aHMeM H OTTaHBaHU-
€M NpecHO® BOIW B TheWHHAX TOPHHX nopon. TeM
He MeHee, H B 3THX CTPYKTYPRAX BOIOHOCHOGTH
KPHCTAJIJIMYECKHX M MeTaMopdHUeCKHX MOpoJ BHe
pevHHX IOOJIHH BEChMa He3HauMTenbHa,
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6) THAPOTeQIOrHYecCKHe MACCHBH, BEpXHAR
YaCTh KOTOPHX CNOXeHa KapOOHATHHMH NOPOIAaMH,
PACHPOCTPAaHEHH 3HAUYHTEJNBHO MeHee HHPOKO,
NMpeuMymecTBeHHO B BOCTOYHON 4HacTH paccMaTpH-
BaeMoil TeppHTOPHH, B IHOPOreQIONHYeCKOM OT«
HOUWEHHW OHHM H3y4YeHH BeCchMa cnabo., OOHAKO
3HAYHTEeNLHOe YHCOJIO Hanenet, 3adMKCHpPOBAHHHX
B nNpHTOKax p.Il'OHam M Yuyp, a TaKXe BHCOKasd
BOOOHOCHOCTE KAPCTORHX TOPHAIOHTOBR Yuypo-Mafi—
CKOr® aApTesHaAHCKOro facceffHa, MHOTOYHCJIEHHHE
$OpPMH NPOAEBNEHHA AKTHBHHX KapCTOBHX npouec-
COB CBHOETeNBCTBYWT O BHCOKOH NMOTeHUHANLHON
BOOOHOCHOCTH KApPGOHATHHX MOPON THOPOTeOJIOTH=-
YecKH¥X MACCHBOB. HOBOOGPA3OBAHHHE KAPCTOBHE
BOPOHKH YKASHEBAKWT TaKXKe Ha NpPepHBHCTHH Xa-
paKkTep Mep3JION 30HH B Npenenax THIPOreonoru-
YecKMX MacCHBOEB, CIOXKEHHHX KapOOHaTHHMH o&Gpa-—
3QOBaHHAMH.

ApTe3HAHCKHEe BACCeRHH 10 YCJIOBHAM HOPMH=-
POBaAHUA NMOA3EMHHX BOLO NOLPA3LENAKNTCA Ha
a) MexXTopHHe H §) cpenMHHHe.

Venorua $OpMHDOBAHHA TON3IEMHHX BOO apTe-
3HaHCKHX 6GacCEeHHOB paccMaTpHBaeMOoll TeppHTO-
PHH, NOMHMO TeQllIoro=CTPYKTYPHHX TNPH3HAKOR,
BO MHOT'OM ONpeleNsiTCA MEeD3JIOTHOR OGCTAaHOB=-
KON, npexne BCEro NPEePHBHCTOCTLI H MOMHOCTLL
Mep3JIOTHOR 30OHH M COOTHOWEHHEeM MOMmMHOCTH Mep-—
3JIOH 30HH C MOMHOCTEREH OCANOYHOTO yexna 6ac—
ceftHa, OTHOEeNBHHX BOOOHQOCHHX KOMIINEKCOB, CJla-
rTawmux DTOT 4YeXOoJd, H MOMHOCTH 3O0HH NpPecHHX
BOL,. 3ech HMEIT MecTO Ccleayimie COQTHOQUEeHH:,

1. BacCe#HH, B KOTODHX MOMHOCTE Mep3JIOH
30HH MEHBIE MONMHOCTH OCAJOYHOro dYexsia M Bepx-
Hero BOOOHOCHOTO KOMIJNIEKCA H MeHbue MOWHOCTH
30HE TNPE&CHHX BOH, JTO OTHOCHTCA K Bapryzsdu-
CKOMY, BepxHne-YapckoMmy, BepxHe-AHTrapCKoOMy
MeXTOPHEM 6GaccefiHaM H HeKOTOpHM IOpyrHM. 3T0
HanboNnee GnaronpuaTHae nna GOpMHpOBAHMA M
HCMNONB3OBaHHA NPeCHHX MOO3eMHHX Bon CHIPO=
reonordYyeckHe CTPYKTYPRH.

2. BaccefinH, B npenenax KOTODPHX MOMHOCTH
Mep3JIOR 30HH 6OJibue MOWHOCTH BEPXHHX BOOO-
HOCHHX KOMIUIEKCOR, HO MEeHLlle MOIHOCTH 30HH
npecHux BOX. K 5THM GaccefiHaM OTHOocHTcHa WOx-
THHO-LUINMHMAXCKHE, B KOTODOM IMONHOCTBI NpPpO-
MOPOKEH WPCKHUA BONOHOCHHER KOMIJIEKC, MHOTHe
MeJIKHe ApTe3sHAaHCKHe 6acCedHH, NPHYDPOYeHHHEe
K MEeXrOpHHM EBRanHHaM ONeKMHHCKOro® CTaHOBHKA
¥ BHTHMCKOI'O NIOCKOTOPBA, I'Oe CYUeCTBEHHO
NPOMOPOXEeHH KaNHO3OHCKHE OTNOXKeHHd, a non-
MEDP3INOTHHE HOJOHOCHHE TOPH3OHTH pacnpocrpa-
HeHH JIHIIb B NOPOJAX Me3030HCKOTrO BoO3pacTa.
Mep3JIoTHHe YCJIOBHA 2THX 6GacCCefHOR npenonpe-—
OednT HCKIANYHTEeNbLHOS MHTAHHEe HX 34 cYeT ne-
pPeTeKaHHA BOO H3 THAPOTEOJIOTHYECKHMX MACCHEBOB
NQ TPREWHHOBATHM 30HAM H OOpaMJIANIIHM pa3JIOMaM.

3. BaccedHH, B KQTOPHX TOJIHOCTBK IIPOMOpPO—
XeH OCAIlOUMHHE 4YexoJs, B Npenenax paccMaTpHBa-
eMO! TEePpPHTOPHH HEeMHOIOYHCJeHHH. 23To Hebonb-
WHe CTPYKTYDPHHE BNamgvMHHE ANDAaHCKOI'O MHTA, BH=-
OJIHEHHHE WPCKHMH YIJIEHOCHEMH OTNOXKEeHHAMH,
HarboJsiee kpynHas H3 HHX - T'OHaAMCKHHA GaccenH.

TakuM o6pazoM, paccMaTpHBasa B LeJIOM BJIHA~
HHEe IAYyGOoKOor'® pOMep3aHHa HeOdp Ha I'Haporeo-
JIOTHYEeCKNe YCHOBHA apTe3HAaHCKHNX 6accelHOB,
clegyeT OTMETHTHL, YTO NpoMep3aHHe apTe3HaH-
CKHX CTPYKTYP B NOOAaBNANIMEM GOJBUMHHCTBE CHy-
yaen He HCKNOYaeT HAJHYHA H BOSMOXHOCTH HO™
NOJAbL3OBAHNA NOMASEMHHX BOI OCAIOYHOI'O 4Yexna,

XOTA ¥ BATPYIOHAET BOCIOJHEeHHe BOJHHX pecyp-
C0B, a TakKkke yMeHbllaeT eCTeCTBeHHHe HMX 3a-
NMacH 3a cueT NpoMOpOXeHHOR 4YaCcTH NMOTeHUH-
aJlhHO BOOOHOCHHX NMOpPOX.

3. BepxoaHo-YyKOTCKad THIOporeosiorHyeckas
QKIanmyaTasa obRAacTh NpencTaBnsgeT coBOH BeChb-
Ma CJIOXHOE T'@OCTPYKTYpHOoe OoGpazoBaHHe, B
njaHe KOTOPOro BHOLNAWTCA SHO-KoJHMCKasa H
AHOACKO~YYKOTCKAA CKAauaTHEe CHCTeMH M OxoT-
CKO-UYyKOTCKHN BYJKAHOTEHHHHA nofc.

Auo=-KonuMmckaa CKIag4aTad CHCTeMa BKmYa-
eT B ce6a BepXoAHCKHN aHTHKIHHOPHE, Mopdo-
JIOTPHYECKH BHPAXKeHHHR Lefnbid Iop, CIOKeHHHX
NMPeHMYIeCTBEHHO TeppPHreHHHEMH Oo6pa3oBaHHAMH
NepMcKoIr'o ¥ KaMeHHOYIT'ONLHOIO BO3pacTa, CeT~
re=-TlataHCKHH FOPCTAHTHKIHHODHA, B CJHOXKEeHHH
KOTOROI'® y4YacTBYVT TaKkxe KapfHoHaTHHE NOpOoOH
HUXHe-CpelHero naneosos, O6OWHpPHYW fAHo~Cyrofi-
CKYI0 CHHKJIHHAJIBHYIO 30HY, BHPAaXeHHYKH OJHO=
HMe@HHEM NJIOCKOrOPbEeM, NepexonfamHM K Iy B
CHNBHO pacysiéeHeHHOE Haropbke. BocToOuHee pac-—
nonoxed KOJMHMCKHH cpenHHHHR mMaccHB. C ceBe-
pa B wro—3anana oOH obpamlieH CJIOXHO NOCTpoO-
eHHOl MoMo-IllonoyCHON AHTHKJIHHANBLHOA 30HOH,
XapakTepH3ayomelca HHTEHCHBHOR GNOKOBOHA TeK-
TOHHKORf M KOHTRACTHHM XapaKTepOM HEeOTeKTO-
HHYEeCKHX IBHxXeHHN. lleHTpalbHOl ob6paMnsanuen
KONMMMCKHER MaCCHB CTDYKTYPOR ABRJIASTCA MOMO-
CesleHHAXCKAaA pPHPTOBAA OenpeccHA. B CloXeHHH
paccMaTpUBaAEMHX CTPYKTYP MWHDOKO Pa3BHTH Tep-
PHTE@HHHEe M BYJKAHOreHHHEe o6pa3sQBaHHUA Me30-
30RCKOI'O H BeDXHEelajleo30RCKOro BO3pacra,
Kap6oHATHHE 3aKapCTOBAaHHHE NOPOAOH CcpemHero
naneo3od M rpaHHTOMNHHE TeéNa, obGpasyluHe
OSHYHO BOOOPAa3NeNIbHNEe BO3BHIEHHOCTH.

CrnoxHoe TreoNIOTHYEecKO& CTROeHHe NOOUeDpKH-
BaeTCH CHOXHO NOCTPOEHHEM paneredoM AHo-Ko-
JIHMCKOH CKnap4aToOH CHCTeMH, CcOodYeTaHHeM nna-
TO, BHCOKHX ANBIHHOTHIIHHX BOOOpa3nesioB H
MEeXTORHHX HerpeccHil, NPpUYPOUYEeHHHX K pPeYHHEM
nonugaM. ToNnexo B Npenenax norpyxeHHoOR 4ac-
TH KONEMCKOrO MaccHea pelbed BHpaBHHBaeTcHd,
NepexoNuT B HAKJOHHYI MPHMODCKYKX HH3MEHHOCTE,.

AHIOACKO~UYYKOTCKAaA CKIagdyaTas CHCTeMa npeg-
CcTapnaeT CcOGOR rOpHYK 061acTh, BKINYAKMYK
B CcefHsa CKIagyaTHe HAropekda, YUYACTKH CpenHe-
TOPHOTO M TIORCTOBOTO-TJHGOBOrO penweda, co-
yeTannHecHd cO BNAOMHAMH H aKKYMYJIATHBHEMH
XOMMHCTHMH paBHHHaMH. B HX C/AOXEHHH npeob-
JIANAKWT TepPPHTeHHHEe H BYJIKAHOIEHHO-=TeppHI'eH-
Hule CKJIAOYATHE OOGpaz0BaHHA NPEeHMYWeCTBEHHO
Me3030ACKOro H BepXHenalleo30HCKOoI'0 BO3pPAacTaj
IHAYMTENEHO MeHblle pPacnpocTpaHeHH KapboHaT-=
HHE H HHTPY3UBHHE NOPOOH.

B npenenax OXOTCKO=UYKOTCKOI'O BYJIKAHO™
TeéHHOT'O NOoAca OOMHHUDPYKT BYJIKAHHYECKHe nna-
TO M HArOpbA, CJOXeHHHe 30OY3IHBAMH IIpeHMY-
mMEeCTBEeHHO CpelHero ¥ OCHOBHOrQ cocTrTasa, ne-
PEeKDHBIHUMH CQJIOKHHE GJIOKOBHE CTPYKTYDPH non=
CTHNAKLEero HX OCHOBAHHA.

O6MMHA TeKTOHHYECKHHR I1JIaH BCeR TeppHTOPHH
AHO-YYKOTCKON T'HAOPOTEQNIOTHYECKON CKIang4aTon
O6NACTH BeCEMa HEeORXHOPOOLEeH H COCTOHT H3 00—
nacTtet OTHOCHTENBEHO CTAOHIBHOTO HEeOTeKTOHH-
yeckoro pexuma (KOJHMCKHR CDenHHHHE MaccHB) ,
HCNHTHBAKMMKX MenNieHHHEe T10JIOrHe [TOTPYXeHHd,
obnacTert, HCNHTHBAKNHX MAJOKOHTPACTHHE HeO-=
TeKTOHHUYEeCKHe loagHAaTua (Ano~Cyronckas, Onohi-
CKafd CHHKJINHAaNbHHE, AHOACKAR = AHTHKAHHAJIBHAA




30HH H, HakKoHel], o6JlacTell KOHTPAaCTHHX HeOo-
TEeKTOHHYECKHX OGJIOKOBHX IBHXEHHN 3HaUYHTeNnb-
HOH aMIUIHTYIOH, TATOTENHHX X 30He Momo~CeJyieH-
HAXCKOro pHbéToreHeza (12), Psa CTPYKTYD 3a-
HHMaetT NpOMeXyTOYHOe MNOJIOXeHHEe no aKTHBHO=-
CTH HEOTeKTOHHYEeCKHX [IpOoueccoB.

CTONe CnoxHoe MOPQPONOTHYECKOoe, re0NorH-
YecKoe H TeKTOHHYecKoe cTpoeHHe AHo-YykoT-
CKOH I'HOPOTreOJIOTHYECKOH CKJIagyaTol o6lacTH
npeaonpenenuio H CJOXHHE Mep3JIOTHHE YCJIOBHA.
flout Ha RBCelt paccMaTpPHBAEMOR TEeDPHTOPHH
Mep3Jiafg 30Ha HOCHT CNJIOWHOR XapakTep, Mom-
HOCTE MEep3JIHX Nnopod B ropax BO3pacTaeT, Ho-
CTHrad MNox Bolopa3nefiaMi BeJnHYHH 400-600 H
Gonee MeTROE, BO BNAOHHAX - MOHMXAaeTCHS OO
200-400 M , U TONBKO B NOJOCE WHPHHOA OKOJO
200 xM, npocTHpawmeNca BOONL NoBepempd OXOT-
CKOT'O MOPfAa, Mep3slad 30Ha nNpHobpeTaeT cHada-
N1a NPepHBHCTHA, a 3aTeM -~ OCTPOBHOH xapak-
Tep, M MeP3NnOoTHaA cneuHdHKa I'HOPpOoreQnorHyec=
KHX CTPYKTYP NOCTEeIIeHHO CXOOHT Ha Her,

PaccMarpuBan BO3HNeHCTBHE dakTopa I'NYBOKO~
ro NpOMep3aHHA HeOp Ha CHOPOreosoTHYecKHe
CTPYKTYPH 3TOR 4acTH BOCTOUHOA CHOGHDPH, MOXHO
KOHCTaTHPOBATh, YTO NPOUECCH INpoMep3aHHA 3a=-
TPOHYJIH 34eCh NPEUMMYMEeCTEEeHHO I'HOpOreoyioru-
HYeCKHEe MACCHBH PA3JHYHOI'O CJIIOKEHHUA, TEeKTO-
HHYECKOTrC H MOpdOJIOTHYECKOTO CTDPOEeHHA.

[Io TeKTOHHYECKOMY CTPOEHHI H HEeOTEeK TOHH-
YeCKHM OCOGeHHOCTAM cpelH I'M BHOenswTCA @

1) ropcT-aHTHKIHHOPHH, HHTEHCHEBHO TEeKTOHH-
YeCKH HApPYHeHHHE, Pa36HTHEe Ha OTOelhHHE 6J10-
KH, OTBeYaKmHMe 30HAM KOHTPACTHHX HEeOTeKTOHH-
YeCKHX OBuxeHHH, K HHUM oTHoOCHTCa I'M xpebra
Yepckoro, I'M Cerre-HatGaH, Omynemscxutt I'M;

2) aHTHKJHHOPHMA H AaHTHMKNHHAJILHHE 30HH, OTBe-
JalimHe KPYNHEM MOHOJIHTHHM NONHATHAM. 3TO, B
YaCTHOCTH, MACCHBH BepXOosaHCKHR, MOMCKHA,
[IPHKONMHMCKHK, MHOI'HE@ MAaCCHBH AHWACKOo-YykoT-
CKOA CKIagyaTol 30HH; 3) CHHKJIHHODHH H CHH-—
KJIHHAJIBHEE 30HE, OTBEeYanmHe CJabuMm HeiHbdde-
PEHUHPOBAHHEM IOJNHATHAM H BHPAXKGHHHE B pejib—
ede OTHOCHTEJIBHO Cnato pacuyIeHEeHHHMH [11aTo

H HArOpbAMH. 3To AHO-Cyrofickasa CHHKIHHaANLHAA
30Ha, ONOHCKAaR CHHKJIMHANBLHAA 30HA H HEKOTO=-
PHEe nOpyrue,

llo Mopdonorun I'M nNpHHAIONEXKAT K BHCOKOTOpP-
HHM aJIBMHHOTHIIHHM COOPYXEHHAM, cpellHe= H
HH3KOTOPHEM, pacufieHeHHHM B TOH HJIX HHOR Me-
pe NIaTo 4 HaAropbfM,

o cocTaBy nopod BCe MAaCCHBH MOXHO Moo~
Pa3sfgeNIiTE Ha CJIOKeHHHEe KAapOOHATHHMH H TeppH-
TeHHO=KapOoHaTHHMH MOPOOaMH, TeppUIreHHBMH
¥ BYJIKAHOT'e@HHO-TEeDPHTeHHEMH H KpHCTAJIIHYeC=-
KHMH H MeTaMopdHYEeCKHMH.

H3 cxa’aHHOI'O ABCTBYET, YTO IeoJIord-
yeckoe crTpoeHne I'M paccMaTpHBaeMOd TeppHTO-
PHH, PABHO KAk H HX MOpdQJIOTHA, BeCcbMa MHO-
roo6pasHe. XapaxTep THIDPOIeoJIOTHYecKOl CTpy-
KTYPH KakK NpHPOOHOH €@MKOCTH, colepxamefl nomn-
3eMHEe BOIOE, OCJOXKHAETCH TakKxe NpoleccamH
npoMep3aHHd KaK TAKOBHMH H BEHCOTHO=IMOACHEHM
CTPOEHHeM Mep37I0H 3QHH., TakHM ofpa3oM, Daxe
enuHEe B MOPQOCTPYKTYPHOM H T@KTOHHYECOKOM
OTHOQUEHHH CTPYKTYDH OKazalliChk CYMEGTBEHHO
HeONHHAKOBE MO CROMM Mep3NOTHO-THIPOreolo-
I'HYECKHM XapaKTepHCTHKAM B PA3NHYHHX HX Yac-—
TsAX. OOHAKO OCTAHOBHMCHA Ha 3TOM nompoGHee,
AKLUHTHPYA BHHMAHHE Ha DerdHoOHANBHHX nocjaen-
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CTBHAX NpoNeccoB HPOMEep3aHHA,
PacemarpHeaa I'M nepsoro Tumna, clnenyeTt
OTMETHTE, ¥TO BHCOKAA KOHTRACTHOCTE GJIOKO~
BHX HOBeRWHX TEKTOHHUYECKHX IBHXeHH npHBEe-
Na K HeKOTODHM OYeHb BaXHHEM Mep3JIOTHO-THADO=

NOTHYECKHM TNOCNeICTEHAM NepecTPORKH HX
CTPYKTYPHOT'O fjiaHa., Peur. HOeT, BO«“NepPBHX,

o "He 3areveHHHX" NpoMep3aHWMeM Da3NIOMaxX U,
BO=BTOQPHX, 00 Y3IKHX OOJHHONOQOBHHX TrpadeHax
H NPeBHHMX norpeGeHHHX NOJIHHAX, BHIOJHEHHHX
MOIHEIMH TOJMMAMH I'DYGHX TecYaHo-TaJIedHHX OT-
JOKeHHRA, H Te M Opyrue nocnencTBHA MOJOOON
GJIOKOBOH TEeKTOHHKH NPHBENH K (OpPMHPOBAHHI

B npenejlaXx 3THX CTPYKTYPR BHCOKOOGBONHEHHHX
30H, ABAAKHHXCA HageXHHMH NOyTAMH B3aHMOCBA-
3H MNOO3eMHHX H NOBEepPXHOCTHHX BOH. (OCOGE&HHO
YeTKO 3TO lpocliexHpaeTrca B I'M, CIOXeHHHX
KAapOGOHATHEIMH H TEeppPHreHHO-KapOOHATHHMH T10-
poflaM, AKTHBHO PacKapCTOBAHHHMH BHOJbL 30H
PerHoHaJIbHHX PagjIoMOB M Ha HX nepecedYeHHH

¢ onepaAwmEMH., TakHM o6pa3oM, o6masa Mep3JoT-
HO-THIOPOI'€0JIOTHYECKAA CTRPYKTypa MOOOGHHX

I'M npepcraBngeTcsa cleAyvomMM o6pas3’oM, B Npe-
nejlax MOMHOH Mep3JIOR 30HH DAZBHTH MexMep3-~
JIOTHHE BHCOKOOGBONHEHHHE TAaJNHUKH, NDHYDOYEH=
HHE K TpemMHOBATHM 30HAM Pas3JIOMOB, Norpe-
6@HHEM K HHHE CYHMEeCTEYHNHM DPeYHHM IOJIMHaM,
BHIIOJIHEHHEM MOMHEMM TOQJINMAMH TpaBHBHO-BANYH=-
HHX OTJIOXeHHA. 3TH TAJNHKH OOHYHO Nepecexa-
WTCA,H B TOYKAX HX MNepecedeHHd BO3IHHKAWT
VCNOBHA, HauGoOJNiee GJIATONPHATHHE IJIA pa3rpys-
KH NMON3eMHHX BOI HJAH HX NepeTeKaHHA H3 ono—~
HON OGBODHEeHHOH 30HH B Opyryw. ClencTBHeM
3ITOrO HHOTRA ABMAETCH HecOoBnageHHe BOOOPa3«w
OeJIOB NMOBEePXHOCTHHX H MOA3eMHHX BOL H BHCO-
Kasgd axKTHRHOCTL BONOOOMeHa, oOlneHeHHas IOJA
HEeKOTOPHX THOPOTEeONOrHYe€CKHX MaCCHBOB MeTO-
OOM H3O0TOMHOTO aHajM3a noaseMuux son (13),
BLICOKHE NOKAZAHUA BEJIHYHHH OTHOCHTENbHON
HaNleDHOCTH, OOCTHrawmMe IJS 3THX CTDYKTYD
NeppHY HPOUESHTOB.

B ocHORaHHUHM MeP3NIOH 3I0HH BOOOINPOBOIOH™
MOCTE TOPHHX MOPON TaKXKe BeCbMa HepaBHOMep=
Ha, VBeJHYHBaAChH B 30HaX pa3lJyioMa, HMEIHX
XapaxTep pacCTfAXeHHs, H CHHXaAck B OJIOKax,
JAKNMOUEHHHX MexIy 3THMH pasilomaMH. B npe-
nenax HauGoJsiee IJIYGOKO NPOMOPOXeHHHX BOHO-
pasnesyioB, T'je OHH CYOKEeHH MOHOJIMTHEIMH NOpo-
naMi, MOOMep3/10THHEe BOIOH MOI'YT H BOBCE OT~
CYTCTRORBATL HIH OOHAPYVKHBAWTCA B KOJHYECT™
Bax, He HMMeENNHHKX HHKaAKOI'0 NMPaKTHYEeCKOr'O 3Ha-
YeHHA.

OnucaHHag IHOPOTEoJIOTHYECKAd CHTYAaLHMT
OCcoBeHHO xXapakxktepsa nna I'M xpe6ra Yepckoro.
I'M pTOpOI'O THMDa, Npencrasiasgoide cOGOH
KDYMHHE MOHOJIMTHHE NOAHATHA, OTJIIHYAWTCH OT

OMHCAHHHX BHine GOJiIee CIOKOAHON TEeKTOHHKOHN

H B BTOR CBA3H 20HH PAa3JIOMOB NepecTawT HI~
PaTEk Ty 3ATJABHYI DOJMb, XKOTODYIH OHHM HIpanu
B I'M nepeoro tumna. COOTEETCTBEHHO, B Mep3-
NOTHO-THOPOTEeOJIOHYECKOM MJaHe QCHOBHYIO
POk HauHHaWT HIPaTh TAJIMKOBHE 30HH, CBA3ZaH™
HHE C JOJMHHAMH DEeK H OTeIUIANNHM BJIHAHHEM
BOJIHHX MNOTOKOB. B pa3pe3se 3TH TANHMKOBHE 30-
HH HMEnT OOHYHO OBYXbAPYCHOE CTDO&HHE :
BEepPXHHUR fApyC CHOXeH AJMOBHANLHEHMH OTJIOXKa-
HHAMH, HHXHHA—= FOINCTHJAKMHMH TpPEHEHHOBATHMHA
TePPHTreHHHMH , KPHCTAaNMHYEeCKHMH HJIH MeTaMop+
dHvyeckHMH nopongaMH. [IOCKONBKY peuHHEe IOJIHHH
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HMeeKT TeHNeHUHM HacnelgoBaTh HaHBonee ocaad-
JIeHHHEe 30HH, NPUHYDOYEeHHHEe YacTo K pa3lnoMmam,
HMEeHHO IO pevHHM OOMHHAM BO3pacTaeT BOOONPO-—
BOOHMOCTE KODRE&HHHX nopon, BO3HHKaAKNT M coxpa-
HAWTCA YCHNOBHA ANA MHT'PAUHH NOOYEMHHX BOO H
COXpaHeHHA COolepXalux HX eMKOCTel B TanoMm
COCTOSIHHH .

MOpdOJIOrHA AONMHHHHX TAJIHKOB IOOCTAaTOYHO
caoxHa. Kax npasuio, MMeeT MeCTO 4YepenoBaHHE
o OOJIHHE DeKH HAIMEDP3JIOTHHX H CKBOZIHHX Ta-
NHKOB, OOHAKO MOMHOCTE Mep3J10# 30HH B HNOJH~
HaX peKk O6HYHO 3HAUHTENLHO MeHble, 4YeM non
COCeNHHMMH BOIOOpPAa3JeylaMH, a TPEeMHHOBATOCTH
nopon, HaoGopoT, 6Goneme. Takad O6CTAHOBKA
NPHBOINUT K OTHOCHTeNBHOMY BOIPACTAHHI BORO-
NPOBOOHMOCTH NOIMEP3JIOTHON TpeMUHOBATON 30~
HH B pPevdHHX JONMHHAX B CpaBHeHHH ¢ BOOOpAas-—
LenkHEIMH TIDOCTPAHCTBAMH, I'Je 320Ha DerdHoHanbs-
HOW TReUHHOBATOCTHM (BHBEeTDPHBAaHHA) OOHYHO G6GH-
RaeT NpoOMOpOXeHA IONMHOCTBKW, A B KOHEYHOM
HTOr'e = K pas’3obtmeHHn €HHON BOOOHOCHCH CHC-
TeMul THIOPOreoJIOTHYEeCKHX MACCHBOB, JAOKalIM3a-—
UHH BOOOMNMPOBOOKMOCTH NMOPOO MO OOAHHHEM 30~
HaM, QODPMMPOBAHHK BOJMOHATIOPHHX CHCTEM, orpa-
HHYEHHHX TepPPHTOPHAMH PevyHHX GacCceliHOB,

STHM, OxHakKo, He OrpaHHYHBASTCHd MeD3JI0T-
HO=THOPOreQJOrHYeCcKas CrnenHdMKa ONHCHBAEMEHX
CTRPYKTYP. KOHBeKTHBHAA NPHpOna TaNHKOBHX 30H
npeaonpenenaeT peulawmyw DOJML B pacnpeiefleHHH
NMOXIEMHHX BOIL $aKTopa BHCOTHOM NOACHOCTH.
JeAcTBHTENBHO, ANA Hauyana Q(OpMHPOBaHHA H yC-
TOHYHMBOrO PA3BHTHA TAaJIKKOB, B TOM YHCIe CKBO-
3HHX, HEOGXOOWMHX IJIA NMHTaHUA NOOMep3JIOTHHX
BOM, Tpef6yeTCA JOCTATOYHO MOMHHHA TenmoBoh H,
cnegopaTensHo, BOMHHNA NOTOK. [NOoQruenHH MOReT
cPOPMHPOBATECA JIHIE [NPH ONpeneNesHON naomany
BOOOCGOPA, B CcpellHeM cocTaBnAwmen njg I'M Bep=~
XOAHO-UYKOTCKON THIPOreQIOTHYEecKOR CKIagdya-
TOoRk oBjacTH oT 50 mo 200 kM2, Ha STHX maoma-
OAX, o6pa’sywmHxX BOOOpa3llelsibHHEe NpOCTRaHCTRAa,
TAJIHKH OTCYTCTBY®T, MONMHOCTE Mep3nol SOHH
npenensHo BellHka, PABHO KaK H ADeHHPOBAHHOCTE
IHOPORHOro MaccHpa. Bce 9TO BMecTe B3IATOE yka-
SHBAET Ha 3HAYMTEeNBHYK NHPpo6ieMATHYHOCTE OO6-
HAPYXEHHA OmMYyTHMHX KOJIHUECTE MNOIMep3JI0THRX
BOHO B Npenenax BOOOPA3NENBHHX IPOCTPAHCTE,

H NOCKONBKY MOHMHOCTL BOOHHX NOTOKOB, a, Cle-
HORATEJIBHO, TAaKXe M MOMHOCTE NOTEHUHANIBHO
BOOOHOCHHX aJUN0BHAJNIBHHY OTIIOKEHHRA BO3pacta-
eT BHH3 N0 CKJIOHY TOp, B 3TOM X¢ HANPABJIGHHH
pPacTyT U napamMeTpH TANHKOBHX 30H, a, cileno-
BaTeNlbHO, H OGBOOHEHHOCTHE nopon I'M B peruo-
HaNBHOM MNaHe, TakuMm oGpazoMm, MapdonorHa I'M
I'AYBOKOrQ CHJAOHHOTG TIPOMEP3IAHHA OBaXOH Onpe-
menseT XapakTep H CTeneHs OOBORHEHHOCTH I'M-
yepes BHCOKYI 30HANBHOCTER H 4Yepes CcTpoeHue
(MOpPOOSIOTHI) PevYHOR CeTH,

CnenopaTteslbHO, MEP3JOTHHER dakTOp, HAaNO~
XKEeHHHE Ha reONIOTHYeCcCKYK CTRPYKTYDY, R Mopdo-
JOrRYeCcKHN nsaH I'M onpefenswT B COBOKYIHOC-
TH Cneud¢HKY CHIAPOTEOJNIOTHYRCKOI'D CTROSHHA
npocTpaHicrea I'M. OOHAKO 3TH Xe OGCTOATENh-
CTEa B YCJOBHAX HANeOHOTO PReryJIMpOBaHHA BO
MHOT'OM INIpenonpenensarunT TakxXe H pexHM (opMH~
POBAHHA NOHNISMHHX BOXO.

H3MEHYHBOCTEL XHBOI'O TEUEHHA TAJNHKOBR H He-
PABHOMEPHOCTE (HABTPALHOHHHX CBONMCTB nopon,
claragmHX TaNndkoBHe BOOOHOCHHE 3I0HH DeuYHHX
JOJIHH, BH3BAHHAsA CMEHOH JIHTONOTHYECKONO

COCTaBa AJUINBHANBHHX HJIH NOOCTUIANIKX KOopeH=
HHIX 1OPOHO, NPHBOOHT K Be&ChMa XapaKTepHOMYy
onss 'M BepxogHO~YYKOTCKOA THOPOreQJIOrHYec—
KOR cknagyaroft oGaacTH H3IMEeHEeHHWw BOOONDOBO-
OHMOCTH 1o JIJIMHe TalJIMKOBOM 30HH,. 2TO ABJIEHHEe,
B CBOK Ouepens, NPHBOOMT K TOMY, 4YTO HAa
YYaCcTKaX OTHOCHTENBHOI'O CHUXEHHMA BOOOMPOBO-
OHMOCTH NPOHCXOOHT pPa3arpy3Ka MeXMep3JIOTHHX,
a B CKBO3JHHX TAJIMKAaX — H NOIMEDRANOTHHX BOIO
B HOOJHHY PEKH, BOCHOJIHEHHE HWMH DecypCoB Io-
BEPXHOCTHOI'O CTOKa, & Ha YyYacTKaX OTHOCH-
TeJILHOT'O YEBEeJMUYeHHs BORONPOBOAHMOCTH TasiHd-=
KOBHX 30H HacCTynaeT fABJIeHHe, oOoGpaTHOE OIH-
caHHOMY ., JleToM BIaMMOOeNCTEBHE [TOBEPXHOCTHO=-
o ¥ MNOO3eMHOro TOTOKa B TaKHX YCJOBHAX OT=
MedaeTCAa NOCTOSAHHHM KonetGaHHeM pacXopmoB RO-
ONOTOKA, OT CTBOPA K CTBOPY, MPH COXpPaHeHHH
ob6med TEHNEeHUHH €ro BO3PacTaHH{ BHH3 OO IO-
NHHe pekH. 3aTo 3UMOR, B YCJIOBHAX BeCcbMa
HH3IKHX TeMlIepaTyp, Ha ydacTkax pasTpy3KH
NOA3EMHHEX BOJI HaYHMHAaKWT Pa3BHBATHCA NpOLlEecchH
Ha/llenoobpasoBaHHa, (HKCHpYOUHE ON3eMHHe
BOOH H BHBONAHMHE HX M3 KpYyroof6opoTa OO no-
creagywnmero BeceHHe=-JIeTHeEro cel3oHa. ClenmeT=-
BHEM MNpolecca Halenootpa3oBaHHA ABJAA&TCA B
3TOM CJiydae CHUKeHHEe eCTEeCTEeHHHX DPeCYPCOR
NON3eMHEX BON H, COOTBETCTBEHHO, CHHKEeHHe
VPOBHER nocnegHux, CrnefoBarTesihHo, HapABy C
HEPapHOMEPHOCTR NPOCTPAHCTBEHHOH, NpPAaBO-
MEpPHO TOBODPHTE H O BPeMeHHON HepaBHOMEepHO-
TTH pacnpeleneHHA NON3IEMHHX BOI paCCMaTpH=
BAEGMHX MEeD3NOTHO~THAROIe0JIOTHYEeCKHX CTPYK=™
TYp. XapaKTepHHMH NpencTaBUTesIAMH TaKOor'o
pona CTpYKTYD ABNANTCA BepxosaHcxkuf I'M,
AHOUCKHE THOpoOTeoNorHYecKH® AIM, pan Gonee
MEeNKHUX CTPYKTYP HH3ULHX MNOPAIKOR.

HeCKONBKO HHHE NOCNencTBUA (OPMHPOEBAHHA
Mep3NIOf 3O0HH BOIHHUKIIHM B CTDRDYKTYpPax, KOTOpHe
Mo XapaxTepy CaaranmHx HX nopon 6JIM3IKH K
THAROreONOTHYECKHM MacCHBaAM HAM agMaCCHBAaM,
HO MO YCnoBHAM penbeda BHpaXeHH njaaTto, rae
r/Iy6HHAa BpPe3a DeyHHX JOJIMH CONocTaBMMa C
MOMHOCTBI Mepanoll soHm (M 3=-ro THna) . Ko-
JIeGaHHA HHXHEeH TNOBePXHOCTH NocsfenHel B npo-—
necce ee GOPMHPOBAHHA H Da3BHTHA TIPHBEJH K
NoOMEep3JIOTHOH Ne3nHTerpauuH, CceoerQ polna
TJIYyOGHHHOMY MOPO3HOMY BHBETPHBAHHI. ITa BH-
BEeTReJIaA 30Ha, CpPaBHHTENBHO HeGOJBWOW, Hep-
BHE& METpH, pPeOKo ~ AecATKH MeTpoB MOMHOCTH,
ABNACTCA OCHOBHON BONOHOCHOR 30OHOH, B3aMMO-
CBA3AHHON C NOBEpPXHOCTRIO Yepe3 TallMKOBHEe
OKHa pevYHHX JoJfiHH. CnejoBaTesIbBHO, Mep3noT-
HHE MNpOUeCcCH, NPHBOOAmMHEe K NMPOMep3aHHn 3Ha-
YyHTEeNhHHX eMKOCTeH apTe3HaHCKHX CTDRYKTYD,
paslotmapmie eNHHYK BOAOHANOPHYKW CHcteMy I'M,
B Onpepel/lIeHHHX YCIOBHAX ABIKKOTCA (axToOpoM,
GOPMHDYIIMHEM BOLOOHOCHYK 30HY, ONpeneisomnM
ee BOJIOMNMPOBOMAHMOCTE H HANOPHOCTE cojepxka=
MHXCR B HeR BOHO, HHaue I'OBOpA,= TeHeTHYec-
KHM daKTOpoM GOPMHPDOBAHHA MEDP3JIOTHO=-THIDPO-
TeQJIOrHYeCKOR CTPYKTYPH. DTO OGCTOATEeNLCT-
BO M MO3IBOJMHIAH ONpeneNnuTh HX Kax KpHOTeHHHe
saccefHH HaANOpHHX TpPemMHHHHEX BOIX. P npenenax
BepXoaHo=-UyKOTCKOR THOpOI'eOJIOHMECcCKOR Ckiaan—
yaTopl o6JjlacTtH HauboJsiee KpPpynHHe M3 HHX -
AHO-Cyrofickun, HHbANH~JIeGHHCKHUN, OAbIKOACKHH.

AHANOTHYHHE NOCNelICTBHA TNIYGOKOIr'Q NpoMep-
3aHUA MOrYT OHTbL OTMeUeHH W OJNg UPYTHX CTPYK-=
Typ OXOTCKO~UYYKOTCKOI'Q BYJKAHOI'SHHOTQ nosaeca,
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MOWHOCTE BYJNKAHOIEHHOTO YexXJia KOTOPHX NpeBH—
maeT I'AyGHHY Bpe3a pPedHOA CeTH K MOWHOCTH
Mep3MoH 3I0HH. MOXHO nNpennoiarartk JUb, UTO

B OCHOBAHHH nOCHenHe! B TOH HIH HHOR Mepe
pPasBHTa NePBHYHAA KOHTpPaKLUHOHHAA TpemdHHOBa-—-
TOCThL, CBOHCTBeHHasa 3¢dy3HBHEM I10pONAM H,
CHenOoBATENBHO, JlaXe B YCJIOBHAX TAyGOKOTO
npoMep3aHusa BYNKaHOUEHHHEe cynepbaccelHH co-
XPaHAKT CBOK PEerHoHAJIBHYID OGBONHEHHOCTE.

Hapany C CHIPODeOoNIOrHYeCKHMH MacCHBaMH H
BYJMKAHOIeHHHMH cynep6accefHaMH, cOCTaBIARNH=
MH OCHOBHYK YaCTh BepxXoaHo-UYyKOTCKOR I'HapoO=-
I'eQJIOTHYECKOA CKJIag4aToN O6NacTH, 3HadHTanb—
HOE pPa3BHTHE TMOJNYYHJH B Hell U apTe3HaHCKHe
CTPYKTYPH NINATHODPMEHHOT'O H B OCOBEHHOCTH MexX—
TOPHOr'O THNAa. ApTe3HaHCKHe OacceiHH nnardop~
MeHHOro THna, KoJuMmMcKHR H BocTodHO-CHOHpC-
KOr'O MOPA, B THAPOIEOJIOHYESCKOM OTHOWEHHH He
HeconenoepaHhun., MOXHO HuE NpelnoslaraTh, YTO B
OCHOBaHHH Mep3JIOH 30HH 3THX CTPYKTYP Dacnpo-
CcTpaHeHH cnafo COJOHOBATHE M HHU3IKOHATIODHHE
BOOOHOCHHE KOMIJIEKCH. MexXropHHe apTe3HaHCKHe
SacCefHH HCCJIenOoBaHH 3IHAYHTENLHO Jayduwe,

o e¢TPYKTYDPHOMY IHONMOXKEHHI MeXropHHe AB
NpUYPOYeHH K TrpafeHaM H HANTOXeHHEM CTDYKTYD—
HHM BIlag¥HaM HJIH K COBPEMeHHHM DeYHHM IJOoNd-—
HaM H SpPO3HOHHEM BnanMtHaMm, Ilo cCHIoxXeHHW Oca=-
OOYHOTO YexXJa BHIOeJNIANTCH 6acCeNMHH, YeXOJI KO-
TODHX CIOXeH HCKINYHTENIBHO HeoreH=-4YeTBepTHY~
HEHIMH OTJIOKEHHAMH, ¥ AL, 4YeXONl KOTODHX CJIOXEeH
MPeHMYymeCTBEHHO MEe3030ACKHMH TeppHI'@HHEMH H
YIJISHOCHHMHE OTJIOKEHHAMH TNpeKMyumeCcTBeHHO
BEPXHEPCKOTO — MeJOBOI'G BO3pPAacTa.

1o COOTHOMEHHH MONHQCTH OCAIOYHOTO Yexsa
C MOUHOCTRI0O MEDR3JIOH 30HH MeXTOopHHe ALE Bepxo-
AHO-YYKOTCKOH THIPOTEOJIOrHYECKOR CKJaT4aTOM
06nacTH nogpaslesgTca Ha nee rpynna : AB,
MOHHOQTHL YeXJia KOTOPHX 60ablie MOMHOCTH Mep3—
JIOR 30HH M, COOTBEeTCTBEHHO, apTel3HaHCKHe
Baccelnl He YTDATHNAM XapaKTepBOro nOjia 3THX
CTPYKTYP OCHOBHOIQ MNPH3IHAKA = HAJHYHAA Hanop=-
HHIX TIJIACTOBHX BOJI B NOpOOaxX QCagOYHOI'O YexX-
na, H AP, MOMHOCTE OCANOYHOTO dYexna KOTOPHX
MeHbII@ MOMHOCTH Mep3Jiof 30HH. COOTBETCTBEeH-
HO, paccMaTpHBaeMHe CTRYKTYPH NOTepAld OCHO-
BHON IPH3HAK ApTe3HAHCKHX M ONpenesieHH Kak
KPHOreQNOrHYecKkHe 6accefHH WJIH, HHave, 6Gac-
CeHRHH, MPOMOPOXEeHHHEe Ha BCK MOMHOCTH Oocamoy~
HOT'O vYexna.

B NpHMOPCKHX paftorRax BepXOAHO=YYKOTCKON
CHOPOTreonoOrHdYecKoR CKIanvarTod o6ylacTH pa3pH-—
TH TaKke KpHOApTe3aHAHCKHe 6GaccefHw, C noia-
HOCTBI MNPOMODOXEHHHM [IOSACOM [IDECHHX Non3eM«-
HHX BOg.

CTeneHp MNPepHBHCTOCTH H CayGHHA npoMepsa-=
HMH MeXI'OpHHX AE onpenenseT He TONBKO Xapak-
Tep TCHAPOTeOAOI'HYeCKON CTPpYKTYDPH H THAPOXH-
MHYECKOr'O pa3pesa, HO, B 3HAYHTEJNBHOR Mepe,
TAKKe H YCJIOBHA NMHUTAHUA STHX CTPYKTYP. Jen-
CTBHTENIbHO, BOJAOHOCHHE TopH30HTH AE ocTpos-
HOM HIM TPepPHBHCTOR Mep3JIoN 30HH CHHIVIAHCKHH,
NaukOBCKHR, AMCKHII, [lapeHBCKHE HMEeNT BO3MOX—
HOCTE MNOJy4YaTh YCTOAYHBOE MHTAHME Ha KDPEUIb=-
X CTPYKTYP NYyTEeM nepeTeKaHHsI NON3ISeMHHX BoOI
3 pepXHed TPEemHHOBATOH 30HH I'HOPOTeQNOIH-
YeCKHX MACCHBOB HelQCPEeNCTBEeHHO B I'ODH3OHTH
0CanoyHOTro 4Yexsa. B YCNOBHAX CNJOWHOTO pac—
MPOCTPAHEHKA MEDP3JIHX TIOPOH 3HAYWTENLHON MOm—
HOCTH 3Ta TpemHHOBaTad 30Ha OHBaeT NONMHOCTLHR
npoMopoXeHa, EBonee TOro, B KpaeBHX YacTAX AB

H Ha KpHIbaX I'M B pe3yasTare NpoueccoB Ipo-
MepZaHHA Hepenko HaGMOOAaeTCHd BHKMIMHHBaHUHe
TANHKOB H 3aKMOUYEHHHX B HHX NMOH3eMHHX BOQO,
BOBHHKAWT MOMHHE JIHHHH Pa3’rpy3KH NOA3EeMHHX
BOn, O(HKCHpOBAHHHe HaNensMH. IlIpumMep TOMY -
KpaeBHe 4acTH AE MoMo-CeneHHAXCKOR CHCTEMH
BNIagnH, PayyyaHckHuft AP ® pAno OpyrHXx. Cnego-—
BATENBHO, B PALEe crnydaeB NHTaHHEe apTe3HaH-
CKHX BaccefHOB CO CTOPOHH OGPaMIIAIMHX HX
THOPOTeOJIOrHYeCKHX MacCCHEBOR OhlpaeT 3aTpyn-
HeHO, OHO OKaszHBaeTCA BO3MOXHEM B BaccefHax-
rpatedHax no Oo6paMnAgNiHM TeKTOHHYEeCKHM 30HaM,
B HHHX CnAydasgx = 10 CpPaBHHTENBHO pPeIKHM Ta=-
JIHKOBEM OKHAaM HJIH HAOPHEMH BOODaMH ¢VHIaMeH=
Ta.

4, KaMuaTcko-KopdaKCeKaa rHIporeolorHyecxasn
CKNARYATAA O6JIaCTh MPOCTHPAETCA Ha TEeppHTOw
pHio BoeTouHON CHGHPH CROeR ceBepHo#t, Kop#ak
cKOofl vacThiw. Ee zanagHof TpaHHIEeHn ABNAATCA
rpaHiana OXOTCKO=YYKOTCKOI'QO BYJKAHOTEHHOI'O
TOACA, HAa BOCTOKEe CTPYKTYDH 0GMacTR INpPOCTH=-
papTca Mol YPOBEeHP LBepHHroBa MODA.

B npenenax paccMaTpHpaemMOR vacTtH KamMuaT-
CKO~KOPAKGCKOR I'HOPOTeOJIOTHYECKOR CKJIag4aToOn
OGNACTH BHIOENANTCA OB KDYNHHEe CHCTEMH THRPpO-
r'eQJIOTHYeCKHX CTPYKTYP : Ha 2anane =~ IeHXHH~
CKO= AHaAIHpCKasa apTe3HaHckad oGNMacTb H Ha
BOCTOKE = KOpPAKCKaa CHCTeMa TIHOPOreoNnoridyec—
KHX MaACCHBOB H BYJKAHOU'e@HHHX CyneptacCeRHOB,

lleHKHHCKO=AHAHPCKAA apTe3HaHCKAA O6JacTh
NPEOCTHPAeTCA OT AHAOHPCKOrO 2anHsa BepHHIO-
Ba MOpPA Ha 3analnl ¥ wro-3anan no [IeHKHHCKOTO
3amMBa OXOTCKOrO MOPA H BKJIKUAET HECKONBKO
CMeXHHX aApPTEe3HAHCKHX GaccelHOB, 4YeXO)M KOoTo-
PHX CHOXeH KaMHOIONCKHUMH OTIOXeHWAMH, YacTHd-
HO pa30bmeHHHX AOPYyr OT Opyra CHIporeojioruyec—
K¥MMH MaccCHBaMHM. 3a HCkMmModeHHWeM [leHXHHCKOTO,
Bce AE 3TOH O6nacTH I'MyGOKO NPOMOPOXEHH,
Mep3nas 30Ha HOCHT CIUIOWHOW XapakTep, OOHa=-
KO 110 nOAMHaM peK H 004 o3epaMH DasBHTH
YCTOHYHBHE CKBO3HHE TanHMkH, oObecrnedHBawmHe
BONOOOGMEH NMON3IEeMHEX BOJ € NOBEPXHOCTHHMH
# (OPMHPOBaHHE JOCTATOYHO MOMHOH NMOOMEp3J0T-
HOM 30HH cBOGORJHOTO BOOOOGMeHa, TOMY HeMano
CIOCOBCTBYHWT 3HAUMTENLHHE NPeBHIEeHHA Ouaros
NMHTAHHA aApTEe3MAHCKHX GacCelHOB, BXOOAWMX B
ONMHCHEBAaEMy O6JIACTR HAIL OYaramy pasrpyskH,

U TONMBKO B TNDHMOPCKHX 3I0HAX HENOCPeOCTEEeHHO
non Mep3noR 0HOR 3aNerawT CONMOHOBATHE BOHH.

KODAKCKAaA CHCTeMa THIPOTEeOJIOrHYeCKHX

M BYJIKAHOI'@HHHX cynep6accefHOB xapak-—
TepHa TpeMMyrieCTBEeHHEM Das3BHTHeM MeJIOBHX, B
MeHBpUe CTeleHH = CPeIHEenaNeQ30HCKHX TeppH-
T@HHHX, CHNbHO IOHCJIOLUHPOBAHHHX M OKDPEMHeH-
HHX nopon, o6pasywmHUx TOpHy®w cTpaHy Kopak-
CKOI'O HaAropbda. B TeKTOHHYECKOM [inaHe KOpak-=
CKOE@ Harophe XapakTepHayeTcs BJIOKOBHEHM CTpO-
©HHéM, B HaHbGOJNee ONYNMeHHHX O6JI0Kax, BHION-
HEeHHHX MNaneoreH~HeOrM€HOBHMH H YeTBePTHYHH=
MH OTJIOKEHHAMH, COOPMHPOBANHUCH apTe3HaHCKHe
GacCenrHn, 4acTo NUHeRHOR (GOPMH, C yHacnemno-
BAHHHMH PeYHHMH OONMHHaMH. YacTyr apTe3daH-
CKHX 6AaCCellHOB OTKpHTa B EBEepPHHIOBO Mope.

B MepaJIOTHOM OTHOWeHHH NIeHTpalhHasa dacTek
KopAKCKOro HATOPBA HeonepnosaHa cnabo, BIOONE
notepexsLsa Mepasiasg 30HA HOCHT MPepHBHCTHR
XapakTep. H3a pacnpocTpaHeHHA Hanenefl MOXHO
NPeanoIoOXHTELE, YTO MEDP3NOTHO-THAPOTreOJIOrHYaC=
Kafg CHTyaludg Ha Sonbumel yacTtn I'M paccMaTpH=-
BaeMOA O6JIACTH AHANIOI'HYHA OCTAJIBHEM THIOPO=
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recnorHYecKHM CcTpykTypam CeBepo-BocToka. On-
HAKO, VYHTHBAA KIHMAaTHYECKHE OTJINYHA, 3OeCh
LOOJIXHO GHTE HEeCKONALKO GOoJbule TAaNHKOB, OHH
OONKHH OHTE 6GONlee YCTOHYMEH B IJIaHe H B pas~
pe3e H, cnefoBatrellbHO, OGECHEUHBATH JydnHe
VCNOBHA B3aUMOOEHCTBHS NMOBEPXHOCTHHX H Mod-
3EeMHHX BOL H BOCNOJHEHHA NOCIeOHHUX.

3akaHUYHBasA OHHCAHHE MEepP3JIOTHO-THIPOTeoNno=
THUYECKHX paRkoHOB BepxoaHo~UYyxoTckold H Kam=-
YaTCKO=-KOPAKCKOR TIHOPOIEONIOTHUYeCKUX CKIal-
YaTHX o6GnacTeff, Hens3A He OTMeTHTE TOT daxT,
YTQ THIMSAUHSA HEeKOTOPRHX H3 BHOENEeHHHX CTDYK-
TYp NPOH3RBeeéHa YCNOBHO B NOpPAIKEe IIPOTHO3a.,
[IPHUYHHOR TOMY ABNASTCA HX HeINoCTATOYHas Hay-
YeHHOCTL., 3TO OTHOCHTCH,B YACTHOCTH, K KPHO-
reHdHM BaccelHaM HANOpPHHX TpeuMHHHX BOI 3
HeKQTOpPHE HI HHX DANOM aBTOPOB OTHOCATCA K
anapTessaHckHM (14). He HCKIO4YEeHO, 4YTO M He~
KOTOPHE MeXropHHEe apTe3HAaHCKHe CTRYKTYPH TO-
Xe BNH3KK K anapTe3MAHCKHM B CHJY 3HAYHTEJb-
HOrO JIHTOeHes3sa ClarailmMpex HX 4YexXon nopon #
npeo6nagalmel poaH TPemHHOBATOCTH B HOPMHDO-
BAHHMH BOJAOMPOBOIHMOCTH I'HIAPOTeoJIOTHYeCKOI'O
paape3a, Haxoderl, Haleko He BLIACHEeHH Rce ne-
Tand THTAHUSA MeXI'OpHHX, Oa X naaTdopmMeHHHX
apTe3HaHCKHX CTRYKTYP B YCIOBHAX CINOWHOR
Mep3JIol 30HH 3IHAYHTEeJBHOH MOWHOCTH, MHOTHe
MOJIOKEHHS, KacawimHecdA IIHTAHHA IOJ3eMHHX BOI,
HOCAT TIOKa TCHIOTEeTHYeCKHHA XapaKTep.

KpaTk#e BEIBOIOH

U3 paccMOTpeHHSA THIAPOTeoJIOTHYeCKHX pafio=-
HOB BocTOuHOH CHOGHPH MOXHO BHIeTh KOpPeHHHEe
H3IMeHeHUA, NpoMIowenmuHe ¢ CHOPOreOJIOrHYEeCKH—
MH CTRYKTYPaMH B pe3yiaeTaTe HX TAy60Koro npo-—
MEpP3aHHA M B pPe3yJIbTATE Da’BHTHA Mep3NnoR 30-
HH KakKk TakeBO#ft, [MomBOOA HTOr 3TOMY PRPACCMOT-
PEeHHI0, MOXHO 3IaMeTHTh, 4YTO [NOCNenCcTBHA Tay-
GOKOTO NMPOMEDP3aHHA Henp OKAas3alHcCh DPa3NHUHH
O7A ApPTe3HAHCKHX GacCefHOB H THIPOTeQIoTH-
YeCKHUY MacCHBOB. IDTH pa3JIHUHA B XapakKTrepe
H3MEeHeHHA BOIOOHOCHOCTH H IOPYIHe OCOGEHHOCTH
IBYX OCHOBHHX TDYNON TUAPOreONOTHYeCKHX CTDYK-
TYP apTe3HaHCKHX GacCeBHOB U THIADOTeQJIOTH-
JeCckHX MACCHBOR PACCMOTPRPEHH Bhille,

Mpox3cuenmuue ¢ TUAPOTreONOTHYECKHMHE CTDPYyK=—-
TYPaMH H3MeHeHHR noTpeboBanH pas3pabOoTKH cre-—
LHaNBHEY MeTOOOB HCCNeIOBAHHA Mep3JIOTHO~ TH~
OPOreofIOTHYECKHX VCIOBHHI, HauuHad OT IocTa-
HOBKH NHCTAHLHOHHHX A2POKOCMHYECKHX M reo-
dU3NYeCcKHX pPadoT M KOHYAA THIPOIeONOrH4YecKoHn
CBEMKOH, TMOHCKAaAMH M DPa3sBelKamMH Non3eMHHX
BOI. 2TH MEeTOOHKH HaWIH OTPaXeHHe B DAle Moo=
HOorpadu# M chnenpvanbHHX MEeTOIHYECKHX DPYKOBOIO™
CTBaxX, B colOepXaHUH MHOU'HX HCCHeNOBAaHHHA,
oCcyuecTBIAEeMEX HHHe, MHOI'Me BOINPOCH NpOojon-—
KaT AHCKYTHPORATE. OIOHHM U3 IOHCKYCCHOHHRX
BONPOCOEB, B YaCTHOCTH, ABIAETCA OGBEKT THIA-
POTEQNIOTHYECKOr'0 KapTHpOBaHHA, TpalUHUHOHHOE
KapTHpoBaHHe BOIOOHOCHOIO 1JlacTta, TOPH3IOHTAa
HJIH KOMIINIeKCca, TPHEeMIeMoe IJiA HemMep3JaOTHOH
O6CTaHOBKH, B YCJIOBHAX CIUIOWHON Mep3noH 30~
HH M paCMYJIeHEHHA pa3pe3a Ha HaOMep3IOTHHE,
MEeXMep3JIOTHRE H NOOMepP3JsIOTHHEe BOIH ABHO He
VIOOBAE@TROPAET HH TPpeGOBaHUAM TeOpPHH CheMKH,
HH MOPaKTHUYECKOMY HCIIOIL30BaAHU ee pe3yabTa-
TOB.

l[lpox3soMenuye B peaynetaTe NpoMep3aBHA

THAPOTEOJIOHYeCKHX MACCHBOB YHpodeHHe B3a-
HMOCBAS3H NOBEPXHOCTHHX M nonseMHux (nom-
MED3JIOTHHX) BOI Yepes TaJHKOBHE OKHa H 30-
BH [IO3BOJIHIIO 3a0CTPHTE BONPOC 06 OCOGHX
YCJIOBHAX OXPaHH MOO3EeMHHX BOI H O HeOOXOOH—
MOCTH MNPenbLABJATE B ONMHCRHHHX MEP3JIOTHO-
THOPOTEOJIOTHYRCKHX padoHax BocTOUHOA CHOHDPH
MOBHIIEHHHE TPeBGOBAHHA K OXpaHe NOBEPXHOCT-
HHX BOon. Hao6opoT, B apTe3HMAHCKHX CTDYKTy-
Pax MOMHAA CIJIOWHAA Mep3JlaA 30HA ARIAETCA
HalexXkHOR 3amuTOf MOO3eMHEX BOJ OT 3arps3He-
HHf, TO3BOJIAET HCIONB3OBATH MNOIMEDR3JIOTHHE
BOOH (NpH HX YIOOBJNETBOPHTE/IBHHIX CBOHRCTBaxX
H pecypcax) B KadeCcTBe OCHOBHOTO HMCTOYHHMKAa
NMHTHEEBOrO BOOOCHaBXeHHUA.

2TH H MHOTHe NpyrHe BOMNPOCH TeOPHH H
NPAKTHKH MED3JIOTHOR THAPOTEeOJIOTHH noaydaT
HOBHE BO3MOXHOCTH Pa3peleHHd C BHIYCKOM B
CBeT pa3paBaTHeEaeMOfl KapTH Mep3JIQTHO~THIpO-
TeOoJIOTHUSCKOro padoHHpOSBAaHHA BocTouHOR CH-
6HpPH, TDHHUHMNH COCTaBIEHHA KOTOPOW M CcXe-~
Ma MepS3JIOTHOI'®O PaHOHHPOBAHHA OCBEWEeHH B
HaCTOAUEM IOKJale.
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VEGETATION AND REVEGETATION WITHIN PERMAFROST TERRAIN

L.C. Bliss, Department of Botany

University of Alberta, Edmonton*

INTRODUCTION

Permafrost, both continuous and discontinuous,
covers vast areas within circumpolar Tands. A1l of
the arctic tundra, polar semi-deserts and polar
deserts are underlain by continuous permafrost (Fig.
1). To the south, the forest-tundra transition and
the northern portion of the open forest, generally
a spruce-Tichen woodland in North America and a
larch-1ichen woodland in Siberia, occcur on continu-
ous permafrost. The northern portion of the taiga
or closed boreal forest is also underlain by con-
tinuous permafrost. Much of the remaining taiga is
found on discontinucus permafrost, especially in
uplands and poorly drained areas.

The relationship of vegetation to permafrost on
a macro-scale and plant communities to depth of the
active layer on a micro-scale, has been of interest
to ecologists for a number of years. Studies of
vegetation in relation to permafrost and terrain
have taken on a new meaning with the increased pace
of northern development.

The objective of this paper 4is to describe the
vegetation patterns within the taiga, Low, and High
Arctic as they relate to topography and drainage as
influenced by permafrost and depth of the active
layer.

The role of species useful in rehabilitating
surface disturbed northern lands will also be dis-
cussed in relation to northern development.

VEGETATION OF SUBARCTIC AND ARCTIC LANDS
TAIGA

Introduction

The taiga or boreal forest covers an estimated
9.9 x 106 km? circumpolar. Of this total, 2.5-3.0
x 106 km2 comprise the forest-tundra and open
boreal woodland (Weck and Wiebecke 1961). Here, as
in the Arctic, the forest lands are subdivided into
zones (Table 1). As will be discussed below, this
is largely based upon tree density, plant growth
form or physiognomy, and species present. The
taiga has been classifjed in various ways, result-
ing in confusion for ecologists, let alone engineers
unless the terms are clearly defined. Zonation
systems of classification were discussed by

Bliithgen (1970), Hustich {1970), and Tikhomirov
(1970) at the symposium on "Ecology of the Sub-
arctic Regions" in Helsinki. The classification
used here follows Hare and Ritchie (1972). The
forest-tundra {iesotundra) consists of isolated
or small clumps of deformed trees set in a tundra
landscape, generally shrub tundra or cottongrass-
heath tundra. These areas grade into open wood-
land in which scattered upright trees occur with
a ground cover of Tichens or shrubs. The Tichen
woodlands of Ontario, Quebec, and Newfoundland
typify these communities (Hare 1951, Hustich 1951,
Ahti 1951, Rouse and Kershaw 1971, Kershaw 1978).
To the south tree density increases until closed
boreal forest is encountered. Tree line occurs
at the northern edge of forest-tundra and forest
1ine at the northern edge of the closed forest.
An annotated bibliography on the relationship of
vegetation, wildlife, and landform to permafrost
cove;s the earlier literature (Roberts-Pichette
1972).

Closed Forest

The closed boreal forest contains relatively few
plant and animal species, single tree species
often dominating the landscape for many square
kilometers. The forests, usually of conifers,
often have an understory of feather mosses and a
few scattered herbs and low shrubs. The forested
pattern is broken in poorly drained lands where
fens and bogs are common (Hustich 1957, Ritchie
1959, Sjors 1959, 1965a, Osvald 1970, Vitt and
Slack 1975). Fig. 2 depicts the general vegeta-
tion pattern in relation to topography, soils and
depth of the active layer near Sans Sault Rapids,
NWT.

Most of the closed forest lies south of dis-
continuous permafrost. Within the discontinuous
zone of permafrost in Canada, forests of Picea
mariana predominate. This species is most common
in poorly drained lands, but to the north and west,
black spruce is found in uplands as well. Picea
glauca is more common on warmer and more deeply
thawed soils, thoucgh white spruce is found at
higher elevations than black spruce in Alaska
(Britton 1957) and the Yukon, further north along
arctic flowing rivers (Drew and Shanks 1965,
Hettinger et al. 1973, Hettinger and Janz 1974),
and in more extreme maritime conditions in the
Hudson Bay Lowland (Ritchie 1957, Hustich 1957).




Table 1.

North America (Bliss 1979)

Taiga closed forest
Taiga woodland
Forest-Tundra

General classification of Taiga, Tundra, and Polar Desert

USSR (Aleksandrova 1970)

Taiga forest
Taiga woodland
Lesotundra

Arctic

Low Arctic
Tundra
tall, low, sub shrub,
Hummocky (cottongrass)-sub shrub,
wet sedge-moss

High Arctic
Tundra
wet sedge-moss (miror)

Polar semi-desert
cushion plant, moss-herb,
lichen-herb

Polar Desert
herb {few cryptogams)

Trees of Tesser importance include Abies balsamea
in eastern and central Canadian forests, Pinus
bankeiana in sandy soils and dry rocky soils west
to the Great Bear Lake region and Lariz larieina
scattered throughout. The latter species reaches
its maximum importance in the Hudson Bay Lowland
where it forms pure stands in poorly drained soils
(Hustich 1957, Rowe 1972).

The deciduous tree species Populus tremuloides,
P, balsamifera, and Betula papyrifera comprise a
retatively minor portion of these northern boreal
forests. These species grow best where the active
layer is relatively deep and the soils are both
warmer and better drained than in nearby sites with
Picea mariana (Rowe 1972).

In Alaska, Viereck {(1975) has classified taiga
vegetation along temperature and moisture gradients.
Here, Picea glauca rather than P. mariana delineates
the taiga. The latter species is generally found
in poorly drained soils with a shallow active layer.
Lariz laricing is more Timited in its distribution
and importance as a forest species. It is rare in
the relatively warm Yukon River Valley (Viereck
1975). As in Canada, Populus tremuloides is found
in areas of higher degree-day accumulation. Pinus
and Abies are not part of these northern forests.

Only discontinuous permafrost extends across
northern Fennoscandia, mainly in the mountains.
The closed forest consists mostly of Picea excelsa
with open stands of Pinuz silvestris and Betula
tortuosa at higher elevations (Sjdrs 1965b, Rune
1965), the Tatter forming tree line at 600 to 800
in Lappmark.

Tundra Zone
Subarctic - Southern
forest-tundra
shrub tundra

Subarctic - Northern
sub shrub tundra
hummocky (cottongrass)

Arctic - Southern
sedge-moss tundra,
cushion plant tundra

Arctic - Northern
herb-moss, moss sedge

Polar Desert Zone
Southern and Northern
herb-moss, herb-1ichen

The most extensive regions of discontinuous and
continuous permafrost in association with closed
boreal forest are in Furasia (Fig. 1), Forests
of Picea obovata, Pinus sibirica, and Abies
sibirica extend from eastern Europe across Siberia
with Piceq dominating vast areas of continuous
permafrost terrain. Abies sibirica is important
in the taiga of eastern Europe to 63-65°N. 1In the
more continental lands, east of the Yenisey River,
Abies is important in the forests south of 60-62°
N (Hustich 1966); most of this area is underlain
by discontinuous permafrost. On better drained
soils, often without permafrost, Pimus silvestris
and P. sibirica predominate; the latter species
having a distribution pattern more 1ike Abies
sibirica.

In North America closed forests of Tarch are
uncommon, most stands of Lariz larieina occurring
in fens as sparse and open grown forests (Hustich
1957, Rowe 1972, Ritchie 1960, 1962). In contrast,
Larixz forms vast closed forests across eastern
Siberia and it is an important genus in the closed
forests of European and central Siberia. Lariz
sibirica predominates in European USSR, L. sibirica
and L. dahuriea (= L. gmelinii) in western and
central Siberia and L. dalurica without Picea and
Abies in eastern Siberia (Hustich 1966).

The previous discussion has centered on the
large scale pattern of vegetation in relation to
large scale permafrost conditions. Let us look
briefly at a meso- or micro-scale relationship of
topography, permafrost features, and vegetation.
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Near the southern 1imit of discontinuous perma-
frost, palsas (ice mounds) typically form where
surface peats dry in summer, effectively reducing
thermal conductivity. With fall cooling and pre-
cipitation, the peats become saturated which
increases thermal conductivity. This annual cycle
results in more winter cooling than summer heating,
the net result being a negative heat balance result-
ing in ice formation and preservation (Brown 1970,
Tyrtikov 1959). These palsas with their elevated
peats are better drained and often thinly treed
(Zoltai 1972, Zoltai and Pettapiece 1974, Zoltai
and Tarnocai 1975). The relationship of permafrost
and annual soil temperature regime to a successional
pattern of forest vegetation (15 to 20 - 250 yr)
has been presented for central Alaska (Viereck
1970a, b). Viereck (1965) also discussed the
relationship of Picea glauca to the local occurrence
of ice lenses that develop with canopy closure.
Similar cycles of vegetation in relation to perma-
frost have been described by Benninghoff (1952) and
Drury (1956).

These northern closed forests are Tow in biologi-
cal production, except in the specialized habitats
of river terraces, deltas, and wetlands near Takes.
Muskrats, beaver, moose, and waterfowl are the most
productive animals; all of these in wetlands. The
closed forests produce 1imited numbers of woodland
garibou, wolf, fox, wolverine, marten, hare, and

irds.

Open Woodland and Forest-Tundra

As climate becomes more severe poleward, perma-
frost becomes more continuous and the rooting zone
less favorable for tree growth; forests are more
open grown and trees are of Tower stature. This region
of "subarctic" forest stretches in a broad arc
across Canada, varying in width from ca. 150 to 550kn
(Rowe 1972). In Newfoundland and Quebec, open
stands of black spruce-lichen predominate in uplands.
Picea glauca and Abies balsamea occur locally as
closed forests. Lowlands and poorly drained soils
are generally covered with stunted Piceaq mariana;
Larix laricina forms strips along lake shores and
streams. Carexr dominated fens and shrub dominated
bogs with scattered black spruce cover many square
kilometers (Hustich 1951, Sj&rs 1959). Similar
areas of lichen-woodland occur west of Hudson Bay,
north of Great Slave Lake to Great Bear Lake and to
the lower delta area of the Mackenzie River (Hustich
1957, Ritchie 1959, Maikawa and Kershaw 1976,
Kershaw 1978).

Fire plays a major role in these Tichen-woodlands
and forest-tundras (Rowe and Scotter 1973, Maikawa
and Kershaw 1976, Black and Bliss 1978). Without
fire, a closed canopy forest with a feather moss
understory develops in = 200 yr. Following fire,
woodlands dominated by the lichens ¢ladonia
stellarie or Stereccaulon paschale develop. Exten-
sive lichen mats reduce soil temperature to levels
that may 1imit true root growth, thus conserving
the open nature of the woodlands. These Tichen mats
also reduce water flux and thus maintain soil water
levels favorable to tree growth where soils might
otherwise be too dry to support these open stands

(Kershaw 1978). The development of lichen mats
plays a key role in maintaining these open stands
of Picea mariana.

In the Tower Mackenzie River region, lichen-
woodland is more restricted due to the longer time
required for lichen cover to develop (150-200+ yr),
the domination of low shrubs in the understory for
many years due to finer textured till soils, and
the presence of cold soils due to permafrost
(Black and Bliss 1978) (Fig. 3). Active layer
depths averaged 100+ 17 cm in “stands" 8 yr
following fire, 51+ 22 cm in stands 30-115 yr,
43+ 4 cm in stands 130-190 yr and 52+ 19 cm in
stands 240-285 yr after burning. Repeated fires
within these subarctic woodlands have little effect
on the understory vascular plant composition but a
major impact on the Tichens and mosses for many
years (Black and Bliss 1978). Fire also plays a
major role in the 1ife history of Picea mariana
by preparing a seed bed {Ahlgren 1959), opening
the semi-serotinous cones (Vincent 1965), and
altering the thermal regime of the soil (Rouse and
Kershaw 1971)., Fire in the forest-tundra can
eliminate tree establishment provided the general
climate is in a cooling cycle (Nichols 1975, Black
and Bliss 1978). Black (1977} calculated that
only a 6-7 yr "window" occurs for seedling estab-
1ishment following fire near tree line. Since
relatively high surface tempevatures are necessary
for seed germination, seedling establishment can
be prevented during cooler climatic periods (Black
1977). Massive fires could effectively force tree
Tine 50-100 km south, which helps to explain
forest and tree line oscillation in addition to
forest advance during the warmer Hypsithermal
Interval and the cooler climates which have follow-
ed (Ritchie and Hare 1971, Ritchie 1974). More
recently, Ritchie (1978) has described vegetation
change since deglaciation near Inuvik, NWT that is
based upon sequential invasjon of species (plant
succession) rather than regjonal climatic change.
Additional research is needed in order to determine
the relative roles of the failure of tree re-
establishment following fire vs. climatic oscilla-
tion in explaining post forest and tree Tine
boundaries in the North.

In many areas the transition from forest-tundra
to shrub tundra results in only the Toss of Picea
glauca in better drained uplands and river terrace
Tocations (Drew and Shanks 1965) or the eventual
failure of Picea mariana to maintain itself in
more poorly drained, cold soils with a shallow
active Tayer (Larson 1965, 1971, 1972; Black and
Bliss 1978). Because of this patterning, Soviet
ecologists have generally considered shrub tundra
a past of the subarctic (Andreev 1966, Aleksandrova
1970) or hypoarctic (Yurtsev 1966, 1972).

The transition from closed forest to tundra in
Alaska is complicated by the Brooks Range in the
north that prevents the normal transition to apen
woodland and forest-tundra, and the Tow net radia-
tion values of western Alaska when a broad band
of tundra occurs where general climate indicates
that forest should be present (Hare and Ritchie
1972).
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In the northern mountains and upland plateaus of
Fennoscandia, Betula tortuosa predominates in the
forest-tundra. Open grown Pinus silvestris
generally occurs as the next lower elevation wood-
land (Rgnning 1960, Sjérs 1965b, Bliithgen 1970,
Kallio 1975). Permafrost plays a minor role in
vegetation pattern, except in mires where palsas
occur, providing elevated and somewhat drier habi-
tats (Rosswall et al. 1975).

In European USSR, the forest-tundra (lesotundra)
is formed by communities of Betula tortucsa and
Picea excelsa (western section) and P. obovata and
Larix sibiriea in the eastern section (Tikhomirov
1970). On the western slopes of the polar Ural-
Mountains Betula tortucsa dominates with an under-
story of Jquniperus sibirica, Rosa acicularis,
Betula nana, Salix glauea, 5. arbuseula and various
dwarf shrub heath species. To the south Pinue
obovata dominates at tree 1ine (700-800 m) with
lesser amounts of Betula tortucsa and Abies sibirica
(Gorchakovsky and Shiyatov 1978).

Lariz dahurica dominates in western and central
Siberia. On the eastern slopes of the Urals, L.
sithiriea var. sukaczewii predominates with an
understory similar to that of the open forests on
the western slope (Gorchakovsky and Shiyatov 1978).
The northern Timit of trees occurs near Ary-Mas
along the Novaya River (72930'N) on the Taimyr
Penninsula (Norin and Ignatenko 1975). In this
continental climate (January mean -33.8°, July mean
13.19C), open larch woodland (redkolesja), and very
open woodland (redina) occur on the valley slopes
with bog and spotted tundra (soil-boils) on ridges
and poorly drained slopes. Active layer depths
are closely correlated with nano- and micro-relief
and plant community patterns. In open larch thaw
averages 50-70 cm in late August, 30-50 cm under
trees, and 40 cm (cracks and depressions) to 65 cm
{bare soil) in the spotted tundra (Norin and Igna-
tenko 1975).

In eastern Siberia Larix dahurica (L. calanderi)
predéminates except in Translenian Siberia where
the Tow stature Pimus pumila occurs on mountain
slopes and the deciduous trees Chosenta macrolepis
and Populus suaveolens in valleys (Hustich 1966,
Tikhomirov 1970). In the mountains of Kamchatka
the tree line is dominated by Betula ermani at
elevations of 700-850 m. In places there are some
Larix dahuriea and Pleea jezoensis trees to a
height of 8-16 m. The shrub layer consists of
Pinus pumila, Sorbus sambucifolia, Alnus fruticosa,
A. kamtoschatica and Juniperus sibirica (Gorchakov-
sky and Shiyatov 1978).

Within the open woodland and forest-tundra, wild-
1ife is even more restricted, due to the reduced
plant production base. The most characteristic
animals are barren ground caribou and reindeer
which overwinter in the open forests where there is
an abundance of lichens, sedges, and low shrubs.
River deltas are productive in waterfowl, muskrats,
moose, and beaver.

ARCTIC
Introduction

Historically, Arctic has referred to those lands
beyond the northern climatic 1imit of tree growth.
Scattered islands of trees may occur 20 to 100 km
poleward on southern slopes and along rivers where
s0ils are somewhat warmer and the active layer is
deeper in summer.

Classification of the Arctic has been based upon
zonal concepts in the USSR (Aleksandrova 1970) and
North America (Polunin 1951). While zones of
climate and associated vegetation are more pro-
nounced in the Soviet Union (Andreev and Aleksan-
drova 1979) because of greater continentality than
in North America, more recent studies in the
Canadian Arctic reveal a mosaic pattern (Bliss
1975, 1977). The mosaic results from differences
in summer solar radiation and resultant tempera-
ture regime, the amount of water retained on the
land following snowmelt, and soil texture and soil
development as influenced by bedrock geology.

In mainland North America and presumably across
Eurasia, the boundary between forest and tundra
coincides with the summer position of the Arctic
Front (Bryson 1966). Another important component
of the biocTlimate of the North js net radiation.
The northern 1imit of forest occurs near the 75-

80 kJ cm -2 isoline in Canada and the 65-70 kJ

cm -2 isoline in Alaska (Hare and Ritchie 1972). Net
radiation for the growing season decreases rapidly
in going from closed boreal, even with spring land,
and finally to tundra. The low albedo of closed
forest, even with spring snow, vs. the tundra and
the structure or roughness of vegetation (forest vs.
shrub tundra), all influence the radiation balance
and therefore the bioclimate potential for plant
grow?h and net plant production (Hare and Ritchie
1972).

For purposes of this paper, the Arctic is divided
into Low and High Arctic based upon climatic
differences, permafrost characteristics, vegetation
structure, and wildlife diversity (Table 2).

Low Arctic

The Low Arctic is characterized by closed vegeta-
tion of shrubs, herbs., mosses, and lichens; bare
ground is generally a minor feature. In most
plant communities there is some component of woody
vegetation, ranging from tall shrubs (2-5 m high)
of Salix, Betula, and Almue along streams and
steep banks to dwarf shrubs (5-20 cm high) of
Ledum, Vaceinium, Salixz, and Empetrum on elevated
sites with 1ittle winter snow cover. The dwarf
shrubs also occur as a component within cotton-
grass tussock communities and low shrub Tands.
These Tandscapes with their continuous or near
continuous cover of vascular plants and crypotogams,
often with a strong component of tall to dwarf
shrubs, are generally called tundra (Fig. 4).



Table 2.

Characteristic

Mean annual temperature (°C)
July mean temperature (°C)
Length of growing season (months)
Accumulated degree days (0°C)
Mean annual precipitation (mm)
Mean annual temperature of permafrost
(-10 to -20m)
Active layer depth - gravels (m)
- peat and clay (m)
Plant cover - tundra (%)
polar deserts (%)
Flowering plants (#species)
Mammals (# species)
Breeding Birds (# species)

Tall Shrub Tundra

Large rivers in arctic Alaska, mainland Canada,
southern Greefiland, and mainland Eurasia have sand
and gravel bars as well as steep slopes that are
typically covered with tall shrubs, Salix alarensis
predominates in western Canada and Alaska on coarse
gravels and sands (Bliss and Cantlon 1957, Drew and
Shanks 1965, Gi11 1973). Associated shrubs on fine
textured s0ils, and often as an understory to the
feltleaf willow, include Salix lanata, S. richard-
sonit, S. glauca, Betula glandulosa, and Alnus
erispa. These communities are strongly correlated
with warmer soils in summer, soils with better
drainage and deeper active layers {1-2m). These
communities have deep winter snow that melts early
in spring. There is often a rich understory of
grasses and herbs. Moose and arctic ground
squirrels as well as ptarmigan and arctic hare are
commonly found in this lush arctic vegetation,

Communities of tall shrubs (hyoarctic shrubs) are
a conspicuous feature along rivers and steep slopes
within the Siberian and Chukotka provinces or
divisions of the Arctic (Andreev and Nakhabtseva
1974, Andreev and Aleksandrova 1979). In the Yara-
Indigirca subprovince, Betula exilis, Salix glauca,
8. lanata, and Alnus fruticosa occur along rivers.
In the Kolyma subprovince with increasing snow
cover, shrub communities of Betula exilis and Alnus
fruticosa occur along rivers in the southern section
while willow scrub of Salix alaxensis, 5. pulchra,
S. glaueca, and 5. lanata predominate in the middle
section. Salix pulehra, S. alaxensies and Betula
exilis are common in the far eastern province of
Chukotka. Note the strong floristic ties in the
tundra vegetation of northeastern Asia and Alaska,
the Transberingian floristic element (Yurtsev 1972).

LLow Shrub Tundra

Within the forest-tundra, birch and willow shrubs
40-60 cm in height are common. Beyond the 1imit of
trees, Tow shrub tundra predominates as the first
type of tundra vegetation in many upland sites. In
western Alaska and the Mackenzie River Delta region
of Canada, various combinations of Betula nana $Sp.
exilis, Salix glauca, S. pulchra and 5. lanata $sp.
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Physical and biological characteristics of the Low and High Arctic

Low Arctic High Arctic
-12 to -9 -19 to -16
7 to 10 Jto 6
3to 4 1 to 2.5
300 to 1000 150 to 600
150 to 350 50 to 200
-4 to -2 -13 to -10
1to 2 0.7 to 1.2
0.3 to 0.6 0.2 to 0.6
80 to 100 80 to 100
------ 0 to 10
300 to 600 50 to 150
6 to 20 3t 8
40 to 70 5to 30
richardsonii provide an open canopy. Interspersed

are clumps of Carex bigelowii, Eriophorum vaginatum,
scattered grasses and forbs. Within the moss and
tichen mat, varying amounts of dwarf {sub-shrubs)
shrubs (10-20 cm high), mostly heath species, are
common. These include Vaceinium vitig-idaea, V.
uliginosum, Empetvrum hermaphroditum, E. nigrum,
Ledum palustre $sp. decumbens, Arctostaphylos
rubra, A. alpina, Caasiope tetragona, Rubus chamae-
morus and Sglix ssp. (Hanson 1953, Hettinger et al.
1973, Corns 1974), These communities are common

on moderately well drained uplands and slopes where
there is typically 25-50 cm of snow cover. With a
thick vegetation mat, the active layer is seldom
more than 35-50 cm deep by August.

In the central and eastern Canadian Arctic, Tow
shrub tundra is less common, the result of thinner
snow cover and strong abrasive winds in winter
(Savile 1972). The predominate shrubs are Betula
glandulosa and Salix glauca along with the dwarf
shrub heath species as in the west. These shrub
communities are found on steep warm sTopes with
0.5-1 m of snow cover in the Chesterfield Inlet
area west of Hudson Bay, northern Quebec, and
southern Baffin Island (Polunin 1948). Similar
shrub communities dominated by Betula glandulosa
and several species of Salix extend to 749N in
west Greenland, but only to 62°N in east Greenland,
due to its colder climate away from the Labrador
Current (BScher 1959, Sdrensen 1943).

Across the USSR, low shrub tundra is common in
the rolling uplands beyond forest-tundra (sub-
arctic zone). Low shrubs (50-60 cm) of Betula
nana, Salix lanata, 5. glauca, and 5. phylicifolia
and many of the dwarf shrub heath species previous-
1y described for North America predominate
(Andreev and Aleksandrova 1979). Since these
communities of the southern tundras are dominated
by species common to the boreal forest, Soviet
scientists refer to these shrub and related
comnunities as comprising the subarctic (Aleksan-
drova 1970, 1971, Andreev and Nakhabtseva 1974).
Species common to the boreal forest and tundra are
referred to as hypoarctic species (Yurtsev 1966).




Throughout the range of low shrub tundra rein-
deer or caribou are common in summer. These lands
are also important habitat for small rodents
(microtine) and many species of ground nesting
birds including ptarmigan.

Cottongrass Tussock - Sub Shrub Tundra

Across western North America and Siberia there
are vast areas of this community. In the USSR
these are called hummocky tundra and in North
America tussock tundra. Eriophorum vaginatum
tussocks are generally 15-30 ¢m high, 15-25 cm
across, and spaced 15-60 cm apart. Large areas of
western and northern Alaska (Hanson 1953, Church-
hill 1955, Bliss 1956, Britton 1957, Johnson et al.
1966), and limited areas of the Northwest Territory
(Larsen 1965, Corns 1974) are covered with this
commynity. These communities are commonly found on
rolling topography and small basins and valley
floors where soil drainage is intermediate and the
active layer in August is 30-50 cm deep. Prostrate
shrubs of Betula nana ssp. exilis are common along
with numerous dwarf shrubs of various species of
heath (Ledwn, Empetrum, Vaceiniuwm, Empetrum). Moss-
es including Sphagmum species and lichens form a
dense carpet between the tussocks. The sedges
Carex bigelowii and C. lugens are common along with
the arctic grass Aretagrostis latifolia and numer-
ous species of forbs.

These communities are some of the richest in plant
species diversity. They are also favorite feeding
grounds in early summer for caribou and reindeer
which relish the tender and nutrient rich new shoots
of Eriophorum. Arctic mice {lemming), and voles
are common to these areas, as are several species
of ground nesting birds.

Across Siberia Eriophorwn vaginatum hummocky
tundras are restricted to the southern subarctic
zone (Andreev and Aleksandrova 1979). 1In the Koly-
ma subprovince of the Siberian Province and in the
Chukotka Province Carer lugens is an important com-
ponent as are the dwarf heath shrubs.

Sedge-Moss and Sedge-Grass-Moss Tundra

The Finnish word tundri and the Soviet word
tundra were originally used to describe wetland
areas dominated by sedges and grasses. Only limit-
ed wetlands occur in the mountains and upper foot-
hills of arctic Alaska and the Yukon Territory
(Britton 1957, Hettinger et al. 1973). They domi-
nate on the Coastal Plain in Alaska (Britton 1957,
Webber and Walker 1975) and the coastal areas of
the Yukon Territory and the Mackenzie Delta of the
Northwest Territory (Hettinger et al. 1973, Corns
1974). Eastward across the NWT, wet sedgelands
occur, but with the dominance of rocky Precambrian
lands, this tundra type is localized {(Larsen 1965,
1972). Where drainage is impeded, deep peats 2-10
m develop and on these surfaces Carer aquatilis, C.
chordorrhiza, C. raviflora, C. rotunda, C. membran-
acea, Eriophorum angustifolium and E. scheuchzeri
predominate. The grasses Aretagrostis latifolia,
Poq arectica and Deschampsia caespitosa occur in the
best drained sites, Dupontia fisheri and Alopecurus
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alpinus in moist sites to shall water and
Arctophila fulva in standing water. Common herbs
include Caltha palustris ssp. avetiea, Chrysosple-
nium tetrandrum, Pedicularis sudetica, Petasites
frigidus and several species of Saxifraga and
Pinguicula (Britton 1957, Corns 1974).

The shallow waters of Takes and ponds contain
Menyanthes trifoliata, Dquisetum variegatum, Poten-
tilla palustris, Avetophila fulva and Hippuris
vulgaris with species of Carex and Eriophorum
where water is only 10-20 cm deep.

These sedge and grass wet meadows have a nearly
continuous cover of mosses including several spec-
ies each of Sphagnum, Drepanccladus, Alacommium,
Calliergon and Ditrichum. Other common mosses are
Meesia triquetra and Tomenthyprum nitens; 1ichens
seldom occur other than Peltigera aphthosa on
hummock tops.

In many areas, raised center or raised rim poly-
gans occur. The troughs (top of ice-wedges) are
dominated by sedges and the elevated sites (30-

200 cm) are covered with dwarf shrub heath species,
and prostrate or low shrubs of Salix and Betula.
Species distribution varies greatly over short
distances in relation to soil water content, soil
aeration, active layer depth, and depth of winter
snow cover.

Across Siberia there are vast wetlands of sedges.
In the Ob-Yenisei subprovince, wetlands (mires)
are dominated by Carer globularis in the southern
portion, ¢. votundata in the middle, and ¢.
chordorrhizae in the northern portion of the sub-
arctic zone. To the north in the arctic zone
where woody vegetation is minor, Carex stans domi-
nates. To the west in the Yana-Indigirka sub-
province, mires are dominated by Carex stans and
Eviophorum angustifolium. In many areas Arcto-
phila fulva occurs in shallow waters of lakes and
ponds (Andreev and Aleksandrova 1979).

These wetlands ave very important feeding and
nesting sites for numerous species of waterfow]
and shore birds. They are also important summer
range for caribou. Because of the wet soils,
thick moss cover and deep saturated peats, the
active Tayer is seldom more than 20-30 cm deep by
tate August.

Cushion Plant-Herb-Lichen

In the mountains of the Yukon Territory and
Alaska, wind-swept slopes and ridges are often
dominated by Dryas octopetala, D. integrifolia,
numerous grasses, sedges, and small clumps or
rosettes of species of Draba, Saxifraga, Arenaria,
and Cerastiwm (Britton 1957, Drew and Shanks 1965,
Johnson et al, 1966, Hettinger et al. 1973).
Species of the lichen genera Cetraria, Cornicu-
laria, and Alectoria are also important. Plant
cover is much Tess as is plant production when
compared with the previous communities. Dryas
dominated communities in upland granitic rock are
common in the uplands of the Boothia and Melville
peninsulas of the Northwest Territories, Canada.



In the Ural Mountains and other nothern mountain
systems of the USSR, Dryas and lichen dominated
communities are common. The arctic zone is often
characterized by hummocky tundra with Carex ensi-
folia ssp. aretisibirica, Dryas octopetala, MOSSes,
and lichens in the Ob-Yenisei Subprovince (Andreey
and Aleksandrova 1979). In the Kolyma Subprovince
Diapensia obovata, Salix polarig, Dryas punctata,
and Alopecurus alpinus along with small herbs,
mosses, and lichens are common. On the Taimyr
Peninsula extensive areas are covered with a moss-
Dryas-sedge tundra in a "frost-boil" or "spotted
tundra" pattern (Matveyeva 1972, Pospelova 1972,
Norin and Ignatenko 1975).

These communities dominated by Dryas, dry site
species of Cgrex, and prostrate shrubs of Salixz,
mosses, and lichens form one of the most common
communities in the High Arctic as discussed below.

High Arctic

In contrast with the continuous cover of vegeta-
tion of the Low Arctic, the High Arctic is charac-
terized by its limited plant cover, sparseness of
wildTife except in Tocalized areas; a general
appearance of biological barrenness (Table 2.).
The High Arctic, mostly in Canada (Fig. 1), can be
divided into small areas of tundra (sedge-moss,
dwarf shrub heath, and cottongrass tussock), large
areas of sparce vegetation (polar semi-desert),
and large areas of 1ittle or no vegetation (polar
desert) (Bliss et al. 1973, Bliss 1975). As a
result of less plant cover, the patterned ground
features (Washburn 1956) of a permafrost dominated
terrain (sorted and non-sorted polygons and stripes,
solifluction terraces, massive ice-wedge patterns,
and soil hummocks) are a more conspicuous feature.

Tundra

Only small areas of sedge-moss tundra occur in
the Queen Elizabeth Islands (> 2%) {(Babb and Bliss
1974). Lowlands with impeded drainage and coastal
areas with series of raised beaches retain snow
melt waters, this permits the extensive growth of
the sedges Carexr stans, ¢. membranacea, Eriophorum
acheuchzeri and E. triaste (Polunin 1948, Savile
1964, Brassard and Longton 1970, Muc 1977, Bliss
and Svoboda 1979a, b). Mosses of the genera
Distichum, Mniwm, Ditrichum, Tomenthypwum, Drepano-
eladus, Aulacommium and Hyprwm are abundant (Vitt
1975, Vitt and Pakarinen 1977). Lichens are very
minor in these wetlands. With saturated, peaty
soils, the active Tayer is more shallow in these
areas (Fig. 5). These meadows, biologically the
most productive sites in the High Arctic, support
muskox, Peary's caribou, brown Temming in the
southern arctic islands, and numerous species of
waterfowl and shore birds.

Small meadows of grasses, sedges, and mosses
occur on Svalbard (Rgnning 1965). Herb-grass
meadows of Foa alpigewna, Alopecurus alpinue, Lusula
confusa, and several species of Saxifraga in inter-
fluve communities and sedges in stream valleys are
present in the northern Taimyr Peninsula, USSR
{Matveyeva et al. 1975).
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Dwarf shrub heath communities with various com-
binations of Cassiope tetragona, Vaceinium uligin-
osum, Rhododendron lapponicum, Salix arctica, and
Dryas integrifolia occur to 72°-739N in east Green-
land and to 75°-760N in west Greenland (Sieden-
faden and Sgrensen 1937, Sgrensen 1943, Oosting
1948). Heath communities are species poor in the
Canadian Hiah Arctic, typically dominated by
Cassiope tetragona and lesser amounts of Salix
aretica, Dryas integrifolia, and Carex misandra
(Brassard and Longton 1970, Beschel 1970, Bliss
et al. 1977). These communities occur where snow
melts 1-2 weeks later than average and on warmer
south or west-facing slopes {Fig. 5).

Polar Semi-desert

Plant communities dominated by cushion plants
(Dryas, Salix, Saxifraga oppesitifolia), cover
about 55% of the Canadian mainland High Arctic and
the southern arctic islands. Cover of flowering
plants generally averages 10 to 20%; lichens and
mosses provide an additional 30 to 50% cover.
These communities occur on rolling slopes and ex-
posed uplands where winter snow cover is shallow
and the soils in summer are well to imperfectly
drained (Bliss and Svoboda 1979b).

In the eastern and central Queen Elizabeth
Islands, areas dominated by Dryas integrifolia,
Salix arctica, Sarifraga oppositifolia, Carex nar-
dina, and Tichens occur on sandy and gravelly
raised beaches near the sea and on warmer slopes
with winter snow cover of 50-100 cm (Savile 1964,
Brassard and Longton 1970, Beschel 1970, Babb and
Bliss 1974, Svoboda 1977).

Dryas dominated communities occur on Svalbard
(78°N) in wind exposed sites and in areas of deep-
er snow Cassiope, Salix polaris, and Dryas octo-
petala occur (Rgnning 1965).

Although these communities are less productive
than the tundra sedge and arass meadows, they do
support Peary's caribou and limited numbers of
muskox, collared lemming, and a few species of
nesting birds.

In the western Queen Elizabeth Islands where
silty loam to clay loam soils predominate, moss-
Tichen-herb communities predominate (Fig. 6). The
number of species is reduced, as is plant height.
Much more open ground is present and crustose
Tichens become more important (Bliss and Svoboda
1979a). The dominate flowering plants include
Luzula confusa, L. nivalis, Papaver radicatum,
Nlopecurus alpinus, Cerastium areticum, Kommculus
sabinet, and numerous species of Draba and Sawi-
fraga. The forbs are mostly tiny clumps or ros-
ettes with compact stems and flowers within 1-2 cm
of the soil surface. The woody species Salixz
arcticq and Dryas integrifolia are restricted to
only the warmest sites. Although total plant
cover is limited (> 20% flowering, 50-70% lichens
and mosses) in biomass, the active layer is as
deep as in many tundra communities of the Low
Arctic (compare Figs. 4 and 6).

Vegetation somewhat similar to this has been
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described for Cape Chelyuskin at the tip of the
Taimyr Peninsula (77° 43'N) (Matveyeva and Chernov
1976). These authors termed the area polar desert
though it is richer in species than most areas
examined to date in the Canadian High Arctic.

Polar Deserts

The most barren landscapes of sandy soils, alka-
Tine clay flats, coastal and upland sites with
massive sorted polygons and stripes have 1-5%
total plant cover. In many areas vascular (flower-
ing) plants are spaced 1-5 m apart and each plant
is 0.5-2cm in surface area. The most common
species are Papaver radicatum, Cerastium avcticum,
Draba corymbosa, Saxifraga cernua, S. oppositifolia,
Phippsia algida, Alopecurus alpinus, and Puccinellia
angustata. Only in small areas (1-2ha) below snow-
banks are there mats of moss (10-30% cover) with
8-12 species of flowering plants (Fig. 7) (Bliss et
al. 1979). Eleven species of flowering plants were
recorded at 350 m on Somerset Island and 10 species
at 9?0 m at Lake Hazen, Ellesmere IsTand (Savile
1969).

At 26 sites sampled on five islands within the
Central High Arctic, vascular plants averaged 2%
cover, lichens 0.9%, and bryophytes 0.3%. Only in
snowflush sites was total plant cover more than
0.5 to 5%, Plant cover was more similar to semi-
desert Tands, vascular plant cover 10%, lichens
10%, and bryophytes 12% (Biiss et al. 1979). Polar
deserts with their sparce plant cover have been
described for Novaya Zemlya (Aleksandrova 1959) and
the northern portions of Franz Josef Land and the
New Siberian Islands (Severnya Zemlya) (Aleksan-
drova 1970).

Under such barren conditions insects are greatly
reduced and birds and lemming are rare, although
a few do occur near snowflush sites. Peavy's caribou,
muskox, arctic fox and other larger mammals are
found only as they move across these barrens seek-
ing areas of higher biological production. The
active layer is often 50-60 cm in depth by mid-

August, the result of relatively well drained so
Tittle or no plant cover and organic matter accur
Jation, yet soils that are only 2°-3°C at -10 cm.

Summary

From this discussion it should be apparent that
subarctic and arctic lands have a low diversity of
species and a Tow biological production. There is
a very significant poleward reduction in plant pro-
duction within these vast areas (Table 3?. With
reduced biological production there is a corres-
ponding reduction in thickness of the organic
layer. Although the polar semi-deserts and polar
deserts of the High Arctic have less energy input
and colder soils in summer, depth of the active
layer is as great as in the Low Arctic. Some
plant communities (tall shrub tundra, isolated
forest stands) can be correlated with a deeper
active layer, but in general arctic plant communi-
ties seem to be poorly correlated with depth of
the active layer.

REVEGETATION OF SUBARCTIC AND ARCTIC LANDS
Introduction

Revegetation and general rehabilitation of dis-
turbed lands have been practiced for years in
temperate regions. It is only within the last 8-
10 years that a corresponding technology has begun
to be developed to restore northern lands. This
results mainly from petroleum exploration and pro-
duction, though more recently some mining opera-
tions, road and airstrip construction, and commun-
ity development are beginning to use these tech-
niques. Although the Titerature on revegetation
in the tajga and tundra is not Targe, two reviews
on North American research have been prepared
(Johnson and Van Cleve 1976, Peterson and Peterson
1977). The annotated bibliography on permafrost,
vegetation and wildlife (Roberts-Pichette 1972)
contains references to some of the early studies.

To date, the most successful restoration programs

Table 3. Net primary production for different Arctic Environments,
Data are aboveground estimates only

Net plant production (g m-2)
Plant Community Vascular Plants Bryophytes Total
Polar Desert
Rosette plant 0.1-1 - <1
Polar Semi-desert
Moss-herb 3-15 1-30 5-35
Cushion plant-moss 5-50 1-20 5-50
Arctic Tundra
Wet sedge-moss 35-100 15-100 50-150
Cottongrass-dwarf heath 40-75 30-130 100-175
Low shrub-dwarf heath 75-150 30-50 100-200
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have started by determining the role of native
species in plant succession, and where possible
incorporating some of these species in the seed
mixes. As will be seen, the use of native species
is important in the northern boreal forest and
forest-tundra, and becomes more important in the
tundras of the Low Arctic and the polar semi-deserts
of the High Arctic.

The primary objectives of these studies have been
to determine: 1) what species and species mix
will provide an adequate cover to hold the soil,
2) successfully overwinter and regrow in successive
years; and 3) maintain populations of the species
through natural reseeding. Seeding and fertilizer
levels have also been determined.

Taiga

Within the northern closed boreal forest and open
woodland, the qrasses Calamagrostie canadensis,
Arctagrostis latifolia, sedge species of Carex and
Eriophorum, fireweed (Epilobiwm angustifolium)
Ledum groenlandicum and Arctostaphylos rubrg and
the shrubs Alnus erispa, Salix ssp. are the
typical pioneer species in disturbed lands (Reid
1977, Hernandez 1974). Calanagrostis canadensis
forms extensive grassiands in south central Alaska
{Mitchell and Evans 1966) and in western Alaska
(Hanson 1951).

Revegetation studies were initiated at eight
sites within forested lands north of Fairbanks,
Alaska in 1970 and 1971 (Van Cleve 1973}, and at
the buried heated pipeline test site at Fairbanks
in 1970 {McCowan 1973). In Northern Canada similar
research was initiated at Norman Wells, NWT in 197}
(Wein 1971, Hernandez 1973a), at Sans Sault, NWT in
1971 (Dabbs et al. 1974, Younkin 1976), and at
Inuvik, NWT in 1971 (Younkin 1971, 1976).

After two summers of growth, the grasses Arctared
and Boreal creeping red fescue (Festuca rubpa) and
Nugget Kentucky bluegrass gPoa pratensis) grew best
on the berms of cold (-9.5°C) and hot {18°C)
simulated gas pipelines at the test facilities at
Norman Wells (65°17'N) (Hernandez 1973a). The tests
at the Sans Sault site (65°40'N) also within the
boreal forest, about 90 km north of Norman Wells
showed that after five years the grasses Durar
sheep fescue (Festuea ovina), Meadow foxtail
Ulopecurus pratensis), Frontier reed canary -
grass (Phalaris arundinacea), Meadow fescue (Festuca
elatior/, Boreal creeping red fescue (Festueq rubra)
Kentucky bluegrass (Poa pratensis), and Fowl blue-
grass (Poa palustris) grew best (Younkin 1976)
(Table 4).

At the end of the seventh growing season a thick
mantle of grasses covered the test plots at Norman
Wells. The most abundant grasses were the fescues
and the native bluejoint grass (Calamagrostis
canadensis) .

The revegetation plots at Inuvik, NWT (68020'N)
showed the following results after three summers of
growth. Plant cover was greatest (65-85%) for
Boreal creeping red fescue, Meadow foxtail, Arctared
creeping red fescue, and Nugget Kentucky bluegrass,

Engmo timothy (Phlewn pratense) and Slender wheat-
grass (Agropyron trachycaulon) produced about 50%
or more cover (Hernandez 1973a). This site is
near the northern limit of the open woodland
{Black and Bliss 1978).

Data from the simulated hot oil pipeline study
at Fairbanks, Alaska (64°49'N) indicated that
Manchar brome (Bromus inermus), Boreal creeping
red fescue, Engmo timothy, and Nugget Kentucky
bluegrass grew well and survived at least one
winter both over the heated Tine and at a dis-
tance of 10-13 m from the center of the pipe
(McCown 1973).

Fertilizer studies at Sans Sault and Inuvik show-
ed that in these cold, nutrient deficient soils,
phosphorus and nitrogen are most 1imiting (Younkin
1972, 1976, Hernandez 1973a, Dabbs et al.. 1974).
The recommended levels of a fertilizer mix were
112:235 kg/ha of N and Pp05 near Inuvik and 39:79:
79 kg/ha for a N:P:K mix at Sans Sault (see
Younkin 1976). A follow-up fertilization program
the second or third year appears necessary to
maintain higher rates of plant growth. Within the
boreal forest a species mix of Boreal creeping red
fescue, Frontier reed canarygrass  and Sheep
fescue (ratio 1:1:1) was recommended for high ero-
dibility sites (56 kag/ha) and Boreal creeping red
fescue, Meadow foxtail, and Frontier reed canary-
grass (ratio 1:2:2) for sites of low erodibility
(28 kg/ha), In the forest-tundra, a 2:2:1 ratio
of Nugget Kentucky bluegrass, Arctared creeping
red fescue and Meadow foxtail (28 kg/ha) was
recommended for high and low erodibility sites
respectively (Younkin 1976).

Johnson (1978) has recently shown that where a
rapid cover js desired to prevent erosion, annual
rye planted alone is best. However, if a perenn-
ial grass cover is desired, the best biomass was
achieved by planting Canada bluejoint alone with
a high level of N:P:K (228:57:114 kg/ha) rather
than a mixture of Arctared creeping red fescue and
bluejoint. Where annual rye and fescue were mixed,
biomass was higher the second year for fescue
where 114 rather than 228 kg/ha of N was used.
These results indicate that the selection of
species as well as fertilizer level is important
in revegetation programs, at least in the Fair-
banks, Alaska area.

The combination of results from these studies
and the successful reseeding work by Alyeska Pipe-
Tine Co. within the forest zone shows that soils
can be stabilized and that with time, the perma-
frost table may be stabilized through a detailed
revegetation program.

Low Arctic Tundra

Prior to petroleum exploration in the Arctic,
there had been little if any technology developed
for rehabilitation of disturbed surfaces. Revege-
tation studies were initiated at Prudhoe Bay,
Ataska (70°15'N) in 1969 and at Tuktoyaktuk, N.W.T.
(69°25'N) in 1970. Sedge-moss tundra predominates
at Prudhoe Bay and low shrub-dwarf shrub heath
tundra near Tuktovaktuk. Most of the species



Table 4.

Boreal agronomic and native boreal and arctic species

potentially useful in revegetation of disturbed soils in
permafrost lands, North America

Region

Species

Agronomic Species - northern varieties

Taiga closed forest

Forest-tundra

Low Arctic
Low shrub and cottongrass tundra

High Arctic
Sedge-moss tundra

Cushion plant polar semi-desert

Polar Desert

18 species tested - Sans Sault, NWT

Durar sheep fescue

Meadow foxtail

Frontier reed canarygrass
Meadow fescue

Boreal creeping red fescue
Kentucky bluegrass

Fow! bluegrass

16 species tested - Inuvik, NWT

Nugget Kentucky bluegrass
Arctared creeping red fescue
Meadow foxtail

Boreal creeping red fescue
Engmo timothy

16 species tested - Tuktoyatuk, NWT

Nugget Kentucky bluegrass
Arctared creeping red fescue
Boreal creeping red fescue

100 species and varieties tested - Prudhoe
Bay Alaska

Arctared creeping red fescue
Nugget Kentucky bluegrass

10 species and varieties tested - Rea Pt.,
Melville Island, NWT

none
none

Native Species

Taiga forest - Forest tundra
Low Arctic

High Arctic

Tundra
Polar semi-desert
Polar Desert

planted were the same as in the northern boreal
forest sites, agronomically developed varieties of
northern boreal grasses.

0f the 60 grass species and varieties established
by ARCO (1972) at Prudhoe Bay, creeping red fescue
seemed the most promising. Other studies at Prud-
hoe Bay by Mitchell et al, (1973) and by Wein
(1971) and Hernandez (1973a) in the Mackenzie Delta
region showed that Arctared and Boreal creeping red
fescue and Nugget Kentucky bluegrass grew well and
survived the longest. Some species grew for one or
two years, then suffered severe winter kill (red-
top, Reed canarygrass, meadow foxtail, Engmo
timothy, Durar sheep fescue, Canada bluegrass).

At the climatically less severe site at Tuktoyak-

Canada bluejoint

Canada bluejoint
Tall arcticgrass

Tall arcticgrass, dwarf hairgrass
Alpine foxtail, Phippsia algida
none

tuk, only Arctared creeping red fescue and Nugget
Kentucky bluegrass showed good growth for three
summers (Hernandez 1973a). These two agronomic
grasses were selected and developed by the Agricul-
tural Research Station, Palmer Alaska; Nugget
originated from a selection at Hope, ATaska (Hodg-
son et al. 1971) and Arctared from the Matanuska
River Valley, Alaska. For many sites within the
open woodland, forest-tundra, and shrub tundras,
the native grasses Calamagrostis canadensis (blue-
joint) and Aretagrostis latifolia (tall arctic-
grass) grow well. Agronomic aspects of these two
species have been studied by Klebesadel (1965,
1969) and ecological aspects by Younkin (1974).
Calamagrostis canadensis is more common to the
northern boreal forest and Aretagrostis latifolia
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to the Low Arctic. Both species are common pioneer
species of seismic lines and abandoned winter roads
and well sites in the Mackenzie Delta and uplands
to the east (Hernandez 1973b).

Seed mixes have proven successful in seeding old
well. sites and winter roads in the tundra (Younkin
1976). The first seed mixes contained Nugget
Kentucky bluegrass, Boreal creeping red fescue,
Climax timothy, Frontier reed canarygrass, and Pro-
1ific spring rye in a 2:2:2:1:1 ratio of 56 kg/ha
(Younkin 1976). More recent mixes used Nugget
Kentucky bluegrass, Arctic creeping red fescue, and
Engmo timothy in a ratio of 2:2:1 or 2:5:2. These
mixes did not include the native grasses because of
lack of seed, though in many sites they began to
establish the second year provided a local seed
source was available. Fertilizer levels used by
ARCO (1972) at Prudhoe Bay, Alaska were 56:161:165
kg/ha of elemental N:Pp0g:Kp0. Mitchell and
McKendrick (1975) recommended 112:66:101 kg/ha of
N:P:K at Prudhoe Bay and Younkin (1976) recommended
56:112:56 kg/ha of N:P:K in the general Mackenzie
Delta region. In sites of medium to high erodibi-
lity, reseeding and refertilization in one or two
years is recommended (Younkin 1976),

Following the experimental field plot studies, 22
old well sites and winter roads were seeded in 1973-
1975 from the outer reaches of the Mackenzie Delta
in Tow shrub tundra to open forest and forest-
tundra on the Peel Plateau, ca. 320 km to the south.
The results showed that seeding on gravel drill pads
results in very low grass establishment (<1%).

Engmo timothy, though not winter-hardy in the tundra,
provided 40 to 50% of the plant cover the first
year. Nugget Kentucky bluegrass and Boreal creeping
red fescue became well established the second and
third year; especially when the latter two species
were sown in 1:1 mix. Both seed mixes and fertiliz-
er can be successfully spread with a S1ing-King

seed bucket hung from a helicopter flying at 48 km/
hr. This seeds at the rate of 0.6 ha/min for seed
and 1.25 ha/min for fertilizer (Younkin 1976).

The native grasses Arectagrostis latifolia and
Calamagrostic canadensis will establish naturally
where less winter-hardy species such as timothy are
used. The native grasses do not easily invade a
well established cover of bluegrass and red fescue.

The selection of a seed mix is dependent upon the
particular site requirements. Where erosion control
is needed, mixes high in Engmo timothy should be
applied. Where a slower establishing and longer
Tived cover is needed, Nugget Kentucky bluegrass or
Arctared creeping red fescue sown separately or in
combination is recommended. If rapid establishment
and Tonger Tived cover is desired, the 2:2:1 mix of
bluegrass, red fescue, and tinothy is best. In the
boreal forest the proportion ¢f timothy can be in-
creaied because there is less winter ki1l (Younkin
1976).

Shrub cuttings tested over a three-year period
show a high survival (> 95%) for Salix alazensis
and 5. arbusculoides, 40% survival for Alnus incara
and no survival for 4. erispa. These plantings at
Sans Sault, N.W.T. give promise for replanting at
least limited areas to shrub vegetation (Younkin

1976). Alyeska Pipeline Service Co. is currently
testing the feasibility of planting rooted cuttings
of Salix alaxensis on gravel and sand bars in
northern Alaska.

The natural regrowth of low and dwarf shrubs on
sites that were hand or machine-~cleared of trees
and shrubs prior to constructing test snow-ice
winter roads, attests to the feasibility of using
this technique for pipeline construction on perma-
frost terrain (Adams and Hernandez 1977, Younkin
and Hettinger 1978). The regrowth of sedges,
grasses, and low shrubs on the winter snow-ice
roads used for several years in the sedge-moss,
cottongrass tussock and low shrub tundras northeast
of Inuvik, NWT also shows the potential for natural
recovery (Campbell and Bliss-unpublished data).

In these areas the 10-15 cm peat layer provides
considerable insulation with the result that
permafrost melt seldom occurs, provided vehicles
do not start snow road construction too early in
the winter nor operate too late in spring when the
surface begins to thaw.

There is a considerable body of literature on
the general impact of industrial development in the
Soviet North {(Brown and Grave - this volume, Andrews
1977, 1978). However, few of these papers give
detailed information on restoration procedures
beina used. Andreev (1979) has outlined in general
terms the literature on the influence of human
factors, including the impact of reindeer grazing,
on tundra veaetation. Revegetation on gold mining
spoils requires 8-10 years and graminoids become
established in vehicle tracks in 3-4 years. Weedy
species have increased in the North due to land
clearing and increased transportation routes
(Dorogostaiskaya 1972). She reported 298 weedy
species of disturbed soils around towns, along
railways, and mining sites from arctic and sub-
arctic lands. Of these, 2 species are introduced
weeds of agricultural lands and 42 species have
the potential for spreading more widely as human
activity increases. In the western Taimyr
Peninsula at the settlement of Kresty, Matveyeva
(1978) has described native species that invade
disturbed soils. Of the local flora (~ 200 species)
of vascular plants, 89 species occupy disturbed
habitats. Yurtsev and Korobkov (1978) 1ist species
occupying disturbed soils near the village of
Yanrakynnot on the Chukotka Peninsula.

The results of these various studies, including
the uniformity of results using native wild and
northern agronomic species, show that considerable
success in stabilizing soil can be achieved under
arctic conditions (Table 4). Limited success in
reseeding the arctic portion of the Alyeska Pipe-
Tine has occurred, though a program of reseeding
and refertilizing for a number of years is probably
necessary.

High Arctic Polar Semi-Deserts

More than 50 wells have been drilled in the
Western Canadian Arctic Archipelago. In relation
to well clean-up operations and preliminary plans
for a gas pipeline on Melville Island, a limited
revegetation program was initiated. Three sites



were established on Melville Island and one on
Ellef Ringnes Island. After five years of work the
main conclusions are: 1) none of the 10 agronomic
species tested survived over winter; 2) hydro-
seeding was more successful than broadcast seeding;
and 3) fertilizer (ratio 1:4:4) applied at the rate
of 245 kg/ha stimulated growth of native species

as well as the agronomic species under test
(McGillivray 1976). These studies vividly demon-
strate the futility of planting boreal forest
species well beyond their climatic Timit.

In a separate study, Calamagrostis canadensis
and Arctagrostis latifolia native to the Tuktoyak-
tuk and Inuvik areas were planted at the Truelove
Lowland, Devon Island (75°N) and on King Christian
Island (78°N). There was 1imited seed germination
and plant establishment for at least four years on
the Truelove Lowland. Survival was much greater
in Arectagrostis. At the more severe site with its
shorter growing season on King Christian Island,
only a few seeds germinated and no plants survived
over winter (Bliss and Bell - unpublished data).
At the latter site Phippsia algidia and dlopecurus
alpinus seeded in naturally in the fertilized
plots, indicating again the practicality of using
native species rather than agronomic races of
species physiologically adapted to different
environments.

Unless there are major breakthroughs in our
knowledge of high arctic species, there seems
1ittle or no hope of revegetating the true polar
deserts. The shortness of season, low soil temp-
eratures, and dry surface soils seem to negate
success. Only very limited success appears
possible in revegetation work in the norther polar
semi-deserts (Table 4).

Summary
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The data available indicate that northern races of

agronomic species are well adapted for use in re-
vegetating northern boreal forest lands. A few of
these species and two grasses native to the north-
ern forests and tundra have been used with
reasonable success in the Low Arctic. Few studies
have been done to date on revegetation in the High
Arctic, but the limited results show Tittle promise
for reseeding surface disturbed soils. All soils
are nutrient deficient and require high applica-
tions of nitrogen and phosphorus (100-200 kg/ha).
There are examples of successful revegetation in
these northern permafrost lands, but those north
of 72° hold less promise for soil stabilization
through seeding programs.
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Fig. 1. Permafrost distribution based on
recent revisions by T.L. Péwé and
the boundaries of the Low and High
Arctic.
Fig. 2. Pattern of forest, fen, and moun-

tain tundra in relation to topo-
graphy, soils, and depth of the
active layer, Norman Wells, NWT,
Canada.

Pattern of forest and tundra wit
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Pattern of moss-herb communities
and limited areas of dwarf shrub
heath and sedge-moss tundra, wit:
in a polar semi-desert landscape
Rea Pt., Melville Island, NWT,
Canada.

Limited pattern of "plant
communities" in relation to soils
active layer, and topography witk
in the polar desert landscape, ne
Resolute, Cornwallis Island, NWT,
Canada.




47

180°

Sub-sea
A
4 permafrost zone

Continuous
permafrost zone

Discontinuous
permafrost zone

0 L 2000 km
- -

Figure 1




e i

-

Sedge-Moss
Fen

Soils poorly
drained -
Fibrisols,
pH5-65
Active layer
40 - 60 cm

Black Spruce -
Birch-Moss
Qpen Forest

Soils well to
imperfectly
drained -
Brunisols to
Regosols,
pH 5-65
Active layer
80-100 cm

-
Bt

White and

Black Spruce -
Balsam Popiar
Closed Forest

Soils imperfectly
drained -
Gleysols,
pH6E5-75
Active layer
75-150 cm

Sedge-Moss

Fen

Soils poorly
drainzd -

Fibrisols, pH 5 - 6,5
Active layer
40-70 ¢cm

Figure

Soils well to
imperectly
drained -

Black Spruce-
Moss
Open Forast

Soils imperfectly
drained -
Gleysols to
Fibrisots,

pH 5-6.5
Active layer

40 - 60 cm

White Spruce -
Balsam Poplar
Closed Forest

Brunisols, pH 5 - 6.5

Active layer
50 - 100 cm

Figure 3

Low Shrub
and Cushion
Plant Tundra

Soils well
drained -
Regosols,
White Spruce - pHE-7
Birch Active layer
Open Forest 75-160 cm
Soils well
drained -
Regosols to
Brunisols,
pH 5- 6.5
Active layer
100 - 150 e¢m

Low Shrub
and Cushion
Plant Tundra

Soils well
drained -
Regosols to
Brunisols,
pHE-7
Active layer

Black Spruce- 50 - 100 cm

Moss
Open Forest

Soils poorly to
imperfectly
drained -
Gleysols to
Regosols,
pH5-6.5
Active layer
40 - 80 cm



Cushion Plant -
Moss/Lichen

Winter snow
10-20¢m
Soils well
drained -
Regosols to
Brunisols,
pHS5-65
Active layer
50-70cm

Heoath

Winter snow
40 - 150 cm
Soils well to
imperfectly
drained
Regosols to
Brunisols,
pH7-8
Active layer
35-40cm

Dwart Shrub

Cushion Plant

Lichan

Winter snow
10-20cm
Soils well
drained
Regosoils,
pH7-8
Active layer
80-100cm

Cottongrass
Tussock -

Dwarf Shrub
Heath-Moss

Winter snow
30-60cm

Soils imperfectly
drained -
Gleysols,

pPH 5-6.5
Active layer

40 - 50 ¢m

™y \k.

49

L

Tall Shrub Cottongrass
Tundra Wet Sedge Tusdock -
Tundra Dwarf Shrub
Winter snow Heath-Moss
2-3m winter snow
Soils imperfectly 50-100m Winter snow
drained - Soils poorly 30- 60 cm
Gleysols, drained - Soils imperfectly
pH5-6.5 Fibrisols, drained -
Active layer pH4-55 Gleysols,
40 - 60 cm Active layer pH 5 - 8.5
25-35cm Active layer
40 - 50 cm

Figure 4

Frost-Boil
Sedge-Moss Hummocky
Tundra Sedgae-Moss Cushion Plant
Tundra Lichen Cushion Plant
Winter snow Mossg Frost-Boil
30-50cm Winter snow Winter snow Sedge-Moss  Hummocky
Soils poorly 30-50cm 10-20¢m Winter snow Tundra Sedge-Moss
drained Soils poorly Soils well 50 -150 cm Tundra
Gleysols, drained drained Soils well to Winter snow
pH65-75 Gleysols to Regosals, imperfectly 30-50cm Winter snow
Active layer Fibrisols, pH7-8 drained Soils poorly 30-50cm
45 - 55 em pH 6.5 -75 Active layer Brunisols, drained Soils poorly
Active layer 80-100cm pH7-8 Gleysols, drained
25-35¢cm Active layer pHE5-75 Gleysois to
40 -70 cm Active layer Fibrisols,
45-55cm pHB5-75
25 - 35 cmm

Figure 5



Snowbank

Plateau
Barrens

Winter snow
5-10em
Soils well
drained -
Regosols,
pH6-7.5
Active layer
25-40cm

50

Dwart Shrub
Heath Sedge-Moss
Tundra
Winter snow
50-100 cm Winter show
Soils imperfectly 20-30cm
drained - Soils poorly
Regosols to drained -
Gleysols, Gleysols to
pH6-7.5 Fibrisols,
Active layer pHS5-7
30-50cm Active layer
25-35cm
Figure 6

Snowbank

Snowflush
Moss-Herb

Winter snow
50- 150 ¢m
Soils imperfectly
drained -
Regosols to
Gleysols,
pH55-7.0
Active layer

25 - 40 cm

Figure 7

Moss-Herb

Winter snow
10-20cm

Soils imperfectly
drained -
Gleysols,
pH6-7.5
Active layer
30-50cm

Barrens

Winter snow
10- 20 cm
Soils well
drained -
Regosols,
pHE-7.5
Active layer
25-40cm



PHYSICAL AND THERMAL DISTURBANCE
AND PROTECTION OF PERMAFROST-

J. Brown' and N.A. Grave®

'U.S. Army Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire, USA
Permafrost Institute, Siberian Branch, Academy of Sciences of the USSR, Yakutsk, USSR

INTRODUCTION

Since 1973 the trans-Alaska pipeline has been con-
structed, the limits of subsea permafrost in the Beaufort
Sea have been investigated, the route has been selected
for a large-diameter natural gas line running south from
northern Alaska, construction of the Baikal-Amur
Railroad (BAM) has progressed, and exploration for oil,
gas, coal and other resources has continued throughout
the mid- and high-latitude circumpolar regions. Those
who have undertaken these massive construction and
planning projects have considered many of the en-
vironmental impacts and hazards associated with per-
mafrost and the problems involved in protecting and
restoring the terrain (for instance Berger 1977a, b, Eddy
1974, Lysyk 1977, Mel'nikov 1976, National Energy
Board 1977, Weller and Norton 1977),

Disturbance of the terrain, whether by natural or ar-
tificial causes, is bound to result in an acceleration of
natural processes (Jahn 1976). Most factors that tend to
disturb the natural environmental equilibrium are
associated with human activity. But natural
catastrophes occur as well: torrential rainfall, earth-
quakes, and fires. Terrain disturbance tends to increase
the mean annual surface temperature. The active layer
may become thicker and the thickness of the permafrost
may decrease. The increase in thaw may be a few cen-
timeters and be of little practical consequence, or we
may observe gully formation, thermokarst development,
landslides, and other forms of mass wasting. The
magnitude of the disturbance depends mostly on the
amount and type of buried ground ice, its proximity to
the surface, the sediment type, and the time since distur-
bance.

This paper reviews the major findings of site and
regional investigations dealing with human-induced and
natural disturbances. Since the review paper by Bliss in

this volume discusses the distribution and characteris-
tics of arctic and subarctic vegetation, its relationship to
permafrost, and natural and artificial revegetation, this
review deals extensively with the physical and thermal
aspects of terrain disturbance. A recently published
paper by Webber and Ives (1978) discusses many aspects
of tundra damage and recovery. It has not been possible
to reference or discuss all available literature. In
general, the references cited were published since 1974,
although there are some earlier citations where con-
sidered pertinent.

Closely associated with terrain disturbance are sub-
jects related to ground temperature regimes. Gold and
lLachenbruch (1973) presented a major review on thermal
conditions in the permafrost of North America. An up-
date on ground temperature literature, mainly from
North America, and associated microclimatic, energy ex-
change, and computer modeling studies are summarized
in Appendix 1. Microclimatic studies were an integral
part of the investigations at the International Biological
Program Tundra Biome sites at Barrow (Alaska), Devon
Island (Canada), Niwot Ridge (Colorado) and several
Scandinavian countries (Rosswall and Heal 1975). These
studies, and the interest in modeling thermal processes
associated with heated oil pipelines and proposed
refrigerated gas pipelines and embankments, gave rise
to many publications on computer modeling of soil ther-
mal regimes and coupled heat and mass transfer pro-
cesses (see, for instance, American Geophysical Union
1975, 1976). Specific aspects of the Soviet literature on
ground thermal regime are presented in the text.

The first half of this report deals with literature from
North American and other circumpolar regions, ex-
cluding the Soviet Union. The second half of the report
contains the discussion of the Soviet literature.

Issued as CRREL Special Report 79-5, March 1979, 42 pages
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REGIONAL STUDIES, MAPPING AND TERRAIN
SENSITIVITY IN NORTH AMERICA

Environmental assessments and design considerations
associated with large regional projects such as oil and
gas pipelines have resulted in several major programs to
study their potential impact upon permafrost. In Canada
these efforts were accompanied by government-and
industry-sponsored terrain and ecological investigations
of the Mackenzie Valley and the Arctic Islands, The
Mackenzie investigations began in the early 1970’s and
during the period of this survey a large number of
government reports have been published in several
series (reports of the Task Force on Northern Oil
Development, Arctic Land Use Research (A.L.UR) and
the Environmental Studies Series). In  Alaska,
preconstruction terrain mapping along the trans-Alaska
pipeline was undertaken by industry (Kreig 1977). The
Prudhoe Bay oil field provided an opportunity for
developing a mapping scheme for evaluating various
types of impacts (Everett et al. 1978).

Strang’s (1973) study on the effects of disturbance at a
wide range of sites in the Mackenzie Valley differen-
tiated between non-damaging and detrimental changes.
Change was deemed damaging if its effect extended
beyond the area of initial impact. A change in floristic
composition, a shallow depression, or a slight lowering
of the permafrost table was rated not damaging. Ac-
celerated bank erosion, siltation of a stream bed, and
other outward spreading of a disturbance were con-
sidered harmful. Surface disturbance increased the
average active layer thickness in the Mackenzie Plain by
23 cm, in the Peel Plateau by 21 ¢m, and in the Old Crow
area by 10 cm. Causes of serious damage were the ex-
posure of subsurface frozen soil on sloping ground
(>5%), the intersection and diversion of drainage chan-
nels, travel on unfrozen wet ground, and the reuse of old
roads or seismic lines. Several conclusions from these
observations are: 1) sites underlain by ice-rich strata
close to the surface are most vulnerable to disturbance,
2) any activity which modifies or destroys the organic
layer causes some degree of damage, 3) sites undergoing
recolonization are vulnerable to further disturbance,
and 4) it is during the thaw season that the surface is
most susceptible to disturbance.

A series of reports and maps describe the surficial
deposits and landforms in the Mackenzie Transportation
Corridor. They include rankings of the susceptibility of
various terrain units to thermokarst, slope failure, gully
erosion and other hazards (Hughes et al, 1973, Rampton
1974, Rutter et al. 1973, Zoltai and Pettapiece 1973). The
distribution of terrain hazards related to thermokarst
gullying and slope failure is controlled by the occur-
rence of high ice materials and massive ice beds. The
hydraulic and thermal erosion resulting from the con-
centration of drainage along or adjacent to pipelines

and roads constitutes a major hazard. The till plains af-
ford the best potential routing and the glacio-lacustrine
plains the most difficult, because of potential ther-
mokarst conditions and highly unstable slopes. Slope
failures are attributed to the thawing of frozen sedi-
ments, either due to thickening of the active layer or the
undercutting of a slope. In the southern portion of the
Mackenzie Corridor, areas of thick organic matter con-
sisting of unfrozen fenland and ice-rich bogland pose
the most significant problems in pipeline construction.

Kurfurst (1973) prepared preliminary terrain sensitivity
maps of the Norman Wells area based on observations
of terrain response to natural and human-induced distur-
bances. These included fire and removal of trees, sur-
face vegetation and soils. Many of these activities were
associated with exploration and drilling. He emphasized
that the susceptibility of the terrain to disturbance is
controlled by ground ice or moisture content, material
type, slope, and relief. Bedrock, sands and gravels are
least susceptible, till and organic sediments moderately
susceptible, and clay and clayey silts most susceptible.

The results of many of these Mackenzie Valley in-
vestigations have been compiled and synthesized into
two terrain sensitivity maps (1:1,000,000) in a report of
the Environmental-Social Committee on Northern Pipe-
lines (1975). The maps show surficial deposits, ecoregion,
terrain sensitivity, disturbance level, and type of reac-
tion. An ecoregion consists of land characterized by a
distinctive regional climate. Terrain sensitivity was
divided into seven classes based on the degree of reac-
tion to terrain disturbance, and is dependent on ground
ice, slope, material, and insulating cover. The mapped
sensitivity ratings are indicative of maximum deteriora-
tion response., The presence or ahsence of permafrost
and the type of ground are the two most important fac-
tors. Based on soil data from over 11,600 bore holes in
the Mackenzie Valley, Heginbottom et al. (1978) con-
cluded that the major factors controlling permafrost
conditions were location (latitude) and soil texture.

An interdisciplinary mapping scheme for terrain
characterization and evaluation was developed by
Barnett et al. (1977) and illustrated for eastern Melville
Island. The map scale is 1:250,000 and data are
presented on a photomosaic base at three levels of
detail: 1) landscape type (regional), 2} geobotanical
facies (intermediate), and 3) terrain units (local). The sub-
division into terrain units is based on criteria such as soil
moisture, surface material, plant community, degree of
dissection, and slope. The mapping scheme evaluates
ground ice and engineering properties, trafficability, and
sensitivity to_overland travel and trenching. The ap-
proach provides a mechanism for combining natural
subdivisions of the landscape (ecological, geological,



pedological) on a singlee map and considers surface
materials as a key element of potential disturbance,
Units are rated for sensitivity to several types of impacts.

Babb and Bliss (1974b) prepared a provisional map of
the Queen Elizabeth Islands which emphasized the
susceptibility of soils and vegetation to surface distur-
bance. Four broad categories were mapped: 1) Polar
desert (31% of the land area), 2) Polar semi-desert (25%),
3) Diverse terrain (22%), and 4) Large meadows (<2%).
Precautions or limitations for activities in each unit were
presented. Although the Barnett et al. (1975, 1977) and
Babb and Bliss (1974b) approaches differ considerably,
both present useful information to planners when initial
decisions are required for terrain utilization.

A more detailed approach to terrain sensitivity map-
ping has evolved at Prudhoe Bay which integrates soil
and vegetation with respect to landform units at a scale
of 1:6000 (Everett et al. 1978, Webber and Walker 1975).
Ten landform units, six soil units and thirteen vegetation
units are recognized. Soils and vegetation are displayed
within the same landform boundaries and the result is
referred to as a master map. Master maps provide the
basis for generalization or for preparing very specialized
interpretations. Depending upon the user's need, infor-
mation may be extracted to form a derived map, for in-
stance a map reflecting the thickness of the peat layer or
the active layer for use in oil spill clean-ups. The most
complex derived map is used to evaluate terrain sen-
sitivity. A scheme for rating the impact of off-road, low
pressure balloon-tired vehicles on vegetation was
developed which described the type of disturbance and
estimated the immediate and long-term impact (Walker
et al. 1977). Oil spill sensitivity maps are being field-
evaluated in conjunction with controlled and uncon-
trolled spills (Walker et al. 1978). Follow-up reports will
evaluate the accuracy of the technique, and a terrain
atlas of the Prudhoe Bay region is being prepared at
CRREL by the same authors. '

Terrain or landform analyses were an integral part of
the design and construction of the trans-Alaska pipeline,
Kreig (1977) and Kreig and Reger (1976) described the ter-
rain unit map approach utilized in assessing the occur-
rence of thaw-unstable permafrost for purposes of
locating material sources and evaluating slope stability
conditions, and for other design requirements. The maps
were prepared on a photomosaic base at a scale of
1:12,000 to show the landforms expected in a 3.5
kilometer-wide strip along the proposed oil pipeline
route. Soil data from 3500 boreholes and numerous field
observations were utilized. A 15-m depth profile was
prepared of the geotechnical conditions anticipated
along the pipeline centerline. An important contribution
of the TAPS landform approach was the computerized
data bank of soil and terrain conditions that was
developed.

Several relationships governing the distribution of per-
mafrost and the thickness of the active layer were
evaluated by Dingman and Koutz (1974) in a small
drainage area (1.8 km?) in interior Alaska. A solar radia-
tion index, based on the concept of equivalent latitude
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and a function of slope and aspect, was shown to be
closely related to vegetation and permafrost distribu-
tion. The boundary of permafrost in this region of
discontinuous permafrost appears to coincide with an
isopleth of 365 calories/cm?-day. The thickness of the ac-
tive layer correlated significantly with the solar radia-
tion index, Vegetation characteristics appeared to be at
least as important in controlling active layer thickness.
Also, in interior Alaska, Haugen and Brown (1978) in-
dicated that the lower and cooler tundra-covered slope
below timberline also favored the development of cold
permafrost. This was associated with fine-grained soils
and a shallow active layer (<60 cm as compared to >1 m
on the upper slopes).

Several other permafrost-related mapping activities
were also published. Sellmann et al. (1975), employing
Landsat satellite imagery as an aid, developed a
classification scheme for the thaw lakes of the Alaskan
Arctic Coastal Plain that refined previous descriptions
for these oriented lakes. It consists of six lake units and
three non-lake units based on size, development of
orientation of the elongated axis, lake density (percent
water coverage), and controlling parameters such as
regional or local relief and structural control. Methods
were also discussed for estimating depth of water and
potential maximum depth of thaw settlement and refine-
ment of the transgressive history of the region. Using
Landsat data, Tarnocai and Kristof (1976) developed a
computer-aided classification and map of the terrestrial
and aquatic environments on Richards Island, Canada.
Spectral data were grouped into 14 terrestrial and 8
aquatic classes. Lathram (1974) was able to identify
vehicular scars at Umiat, Alaska, using enlargements
(1:80,000) of Landsat imagery. These tracks, which
resulted from drilling activities in the period 1945 to
1952, were examined in the field in 1973, well-
developed beaded streams have formed on the ice-rich
lowlands.

NATURAL PROCESSES

The development of natural thermokarst features has
been summarized by Brown (1973) and Rampton (1973).
Rampton concluded that thermokarst processes are still
active in the Mackenzie-Beaufort region, but have slow-
ed down, possibly reflecting a deteriorating climate in
the area over the past 5000 years.

French (1974) described active thermokarst processes
in eastern Banks Island. Broad and shallow ground ice
slumps with a regional density of 0.5/km? are retreating
at6.0 to 8.0 mjyr. It is estimated that the slumps become
stabilized within 30-50 summers. In the same area, ther-
mal melting and erosion along ice wedges are resulting
in the development of badland terrain (baydzherakh).
Since the climate is probably not undergoing an unusual
general warming, it was concluded that the active ther-
mokarst is the result of local, nonclimatic factors.

Mackay (1978) measured radiant surface temperature
data for thawing headwalls in ice-rich permairost on



Gary Island. Headwall retreat had been active from 1963
to 1971 at a rate of 6 m/yr. All temperatures on the thaw-
ing headwall were above 0°C under bright sunshine. Sur-
face temperatures increased rapidly as muddy water
flowed downslope, rising 5° to 10°C in less than one
minute.

Thie (1974), using aerial photography acquired over a
20-year period, measured the degradation of permafrost
in the southern part of the discontinuous permafrost
zone in Manitoba. The observations were based on
peripheral and central collapse in palsas and peat
plateaus. Retreat due to edge collapse was as much as
20 m. Up to 60% of the land portion of this area once
contained permafrost; now only 15% does. This
degradation apparently has been active over the past
several centuries,

Priesnitz and Schunke (1978) reported on the per
mafrost of central Iceland, where both degradation and
aggradation processes are or have been active, The per-
mafrost is up to 6 m thick. Thermokarst depressions,
valleys and mounds are described as degradation forms,
Over 1200 palsas have been mapped and are considered
to be indicators of aggrading permafrost.

Ugolini (1975) described an unusual form of ther-
mokarst along the Noatak River Delta in Alaska. He sug-
gested that upon melting, ice-rafted sediments
deposited a layer of mud on the permafrost terrain,
which in turn resulted in increased thawing, subsidence
and subsequent pond formation.

The quickest way to measure thaw is to force a small-
diameter rod into the soil to the point of refusal
However, these determinations of thaw depth are sub-
ject to error. Mackay (1977a), using a temperature probe
and metal probes of varying diameters, evaluated the
results obtained this way under different soil and ice
conditions on the Tuktoyaktuk Peninsula, Firm resis-
tance to probing corresponded to the 0°C isotherm in
icy, organic soils, ice-bonded coarse-grained soils, and
ice-lensed fine-grained soils. But in fine-grained soils free
of ice lenses, probes could usually be pushed beyond the
0°C frost table. The large unfrozen pore water content
of silty clay and clay soils can lead to overestimates of
several decimeters in the depth of the frost table. In
such soils, larger diameter probes may give a better
physical estimate of the 0°C isotherm.

The depth of thaw along the coast of northern Alaska
has been investigated at several sites, e.g. Peard Bay
(Harper et al. 1978, Owens and Harper 1977) and Pingok
Island (Fisher 1977). Thaw measurements along four pro-
files across a 55-m-wide barrier pit and a beach backed
by a tundra bluff revealed that the spit experienced the
greater thaw. In the gravel of the spit the rate of thaw in-
creased during late summer, with 0.6 to 0.7 cm/day being
measured as opposed to the more usual rates of 0.2 to
0.4 cm/day in soils. This greater rate was attributed to
the nearshore water with its higher heat capacity and
salinity. Total mean seasonal thaw ranged from 93 to
131 em across the four profiles.

In a related detailed investigation of thaw depths on
Pingok Island in the Beaufort Sea off Alaska, the normal
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exponential seasonal decrease in thaw was noted (Fisher
1977). Here the base of the active layer generally con-
formed to surface polygon configuration. An inversion
of surface topography developed beneath hummocks
and over the ice wedges that were close to the surface.
Slope exposure was found to affect the thickness of the
active layer significantly, whereas moisture content and
sediment size had only minor effects. The southwest
slopes had thicker active layers than the southeast
slopes, which were about the same as the north-facing
slopes. The vegetation cover was the dominant factor in
influencing the thickness of the active layer;
unvegetated sites had over 100 c¢cm of thaw, while
vegetated areas had 30-60 c¢m.

Brown et al. (1975) presented thaw data for major soil
conditions at Prudhoe Bay: <30 c¢m for dry organic soils,
40 cm for silty dry meadow tundra, 60 cm for sandy dry
meadow tundra, and >90 ¢m for sandy upland tundra.
From the same area, Walker and Webber (1979) reported
thaw increases as a function of distance from the cold
bay: 22 cm near the bay and 33 cm inland. A strong sum-
mer air temperature gradient exists from the shore of the
Arctic QOcean inland several tens of kilometers (pers.
comm., R.K. Haugen, CRREL).

Peterson and Billings (1978) investigated the interac-
tion of vegetation patterns and geomorphic processes
along sandy bluffs in northern Alaska, Maximum depth
of thaw occurs near the edges of the bluffs and exceeds
100 em, Within 50 m of the edge, values decrease to less
than 40 ¢m. The sand deposits were observed to be
stabilized by the presence of the permafrost table,
which rises as vegetational cover increases,

Nicholson and Lewis (1976) investigated the deeper
thaw (1012 m) under drainage lines in Schefferville,
Quebec, Normal active layer thicknesses in the region
range from 2.4 m under continuous vegetation to 3.6 m
under bare ground. Nicholson (1978b) indicated tiat per-
mafrost is actively developing in mine waste dumps
(810 m in 10 years) at Schefferville and that areas
deforested by fire and having shallow snow cover may
develop 10-20 m of permafrost over a 25-30 year period
of revegetation.

Hannell (1973) correlated depth of thaw with the 1-cm-
deep daily temperature. The emphasis was on slopes of
approximately 30° on the southwest coast of Devon
Island. Contrary to accepted principle, active layers on
north-facing slopes were consistently 5-10 ¢m thicker
(20-40 cm on the south-facing slopes and 25-45 ¢m on the
north-facing slopes). Active layer thickness increased as
the slope of the surface declined, with 52-cm depth
found on an 18° slope as opposed to 40-47 cm on a 29°
slope.,

Ponds and lakes on the Colville Delta, northern
Alaska, are dynamic features of that landscape. Walker
and Harris (1976) described perched intradune ponds
with depths of up to 1.3 m. The restricted thawing of the
active layer insures maintenance of the pond level
above the regional "water table” throughout the sum-
mer. Total thaw beneath the pond is only about 60% of
that beneath the exposed sand dunes. Maximum depth



of thaw in the ponds is about 110 ¢m. These ponds are
relatively short-lived as either filling by the blowing sand
or drainage by headward erosion leads to their extinc-
tion. Walker (1978) describes the process of lake tap-
ping. As the lake enlarges and the river erodes lakeward,
thawing of ice wedges creates channels through which
the river can overflow. Further erosion results in partial
or complete draining of the lake. Other papers on the
Alaskan lakes discussed the role of lineament control in
lake orientation (Short and Wright 1974) and compared
the origin of the Carolina Bays with the Alaskan oriented
lakes (Kaczorowski 1977).

Erosion of permafrost along river banks and shorelines
is a natural form of terrain disturbance. Cooper and
Hollingshead (1973) reported on several cases of bank
erosion in the Yukon Territory and emphasized that the
active layer annually provides an easily erodable and
unstable slope material. Newbury et al. (1978) concluded
that shoreline erosion in reservoirs on permafrost occurs
through a combination of thermal and mechanical pro-
cesses that cause a deep niche to form immediately
below the waterline, which then leads to slumping. Rit-
chie and Walker (1974) identified nine forms of river
banks along the Colville River, four of which were ero-
sional, four depositional, and one neutral. Thermal ero-
sion and thawing result in the development of niches
along the bases of the banks. Bank collapse and block
sloping are common. Harper (1978) indicated that the
average rate of coastline retreat between Peard Bay and
Barrow, Alaska, is 0.31 m/yr. Code (1973) mapped the
stability of river banks along the Mackenzie River and its
tributaries.

In several papers, McRoberts and Morgenstern (1974a,
b) emphasized the important role thawing plays in a
wide range of landslide types associated with per-
mafrost. The most common landslides of thawed
materials are flow-dominated and are subdivided into
solifluction, skin flows and bimodal flows. Slope failures
on frozen soils were classified and analyzed as block
and multiple retrogressive,

Zoltai et al. (1978) sampled a large number of earth
hummocks from the Canadian Arctic and reported
radiocarbon dates from the buried peats and organics.
Most of the samples were 3000 to 4000 years old. These
dates correspond to a climatic change toward colder
and moister conditions about 4500 years ago, conditions
which presumably would favor an intensification of
frost action and peat burial.

HUMAN-INDUCED DISTURBANCES

Human activities which initiate disturbance can be
divided into 1) point activities and 2) extensive activities
(Barnett et al. 1975). Point activities include airstrips,
staging areas, drill sites and town sites, Extensive ac-
tivities include survey lines, pipelines, winter roads and
all-year roads. Disturbance can be quantitatively
evaluated in several terms of reference or combinations:
1) visual impact, 2) physical terrain modifications such

as an increase in active layer thickness, settlement, and
compaction, and 3) ecological impact and ability to
recover. How (1974), in an assessment of the effects of
the proposed gas pipeline construction on the terrain
found in the Mackenzie Valley, summarized the major
causes of human-induced impacts and the mechanism
and consequences of each (Table 1). Brown et al. (1978)
discussed the following causes of tundra disturbance,
many of which are found in the western U.5.. grazing,
recreation, mining, roads, pipelines, powerlines and
reservoirs,

Heginbottom (1973, 1974-75) discussed three main
causes of disturbance as being related to human set-
tlements, forest fires, and oil and gas exploration ac-
tivities. Where bulldozers cleared trails in summer by
simply pushing over trees and leaving the forest mat in
place, thaw conditions under it and the adjacent un-
disturbed sites remained essentially the same. When the
vegetation mat was pushed aside, deep thaw and slump-
ing occurred. Surface disturbance results in compaction
of the surface soil, which in turn alters the soil thermal
properties, while removal of the surface alters the
albedo. The downward flux of heat in summer increases
following physical disturbance, causing warming of the
permafrost and deeper thawing. Subsidence occurs as
excess ice melts and water drains. On sloping terrain,
slope failures, mass movement and landslides occur,
Coarse-grained soils are more resistant to these forms of
disturbance.

The following sections discuss the response of per-
mafrost terrain to a variety of human activities. Fire
disturbance, although generally considered a natural
phenomenon, is included in this discussion primarily
because it is frequently compared with other forms of
human-induced disturbances.

Off-road transportation

In the absence of established roads, surface transpor-
tation is -now restricted to environmentally non-
destructive modes. In winter this is accomplished using
over-snow tracked vehicles or, on snow and ice roads, by
more conventional wheeled vehicles, In summer, ex-
perimental machines such as low pressure balloon-tired
vehicles (Rolligons) and air cushion vehicles (ACVs) are
being used. Rickard and Brown (1974) reviewed much of
the available literature on summer off-road vehicular
impact. The U.S. Bureau of Land Management sponsors
and publishes surface protection seminars (Evans 1976,
1977} at which numerous individual reports are
presented on problems and their solutions associated
with off-road impact, transportation, and protection of
the terrain. A number of experimental investigations
have been undertaken to observe the performance and
potential impact of both summer and winter vehicles.
The physical damage to the terrain that results from off-
road vehicular movement is potentially more serious on
the wetter, ice-rich permafrost terrain than on drier ter-
rain, where visual impact may be the extent of the
damage.
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Table 1. Summary of terrain impacts in North America (after How, 1974).

Mechanism

Possible consequence

Severity of problem

South of latitude 65°

North of latitude 65°

Clearing

Grading (cut)

Traffic on
winter roads

Removes trees and
shrubs, compresses peat
slightly, increases depth
of thaw

Exposes mineral soil to
increased heat input, in-
creases rate and depth
of thaw

Reduces vegetation
cover, compresses peat
layer, increases depth
of thaw

I'hermokarst subsidence,
ponding, slumping

Subsidence, slumping,
gullying

Subsidence, ponding,
slumping

Traffic in Compresses, damages, Rutting, thermokarst
summer and strips off peat layer, subsidence, ponding,
increases rate and slumping
depth of thaw
Roads and Keeps surface generally  Ground icings, choking
airstrips clear of snow, allowing  and diverting of drainage

greater frost penctration

during breakup

Minor subsidence,
local slumping

Gullying by mechanical
erosion, minot sub-
sidence

Minor subsidence, local
ponding and slumping

Minor subsidence
mechanical erosion of
slopes to form gullies

Minor subsidence

Subsidence, stlumping,
gullying (active for
more than 5 years)

Short-term effects:
minor subsidence and
ponding; Long term
effects uncertain

Short-term effects of
multiple passes of
vehicles: rutting and
subsidence; Long-term
effects; subsidence,
gullying and slumping

Icing problem can be reduced or solved with use
of proper control measures.

Winter roads and trails

This section reviews studies concerned with the ef-
fects of winter road construction on the terrain and does
not discuss methods of construction or the properties of
ice and snow roads,

Adam and Hernandez (1977) described the Norman
Wells forested test loop, which was built in March 1973
and was subjected to 36,000 passes by several types of
tracked vehicles. For comparison, thaw depths were also
obtained from adjacent plots that were cleared by hand
and by machine, and areas that were slash-burned. A
nearby seismic line, cleared in October 1971, was also
used for comparison. Measurement of the active layer
thickness the first summer (1973) showed that clearing of
the land by hand and by machine had increased thaw to
44 and 59 cm, respectively, as compared to 36 ¢m in the
undisturbed forested site. The ice and ice-capped por-
tions of the snow road had 59 and 63 cm of thaw, respec-
tively. The seismic trail, which had had several summers
of increased thaw and additional foot traffic during ac-
cess to the test site had a thaw depth of 82 ¢m. Sub-
sidence of the surface of the seismic trail was about 30
cm, This area, however, is not underlain by excessively
ice-rich sediment. The second year (1974) of thaw show-
ed increases of 10 ¢m in the control area, 14 cm in the
ice road, and 13 cm in the ice-capped snow road. The
depth of thaw in the seismic trail in the fourth year was
essentially the same as in prior years, suggesting a thaw
equilibrium or recovery on that site. The conclusion of
the study was that snow roads could be constructed in a

way that would protect the permafrost. However, addi-
tional precautions would be needed on ice-rich subsoils.

Haag and Bliss (1974a), in their energy budget in-
vestigations of upland tundra at Tuktoyaktuk, reported
on a winter road from which all the vegetation and most
of the surface peat had been removed or compacted.
Thaw on the winter road was 55 ¢m compared to 33 cm
for the undisturbed surface. The surface subsided ap-
proximately 15 cm.

Younkin and Hettinger (1978) presented results from
the Inuvik processed snow road which was built in
winter 1973-74. This road received 1000 vehicle passes,
mainly with a tandem tractor and trailer. Before the test
the active layer thickness averaged 42 ¢m, The mean ac-
tive layer thickness in the road and the cleared area
decreased 2 cm and 1 ¢m respectively in 1974 and in-
creased 4 cm in 1975 where it remained in 1976. No
significant change in elevation was noted. These results
substantiate other similar findings that the peat layer
has a greater influence on depth of thaw than either
albedo or the effect of living vegetation (Haag and Bliss
1974a).

Kerfoot (1974) described topographic disturbance
resulting from cross-tundra movement of tracked
vehicles on the Tuktoyaktuk Peninsula and winter road
in the vicinity of Sitidgi Creek. For topographic features
which resulted from the 1965 blading of ice-rich tundra,
63.5 cm (41%) was the result of thermokarst subsidence,
and the remainder of the relief was due to removal and
redistribution of debris. Subsidence or decrease in



ground surface elevation along a winter snow road
(1964-1965) was estimdted to be 84 cm, while the actual
observed was 64. By summer 1966 field evidence in-
dicated that a new quasi-equilibrium condition in the
thickness of the active layer had been attained.

Racine (1977) reported on surface disturbance (and
subsequent recovery) resulting from a 1974 winter oil ex-
ploration and drilling operation on the northern part of
the Seward Peninsula. The snow road caused less
damage to the vegetation than did the activities at the
drill storage pads, which were located in stabilized sand
dunes and beach ridges.

Summer off-road traffic

Rickard and Brown (1974) summarized the results of
off-road vehicle experiments initiated in 1968-71 at Bar-
row and Prudhoe Bay, and in the Mackenzie Delta and
the Arctic Islands.

Hernandez (1973) compared the disturbance caused
by winter roads and summer seismic lines in the Macken-
zie Delta and the Tuktoyaktuk region. In the forested
and shrub communities north of Inuvik, silty soils thaw-
ed 60-70% deeper in the disturbed areas than in the con-
trols (16-22 cm in the control and 27-40 ¢m in the disturb-
ed areas over three summers of observations). In a tall
shrub community near Tununuk Point, thaw doubled in
the disturbed areas (29 cm in the control and 60 cm in
the center of a seismic trail in early July). For tundra
communities near Atkinson Point, the depth of thaw
under trails increased only slightly, afthough the thaw
under an old airstrip on which 1-2 m of sand had been
placed in the mid-1950’s more than doubled. In a
tussock tundra community near Reindeer Station, a trail
made by a vehicle train resulted in erosion, slumps and
more than doubling of the thaw depth by early July. In
the Tuktoyaktuk region winter roads used for several
winters produced thaw 27 to 44% deeper under the
center of the road than in the adjacent undisturbed
areas. Where the surface peat had been worn down over
ice wedges, thermokarst and gullying occurred. A com-
parison was also made of summer and winter seismic
lines through similar plant communities. Thaw averaged
58 ¢m under the summer seismic line and 29 to 38 cm
under the three winter lines (controls ranged between 19
and 30 cm in mid-July). Subsidence of the bladed sum-
mer trail was estimated at 25-30 ¢m and thermokarst
ponds formed where ice masses were exposed. Winter
trails did not result in massive thermokarst subsidence
since only a small amount of s0il was exposed. For this
region, thaw generally increased 80 to 100% where
mineral soil was exposed, 30 to 50% if the peat remain-
ed intact, and 10% if the plant cover was little altered.

Addison (1975), Babb (1977), Babb and Bliss {(1974a)
and Barrett (1975) reported on a series of controlled sur-
face manipulations and observations of disturbances at
a number of extensive sites in the Canadian Arctic
Isiands. Multiple passes (10, 40 and 60) of a vehicle with
rubber tracks (Ranger) on a meadow site resulted in no
significant thaw differences during the first season. A
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simulated blading experiment in which the top 3 cm of
peat was removed resulted in only a small increase in
thaw (approximately 5 cm). It was concluded that ero-
sion and thermokarst resulting from increased soil heat
flux in disturbed surfaces are relatively minor problems
in the High Arctic.

Abele (1976) and Abele and Brown (1976) presented
long-term results of multiple-pass testing of air cushion
and tracked vehicles (Weasel) and low pressure tired
vehicles at Barrow. For the worst case, thaw continued
to increase for several years following 50 passes of the
tracked vehicle and the air cushion vehicle. The max-
imum increase in thaw was 11 cm for the Weasel and 5
cm for the air cushion vehicle. The area contained
relatively low amounts of ground ice. Visual deteriora-
tion began to improve during the second growing season
following the tests, and in areas that received 25 and 50
passes signs left by the vehicles were barely perceptible
after 4 years. The visual impact is more severe in wet
tundra than in dry, polygonal tundra.

In a related study Abele et al. (1978} initiated another
multiple vehicle test at Lonely, Alaska, the current base
camp for oil and gas exploration in the National
Petroleum Reserve, Alaska. This test involved 1, 5 and 25
passes of several types of Rolligons and a Nodwell track-
ed vehicle. After two seasons, differences in thaw depth
were negligible in all test lanes. In a related test at
Prudhoe Bay single and multiple passes were made by a
Rolligon across a range of vegetation and soil types ear-
ly in the summer (Everett et al. 1978, Walker et al. 1977).
The tundra was extremely wet and thaw still shallow
(12-28 ¢m). Thaw observations were made and impact
ratings assigned at 32 stations. By mid-July of the second
summer (1977) following the test, differences in thaw be-
tween the track and the control surface were either
negligible or the thaw averaged 3 cm deeper in the trail
(pers. comm,, Walker). In these observations no damage
had spread from the Rolligon test area to the adjacent
tundra. This is in agreement with the Muskeg Institute’s
observations (Radforth and Burwash 1977) that rarely
did deterioration of the terrain go beyond the immediate
tracks.

Radforth (1973) reports on the long-term effects at
tracked vehicle test sites at Tuktoyaktuk and Tununuk,
N.W.T., and Shingle Point, Yukon Territory. Thermokarst
development was related to the level of initial distur-
bance, although all terrain types tested stabilized within
two years. It was concluded that vehicle traffic in excess
of 40 passes should be avoided to minimize surface dis-
turbance.

Gersper and Challinor (1975) reported on physical
changes in an old Weasel trail at Barrow. Soil bulk den-
sities and temperatures were higher, thaw was deeper,
and moisture was lower under the track than in the adja-
cent undisturbed tundra. Thaw in the control area was
30 ¢m while at several positions in the track it averaged
42 cm. The wetter sites had greater thaw. Where the
trails intercepted ice wedges close to the surface,
shallow thermokarst pits had formed.



Sparrow et al. (1978) studied five trails on alpine soils
and vegetation in central Alaska and found that in mid-
July thaw depths were more than 1 m under the trails
and ranged between 40 and 70 cm in the undisturbed
tundra. The wetter areas and side slopes, which are
highly erodable, showed the greatest visual impact.

Rickard and Slaughter (1973) monitored permafrost
degradation and erosion on a tractor-cleared trail and on
a hand-cleared access trail near Fairbanks. Under the
severely eroded tractor-cleared trail depth of thaw had
increased to between 132 and 189 cm while thaw in the
adjacent undisturbed area was 36-48 cm. On the hand-
cleared trail thaw had increased from control values of
54-59 ¢m to 127-182 cm. The hand-cleared trails had
been used for four summers while the bulldozed trail
was used once.

Linear transportation systems and other activities

Roads, railroads and pipelines have considerable
potential for modifying the highly variable permafrost
terrain they traverse. The response of the permafrost en-
vironment varies, depending on physical and thermal
conditions. Proper route selection, drilling programs,
and design can eliminate much potential terrain distur-
bance. Recent experience along the Livengood to
Prudhoe Bay haul road, the Dempster, Alaskan and
Mackenzie highways and the old Canol road (Fradkin
1977) has produced numerous documented examples of
terrain disturbance due to road construction. Major
causes of disturbance due to linear placement of gravel
for road beds and pipelines are:

1. Concentration of sheet flow through drainage struc-
tures and subsequent downslope thermal and hydraulic
erosion in ice-rich permafrost.

2. Cuts through massive ground ice and subsequent
accelerated melting and thawing, with production of
sediment and potential for rapid headward erosion.

Secondary effects are:

1. Local surface impoundments where ponding may
accelerate thaw adjacent to and beneath the roadbed
and result in local impact on vegetation.

2. Increased snow accumulation due to drifting and
potential warming of the permafrost.

Isaacs (1974) investigated the thermal modifications
caused by the Canol road, which was built in 1943 be-
tween Norman Wells and Whitehorse. As a result of sur-
face warming the underlying permafrost has warmed
considerably. Calculated thaw depths, assuming con-
duction processes only, underestimated the depth of
thaw as observed in drilling. In one area thaw was
calculated to be 15 m but no permafrost was found in
the 25-m-deep hole.

Pufahl et al. (1974) reported on a field reconnaissance
of road cuts in northwestern Canada and parts of Alaska.
It was noted that the greatest risk of initiating unstable
slope conditions arises in areas of glacio-lacustrine silts
and clays which contain large amounts of ground ice,
They concluded that instability of natural slopes is the
best indicator of potential instability of cut slopes. Their
observations indicated that cut slopes need not be a
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serious impediment to routing transportation arteries
across permafrost.

Berg and Smith (1976) reported on the slope stabiliza-
tion of the TAPS road over a 6-year period. They con-
cluded that natural processes of slope stabilization in
ice-tich cuts can be enhanced if: 1) lateral drainage
ditches are wide enough to allow deposition and
removal of material, 2) backslope cuts are cut nearly
vertically and 3) the tops of cuts are hand cleared to a
width equal to one and one-half times the height of the
cut.

Berg et al. (1978) reported on the initial thaw perfor-
mance of the Yukon River-Prudhoe Bay haul road and in-
dicated that concentration of sheet flow through
culverts on the ice-rich slopes is a serious design and ter-
rain problem.

McPhail et al. (1976) also reported on stabilization of
cuts along the haul road. The Happy Valley road cut is
cited as an example in which thawing of gravelly silt
caused considerable maintenance problems. Special
restoration techniques were required. The adjacent cut
with massive ground ice healed naturally.

Huculak et al. (1978), reporting on the Dempster
Highway construction, said that the prime design con-
cern was to preserve the permafrost to a tolerable
degree of grade distortion.

Considerable attention has been devoted to erosion
control and related revegetation during and after the
construction of the trans-Alaska pipeline. In an initial
report Johnson et al. (1977) documented the summer
1975 performance of initial revegetation and erosion
control techniques and presented illustrated examples
of slides, slumps, thermokarst, and thermal erosion
along the route. The natural folding over of the organic
mat on road cuts was successful in stabilizing cuts.

The Arctic is not the only tundra region where pipeline
construction activities may cause temporary distur-
bance (Brown et al. 1978). As an example, Marr et al.
(1974) described placement of a gas line which crossed
the alpine tundra of Colorado. Erosion potential during
spring runoff when the ground is frozen was considered
high and the routing was selected to intercept a
minimum of existing drainages. Construction was
delayed until the turf vegetation was dry to avoid
damage, and techniques for placing the turf back over
the trench were experimented with for purposes of
restoration.

The experience gained in road and pipeline construc-
tion across permafrost and muskeg terrain has led to
revised environmental design and construction
guidelines for roadways on permafrost (Murfitt et al.
1976, Lotspeich and Helmers 1974, Curran and Etter
1976). Some major points are listed: 1) The vegetation
mat should remain in place to minimize thermal erosion
and thermokarst. 2) Grading, particularly in ice-rich soils,
should be avoided and fills used as an alternative. 3)
Natural drainage should be maintained and additional
drainage for runoff considered. 4) Design should incor-
porate tolerable amounts of settlement. 5) Surface and
groundwater seepage areas and frost-susceptible



materials should be avoided where possible. 6) Drainage
structures should be designed to minimize water-related
erosion. 7) Embankment surface drainage must be ac-
counted for in the design and maintained during con-
struction. _

French (1975) described a case history of human-
induced thermokarst due to construction of ‘a gravel
airstrip at Sachs Harbour on Banks Island between 1959
and 1962, Hummocky-type terrain with maximum relief
of 100-150 cm has been created by progressive sub-
sidence and thermokarst modification. Thaw depths
‘were 10-20 cm greater under the disturbed sites, After
10-12 years, the thermokarst process continued but at a
lower rate, although thermokarst forms were well-
developed several years after the initial disturbance.

Price et al. (1974) described wet spots found on sur-
faces scraped for runways and other access sites on the
Queen Elizabeth Islands. The spots are associated with
non-sorted polygons. As the underlying ice-rich zones
around the margins of the polygons thaw, due to the dis-
turbance, moisture is drawn to the surface. QOver the
course of several summers the excess ice is removed and
the spots dry out.

Walmsley and Lavkulich (1975) examined the effects
of organic matter removal on the active layer over a
period of one year in an area 80 km east of Fort Simpson.
In a peat plateau, thaw in a trench increased from 30 cm
in July 1971 to 90 ¢m in July 1972. The disturbance in-
fluence was still measurable 2 m from the trench, with
thaw 40-60 cm deep. In a polygonal bog, lateral thaw
along an ice wedge increased the disturbed area to more
than 4 m,

In a study of a 1949 exploratory drill site in northern
Alaska Lawson et al. (1978) observed thaw as a function
of intensity of disturbance; mean thaw depth was 53 ¢m
on intensely disturbed sites as compared to 32 cm on the
least disturbed.

Oil spills

Research on experimental terrestrial crude oil spills
started in 1970 at Barrow {Deneke et al. 1975) and at
three locations in the Mackenzie Delta (Wein and Bliss
1973b). Additional experimental spills were conducted in
Fairbanks (Jenkins et al. 1978), Barrow (Everett 1978),
Prudhoe Bay (McKendrick and Mitchell 1978, Walker et
al. 1978) and in Canada (Hutchinson et al. 1976, Mackay
et al. 1975a, b). Although the intent of many of these
spills was to evaluate the fate of the crude oil and its ef-
fect on biological components, soil temperature and
thaw depth were also measured to evaluate the poten-
tial effects of the movement of the oil on the permafrost
table.

Hutchinson and Freedman (1975) and Freedman and
Hutchinson (1976) reported insignificant differences in
the active layer under spills at Norman Wells and
Tuktoyaktuk compared to their controls. During a three-
year period of measurements the only exception was a
wet meadow spill at Tuktoyaktuk which had much
deeper thaw than the control in both 1974 and 1975.
Summer spills are more harmful to vegetation than
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winter spills. Oiled plots tend to have higher surface
temperatures due to increased radiation absorption on
the surfaces darkened by the oil (Haag and Bliss 1974a).
However, these higher surface temperatures do not
generally lead to increased depth of the active layer on
the oiled sites. Extra energy absorbed apparently is lost
as latent heat of evaporation and the resulting drier sur-
face forms an effective thermal barrier.

Dickman and Lunardini (1973) observed thaw depths
one year after applying crude oil to hummocky terrain at
Inuvik. Thaw increased between hummocks and de-
creased under the hummocks. These results indicated
the rather complex behavior of oil in the active layer.

At Barrow, Everett (1978) observed a marked increase
in thaw depth during the first two summers after applica-
tion of crude oil (1975 and 1976). The effect diminished
in 1977 and it was suggested that the effect is probably
of short duration, on the order of five years or less,

Hydrocarbons persist in the active layer for more than
30 years as observed on 1948 and 1949 drill sites in nor-
thern Alaska (Lawson et al. 1978) and along the Haines-
Fairbanks pipeline for a period exceeding 20 years
(Deneke et al. 1975). In the latter, the permafrost table
receded where vegetation had been killed, but where a
thick moss layer existed changes in active layer
thickness as well as erosion were minor or not detec-
table. At the Fairbanks 1976 winter and summer spills of
hot crude oil there was little movement of oil downslope
after the first season (Jenkins et al. 1978). An increased
rate of thaw in July and August was noted for the sum-
mer spill as compared to the winter spill. Natural oil
seeps at Cape Simpson indicated thaw in the seeps was
40-50 ¢m deep and diminished abruptly to 25 cm adja-
cent to the seep (Deneke et al. 1975). Temperatures were
3 to 5°C warmer in the seeps during the day at 10-cm
depth and 1-2°C warmer at night compared with the ad-
jacent tundra.

Containment of spills by damming in permafrost and
damage by vehicles could result in increased distur-
bance. Greene et al. (1975) proposed a portable cor-
rugated metal sheeting which could be installed by hand
to contain the oil. Other techniques involve cutting nar-
row trenches (30 cm wide) which intercept the oil, which
can then be pumped. It is suggested these techniques
might be less degrading to the environment than burn-
ing, although McKendrick and Mitchell (1978) report no
significant thermal or thaw changes resulting from burn-
ing spilled oil in Alaska.

Mackay et al. (1975a) indicated that some effects of
oil on the thermal regime could be: 1) an albedo increase
that would increase the mean surface temperature by
10%, 2) an increase of 10-20% in thermal conductivity if
the oil was physically trapped in voids contained in
mosses, 3) an increase in thaw if oil occupies the voids
instead of ice since the latent heat to melt ice would not
be required, and 4) an increase in the soil temperature
due to reduced evaporation caused by the oil film.

Raisbeck and Mohtadi (1974) developed a simple
model to predict the movement of oil on permeable and
impermeable surfaces. Qil is likely to spread above the



groundwater table The question was raised whether the
oil’s ability to absorb extra energy would in fact result in
greater thaw. Oil-inundated soils have a lower thermal
conductivity, which reduces heat transfer. This may be
the reason for the lack of strong evidence that oil in soil
increases thaw.

Fire

Fire in the tundra and northern coniferous forest
(taiga) is a common natural process frequently initiated
by lightning storms, Viereck (1973, 1975) states that “fire
is undoubtedly one of the most important environmen-
tal factors affecting taiga ecosystems.” In Alaska, of the
400,000 hectares burned between 1940 and 1969, nearly
half was treeless bogs, fens and tundra. Hernandez
(1974) reported that one million hectares burned in the
period 1962-71 in the District of Mackenzie, NW.T,, and
the Yukon Territory north of 67° latitude. Wein (1976)
reported on over 50 tundra fires, mostly in western North
Ametica. Shilts (1975) added to the list of tundra fires for
the eastern Arctic, aided by the use of satellite imagery.
Generally tundra fires are smaller than forest fires
because of the lack of combustible materials.

Following fire, the active layer undergoes some
modification and usually increases in thickness. Secon-
dary effects of fire on the permafrost terrain result from
eroston and gully formation, particularly where fire lines
have been bladed or cleared with bulldozers (Evans
1976).

Rowe et al. (1975) and Johnson and Rowe (1977) in-
vestigated the characteristics of forest fires and related
vegetation responses in the upper Mackenzie Valley and
Caribou Range. The rapid response of permafrost to fire
was seen in the form of silt and earth flows which de-
veloped within a year of the fires.

Wein et al. (1975) examined slumps in the area of the
1968 Inuvik fire and found that most of them had occur-
red since the fire. They concluded that fire does initiate
slumps or soil flows when the landscape is unstable.
Vehicle tracks caused more damage on burned areas
than on unburned areas {Wein et al. 1975). First season
active layer depths resulting from tracks on the burned
areas increased about 10 cm (20%) in a black spruce
community and almost 20 cm (25%) in a birch communi-
ty.

Mackay (1977b) followed change in the active layer in
the Inuvik fire which burnt an area of forest and tundra.
The depth of thaw at five sites was measured in August
of each year from 1968 to 1976. On a hillside site con-
sisting of ridges and depressions, the active layer
thickened rapidly for the first 4 or 5 years and was still
increasing slightly after 8 years. The active layer on the
hillside site under depressions thickened 57 cm to ap-
proximately 90 cm, and under ridges it thickened from
54 cm to approximately 115 cm. Due to its high ice con-
tent the hillside site has subsided nearly 50 c¢m.
However, with time, as the vegetation changes and the
permafrost aggrades upward, the ground surface will
likely rise. Therefore, the long-term disturbance to the
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permafrost at this and other fire sites remains to be fully
evaluated.

Viereck (1973), however, reported that depth of thaw
under burned and unbutned sites in four black spruce
stands near Fairbanks was not significantly different
(total thaw about 45 c¢m). Hall et al. (1978) noted a slight
increase in thaw one month after a tundra fire in north-
western Alaska. In cottongrass tussock tundra at four
fire sites in Canada and Alaska, Wein and Bliss (1973a)
observed a 35-50% increase in thaw in June with an
overall late summer increase of 15-25%, Cottongrass
recovers rapidly after fire, and unless the organic mat
has been consumed, long-lasting disturbance of cot-
tongrass tundra in the form of thermokarst or erosion is
unlikely. Haag and Bliss (1974a) reported results of an
experimental controlled fire on tundra at Tuktoyaktuk.
Thaw increased from 36 to 46 cm by the end of the first
summer.

Recently, McKendrick and Mitchell (1978) reported
that the soil did not warm appreciably during controlled
burning of oil. In three burns at Palmer, Fairbanks and
Prudhoe Bay, soil temperatures stayed below lethal
levels for the vegetation at the 4-cm depth. Viereck
(pers. comm ) similarly indicated that soil temperatures
immediately after an experimental burn in the Fairbanks
area did not increase below a depth of 15 cm. The heat
of the Inuvik fire did not contribute to the initial thawing
(Mackay 1977a).

Rouse and Mills (1977) summarized a three-year study
of microclimatic changes which accompanied burning
of lichen woodland in the Northwest Territory. Summer-
time soil temperatures were 3.0 to 5.5°C warmer in the
burned areas; however, there was apparently no long-
term soil warming. The soils in burned areas are drier
and remain so for many decades. Kane et al. (1975), in a
study of soil moisture and temperature near Fairbanks,
concluded that the thermal and moisture regimes of
soils undergo considerable alteration because of fire.
These changes are related to long-term changes due to
modification in the surface layers.

The rapidly burning fires on old lake beds and
polygonal ground are unlikely to produce long-term
disturbance since the underlying wet organic soils have
not been drastically modified (Shilts 1975). The more in-
tense and hot fires which do burn the peaty materials are
likely to alter the depth and configuration of the per-
mafrost surface. This is particularly so around mineral
frost scars, where thaw increases adjacent to the scars. It
has been suggested that the intensity of frost action and
the formation of frost scars may be a function of the fre-
quency of tundra fire (Viereck, pers. comm). Pettapiece
{1974) described the role of fire in cyclic aspects of hum-
mocky soils. The loss of the surface organic layer due to
fire initially promotes the downward retreat of the ice-
rich upper permafrost. A loss of volume creates settle-
ment in the center of the hummock. Subsequently the in-
crease in the vegetative mat results in an aggrading per-
mafrost table, which in turn results in an elevation of the
hummock.
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CRYOGENIC PROCESSES AND
REGIONAL DISTRIBUTION OF PERMAFROST IN THE USSR

Human disturbance of permafrost terrain gives rise to
cryogenic and other geological processes which alter the
landscape in undesirable ways. The damage which
results is generally slow to heal, a characteristic of the
northern environment (Kriuchkov 1976). The cryogenic
processes such as frost heaves, fractures and icings are
associated with increased freezing of soils in permafrost
areas. Thermokarst, thermal erosion and subsidence,
solifluction, and landslides are associated with thawing.
The specific causes and rates of cryogenic processes are
dependent upon many environmental factors (Romanov-
skii 1978a).

The newest geocryologic map of the USSR, including
the arctic shelf, provides the basis for delineating areas
where cryogenic processes are probably active
(Kudriavtsev et al. 1978b). Offshore over most of the arc-
tic shelf and basin, permafrost is widespread, with the
exception of the continental slope under 200-900 m of
water and in zones influenced by the warming effects of
discharges from large rivers. The thickness of the frozen
sediments in the shelf area of deep water can be up to 30
m (Are 1978a).

In the southern part of the permafrost region of the
USSR there is island permafrost. Farther north the size of
these islands increases, as does the thickness of the
frozen stratum. Its temperature is 0° to —2.0°C. In the
northern regions there is continuous permafrost with
temperatures — 3° to below —15°C and thicknesses up
to 500-700 m. The greatest thickness of ground with
negative temperatures (800-1500 m) is to be found in the
Paleozoic stratum of central Siberia, where ground con-
taining supercooled salt solutions below 0°C underlies
the frozen layer (Kudriavtsev 1978b). In the high altitude
regions (Tian Shan, Pamiro-Alai) permafrost covers an
area of more than 100,000 km2 Sporadic permafrost
begins to appear at altitudes of 2200-3200 m; at altitudes
of 2700-3700 m islands of permafrost occur; discon-
tinuous permafrost is to be found at 3200-4100 m; and
continuous permafrost at altitudes above 3500-4400 m.
The greatest permafrost zone thicknesses (more than 860
m) and the lowest negative temperatures (= 19°C) are
found in rock massifs (Gorbunov 1978). Significant
depths of bedrock freezing are found in the Pai-Hoi
ridge (Polar Urals), where the frozen layer may be up to
800 m thick (Oberman 1978).

The rates of seasonal thawing and freezing of soils to
which cryogenic processes are closely related are found
in the schematic map by Vtiurina and were also in-
vestigated by Cherniad’ev (1976). Cryogenic processes
may exist beyond the southern limit of permafrost,
which is not only sensitive to climate but to human
disturbances (Makeev 1977). The cryogenic processes
develop differently in various zones (polar deserts, tun-

dra, taiga, forest-steppe and continental or maritime
climates). The regional climate determines the features
of the cryogenic processes in the northern permafrost
zones, whereas meso- and microclimates are more in-
fluential in the southern and discontinuous zones
(Gavrilova 1978).

The type and thickness of the organic.cover greatly in-
fluence the depth of seasonal thawing. Research in
northern Tyumen Oblast on seasonal thawing under
various types of tundra vegetation indicated that a
moss-lichen cover exerted the greatest influence on the
thermal regime of the ground, whereas a sedge-
sphagnum cover had the least influence (Skriabin 1978).

The presence of underground ice is the main condi-
tion necessary for large scale cryogenic processes such
as the formation of thermokarst features and thermal
erosion. The distribution of underground ice is irregular
(Vtiurin 1978) with separate areas of sheet ice, ice
wedges, and other types of ground ice. I¢ce wedges have
the largest areal distribution (see Figure 1). The character
of cryogenic processes depends on the relationship be-
tween the landscape components. The composition of
the soils and their ice contents, the topography, and the
climate are related to the microclimate, vegetation,
snow cover, and ground temperature regimes, Human-
induced changes in these regimes determine the
character of the resulting technologically produced
landscape (Balobaev 1978, Fel’dman 1977, Mel’'nikov
1976, Mel’nikov and Tolstikhin 1974, Shvetsov 1973).

Cryogenic processes resulting from natural causes
such as changes in climate, plant succession, and
geomorphic processes take place slowly and can be
measured over many years. Thermokarst in northern
Yakutia has a long and complicated history (Gravis 1978,
Konishchev 1974) and is related to cooling and warming
during the Quaternary, New cryogenic processes occur
in northern sections of West Siberia as a result of swamp
formation in the taiga and its replacement by sparsely
forested sphagnum and lichen bogs. Deep freezing oc-
curs on the growing hillocky peat bogs which are more
snow free as a result of wind exposure in these open
areas. Soil temperatures are decreased by 4°C
(Belopukhova et al. 1976).

Natural cryogenic processes have been investigated in
detail: thermokarst (Gravis 1978, Romanovskii 1977,
Shur 1974, 1977, Sukhodrovskii 1976), processes on
slopes (Sukhodrovskii and Gravis 1976, Zhigarev 1975b);
frost action (Grechishchev 1978, Podbornyi 1978;
Romanovskii 1977b, 1978a, b, Romanovskii and Liebman
1975), frost heaving (Nevecheria 1975, Romanovskii
1978b) and gully formation (Kosov and Konstantinova
1975).

Human-caused surface disturbance increases the rate
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Figure 1. lce wedge distribution in percent of area for permafrost regions of the USSR (Vtiurin 1975),

of cryogenic processes. After the active phase following
disturbance, which usually takes 2-3 years and results in
topographic changes, changes are more gradual and
may cease after about 10 years. The result is the forma-
tion of a new landscape (Grave and Sukhodrovskii 1978,
Grigor'ev 1977, Kriuchkov 1976, Mel’nikov et al. 1977).

The direct cause of changes in the cryogenic pro-
cesses in permafrost regions is modification of the sur-
face heat balance. Partial or complete removal of the
surface organic layer in the northern section of West
Siberia increased the radiation balance by 5-15%, the
mean ground temperature by 0.7 to 2.0°C, and the depth
of seasonal thaw by 2-3 times (Pavlov 1978). Human ac-
tivity results in greater changes in the surface heat
balance than do natural causes (Mel'nikov et al. 1977a,
Sergeev and Skriabin 1978).

The modification in the surface heat balance can be
either negative or positive and depends on the particular
permafrost zone and the type of impact. Surface distur-
bance in one area can cause an increase in ground
temperature, followed by the appearance or further
development of thermokarst, thermal erosion and
solifluction, while the same disturbance in another area
can cause frost heaving, icings, and cracking of the

ground (Alekseev 1977, Belopukhova et. al. 1976,
Fel’ldman 1977, Lisitsyna 1977, Makeev 1977,
Moskalenko 1975a, b, ¢, Moskalenko et. al. 1978,

Romanovskii 1978a, b, Romanovskii et al. 1978).

Human-induced cryogenic processes have not been
well investigated. Their classification and some features
have been investigated in a regional approach
(Adushkinov and Borishenko 1975, Arkhangelov et al.
1975, Chizhov et al. 1977, Efimov and Efimova 1975,
Kulakov 1977, Leshchikov 1975, Maksimova 1977b,
Maksimova et al. 1975, Nevecheria et al. 1975,
Neizvestnov and Postnov 1975, Poltev et al. 1975, 1978,
Stepanov 1977).

HUMAN-INDUCED TERRAIN
DISTURBANCE AND CHANGES IN
GROUND TEMPERATURE REGIME

The principal types of disturbance, including the
destruction of topography, can be treated as part of the
study of the formation of human-induced landscapes.
The specific features of these landscapes are deter-
mined by the type of disturbance, the consequent
cryogenic and other geological processes, and the
characteristics of the original landscape. There are only
partial references to this subject in the literature
(Ermakov et al. 1977, Kondrat'ev et al. 1977, Leshchikov
1975, Poltev et al. 1975, 1978, Serdiukova and Vnukov
1975, Serdiukova et al. 1975, Sokolov 1975,
Sukhodol’skii, 1975).



The disturbance of plant and soil covers

The polar deserts have a very thin and discontinuous
plant cover, with areas of exposed mineral soil that
usually are larger than the areas covered by vegetation
(Matveeva and Chernov 1976). Disturbance of this type
of cover by vehicles or reindeer herds has little effect on
the depth of summer thaw, and in spite of high ice con-
tent in the ground, little melting occurs. The main distur-
bance is destruction of reindeer pasture (Andreev 1977).
The same is true in the taiga where damage to the moss
cover leads to loss of plant cover in treeless sites (Belyi
1977\

In the forest-tundra and northern taiga zones (fluvio-
lacustrine plains) of Western Siberia the removal of the
surface moss cover from hummocky peat land and
muskeg which are underlain by frozen sand and silts
does not lead to significant increases in ground
temperatures or depth of seasonal thaw. This is explain-
ed by the low thermal conductivity of the peat, which
usually dries out at the beginning of the summer.
However, once the peat cover is removed, the sands and
silts thaw deeper, thermokarst occurs, and lakes and
bogs develop (Moskalenko 1975b, ¢, Nevecheria et al.
1975, Slavin-Borovskii 1975).

Investigations from different locations in the tundra
and forest-tundra of Western Siberia during 1974 and
1976 have shown that the differences in moisture con-
tent of the ground and the depths of seasonal thaw are
not so much conditioned by zonal climatic factors as
they are by ecological conditions. These ecological con-
ditions are the factors which determine the degree to
which vegetation and soil cover disturbance will affect
ground temperatures, moisture and summer thaw (Table
2).

Removal of the tree cover in the southern taiga and
forest-steppe zones of Western Siberia decreases the
depth and increases the density of the snow cover on the
treeless sites, which results in a lowering of the ground
temperatures. Islands of permafrost develop and “short-
term” permafrost appears where there was none
previously. Landscapes are created with characteristic
processes of frost heaving and frost cracking (Makeev
1977, Tshigir et al. 1977).

In both the tundra and taiga of Western Siberia, where
removal of vegetation and surface soils exposes frozen
sands, the newly thawed, dry sands are blown by strong
winds, forming human-impacted landscapes termed
“sandy arenas.” The sand storms damage populated
areas (Shilova and Mamaev 1977). Naturally occurring
extensive areas of blowing sands or tukulans occur in
central Yakutia.(Shepelev 1976).

In the northeastern Siberian lowland, with its massive
ice wedges, the disturbance and removal of the plant
cover and soil mantle increase summer thaw, and ther-
mokarst and thermal erosion are widespread. Hillocky
terrain with waterfilled depressions and cemetery
mounds (baydzherakh) is nearly impassable and gullies
form (Efimov and Efimova 1975, El’chaninov and Shor
1975b, Zhigarev 1975a, Tyrtikov 1975). The shores and
slopes of thermokarst lakes and sea coasts formed from
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ground containing ice are also subject to erosion (Are
1978b, Troitskii 1977).

In the taiga of Central Yakutia, where there are exten-
sive masses of ground ice, clearing of vegetation,
removal of tree stumps and disturbance of the soil man-
tle cause thermokarst. This process is slowed by the hot
and dry summer climate and is limited to the area in
which the vegetation was damaged. The surfaces of the
sites cleared for agriculture soon become hummocky
and boggy (Zamolotchikova and Smimova 1974).
Systematic observations at various sites in the region
around the city of Yakutsk (Zabolotnik 1978) have shown
that clearing of trees while maintaining both the snow
and moss cover results in considerable warming of the
ground. Four vyears after forest removal, ground
temperatures had increased by 1.3°C at the 3-m depth.
However, simultaneous removal of the forest, moss and
snow covers leads to considerable cooling of the ground.
Over a fouryear period of observation, ground
temperatures decreased by 1.7°C in comparison with
natural conditions.

In drained and dried sites, sodium sulfate and sodium
chloride salinization of the soil frequently occurs and
about 30% of the agricultural land becomes unusable
(Elovskaia et al. 1977a, b). Where fire occurs and
massive ground ice is present, “pyrogenic tundra’” forms
(Kriuchkov 1976, Kurbatskii 1977). In mountainous areas,
altiplanation terraces become more active following the
disturbance of the plant cover (Kudriavtsev et al. 1977).

Destruction of ground and underlying rock

Excavation during construction and mining, and
building of dikes, embankments and spoil piles cause in-
tensive surface disturbance. These activities influence
all permafrost zones and particularly sites with high con-
tent of ground ice.

During open pit or underground mining and associ-
ated construction activities, not only are the soil and
plant covers destroyed, but shocks and vibrations from
machinery disturb soil structure. Runoff water from min-
ing results in erosion. Changes in topography and the in-
creased chemical and sediment loading of rivers and
lakes lead to impacts far beyond the boundaries of
direct activity. In areas with soils of high ice content,
especially in northeastern USSR, human-impacted land-
scapes form consisting of cemetery mounds, landslides
of thawed earth materials, and other forms of thermal
denudation and erosion, and slopes are lowered
(Zhigarev 1975a).

Waste rock piles formed during mining activities and
construction of embankments are heat insulators. In
areas where the permafrost temperatures are relatively
high, taliks form within 2-3 years. Piles and em-
bankments disrupt the hydrological regime of adjacent
areas and stagnant surface waters accumulate. The
taliks form as a result of stagnant waters which coalesce
with those formed under the waste piles and em-
bankments, and thermokarst may develop if sufficient
ground ice is present,



Table 2. Temperature-moisture regime of soil and ground under natural and disturb-
ed conditions (modified from Moshalenko and Shur 1978).

AVg moisture Max
Avg ground in 50-cm summer
temp sail layeor thaw
Natural ecological complex (eC) {mm)] (m)
Southern Tundra (1974)
1. Spotty tundra on sandy loam deposits
a. Sandy loam spot —6.2 179 1.15
b. Grass-shrub cover - 57 167 1.06
2. Shrub-moss tundra on peaty sandy toam deposits -6.8 193 0.52
3. Polygonal tundra on peaty sandy loam
a. Shrub-lichen-sphagnum polygon 7.3 224 0.35
b. Grass-sphagnum trough -72 — 0.43
Forest Tundra (1976)
4. Spotty polygonal tundra on sandy deposits
a. Sandy spot — 35 1.8
b. Shrub-lichen polygon —-1.3 49 17
5. Spotty larch shrub on peaty loam
a. Loamy spot — 171 1.49
b. Shrub-lichen cover —-23 165 1.3
¢. Loam with vegetation removed — 160 1.62
d. Peaty loam with vegetation removed —25 172 1.52
Northern Taiga
6. Shrub-sphagnum-lichen peat moss
a. Hummock —-0.8 260 0.63
b, Depression between hummocks — 285 0.57
c. Same surface with vegetation removed -0.8 248 0.7
7. Peat-mineral mound with shrub lichen cover
a. Mound —0.7 200 0.92
b. Depression — 220 0.65
c. Same surface with vegetation removed
Mound -0.7 160 1.43
Depression - 180 13

Human-impacted terrain, and specifically waste rock
piles, is unsuitable for land use; it is also the cause of
chemical pollution of water and requires restoration and
rehabilitation (Bol’shakov 1975, El'chaninov and Shor
1975a, b, Krylov et al. 1975, Neizvestnov and Postnov
1975, Peretrukhin et al, 1975, Sever‘ianov et al. 1975).

Long, deep quarries in the southern part of the per-
mafrost zone are a source of new permafrost formation
and accompanying cryogenic processes, if water does
not accumulate in them (Klimovskii 1978).

Experience with coal mining operations in permafrost
areas has shown the danger of icings and shaft cave-ins
where the surface has collapsed to a depth of 60 m. Air
and water which enter through the shaft lower the
stability of the ground (Severianov et al. 1975,
Severiianov and Popov 1975). It has been shown that
roof thaw depends on the number of galleries and the
distance between them (Fedorov 1976).

The influence of urban development
Towns and villages represent a particular type of
human-impacted terrain which results from very com-

plex geological and engineering processes. A classifica-
tion has been drawn up of factors related to human im-
pact and conditions that influence the temperature
regimes at the air/ground interface, and of ground
waters in populated areas. Both direct and indirect fac-
tors that contribute to increasing or lowering the
temperature are indicated (Kotlov 1977).

L.N. Khrustalev (1975) studied the influence of large
buildings on changes in the geocryological conditions.
In the northern and central permafrost zones, it was
established that the properties of the snow cover exerted
the greatest influence on heat exchange on ground that
has been built upon. In southern regions, destruction of
peat moss cover, use of artificial surfaces, and the
distribution of buildings significantly influence the heat
regime, since they change the conditions of moisture
movement into the ground (Porkhaev and Shchelokov
1973). Changes in the thermal balance at the ground sur-
face resulting from human impact in the city of Vorkuta
led to partial degradation of permafrost for 80-90% of
the region (Gorbacheva 1975). Within the main areas of
permafrost, towns and villages generally lower the
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Figure 2. Idealized cross section of buildings and road in Norilsk showing the changes in
ground temperature resulting primarily from differences in winter snow accumulation
and related methods of snow removal. A is fine icy sand with moisture of 25%, and B is
clayey loam gravel with sand lenses. (Bobov and Lapochkin 1974.)

ground temperature (Porkhaev and Shchelokov 1973).
Long-term measurements of ground temperature in
Norilsk began in the tundra prior to construction and
were then taken at various sites and different times as
the city building progressed. Three to nine years after
building commenced, ground temperatures in the city
rose, but 19 to 30 years later they were lower than they
were before development (Figure 2). The reason for the
decrease was increased removal of snow within the city
area when mechanization was introduced (1950-60). Un-
til that time, snow was removed manually and remained
in the yards (Bobov and Lapochkin 1974).

In Yakutsk, apart from decreases in ground tempera-
ture, particularly below old sections of the city, inten-
sive salinization of groundwater and of the silty loam
soils by chlorides of sodium and magnesium has been
observed as a result of the penetration of saline water of
less than 0°C (about 100 grams per liter) into the active
layer and taliks below lakes. Salinization is associated
with higher rates of evaporation and low precipitation
during the hot summers in a city with insufficient
drainage and other amenities (Anisimova 1975).

FORECASTING, MODELING, AND
EVALUATION OF TERRAIN SENSITIVITY

The problem of geocryological forecasting, which
should be considered as part of ecological forecasting, is
very complicated. Most of the investigations represent
individual solutions that are related to specific types of
construction and that have been based on limited evalu-
ations of isolated geocryological features of the natural
environment (Kudriavtsev et al. 1978d, Shvetsov et al.
1973). The prediction of human impact is important to
environmental protection (Kondrat'eva 1978,
Maksimova 1977a). Working out a theory for human-
impact forecasting is a very complicated matter. The
thermal regime of the ground and fluctuations in the
depth of seasonal freezing and thawing are of great im-
portance in forecasting these processes. Phase transi-

tions of water play the greatest role in these cryogenic
processes. It has been established that albedo and radia-
tion balance are the major factors in determining the
energy budget of natural terrain. Relationships between
the radiation budget and the mean annual temperature
of the ground have been established (Pavlov 1975,
1978a, b).

The changes in the temperature regime of ground of
various compositions and thermal conductivity and
under various geological conditions are determined by
the structure of surface heat balance (Balobaev 1974,
1978, Dostovalov 1978, Kondra‘teva 1978, Moskalenko
1975c). G.M. Fel'dman (1977), following the ideas of V.A.
Kudriavtsev (Kudriavtsev 1974, 1978, Kudriavtsev and
Maksimova 1978, Melamed and Medvedev 1974), has
developed techniques for forecasting the temperature
regime of the upper layer of permafrost in relation to
specific geological and geographical conditions. There
are various possible approaches for conducting investi-
gations at a particular building site (Alekseev 1977,
Caragulia et al. 1975, Konstantinov et al. 1977, Kulakov
1977, Nevecheria 1975, Peretrukhin 1975, 1978),

Geological surveys furnish much of the information
necessary for qualitative and quantitative forecasting
(Kudriavtsev and Maksimova 1978, Kudriavtsev et al.
1978c). As a result of these surveys, an engineering-
geological map of permafrost is prepared and predic-
tions of changes to the natural environment and a
forecast map or chart are compiled. A regional
classification of soil and rock types and a comprehen-
sive land use evaluation of natural and human impact
development have been prepared (Kudriavtsev et al.
1978a, d, Badu and Trofimov 1977, Veisman 1977, Gor-
bylev et al. 1977, Mel’nikov et al. 1978, Nevecheria and
Moskalenko 1977, Nefedova and Chizhov 1975).

In order to accelerate the investigation of new areas
that are being considered for development, the method
of “preconstruction impact studies’”” has been proposed.
On the basis of surveys at scales of 1:100,000 and
1:200,000, an evaluation of permafrost conditions is
made, and the terrain sensitivity resulting from damage



to the vegetation cover, to excavation, and to the warm-
ing influence of buildings is evaluated. Optimum
building methods are chosen, bearing in mind en-
vironmental protection measures (Baulin et al. 1978).

Methods have been developed for making rapid
engineering and geocryological surveys in oil- and gas-
bearing areas and pipeline routes of northern West
Siberia (Mel'nikov 1973, Mel'nikov et al. 1974). Most im-
portant is the landscape indicator method, which in-
cludes widespread application of aerial photography
and topographic maps. An example of evaluating the
territorial complexity of a gas pipeline route is presented
in a graphic model of the gas line in relation to land-
scape features (Mel'nikov et al. 1975). Compilation of
the forecast mapping approaches for the regions of the
Poluy-Nadym and Pur-Nadym in Western Siberia have
been presented (Mel'nikov et al. 1978). Methods for in-
terpretation and application of aerial and satellite
photography, inctuding spectrazonal photography, are
being perfected (Gavrilov and Ershov 1977, Gavrilov et
al. 1978, Eliseev 1977, Lynov et al. 1977).

Experimental application of thermal aerial
photography in permafrost regions produced promising
results for mapping geocryological features (Gornyi and
Shilin 1978).

An indicator-interpretive scheme has been compiled
on the basis of research carried out in the northern taiga
and forest-tundra landscapes of northern West Siberia.
The scheme includes interpretive features for 16 terrain
indicators and their ¢corresponding geocryological condi-
tions {(Moskalenko 1975a).

Information received from permafrost surveys is used
to define characteristics and conditions when perform-
ing quantitative forecasting which includes
mathematical and physical modeling. Mathematical
models of thawing and freezing processes employ the
Stefan solution. Computer modeling of this problem has
heen suggested and it has good prospects for solving
multi-dimensional problems (Melamed and Medvedev
1974, Kudriavtsev 1974). Kudriavtsev has derived a for-
mula for heat circulation within the layer of annual
temperature fluctuation which takes into account phase
transitions of water during seasonal freezing, It is based
on the annual temperature at the bottom of the freeze-
thaw layer, and the composition and moisture content
of the soil (Melamed 1978). G.M. Fel'dman has proposed
solutions that more closely approximate actual en-
vironmental conditions (Fel’'dman 1973, 1977). Through
experimental research, he derived the quantitative
dependence of seasonal freeze-thaw depth, temperature
of the frozen ground, and heat circulation in the ground
on the combined parameters of air temperature and the
composition and properties of the snow, vegetative
cover and ground (Fel’dman 1977). Thermal conductivity
of tundra cover in its natural and disturbed states has
been researched by Mandarov and Skriabin {1978).
Similar quantitative relationships have been published
for Western Siberia (Grechishchev et al. 1975).

A model has been proposed for calculating ground
temperature and summer thaw depth in relation to
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changes in heat balance of the diurnal surface condi-
tions; this model permits one to study the influence of
the meteorological regime on geocryological conditions
(Palagin and Natanzow 1975). A model and algorithm
have been developed for determining the gquantitative
influence of vegetation and snow cover disturbances on
the depth of seasonal thaw, and on ground temperature
in the BAM zone (Pal’kin 1975). Analytical solutions
have been derived for areas disturbed during road con-
struction (Savko 1978). For the BAM zone forecast
estimates or calculations have been made using a
statistical model and 1-2 dimensional calculation
scheme for heat exchange in soils (Tutkevich and Gorod-
nova 1977). A solution to the Stefan problem is given in
order to choose a method for thermal amelioration of
frozen ground (Smorygin and Fandeev 1977),

Analytical solutions are available for predicting the
results of cryogenic processes: reworking of shores of
lakes and reservoirs (Balobaev and Shastkevich 1974,
Gogolev 1977, Savko 1977, Tomirdiaro and Riabchuk
1974), icings or naled’ (Sokolov 1977), slope processes
(Kudriavtsev et al. 1977, Chubarova and Lavrent'eva
1977) and thermokarst (Fel’dman 1977, Shur 1977).

In contrast to the existing solutions to the problem of
ground freezing under a snow cover, a different method
of solving the problem has been proposed; it takes into
account the dependency of the thermal conductivity of
snow on temperature. A computer program has been de-
veloped for three- and four-layered media using the
EVM-M-222 computer (Shipitsina 1978). Solutions to
problems concerned with the temperature field of
frozen ground around mines and mine shafts have been
studied and calculations have been made (Fedorov
1976).

Critical changes of parameters of such systems as
soil-frozen ground and thawed ground-groundwater
due to industrial development of the territory, and
catastrophic changes due to disturbance of the natural
environment, have been studied from the thermo-
physical aspect (Khrustalev 1975).

Physical modeling using electro- and hydrointegrators
is being widely implemented in forecasting. This type of
modeling has been used for environmental protection
purposes in one of West Siberia’s regions to evaluate
methods for improving water quality (Novikov 1977) and
to determine the influence of surface cover and
topography on the freezing and thawing of the ground
(Ershov 1971a, b, Ershov et al. 1978).

Techniques for evaluating terrain sensitivity to
technological impact are being developed. It has been
suggested that terrain sensitivity should be estimated on
engineering-geological maps (Demidiuk 1977), landform-
permafrost maps (Lynov et al. 1977), ice-content maps
(Lur'e 1977), and on regionalization maps according to
type and intensity of thermokarst, thermal erosion and
frost heaving (Chizhov et al. 1977, Smirnov et al. 1975,
Stepanov 1977). Systematic photogeological mapping of
the territories under development is in progress (Eliseev
1977).



It is recommended that estimates of rates of
cryogenic process development and landscape changes
be made, and that the effectiveness of environmental
protection measures in regions of planned pipeline
routes be evaluated. Pipeline route conditions are con-
sidered under two different categories: 1) complex,
where there is frozen ground, and the temperature of the
discontinuous permafrost is high, and 2) simple, where
ice content is low and the temperature of the permafrost
is low (Baulin et al. 1978). L.N. Maksimova (1977a) has
presented the following classification for the
engineering-geological evaluation of permafrost areas
under development:

1. Regions where development disturbs permafrost
conditions and ecological systems, and irreversible
cryogenic processes are set into motion, disturbing ex-
isting landforms.

2. Regions where development does not cause cata-
strophic changes in landscape, and where it is possible
to partially reestablish natural processes, through
natural or artificial means.

3. Regions where changes in permafrost conditions
lead to favorable changes in the geological environ-
ment.

4. Regions where changes in permafrost conditions
have practically no effect on the geological environ-
ment. .

A ten-point scale of probability for activating
cryogenic processes as a result of changes in surface
heat balance resulting from territorial development is
suggested. However, factual observations necessary for
developing this sensitivity scale are insufficient at pres-
ent (Shur 1977).

A territorial evaluation has been made according to
the degree of complexity of engineering undertakings
needed to improve permafrost-engineering-geological
conditions (Gavrilov et al. 1978). Three categories have
been designated:

1. Those conditions that do not need
measures.

2. Those requiring complex measures.

3. Those which require extremely complex measures.

complex

PROTECTION OF TERRAIN
DURING DEVELOPMENT

The main protection measures emphasize prevention
of the thawing of permafrost. These measures include
thermal and hydro amelioration of soils, biological
recultivation where the surface was disturbed during
development, and other measures for specific types of
developmental activity such as mining, landfill and
agricultural development.

Methods have been proposed for ground heat
amelioration, control of ice sublimation and desublima-
tion in frozen soils by means of changes in gas medium
parameters, and controlled changes on the surface of
ground masses (organic film, surface coating) (Ershov et
al. 1974, 1978).

67

Practical measures for environmental protection have
been developed during the construction and operation
of trunk pipelines, mostly in Western Siberia, En-
vironmental protection measures must adhere to the
following requirements: excavation and pipelaying
operations should be carried out during the period of
stable negative air temperatures; tree stump and root
removal is prohibited in areas of high ice content; traffic
is possible only with maximum maintenance of the
vegetative and soil covers and without disturbance of
the soil surface on the right-of-way (Bol’'shakov 1975,
Ivanov and Friman 1975, Mikhailovskii and Lolua 1975,
Serdiukova and Vnukov 1975, Serdiukova et al. 1975).
The use of natural and artificial insulating materials is
recommended for covering areas that have been de-
nuded of vegetation or soil cover and leveled during
construction (Mikhailov 1975). Complex areas requiring
costly environmental work and materials are best avoid-
ed during pipe-laying due to economic considerations
(Sukhodol’skii 1975), During road construction, apart
from the above-mentioned measures, it is recommended
that fill be placed over the natural vegetation and
organic layer or onto artificial thermo-insulation (syn-
thetics, peat, slag, wood flooring), It is desirable to paint
the fill surface white (Bol’'shakov 1975, Kaganovskaia
1975).

Special techniques and technology are recommended
during mining activity such as excavating the producing
strata and reinforcing the roofing of galleries and shafts.
To prevent surface subsidence over mine shafts it is
recommended to use short-face systems (of mining) and
to plug the worked-out sections (Fedorov 1976, Krylov et
al. 1975, Sever’ianov et al. 1975).

Areas with near-surface, ice-rich soils are considered
to be entirely unsuitable for agricultural development
within the taiga region if they require uprooting of trees
and plowing. Apart from bog formation that may take
place, the surface that has been cleared of trees and
plowed becomes hummocky as a result of uneven sub-
sidence. Drainage can be introduced where more
homogeneous subsidence due to thaw occurs (Vidiunina
and Khudiakov 1974). However, drainage is not always
effective in cold climate and permafrost areas. Wide ex-
perience with drainage and flushing of saline soils has
been gained in Central Yakutia (Elovskaia et al. 1977b).

In order to control permafrost conditions in
agricultural areas so that cryogenic process develop-
ment may be avoided and to increase soil fertility, ther-
mal and water amelioration techniques are introduced.
Significant amongst these are snow enhancement
techniques, which, depending on the conditions, either
allow thawing of the underlying permafrost or prevent
new permafrost aggradation and pereletok formation.
The regulation of snow cover in West Siberia serves as a
basis for modifying the temperature regime and freezing
and thawing of the soils. Recommendations have been
developed for snow retention in fields and a system of
techniques for thermal improvement of areas with vary-
ing natural conditions has been developed in West
Siberia (Tshigir et al. 1977).



Table 3. Depth (meters) of seasonal thaw of sandy loam
in Yakutia, under various surface modifications
(modified from Pavlov 1978a, b).

Type of cover 1972 1973 1974 1975 1976
Natural 189 199 180 185 183
Wooden paneling 175 178 — - —
Wooden panel and foam - — 064 073 063

insulation layer {1 cm)
Foam insulation (7 cm) 1.01 109 097 1.00 -
Foam insulation (20 ¢cm) — 0.42 0.35 0.39 -
Foam insulation (30 cm) — - — — 0.26
A scheme for land reclamation of Far Northern

regions has been developed that holds promise for the
future. 1t includes techniques of drying, irrigation, ero-
sion control, and cultivation among others (Kriuchkov
1977).

lrrigation and drainage techniques for agricultural
fand in the permafrost zone are treated in numerous
papers (Bogushevskii 1977, Elovskaia et al. 1977a,
Gavril’'ev and Mandarov 1976, Kamenskii 1976,
Kriuchkov 1977, Lomakin et al. 1977). Other papers deal
with artificial surface cover for purposes of temperature
regime control and regulating of the thawing and freez-
ing of soils in the permafrost regions (Demchenko 1978,
Pavlov 1978a, Rashkin and Shuvalov 1970, Skriabin
1976, Smorygin and Vediaev 1977, Smorygin ct al. 1978).

Several synthetic and natural materials have been
tested for protecting soil from thaw. Long-term research
in Yakutia and in the northern Tyumen has indicated
that foam insulation has high insulating properties com-
pared to other materials, particularly wood paneling
(Table 3). The relationship of thaw depths bencath a
foam insulation covering of varying thickness and under
natural conditions was presented and a formula was sug-
gested for the corresponding calculation {Paviov 1978a,
b). An approximate method for calculating ground thaw
dynamics under the insulating layer has been developed
using the EVM M-222 and different combinations of in-
sulating layer properties and ground and ambient condi-
tions (Demchenko 1978).

The effectiveness of a water-air foam as a heat in-
sulator is being investigated {Smorygin et al. 1978). Syn-
thetic transparent film is used to increase thawing of
frozen soils. A model has been developed which will
allow one to compute the ratios of thaw and freeze
depth under various plastic film covers in order to deter-
mine the optimal time span required to cover the ground
and to define how soils will thaw under the film as a
result of changes in solar radiation. For more practical
application, graphs and charts have been developed
(Smorygin and Vediaev 1977). Field observations have
shown that the film coverings raise ground temperature
by 4 to 4.5°C, speed up the date of onset of thaw by 15
to 20 days, and increase the depth of summer thaw by
0.5 to 1.5 m (Rashkin and Shuvalov 1970, Skriabin 1976).
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One of the measures used to restore the disturbances
caused during development of territories is the recultiva-
tion of vegetation and restoration of terrain. 1hese
measures are not only of technical consideration —slope
stabilization and recovery of vegetation to favorably af-
fect the ground thermal regime--but are also of aesthe-
tic importance. Difficulties of recultivation are, to a
great extent, associated with the very slow natural
recovery process of vegetation in the North,

Moss-lichen cover damaged by reindeer movement or
destroyed by man is restored only after several decades.
Partial meadow formation in denuded sites is arrested
after a few years as a result of increased moss and shrub
growth and bog formation (Kriuchkov 1977, Vital’ 1975).
Such phenomena have been ohserved in the tundra on
the bottom of lake basins which have been drained in
order to induce meadow formation (Tomirdiarov 1975),
In Chukotka, the slow and partial regrowth of grasses on
drained basins started to slow down after seven years
because of moss growth and permafrost aggradation
(Tatarchenkov 1977).

In northern West Siberia grass-moss bogs are the
more quickly rejuvenated areas; it is here that bog for-
mation increases when surface cover is disturbed.
Shrub-lichen communities of flat peatlands are more
slowly restored. Where soil cover is maintained,
cloudberries, Ledum and cottongrass will grow back
within 3 or 4 years. In cases where the peat layer is
damaged and thermokarst depressions appear, grass-
moss communities will develop, Vegetation, practically
speaking, does not regrow on forest-covered hillocks
and ridges underlain by frozen sands following the
removal of the forest shrubs and peaty horizon. In order
to accelerate and maintain growth of the recolonizing
vegetation, special agrothermal techniques are applied
(Bol’shakov 1975, Ivanov and Friman 1975, Liverovskaia
1975, Mikhailovskii and Lolua 1975, Serdiukova and
Vnukov 1975, Serdiukova et al. 1975). In addition, pro-
blems of recultivation of human-impacted landscapes
have been investigated (Kolesnikov 1974, Potemkin
1975, Razumovskii 1975, Smolianitskii 1976, Shcher-
batenko and Kandrashin 1977 and Trofimov 1974),

A regional scheme has been developed for recultiva-
tion of impacted areas of Siberia and the Far East. Each
zone is characterized by a description of its type of im-
pacted terrain and the type of recultivation to be per-
formed (Ragim-Zade and Trofimov 1977). On the basis of
investigations into human impact on the natural com-
plexes of Siberia, studies on the resistance to various
levels of disturbance, and their influence on ecological
conditions of human life, environmental protection pro-
grams have been developed, including recultivation. The
optimal scheduling of work has also been considered
(Ragin-Zade and Trofimov 1977).

In summary it is possible to classify human-induced
terrain disturbance according to type and cause (Shur
1977, Smirnov et al. 1975, Trush and Chizhov 1977).
These types, causes, sensitivities, and recommendations
for environmental protection and recovery are
presented in Table 4.
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Table 4. Main types of human-induced terrain disturbances in permafrost regions of USSR, their causes and prob-
able consequences, and general recommendations for environmental protection measures, depending on the sur-
face sensitivity and type of disturbance (1, 2, 3). Based on N.A. Grave (in Gerasimoyv, in press).

Type of disturbance

Causes of disturbance

Probable consequences
of disturbance
{according to region’s sensitivity)

Recommended measures for
environmental protection

I: Compaction and
damage to vegetative
cover.

II: Destruction of vege-
tation cover; felling
and removal of
trees.

111; Destruction of
plant and soil
covers, including
peat lands; removal
of tree stumps; ex-
posure of mineral
sail.

IV: Excavating and
stockpiling of soil
and sediment;
placement of em-
bankments and
pads.

Movement of heavy
vehicles, particularly in
summer; intensive rein-
deer pasturing; light
construction activities.

Intensive movement of
heavy vehicles, espe-
cially in summer; drill-
ing and exploration. of
deep wells; preparing
right-of-ways for
“linear’’ construction;
fires.

Intensive construction;
surface grading; clear-
ing for agricultural use.

Intensive construction;
surface grading; drain-
age and irrigation

ditches; open-pit min-
ing; dredging in rivers.

r

(os]
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1 Development of thermokarst-

eroded relief with “sunken”
lake depressions and gullies,
Thermal abrasion of shorelines.

Appearance of boggy depres-
sions and eroded ditches within
boundaries of disturbance,

Appearance of small boggy de-
presssions and ground slump-

ing, restricted to area disturbed.

See I-1.

In taiga regions of central
Yakutia thermokarst subsidence
within boundaries of damage.
Rock streams and solifluction
development on slopes. In-
creased ground freezing, frost
heaving and crack formation of
soil without thermokarst.

Localized bog formation; soil
slumping.

See I-1.

2 Thermokarst-bog depressions

and lakes within limits of de-

struction. In northern section of

West Siberia appearance of
“sand arenas.”” In taiga and
forest-stepped regions of West
Siberia see 11-2,

3 Bog formation; appearance and

increased development of soli-
fluction and rock streams on
slopes.

1 See I-1.

(1) Limitation and regulation of
vehicle movement and rein-
deer grazing, improvement of
drainage; filling of upper
reaches of gullies; thermo-
insulation of surface cover,; re-
cultivation.

(2) Regulation of vehicle move-
ment and reindeer grazing, re-
cultivation,

{3) Recultivation.

(1) See 101).

(2) Insulation of cover; recultiva-
tion.

(3) Improvement of drainage; re-
cultivation.

(1) See I(1); winter work prefer-
able; main construction should
take place in winter and early
spring when clearing forest for
agricultural purposes; avoid-
ance of areas of ground ice
occurrence; local thermal in-
sulation; drainage; recultiva-
tion.

e

See 11(3); rapid land improve-
ment and recultivation.

(3) See 11(3).

(1) See 11(1); placement of fill
over vegetation cover; installa-
tion of artificial thermo-
insulation layer; drainage sys
tem for adjacent areas



Table 4 (cont'd). Main types of human-induced terrain disturbances in permafrost regions of USSR, their causes
and probable consequences, and general recommendations for environmental protection measures, depending on
the sutface sensitivity and type of disturbance (1, 2, 3) Based on N.A. Grave (in Gerasimoy, in press).

Type of disturbance Causes of disturbance

Probable consequences
of disturbance
{according to region’s sensitivity)

Recommended measures for
environmental protection

2 See I-1.

3 Bog formation between dredge
piles on fine-grained soils.

(2) Drainage and recultivation.

(3) If possible, quick reclamation;
covering with organic layer.

In southern regions of permafrost
increased freezing of walls and
trench bottoms and ditches and
permafrost forms if no water
present. Development of heaving.

V: Destruction of min-
eral rock masses minerals, pumping of

of ore, including carbons.

pumping of water,

Underground mining of 1 See IV-1; subsidence; deep
cave-ins of surface overlying
with partial removal  water and hydro- mines.

2 See IV-2; subsidence;
oil, gas. cave-ins of surface

(1) Use of shallow-mining systems
with refilling of mined space.

(2) Special measures for rein-
forcing ceilings of mines and
back-filling.

3 See IV-3; in some cases possible  (3) Under certain conditions in-

cave-ins and subsidence due to
thaw in mine ceiling; possible
also to increase freezing of ceil-

duced or forced cold air in
shaft: recultivation and sur-
face and ground water drain-

ing and walls of mine to in- age.
crease stability strength.

1 Region of extreme sensitivity:

Intensive processes of thermokarst; thermal erosion forming “sunken” lakes and gullies resulting from outside the limits of

the slightest surface disturbance.
2 Region of average sensitivity:

Not so intensive; disturbances remaining within the boundaries of the slightest surface disturbances.

3 Region of low sensitivity:

Weak subsidence with formation of bogs and slope mavement phenomena within the area of disturbance.

CONCLUSIONS AND RECOMMENDATIONS

A large number of observations on the response of
permafrost terrain to human-related “activities and
natural processes have been reported. The majority of
the North American investigations were undertaken in
the Mackenzie Valley and a lesser number in the Arctic
Islands and Alaska. Computer modeling of natural and
impact processes and related field measurements are
providing insight into the relationships of coupled
moisture and heat flow. Approaches to terrain sensitivity
analyses have been undertaken and partially evaluated.

Active, natural processes occur primarily in the sum-
mer and provide useful indicators of potential terrain
hazards. These include thermokarst and thermal and
hydraulic erosion processes on permafrost terrain con-
taining large quantities of ground ice and river bank ero-
sion and soil slumping and flows on steeper terrain, Fire
as a natural agent of thermal disturbance generally
results in thickening of the active layer over a number of

years and greater incidence of slope failure.
Human-induced disturbances are limited to specific
areas of construction or urban areas and linear transpor-
tation routes. The intensity and time of disturbance and
terrain properties control the response of the terrain to
disturbance. Disturbances resulting from summer ac-
tivities have greater physical and visual impacts than
activities occurring in the winter. Most disturbances
caused by surface activities in the summer are no longer
permitted due to restrictions of access. However, past
disturbances are still active and provide useful informa-
tion on questions of long-term stability and recovery.
Off-road vehicle traffic on low pressure or air cushion
tires in the surnmer produces some immediate visual im-
pact and considerably less thermal or physical distur-
bance compared to more conventional tracked vehicles.
Spillage of hydrocarbons on permafrost terrain seems
not to cause major thermal disruption; however, the




saturated soils and the underlying impermeable per-
mafrost may facilitate movement of the oil downslope
and thereby increase the area of impact.

Observations on natural and disturbed active layer
thicknesses, thermokarst features, ice wedges, and mass
movements are leading to a better understanding and
predictive capability of the geographic consequences of
disturbance. Response to disturbance by active layer
thickening is greater in the warmer discontinuous per-
mafrost zone compared to the colder conditions that ex-
ist, for instance, in the Arctic Islands. The use of terrain
disturbance as an indicator of climatic change has much
to offer. For instance, deterioration of the permafrost at
its southern boundary is obvious from the appearance of
thermokarst features. Activity and stratigraphy of ice
wedges and other ground patterns provide more subtle
indications of change.

Some recommendations for continued research are:

1. Continue observations on past disturbances in order
to establish the time required to reach the maximum
level of disturbance and rate of recovery.
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2. Continue development and field testing of terrain
sensitivity mapping at several scales and compare ap-
proaches and synthesize results between North America
and the USSR,

3. Undertake comprehensive geomorphic and regional
geothermal investigations for purposes of establishing
the stability of permafrost conditions under natural®
climatic change.

4. Continue the development of computer modeling
of coupled heat-moisture flow and field validation in
order to anticipate the results of human and natural ac-
tivities.

5. Establish long-term monitoring observations to con-
firm or invalidate prior environmental assessments and
impact prediction of large engineering projects such as
dams, pipelines, and highways (National Academy of
Sciences 1975).

6. Continue research to develop improved methods
and guidelines of environmental protection and restora-
tion of permafrost terrain.
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APPENDIX 1: SYNOPSIS OF TEMPERATURE LITERATURE ON LAND-BASED AND SUBSEA
PERMAFROST, MICROCLIMATE AND ENERGY BALANCE, AND RELATED MODELING LITERATURE

Reforence

Location

Brown (1975)

Brown (1977)

Brown [1978)

Decker and Bucher (1977)

Hollingshead et al. (1978)

lsaacs (1974)

Judge (197 3)

Judge (1977)

Mackay (1975)

Taylor and Judge (1976a.h)

Barsch (1978} and Haeberli
(1978)

Fuijii (1978)

Fujii and Higuchi (1976)

Synopsis

Land-Based Permafrost (Non-alpine)

Quebec and Newfoundland

Devon Island

Manitoba and Keewatin
Antarctica
Mackenzie Delta

Fort Good — Norman Wells

Mackenzie Valley

Devon Island

Mackenzie Valley

Arctic and Subarctic Canada

Permafrost is patchy and restricted mostly to peaty areas be-
tween the —1.1°C and — 3.9°C mean annual air temperature
isotherms. Permafrost is widespread north of the —3.0°C
isotherm.

An upland plateau site vyielded the highest mean annual
temperature (—14.6°C) and a limestone site near the coast the
lowest (—16.8°C).

Reports are given on active layer and ground temperature data
to depth of 15 m.

Permafrost thickness is up to 970 m and the temperature in the
upper 50 mis as low as — 24°C.

Permafrost beneath the channels of the Mackenzie Delta is ap-
parently aggrading in water depths of less than 85 ¢cm.

Mean annual temperatures in the upper several meters are
generally warmer than at depth, suggesting a climatic warming
trend.

Detailed information on the thermal regime is given and the
role of snow in maintaining high ground temperature is iden-
tified as extremely significant.

Based an Brown (1977), the range of thickness of permafrost on
Devon Island is 210 m in coastal areas and 659 m on adjacent
uplands

Mean annual ground temperature increased 3°C from the late
18005 to the 19405, with a possible 1°C decrease since. The
warming has resulted in disappearance of permafrost in many
areas of the upper Mackenrzie Valley,

Based on temperature measurements, equilibrium conditions
were estimated and thicknesses of permafrost are given: Arctic
Islands over 700 m; Mackenzie Valley 300-600 m on east side,
<150 m on younger west side.

Land-Based Permafrost (Alpine)

Alps

Northern Hemisphere

Himalayas

Permafrost is continuous above 3500 m, which is equivalent to
a mean annual temperature of —8.5°C; the lower limit of active
rock glacier is —2°C MAT.

Distribution of alpine permafrost is given and total area
estimated at 2.3x10% km?! This occurrence of alpine per-
mafrost is related to the coldest and warmest months’ mean
temperature.

Permafrost occurs abave 4900-5000 m,



Reference

Location

Gorbunov (1978)

Harris and Brown (1978)

lves (1974)

Woodcock (1974)

Chamberlain, et al. (1978)

Harrison and Osterkamp
(1976)

Hunter et al (1976)

Judge (1974)

Lachenbhruch and Marshall
(1977)

Lewellen {1977)

National Academy of
Sciences (1976)

Osterkamp and Harrison
(1977)

Raj and Judge (1977)

88

Synopsis

Land-Based Permafrost (Alpine) (cont'd)

World-wide

Canadian Rocky Mountains

U.5. Rocky Mountains

Mauna Kea, Hawaii

Two types, oceanic and continental, and eight categories of
geocryological belts are distinguished. Permafrost occurs above
snowline in the oceanic type and below snowline in the con-
tinental type. Permafrost occupies an estimated 1,500,000 km*
in mountains, excluding the uplands of eastern Siberia and the
Far East.

Temperatures of —1.0° to —1.5°C to depths of 15-30 m are
reported, with thickness in excess of 100 m,

Continuous permafrost exists above 4100-4400 m, which is
equivalent to  an  extrapolated minimum mean annual

temperature of - 9°C.

Permatrost occurs to a depth of 10 m at an altitude of 4140 m.

Subsea Permafrost

Prudhoe Bay

Prudhoe Bay, Alaska

Canadian Beaufort Sea Shelf

Canadian Arctic

Prudhoe Bay, Alaska

Barrow, Alaska

North America

Prudhoe Bay, Alaska

Mackenzie-Beaufort Sea

The physical properties and temperature profiles of shallow
subsea permafrost are reported including the occurrence of an
averconsolidated marine clay.

A coupled heat- and salt-transport maodel is proposed

Beyond the warming influence of the Mackenzie outflow, the
maximum thickness of permafrost in equilibrium with the sur-
face temperature ranges from 25 to 75 m.

Equilibrium permafrost is widespread off the Arctic Istands. In
water more than 100 m deep, areas which were unglaciated and
which have undergone little isostatic movement probably con
tain thick remnants of subsea permafrost

A simplified analysis of the near shore thermal conditions is pre-
sented in two cases.

1) Permafrost thaws progressively downward from the sea bed
and eventually disappears

2) Permafrost persists near the sea bed in shallow water that
freezes to the bottom seasonally. It requires 1800 years for
temperatures to become nearly uniform tollowing inundation

lemperature profiles from varying distances offshore range
from —8°C to <0.5°C; the influence of a bharrier 1sland on
temperatures is discussed.

Problems and priorities for research in the offshore permafrost
environment are reviewed, particularly for northwestern North
Amaerica.

Sea bed temperatures increase from - 3.4°C 203 m offshore to
<19C several meters offshore.

A coupled two-dimensional, heat-mass flow model predicts
relict permafrost is probably found in water depths of 60-90 m;
in shallow water (<20 m) permafrost is degrading from both the
top and bottom; in deeper water (>>20 m) it is degrading at depth
and may be aggrading near the surface.



Reference

Location

89

Synopsis

Addison (1975)

Beattie et al. (1973)

Courtin and Labine (1977)

Gray et al. (1974)

Guymon (1975, 1976)

Haag and Bliss (1974a)

Haag and Bliss (1974b)

Haugen, et al. (1976)

LeDrew (1975)

Luthin and Guymon (1974)

Mackay and Mackay (1974)

Maykut and Church (1973)

Nicholson (1976, 1978a)

Ohmura and Muller
(1976, 1977)

Rouse (1975)

Rydén (1978)

Microclimate and Energy Balance

Queen Elizabeth Island,

Canada

Tununuk, Canada

Devon Island, Canada

Tuktoyaktuk, Canada

Barrow and Fairbanks, Alaska

Tuktoyaktuk, Canada

Norman Wells, Canada

Atkasook, Alaska

Niwot Ridge, Colorado

Fairbanks, Alaska

Gary Island, Canada

Barrow, Alaska

Schefferville, Canada

Axel Heiberg lsland, Canada

Hudson Bay Lowlands,

Canada

Abisko, Sweden

Microenvironment, energy and water regimes of both natural
and disturbed surfaces of two plant communities were deter-
mined.

Energy budgets over disturbed and undisturbed terrain and their
relation to the Muskeg Research Institute terrain disturbance
classification system are evaluated.

The descriptive microclimatology and an evaluation of the
energy inputs are given based on data from 12 sites on the
Truelove Lowlands and adjacent plateau.

Methods to evaluate the energy budgets were developed and
data are given for different levels of disturbance.

Field measurements of soil moisture, pressure and temperature
were made and seasonal patterns of soil moisture regime are
discussed.

I nergy components for undisturbed upland tundra and disturb-
ed areas including winter roads, oil spills, fires and revegetated
sites are analyzed.

The influence of local forest cover and seismic line on energy
exchange and depth of thaw are evaluated.

Air, surface and soil temperatures in tussocks, between
tussocks, and in a pond were monitored for summer 1975 and
multiple regression analyses performed to obtain relationships
among temperature parameters,

The surface energy balance of alpine tundra is determined and
an empirical formula for evapotranspiration is derived.

Summer soill moisture and temperature data under different
vegetation were obtained and a conceptual model of drainage,
vegetation cover, and thermal regime proposed.

Regression equations for influence of snow depth on ground
temperature at 90 cm are estimated based on 1968-1973 data
base; snow cover is probably a major determinant in permafrost
depth.

Monthly and annual averages of incoming shortwave radiation,
albedo, incoming longwave radiation and net total radiation are
reported and analyzed for the period 1962-1966.

Vegetation can be removed and snow accurmnulated by fences
to modify ground thermal conditions; heat flux computations
are given based on 5.5- and 16.5-m depths.

Heat balance of tundra is given with emphasis on snow melt
and active layer developments.

Present analyses of mid-summer radiation balance for a shallow
tundra lake, wet ridge tundra, natural spruce-lichen woodland,
freshly burned woodland, upland lichen heath, and 25-year-old
burn.

Water balance and energy exchange for a tundra mire are
presented and results compared with Barrow, Alaska, and
several ather sites.



Reference

Location
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Skartveit ef al. (1975)

Smith (1975)

Weller and Holmgren (1974)

Abbey et al. (1978)

Arnold (1978)

Atwater and Pandolfo (1975)

Goodrich (1978)

Goodwin (1976)

Goodwin and Qutcalt (1974)

Goodwin and Qutcalt (1975)

Guymon and Luthin (1974)

Lord et al. (1974)

Lunardini (1978)

McGaw et al. (1978)

McRoberts (1975}

Microclimate and Energy Balance (cont'd)

Fennoscandia

Canada

Barrow, Alaska

Energy flow, microclimatic and climatic components at three
arctic and subarctic sites are summarized.

Significant differences in thermal regime exist under various
vegetation types; mean annual ground temperature decreases
with increasing vegetation.

The microclimate is described and daily heat components com-
puted and summarized by periods throughout the year.

Modeling

Excludes pipeline and other construction-related modeling.

Tuktoyaktuk, Carnada

Non-site-specific

Barrow, Alaska

Non-site-specific

Barrow, Alaska

Canada

Barrow, Alaska

Non-site-specific

‘Barrow, Alaska

Non-site-specific

Barrow, Alaska

Non-site-specific

Two index models for predicting ground heat flux during the
thawing period are presented and verified, one is based on
cumulative heat radiation and the other on cumulative air
temperatures.

A model is described for estimating ground surface
temperatures based on relative humidity and point
temperature.

The relative magnitude of thermal modification and moisture
changes due to towns in tundra are simulated.

Non-linear effects associated with temperature-dependent soil
thermal conductivity and soil latent heat can significantly af-
fect the snow-ground temperature interaction.

Summer soil temperatures on several microrelief elements were
obtained and the sensitivity of diurnal near-surface thermal
regimes to spatial variability in surface conditions is explored
through development and use of models of the surface energy
balance.

The effect of arganic layer removal and drying of the soil sur-
face upon active layer thicknes is simulated; wetness is more
sensitive than peat removal in the model.

A digital computer model simulates the annual evolution of the
thermal regime in the snow cover and active layer.

A one-dimensional coupled heat and moisture transport is
developed.

Interactions of thaw lakes and surrounding tundra are
simulated by one- and three-dimensional models.

A theoretical equation for N-factor as a function of air index,
seasonal surface heat transfer exclusive of convection, surface
coefficient of convection, and soil thermal properties is
developed.,

Precise soil temperatures and measured thermal conductivity
data for wet organic-rich soils are combined to calculate sum-
mer heat fluxes to a depth of 1 m,

Thawing under the natural active layer occurs according to the
equation X = o/t (X = depth of thaw, t is time, and a is a cons-
tant expressed as cm/s ).
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Miller {(1975)

Ng and Miller (1975)

Ng and Miller (1977)

Qutcalt et al. (1975)

Qutcalt and Brown (1977)

Qutcalt and Carlson (1975)

Sheppard, et al. (1978)

Smith (1977)

Non-site-specific

Barrow, Alaska

Barrow, Alaska

Barrow, Alaska

Fairbanks, Alaska

Non-site-specific

Non-site-specific

Eureka, Canada

Modeling (cont'd)

A surface heat balance simulator is described which can be
used to predict permafrost temperatures due to disturbance
and to permafrost protective schemes,

Model structure and initial validation of a tundra canopy soil
ternperature-thaw model are presented.

Calculated air and soil temperature agree within 1°C of
measured profiles and thaw is generally predicted within 1 c¢m
for an improved canopy-soil temperature model,

Snow ripening, melt, and accumulation and active layer
temperatures are simulated in conjunction with a snow fence
modification experiment.

The thermal modifications of forest clearing, snow removal and
accumulation and pavements are simulated.

A simple surface climate simulator is described which can be
used to simulate the surface .energy budget and soil thermal
evolution.

Verification of coupled flow model using detailed laboratory
and field experiments.

A model which simulates microclimatic and ground thermal
regimes is evaluated using field data for a dry and wet site, and
the computer program and user's manual are presented.
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GEOPHYSICS IN THE STUDY OF PERMAFROST

W.J. Scott!, P.V. Sellmann? and J.A. Hunter!

Review Paper: Third International Conference
on Permafrost, Edmonton, July 1978

L. INTRODUCTION

A. Scope

In this review of permafrost geophysical
techniques emphasis is placed on methods that
penetrate into the earth to depths great enough to
provide information on permafrost properties or
distribution.  The emphasis is also on the North
American literature and experience, because of the
origin of the authors. A brief summary of current
Soviet experience has been  prepared by
Akimov et. al., (1979). The review covers the period
since the Second International Conference held in the
Soviet Union in 1973, although in a few cases the
period was extended to establish historial perspective,
The discussion includes investigations made on land
and off shore, based on surface and airborne
observations.

The reason for interest in geophysical
exploration techniques in permafrost regions is
obvious. As northern regions are developed we are
continually reminded of the unpredictable nature of
ground ice and permafrost distribution, the
consequence of inadequate subsurface data, and the
high cost of drilling even at large interhole spacings.

As a result of the need for methods to supple-
ment drilling observations and to provide less
expensive means of rapidly obtaining subsurface data,
geophysical methods have seen increased application in
research and problem-solving studies in permafrost
regions. This has included studies associated with the
large pipeline programs in both Alaska and Canada. A
new emphasis in commercial geophysical equipment
development is also apparent, directed at acquiring
shallow subsurface data to fill the needs of geologists
and engineers.

Two processes are involved in the interpretation
of data from geophysical measurements in permafrost
terrain, The first is the derivation of the geophysical
character of the ground (for example, distribution of
resistivity or velocity values) from the raw data. The
second is the determination of the relationship
between these geophysical properties and the
permafrost conditions which prevail. Some of the
geophysical techniques considered in this paper have
relatively well developed interpretation schemes and
therefore their utility rests on the relationship
between the observed geophysical parameters and the
permafrost properties of interest. Other techniques
are limited by interpretation procedures which are
currently relatively undeveloped.

The application of almost all geophysical
methods to problem-solving in permafrost regions is
linked to the change in the physical properties of earth
material associated with freezing of incorported
water, and formation of varying amounts of
incorporated ice. The degree of change in the physical
properties depends on moisture content, pore size,
pore water chemistry, ground temperature, and
pressure on the material. Some of these variables can
have a significant influence on the properties by
controlling the temperature at which freezing can
occur and the amount of ice associated with a
material. This is true, for example, in marine
sediments where pore water can have a high salt
concentration, and in fine-grained soils such as clay
that can have high unfrozen water contents due to the
interfacial interaction that occurs between the
mineral matrix and water (Anderson and
Morgenstern, 1973). For this reason the parameters
detected by most geophysical methods in permafrost
distribution studies may not correlate exactly with
permafrost distribution as indicated by temperature
alone.

Therefore it is necessary to understand what
properties are being measured during geophysical
investigations in order to anticipate any differences
that may exist between permafrost limits indicated by
the various techniques. Fortunately, in most cases the
significant changes in properties of the earth to which
the various geophysical techniques are sensitive occur
at temperatures only slightly lower than 0°C. The
following section discusses the parameters determined
by the geophysical methods covered in this review, and
their dependence on freezing of incorporated water.

B. Relevant Geophysical Parameters

Observations made by electrical and electro-
magnetic techniques at excitation frequencies below
100 kHz are sensitive primarily to the resistivity of
materials. Figure !, based on Hoekstra and McNeill
(1973) and Olhoeft (1978) shows the variation in
resistivity with temperature for some materials and
illustrates the general increase in resistivity that
normally occurs with freezing. The techniques that
operate at frequencies above 100 kHz are infiluenced
by both resistivity and relative permittivity (dielectric
constant) {(Katsube et al., 1976). High-frequency
laboratory measurements made by Annan and Davis
(1978) illustrate the dependence of relative
permittivity on temperature for a clay soil (Figure 2).
Additional data showing changes in relative
permittivity and loss tangent with freezing of the

'Resource Geophysics and Geochemistry Division, Geological Survey of Canada, Ottawa, Ontario.

2U.S. Army Cold Regjons Research and Engineering Laboratory, Hanover, N.H.



ground are available from studies reported on in the
proceedings of
Rossiter et al., (1978). Their data, obtained from field

this conference
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measurements, show a noticeable decrease in loss
tangent and relative permittivity with seasonal
freezing of the active layer.
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Figure 1. Variations in resistivity with temperature

for some material types. (a) after Hoekstra and
MeNeill (1973), and (b) after Olhoeft (1978).
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The seismo-acoustic techniques all rely on
changes in the compressional and shear wave velocities
of rocks and soils which normally occur with freezing.
These changes can be as dramatic as those that occur
in the electrical properties of most earth materials.
This change in velocity with freezing is discussed by
Pandit and King (1978), whose measurements were
made at acoustic frequencies on rocks with varying
pore-water salinity. Figure 3, which shows changes in
velocity with temperature for several material types,
is based on the studies done by Aptikaev (1964).
Studies of compressional wave velocities conducted by
Stevens (1973) and others indicate compressional
velocities of around 3100 m/s for silt-sized material at
around -4.0°C. The velocities were similar to field
measurements obtained by Hunter (1973a) for ice
wedges in permafrost at the same temperature. On
the basis of these studies Stevens concluded that
detection of massive ice in material of this type was
not possible because of lack of velocity contrasts.
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Figure 2. Dependence of relative permittivity

(dielectric constant) on temperature, based on high-
frequency measurements made by Annan and Davis
(1978).
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In general, then, resistivity and velocity increase
and relative permittivity and loss tangent decrease as
temperature decreases through 0°C. It is important to
note that these temperature-dependent changes are
the result of the formation of ice in the material under
study, and thus need not occur exactly at 0°C. 1If the
pore water is saline, for example, ice may not form
until the temperature drops significantly below zero.
Thus the position of a freezing front determined by
geophysical techniques may diifer con-
siderably from the position of the 0°C
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approaching that of ice, with the reduction continuing
during freezing until water is no longer available or
the freezing rate is no longer appropriate. Coarse-
grained materials undergo little density change
through ice lens formation but can contain ice masses
formed by other mechanisms such as ice wedge
development. The density and ice content of earth
materials have been examined by radiometric
techniques. Density has also been used as the critical
parameter in determining distribution of large ground
ice features by gravity techniques.

Most geophysical techniques used in permafrost
studies respond to changes in acoustic velocity,
electrical resistivity, relative permittivity, loss
tangent and density or to changes in combinations of
these parameters. Interpretation of the results
obtained from the geophysical measurements yields
only values and distribution of values of these
parameters. An additional step is required to
correlate the interpreted parameter values with
permafrost conditions.

C. Problems Amenable to Solution by Geophysical
Techniques

To help structure this paper and to provide an
indication of the many geophysical systems and their
unique characteristics, two tables were prepared. The
first introduces the techniques and associated
methods. The techniques are grouped in four general
classes: electrical, electromagnetic, seismo-acoustic
and miscellaneous. Methods in the first two classes
are referred to the frequency range of the excitation
used in the measurement (Table I). The methods listed
under these techniques are all treated independently in
the followingdiscussion. This is done with the aid of
Table 11, which indicates how the varous geophysical
techniques have been applied to problem solving in
permafrost regions. This table includes all the
geophysical techniques and specific methods that have
recently been utilized in permafrost studies in North
America. Characteristics of the methods covered
include the energy or excitation source and its
frequency. A general discussion of the type of
equipment used includes a description, its stage of

isotherm. (Kurfurst et al., 1974). Table I. Geophysical Techniques and Associated Methods.
In addition to the initial change in the
parameters caused by ice formation, the
progressive change in properties with Frequency (Hz) M 100 G
decreasing temperature can be related to e 2 190 'xk [0k__10Dk M lom__loou i
the amount of unfrozen water that can _[_’EIP__' Electrical and Electromagnetic
remain in some materials 5p Radio Wave
(Tice et al., 1978). The illustration from ) MT _VLF, LF  AM-BGB
Anderson and Morgenstern (1973} (Figure &) i o R
helps to indicate the large quantity of e EM Sounding o Radar —f
unfrozen water that can occur at tempera- Lab
tures as low as -5.0°C in some material. e ~
+— —t— —
_ ‘The density of earth materials is an - Seismo-Acoustic '
additional parameter to which some geo- Seismic Acoustic
physical techniques are linked. The density e T e
of some soils can be greatly reduced when P
they are subjected to freezing. This degree —— —— -—
of change can vary with soil grain size, Miscallianeous
availability of water, and freezing history, )
the same parameters that influence the Thermal Logging Gravity
frost heaving characteristics of a soil. Ice Magnetic Rodiometric

lenses forming in fine-grained soils (silt and
clay) can reduce the soil density to a value




Table II Geophysical Techniques and their application to problem solving in permafrost regions.
APPLICATICONS
PERMAFROST DISTRIBUTION PROPERTIES
Ground ice
Technique Method Excitation Freq. Example Deployment Horizontal Vertical L. Pore 2. Lens 3. Massive  Material Type  Section
"DC! Galvanic DC-[5hz Cemmercial and Surface  Wide application  Wide application Some application (2&3) Some application A
Resistivity {electrodes) research equip- {Jand)

ment with
electrodes
commonly placed
in Wenner,
Schlumberger
or ather array

- Surface  Limited application Limited application unknown unknown LA

f (water}

E Borehole Some application Seme application Some application Some application LA

&

e} - -

d SP Electro- DC Commercial Surface  Limited application Not applicable unknowrt Limited application I.B
chemical equipment {land) {metallic sulphides)
differences

Borehole  Not applicable Some application unknown unknown I.B
{dynamic freezing
fronts)
P Galvanic DC-15Hz Commercial Surface Limited application Limited application unknown Some application I.C
(electrodes) equipment {land) {especially
metallic sulphides)
MT Natural Long period Surface Limited application Limited application Not applicable Not applicable HLA
Fields~ <iHz MT {thick permafrost) {thick permafrost)
Solar Commercial and
Storm research equip.
Matural
E Atmospheric Short-period Limited application Limited application unknown urknown HL A
= Discharge >1Hz AMT
g research equip.
I MT Remote Radiowave
N, Transmitter methods
= Artificial
5]
= Naval VLF Surface Surface Some application Limited application Limited application Some application IL.B
3-30 kHz impedance {especially thick
{radiohem) permafrost}
wave tilt Ajrborne Limited application Limited application  Not applicable Some application LB

{large features) {large thicknesses)

(large features)




Technique Method Excitation Freq. Example Deployment Horizontal Vertical 1. Pore 2. Lens 3. Massive Material Type  Section
Adrcrafe Surface Surface Some application  Limited application Limited application Some application HLB
T Navigation LF impedance
Aid 206-400 kHz  {radichm)
) Wave tilt Alrborne Limited application Not applicable Not applicable Limited application 1IL.B
{large features)
AM AM-BCB Wave tilt Airborne Limtied application -Not applicable Not applicable Limited application 11L.B
Broadcast 500-3000 kHz
. transmitters
=
= o -
"‘ZJ Inductive  Inductive 4GHz-45kHz  Coils on Surface Wide application Some application Limited application Some application .C
&) sounding rigid boom {especially thin {thin permatrost)
"2: and pro- permafrost)
i filing
o]
?_‘
& Helicopter EM  Airborne Limited application Limited application Not applicable Some application 1iL.C
= {large features) {thin permafrost} {metallic sulphides}
- Large Coils Surface Limited application Some application Not applicable Limited application 1I.C
variable {thick permafrost)
spacing and
frequency
Small Coils Surface Some application  Some application Limited application (3}  Some application HLC
variable {including metallic
spacing sulphides)
Induction Borehole Not applicable Some application unknown Some application NnL.C
Logging
Radar Local I MiHz- Commercial and Surface Limited application Some application Some application Limited application LD
transmitter 100 mHz research equip-  {land) {limited by fine-grained materials) {inference from
{antenna} ment (Impulse] structure)
Surface Wide application for ice-thicknesses HLD
lice) studies
1 MHz- Altimexer Surface Wide application for glacier ice LD
1000 MHz and radio and studies
echo airborne
sounder
TDR Transmission | MHz- Commercially Surface Not applicable Some application Limited application (1 %2) Not applicable IILE
line 1000 MHz available {cable {active layer {freezing front
tester) studies) studies)
Radio-Freqg. Local 1-32 MHz Research Surface Not applicable Unknown MNot applicable Not applicable liL.F
Interfero- transmitter equipment {probably not
metry applicable)

L6



Technique  Method Excitation Freq. Example Deployment  Horizontal Vertical 1. Pore 2. Lens 3. Massive Material Type  Section

6

Explosives Single ended Surface Wide application Wide application Some application Wide application IV.A
and reverse {land & (top of permafrost)
multichannel water)
array-single
detector
moving
source array
Vibrator Surface " " " " n
{land &
water)
B
5 Weight i: Surface
= = drop S {land) 1" " " " n
= 5 o
& o A
= o~ Gas Surface
Exploder {land & " " " " "
water)
Air Gun Surface
(land & ar " L13 1 1"
water)
Sparker Surface "« " " " "
{water)
Explosives Split Surface Some application  Some application Limited application {(3)  Seme application v.B
Spread {land & {feature size equal (with velocity
shooting water) array length) stocking)
Vibrator Single Surface
ended array {land &
& 8 water}
o , o
Z Weight Q Common Surface
mu drop A depth point
Gas Surface
Exploder {land &
water}
Alr Gun Surface
{water)




Technique Method Excitation Freq. Example Deployment Horizontal Vertical 1. Pore 2. Lens 3. Massive waterial Type  Section
Borehole Explosives Crystal cable Borehole Not applicable Wide application Some application Wide application W.D—}
{multi-channel {142}
hydrophone
N array)
T
Vibrator s
u
&
Weight Three
Drop component
wall lock
geophone
U (single & multi-
e channel array)
'._12
o Alr Gun
Surface Explosives Rayleigh Surface Limited application Some application Not applicable Limited application v.F
Wave N Wave (land) {top of permafrost) {with refraction)
Vibrator 8
w
A
Weight
Drop
Ajr Gun
Reflection Both single Surface Some application  Some application Not applicable Limited application v.C
Air Gun and multi- {water) {shallow perma- (top of permafrost)
channel frost)
detector
U arrays
=
4 Sparker Surface
s} 2 {water}
Q E
Yarious el Surface
electro- A {water)
mech
devices
{Boomer}
Transducers Surface
{land &
water}
Borehole Transducers Single Not applicable Limited application Net applicable Not applicable IV.E
10-100 kHz source- forehole {incased holes,
muiti to find base of

detector array

permafrost}

66



Material Type  Section

L. Pore 2. Lens 3. Massive

Yertical

Freq. Example Deployment Horizontal

Method Excitation

Technique

Not applicable

{except for
prospecting in

permafrost
region)

Limited application {2&3) Not applicable

{total excess jgeonly)
Limited application
{3, when contrast

exists)

Not applicable
Not applicable

Not applicable
Not applicable

Surface
Surface

Gravity
profiling
Magnetometer
profiling

N/A
N/A

Gravitational

Matural
Fields
Natural
Magnetic
Fields

Gravity
Magnetic

Not applicable

Wide application Not applicable

Wide application

Surface
{land &
water)

MNiA Thermal

Natural
ground
termnp.

Thermal

profiling
fvertical)

Logging

Borehote

v.C

Some application

Some application {2&3)

Not applicable

Not applicable

Density Borehole

N/A

Gamma

Radio-
metric

Logging

Radiation

v.C

Some application

Some application (243}

Not applicable

Porosity Barehole Not applicable

N/A

Neutron

SNOINY TIIDSIW
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development, and terms or trade names commonly
used for identification. Discussion indicates the
applicability of existing equipment for ground or
airborne studies, and more specifically for land,
marine or borehole investigations.

Permafrost problems amenable to solution by
geophysical means fall into two major groups: defining
distribution and determining properties. The problem
of defining permafrost distribution is subdivided into
definition of horizontal limits (mapping) and vertical
limits (sounding). Mapping of the horizontal fimits of
permafrost is, for many engineering projects, most
critical in the southern, more discontinuous permafrost
zone (Brown, 1967), because of the frequent transitions
from frozen to thawed materials. In such cases thawed
material surrounds local frozon zones. In contrast, in
the more continuous zone, permafrost mapping
problems are related to determining the shape and the
size of taliks.

The study of vertical limits or distribution of
permafrost involves determining its upper and lower
boundaries, as well as the position of thaw zones
within the permafrost section. The great variation in
permafrost thickness from several meters at its
southern boundary to several hundred meters in the far
north (Brown 1970) imposes a wide variety of
equipment requirements. The various methods all have
characteristic effective depths of penetration, with
some methods  suited only for  qualitative
determination of one of the vertical limits.

Interpretation of most of the data acquired by
the methods to be discussed is based on simple models.
The model for horizontal distribution of permafrost
(Figure 5a) assumes lateral variation in temperature
from values above 0°C to values below Q°C. In
geophysical terms this model has high relative
permittivity, high loss tangent, low resistivity, low
velocity and normal density in the region with
temperatures above 0°C, and low relative
permittivity, low loss tangent, high resistivity, high
velocity and slightly lower density in the region with
temperatures below 0°C. The contact between frozen
and unfrozen zones is considered to be well defined by
relatively sharp changes in the electrical properties.

Thawad
zone Permafrost
Surface
T =0°C <0°C
Kur
tan dHF} Large Small
Z } Small Large

Figure 5a. Simple Model for Horizontal permafrost
distribution.

The model for vertical permafrost distribution
(Figure 5b) assumes a situation in which geophysical
properties depend only on depth and are laterally
invariant. The sitmplest model assumes two
homogeneous layers: a frozen layer representing
permafrost, and an underlying unfrozen layer. In the
unirozen layer relative permittivity and loss tangent
are high, resistivity and velocity are low. In the



frozen layer relative permittivity and loss tangent are
comparitively low and resistivity and velocity are high.
If the model is for summer conditions, it is necessary
to add an upper unfrozen layer.

T Ky, tan dye ¢, V Surfacae
{summer}
Active
layer >0°C Large Small
Permafrost <0°C Small Large
Thawed o
zone >0°C Large Small

Figure 3b. Simple Model for Vertical permafrost
distribution.

The most common and successful application of
permafrost geophysics has been for permafrost
distribution studies. Some of the earliest permaifrost
geophysics efforts in Alaska were directed toward
providing information on the horizontal extent of
permafrost. Limits of permafrost were determined by
resistivity methods in early studies by Joesting (194])
and Barnes and McCarthy (1964). The latter study
employed shallow seismic refraction, and
DC resistivity. Past work and more recent investiga-
tions supported with new equipment and procedures
continue to demonstrate that data can be acquired on
permafrost limits in geological settings where
adequate geophysical contrast exists between the
frozen and thawed materials (Arcone et al., 1978;
Hoekstra et al., 1975; Seguin, 1978; Scott and
Hunter, 1977; Annan and Davis 19783
Rennie et al., 1978, Rogers and Morack, 1978).

Geophysical studies in permafrost regions have
been directed more recently to characterising
permafrost properties. The properties amenable to
geophysical determination are ice content and
material type. The property unique to permafrost and
to which most practical problems can be related is
ground ice content. For this reason part of the
applications section of Table II is devoted to ground
ice. The ground ice types have been grouped into
three classes for comment: pore ice, lens ice, and
large massive ice features. This is a simplified
grouping compared to the classification schemes
discussed by Péwé (1963). These classes were selected
because they can have distinctly different physical
propertics to which some of the methods can be
sensitive.

Pore ice occurs in the natural voids in earth
materials. The volume may vary from saturation of
the voids to films of ice on void surfaces or grain
contact points. Formation of pore ice is primarily
responsible for initial changes in propertics of most
material types.

Ice lenses are small ice masses that form when
water moves to a freezing front. This process forms
lenticular ice (excess ice) which upon melting results
in moisture contents in excess of saturation and void
ratios in frozen soils that commonly exceed unity.
These features are unique to materials that are fine
grained such as silts and clays. An arbitrary limit of
several centimeters in thickness was selected for the
upper size of the lenses in this category, with all
larger lenses placed in the massive ice class.

The massive ice class is extremely general and
includes all large ice masses found incorporated in
perennially frozen, usually ice-rich materials. The ice
features include pingo ice, wedge ice, large lenses and
ice layers and bands.

Acquiring information on ground ice continues to
be a significant challenge even though adequate
geophysical contrast exists between ice and some
material types. The best opportunity for success
exists in geological settings where subsurface
conditions are very homogeneous and variation in
geophysical parameters can be related to a single
variable such as changing ice volume. Even under
these ideal conditions the results can be adversely
influenced by such variables as ground temperature
and material type (Arcone et al., 1979). In some
materials low ground temperatures reduce the
unfrozen water content of the sediment to the point
where contrast in physical properties of frozen ice-
rich sediment and massive ground ice is significantly
reduced.

Several recent investigations based on
observations made with electromagnetic and gravity
techniques have illustrated that under some ground
conditions data can be acquired on distribution of
ground ice masses {Delaney et al., 1977; Kovacs and
Morey, 1979; Bertram et al., 1972; Arcone et al., 1978,
Arcone et al., 1979; Osterkamp and Jurick, 1979;
Rampton and Walcott, 1974, Hunter et al., 1975, Scott
and Hunter, 1977). In most of the cases cited the
investigations provided information on the large
ground ice masses such as wedges and lenses.
Obviously the detection and characterization of
permafrost are dependent in most geological situations
on the contrasts between ice-free ground and ground
containing ice. Until recently few attempts to
characterize ground ice distribution were made or
were even possible because of the limited capability of
most techniques to resolve local variability in ground
conditions, and small contrasts between some ground
ice types and adjacent material.

Table II also indicates which methods have been
used to provide information on subsurface material
types. Natural variations in the properties of earth
materials can significantly influence the parameters to
which geophysical methods respond. Aspects such as
grain size of sediments, distinction between sediment
and rock, and presence of metallic minerals can be
determined. Many geophysical methods have
historically been used in nonpermafrost settings to
determine differences in  material types and
properties. For example, well established relationships
exist for resistivity as a function of grain size of
material (Jackson et al, 1978). Many of these
relationships still apply even in permafrost regions
where a general increase in values is associated with
incorporated ice (Sellmann et al., 1977).

II: ELECTRICAL TECHNIQUES
A. DC Resistivity Method

The DC resistivity method is one of the most
commonly used for permafrost studies. It involves
passing current through the ground between electrodes
and measuring the resulting potential distribution
through other electrodes. The exciting current
commonly is either DC or at an extremely low
frequency, 15hz or less, and the penetration depth



controlled by electrode geometry. Since the method
has been in use for more than 50 years techniques for
interpretation are well developed, particularly for
layered models. Recent advances in applying inversion
techniques to the interpretation of DC resistivity data
(Inman, 1975; Pelton et al., 1978); Rijo et al., 1977;
Zohdy, 1975) allow the determination of both lateral
and vertical variation of resistivity together with some
estimate of the reliability of the interpretation. Since
penetration is a function of the size of the exciting
array, increased penetration causes a loss in lateral
resolution. If the vertical resistivity distribution
contains large contrasts in resistivity, the sounding
technique may not be able to resolve small thicknesses
of highly resistive permafrost (Scott and
Mackay, 1977)., In general, however, the resistivity
technique on land has proven exiremely useful for
studying both horizontal and vertical distribution of
permafrost and has gained wide acceptance.
(Wyder et al., 1973; Scott and Hunter, 1977; Ghosh and
Halloff, 1974; Cooper, 1974; Seguin, 1977 and 1978;
Haeberli, 1978).

Estimating the concentration of ground ice in a
permafrost section by correlation with the interpreted
resistivity distribution is not always simple. In {fine
grained sediments small variations of temperature can
produce large variations in resistivity which could be
mistaken for variations in pore ice content.
(Olhoeft, 1975; Hoekstra et al., 1974, Seguin, 1978).
However, as the concentration of ice increases and as
ice occurs more in lenses and in massive form, a
combination of interpreted resistivity and geometry
becomes .increasingly useful. With experience in a
given area, one can identify the type of material
present in a permafrost section with some reliability.
(Hoekstra et al., 1975).

In recent years attempts have been made to
employ the DC resistivity method in shallow watets
having low salinity for mapping the distribution of sub-
bottom  permafrost  (Scott, 1975a; Scott  and
Hunter, 1977). While present experience is extremely
limited the concept shows considerable promise both
for mapping permafrost distribution and possibly for
determining the ice content and material type within
sub-bottom permafrost regions.

DC resistivity measurements have been made in
boreholes to locate interfaces between frozen and
thawed zones in complicated permaifrost conditions.
Such measurements have been used along with other
geophysical data to assist iron-ore mining operations in
permafrost regions. (Seguin, 1978).

Since there is in general a large contrast in
resistivity between frozen and unfrozen material of
the same type, and since DC resistivity methods can
be readily interpreted to yield subsurface resistivity
distributions, the DC resistivity method continues to
be used to study a number of permafrost problems.
The major disadvantage of DC resistivity techniques is
the slow rate at which data are taken. Each
measurement requires ground contact at a minimum of
four points, and as a result the time required for a
large survey is great. With the development of non-
contact methods for resistivity measurement, the DC
technique is receiving less emphasis, but it will likely
continue to provide a useful approach for solving some
permafrost problems.
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B. Spontaneous Polarization Methods

The Spontaneous Polarization, self potential or
5P method involves the determination of the regional
static potential distribution which arises because of
electrochemical differences in the subsurface. The SP
method is well known in mineral prospecting and
consequently commercial equipment is readily
available (Telford et al., 1976). The SP method has,

however, not been widely applied in permafrost
studies.
In laboratory studies significant potential

differences have been observed across the interface
between ice and water during freezing., The observed
potential differences are a function of the rate of
freezing and of the ionic content of the water
(Petera, 1973;  Yarkin, 1973). Large potential
differences have also been observed in the field across
+the interface between frozen and thawed portions of
the active layer (Mackay, 1978) and in drill holes
across frozen zones in discontinuous permafrost
(Seguin, 1977),

Since the magnitude of the freezing potential
depends on movement of the freezing front it is
unlikely that the SP technique will be wuseful in
mapping the horizontal distribution of permafrost
when that distribution is stable. However, in
situations where permafrost is aggrading or where an
active layer is freezing the method shows some
promise of yielding an indication of the rate at which

freezing is progressing. Since interpretation
techniques  for SP methods are not well
developed even in  non-permafrost applications,

(Telford et al., 1976, p. 468) it appears unlikely that 3P
methods will be useful in determining the properties of
permafrost sections, except where measurements are
made in boreholes.

C. Induced Polarization (IP) Methods

The Induced Polarization method is a special
case of the DC resistivity method in which the
measurement of resistivity is extended to include
determination of the Jow-frequency relative
permittivity of the earth. Significant values of
relative permittivity arise from the perturbation of
electrical polarization on the surface of particles when
current is applied to the ground. The IP technique is
commonly used for prospecting for metallic sulphides,
which exhibit strong surface polarization
(Telford et al., p. 702 et seq). In the absence of
sulphides, the degree of polarization of frozen ground
varies  with  temperature and ice  content
(Olhoett, 1975). Field measurements have proven the
utility of the technique for permafrost studies but it is
still not widely used in North America, although it has
been employed in the USSR (Melnikov and
Snegirev, 1973).

D. Summary

Among the electrical techniques DC resistivity
has achieved widespread acceptance for use in studies
of permafrost distribution and analysis of properties in
the permafrost section. Other methods such as SP and
IP may have relevance to particular problems but have
not achieved widespread acceptance in permafrost
work in North America.




Il: ELECTROMAGNETIC TECHNIQUES
A. Natural Field Magnetotelluric Methods

Magnetotelluric (MT) methods utilise naturally
occuring electromagnetic fields within the earth. The
long period, low frequency part of these fields is
caused by the interaction of solar storms with the
earth's magnetic field while the short period, high
frequency part is caused by atmospheric discharge of
electricity. In both cases the fields in the earth are

horizontally-polarized  plane = waves  propagating
vertically downwards.
In the MT method, observation depth or

penetration is a function of the frequency of the signal
being measured. Use of the MT method involves
measuring both the electric field and the orthogonal
magnetic field at or near the surface. From the ratio
of these two quantities an apparent resistivity can be
calculated. Measurement at many frequencies
provides information on the variation of resistivity
with depth. Inversion techniques for interpretation of
MT data are nearly as well developed as for DC
resistivity (Nabetani and Rankin, 1969; Rankin et al.,
1974). Some success has been achieved with short
period MT (audiofrequency MT or AMT) in measuring
both the thickness and the horizontal distribution of
permafrost (Koziar and Strangway, 1975 and 1978;
Rossiter et al., [978). The interpretation of the
presence of ground ice or of material type appears to
be beyond the limits of accuracy of the technique.
The MT method has an advantage over DC resistivity
in determining the thickness of very thick permafrost
sections since the exicting field occurs naturally and
consequently does not require elaborate high-powered
generators for its utilization. Natural field MT has
not, however, achieved great acceptance in the study
of permafrost conditions.

B. Artificial
Methods

Field Magnetotelluric (Radiowave)

Artificial field MT or radiowave methods are
similar to natural field MT methods with the exception
that the electrical and magnetic fields being used are
generated by transmitters at distances of several wave
lengths or more for the study area (Collett and
Becker, 1967). Measurements are made in the
VLF (3-30 kHz), LF (200-400 kHz) and AM broadcast
(500-1500 kHz) frequency ranges. Observation depth
or penetration is a function of frequency (Figure 6) and
is generally limited by the high frequency of the
signals utilized, although this limitation is less
significant in high-resistivity permafrost.
Commercially available equipment can be utilized to
measure surface impedence at VLF and LF and thus to
determine resistivity in the same manner as for
natural field magnetotelluric methods. Radiowave
methods have not been used in a marine environment
because of the shielding effect of conductive

seawater. Commercially available equipment can be
used to obtain resistivity by measurement of wave tilt.

Radiowave techniques have been used
with considerable success to map Jateral
variations in surface impedance and
consequently to determine horizontal distribution
of permafrost (Hoekstra and McNeill, 1973;

Hoekstra et al., 1977; Scott and  Hunter, 1977;
Arcone et al., 1978, Sellmann et al., 1977).  Making
measurements at several frequencies in the available
range permits the determination of vertical variation
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of resistivity and consequently of permafrost
distribution.  Measurements at VLF can be rmade
virtually anywhere in  North  America, but

measurements at LF and in the broadcast band are
limited by the short range of useful transmitters in
permafrost regions in northern North America
(Sellmann et al., 1974 and 1977, Arcone et al., 1979).

Interpretation techniques for the radiowave
methods are relatively undeveloped, although curves
for interpretation based on a two-layer model are
available (Geonics, 1971) as are suites of model results
(Madden and Vozoif, 1971). Advances have been made
in the interpretation of VLF wave-impedance
measurements in thin permafrost by considering both
the magnitude of the wave impedance and the phase

difference between the electric and magnetic
components of the field (Powell, 1978).
With experience in a given region, some

estimates of the ice content of a permafrost section
can be made on the basis of apparent resistivities,
determined from surface impedance measurements
(Scott and Hunter, 1977; Arcone et al., 1979). With
experience in a given region it is also possible to make
some estimate of material type if there is good
correlations between geological variation and
resistivity (Scott, 1975b).

Radiowave techniques or measurement of
surface impedance have achieved considerable
acceptance in North America because they are simpler
to use than DC resistivity and because the resuits are
useful in studying permafrost. Surface impedance
measurements still require contacts to be made with
the earth. Consequently, although they are faster to
make than conventional DC resistivity, they are not so
fast as the non-contact electromagnetic methods.

Non-contact radiowave measurements (wave tilt)
have been made on an experimental basis on McNeill
and Hoekstra (1973). This approach has been applied in
a routine manner only from the air. Since in an
airborne survey it is difficult to achieve detailed
lateral resolution (Arcone 1977 and 1979), the airborne
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Figure 6. The skin depth of electromagnetic radiation
as a function of frequency at several values of ground
resistivity.



wave tilt or E-phase* technique is most useful to
obtain a generalized picture of resistivity distrubution
and consequently of permairost distribution. The
airborne wave tilt technique is more useful in areas
where permafrost is thicker than 100 metres (Scott
and Hunter, 1978).

C. Inductive Electromagnetic Methods

Inductive Electromagnetic (EM) methods use a
local electromagnetic transmitter to generate a field
which induces eddy currents in the earth. These eddy
currents produce a secondary field which is detected
by an electromagnetic receiver. The eddy current
rmagnitude is related to the conductivity of the earth.
EM sounding techniques can increase penetration
either by increasing the separation of the transmitter
and reciever or more commonly by decreasing the
frequency of excitation and keeping the spacing of
transmitter and reciever fixed. Equipment is
commercially available to perform soundings by either
apptoach.

Experience in Alaska and in northern Canada has
shown that variable frequency sounding can give
reasonable estimates of permafrost thickness in areas
where the thickness is of the orders of the 100 metres
or larger (Daniels et al., 1976; Ghosh & Hallof, 1974).
Rigorous interpretation techniques for eclectro-
magnetic sounding are at the present time limited to
simple layered situations in which the number of layers

is  small. The wuse of variable {requency
electromagnetic soundings to study complex perma-
frost sections is still very difficult. Since the

technique can give estimates of the resistivity of
various layers these cstimates can be correlated with
ice content In a known soil type,

Small portable EM units have been built with
fixed spacings betwecn transmitter and reciever coils
(McNeill, 1976; Delaney et al., 1977; Henderson and
Hoekstra, 1977; Rennie and Henderson, 1979). The
operating frequencies of these instruments are chosen
low enough that, for all resistivities within the range
of calibration, penetration is limited by the
transmitter-reciever spacing rather than by skin depth
effects.  These instruments have been used with
considerable success to determine near-surface lateral
distribution of electrical resistivity and consequently
to map the horizontal distribution of permairost.
Within a known soil type in a known geological setting
the results of such surveys can also be used to infer ice
content and massive ice distribution and, to a limited
extent, to estimate the thickness in areas where it is
comparable to the penetration of the system
(Hoekstra, 1978). Measurements at a number of
transmitter-reciever spacings can give a good estimate
of the  vertical distribution of  permafrost
(Sellmann et al.,, 1979). As a result of the success
experienced with this method in studies in Alaska and
northern  Canada, the method has achieved
considerable acceptance in North America for mapping
the distribution of shallow permairost in the
discontinuous zone.

An electromagnetic induction systern carried by
a helicopter has been used to map permafrost
distribution in the discontinuous 7zone in the Mackenzie
Valley, N.W.T. (fraser, 1978). The technique proved
useful for identifying large permalrost features and
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for determining material types on a large scale. The
resolution limits inherent in an airborne system
prevented mapping permafrost distribution in the same
detail that can be achieved by ground measurements.
Such systems are, however, frequently used to
prospect for metallic sulphides in permafrost regions.

Induction techniques are commonly used to log
wells drilled for petroleum exploration or production in
permafrost regions (Hnatiuk and Randall, 1977). The
estimated resistivities are used in combination with

other geophysical parameters to determine the
position of the base of permafrost intersected in the
particular hole. Interpretation techniques for

induction logging are well developed, and consequently
the resistivities so determined can be used with some
confidence.

. In the last five years electrornagnetic sounding
and profiling methods have gained considerable
popularity in North America in mapping permafrost
distribution because they are self-contained and do not
rely as signals from distant transmitters. A growing
acceptance of electromagnetic techniques is probably
the most significant development in  permafrost
geophysics in North America since the last permafrost
conference in Yakutsk.

D. Radar Methods

Radar methods use local antennas to radiate
signals and to receive echos or returns from reflecting
interfaces. The frequency range for ground-probing
radar  technigues is  from I Megahertz  to
1000 Megahertz. Penectration is limited primarily by
attenuation of the radar signal by the material
penetrated. Attenuation is highest in low-resistivity
materials, and particularly in fine-grained sediments
such as clays and silts. Even when frozen, clays and
silts tend to have high attenuation (Davis et al., 1976).

Ground-probing radar systems utilise wideband
antennas and impulse signals. Sometimes narrow band
antennas radiating pulsed, single frequency signals are
used (Annan and Davis, 1977a),

Commercially available impulse radars have been
used on land with considerable success
(Scott et al., 1974; Annan and Davis, 1978; Kovacs and
Morey, 1979). They can be used in coarse-grained
sediments at depths up to 30 meters to study
permafrost distribution and structure within the
permafrost section. Unterberger (1978) has described
a non-commercial systemn for which considerably
greater penetration is claimed. Determining the
presence ol ground ice in a permafrost section by
measuring high frequency electrical properties alone is
difficult. Therc is only a slight difference between the
relative permittivities of pure ice and well-frozen
clean sand with some excess ice. However the high
receiver sensitivity, and spatial resolution of radar
techniques permit the determination of the geometry
of lens and massive ice within a permafrost section
and consequently facilitate the detection of ice if
suitable control is available. Radar techniques can be
used to indicate changes of material type in
permafrost sections and with adequate control can be
used to identify material types, although penetration is
greatly restricted in fine-grained materials (Annan and
Davis, [976).

¥ "E-Phase" is a patented name of Barringer Research Ltd, Rexdale, Canada.




Commercially available impulse radar equipment
has been used to map the thickness of both fresh-water
ice and sea ice, and to study the electrical properties
of sea ice (Bertram et al, 1972; Campbell and
Orange, 1974a and 1974b; Kovacs and Morey, 1978;
Kovacs, 1978a and b). In the fresh-water environment
radar has mapped bottom topography at water depths
of up to several tens of meters from the ice surface
(Annan and Davis, 1978). An impulse radar has also
been used in an airborne configuration to measure ice
thickness and lake-bottom configuration
(Kovacs, 1978b).

Pulsed radar systems are commercially available
in the form of altimeters and radioecho sounders.
Such equipment has been used with success on the
ground surface and from the air to measure ice
thickness in glacial studies and to outline glacial
bottom topography (Gudmansen, 1970,
Cambridge, 1975). Continuous-wave radar techniques
are useful for determining the properties of ice within
a glacier (Kovacs and Gow, 1977a and b). Pulsed radar
has been used in boreholes to identify the base of
permafrost in solid rock (Lytle et al., 1976).

Radar techniques have for some time been used
with success in glacier studies and are generally
accepted for that purpose. Recent developments in
the use of impulse radar in shallow studies of
permafrost have demonstrated the potential of such
techniques in detailed studies for engineering purposes
in areas of coarse-grained materials. Use of ground-
probing radar for permafrost studies is another
significant  development  since the permafrost
conference in Yakutsk.

E. Time-domain Reflectometry

Time-domain reflectometry (TDR) techniques

(Davis and Chudobiak, 1975) have been used to
study sea ice (Bogorodskii and Tripol'nikov, 1973)
and near-surface active layer characteristics

(Pilon et al., 1979). The method involves emplacing
two parallel probes in the ice or ground several
centimeters apart. The probes form a transmission
line along which it is possible to transmit an
electromagnetic  signal. Discontinuities 1n the
material penetrated by the probes generate reflections
which can be identified at the ground surface.
Commercially available TDR equipment can be used
for this purpose. The technique is primarily limited by
the practically attainable length of transmission line.
Present experience indicates a maximum penetration
of the order of 2 meters.

The TDR method is useful in very detailed
studies of variations in electrical properties of the
upper two meters, associated, for example, with the
position of the freezing front and ice formation in the
active layer (Pilon et al., 1979). It is, however, less
suitable for large-scale engineering studies, because of
the required probe installation and limited depth of
penetration.

F. Radio-frequency Interfeometry

The radio-frequency interferometry method
(RF) has been described by Rossiter et al., (1978).
This method uses a horizontal electric or magnetic
dipole as a transmitter, emitting signals at six
frequencies from | MHz to 32 MHZ. Direct and
subsurface reflected waves interface at the ground
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surface. The interference pattern observed with
increasing distance from the transmitter can be
interpreted in teems of a layered model. This method
is largely experimental, and is not commonly used in
permafrost studies in North America.

G. Summary

Electromagnetic techniques commonly used in
permairost studies in North America use low and high
frequency radiowaves, magnetic induction and ground-
probing radar. The most significant development since
1973 is the increased use of inductive resistivity
methods, which have largely replaced DC resistivity
methods for permafrost studies particularly in the
discontinuous zone. Ground-probing radar has also
gained acceptance in this period particularly for uses
in coarse-grained soils and on sea- and fresh-water ice.

IV: SEISMIC TECHNIQUES
A. The Seismic Refraction Method

The seismic  refraction  method  involves
measuring the velocities of refracted compressional
waves travelling through media which, for most
applications, are considered to be layered. In most
field situations, successful applications require that
compressional wave velocities increase with depth;
often, however, when this condition is satisfied,
"hidden layers" or thin zones where large velocity-
depth  gradients occur can be a problem
{Telford et al.,, 1976, p. #17). In general, refraction
field methods require long source-detector offsets;
hence hydrophones and geophones used must display
good low frequency responses. Since refracted events

are generally of lower amplitude than reflected
energy, high-energy sources are necessary and
explosives continue to be commonly used. Weight

drops and marine air guns and sparker units have been
successful in sorne cases.

Refraction methods were developed early in the
history of geophysics and a large number of interpreta-
tion techniques have been developed to interpret
velocity-depth structure (Musgrave, 1967). Since
refraction methods can measure velocity accurately,
in permafrost they can provide estimates of ice-
content, ground temperature and material tybe and
strength. Several laboratory measurements have been
made in recent years on rocks and soils involving
comparison of shear and compression wave velocities

at acoustic frequencies with variables such as
temperature, moisture content, pore-water salinity
and sample composition (Dzhurik and
Leshchikov, 1973:; Frolov and Zykov, 1971; King

and  Pamford, 1971; King, 1977; Kohnen, 1974;
Kurfurst and Hunter, 1976b; Nakano et al., 1971;
Nakano et al., 1972; Nakano and Froufa, 1973; Nakano
and Arnold, 1973; Ogilvy, 1970; Stoll, 1974; Zykov and
Baulin, 1973). From these studies some general
conclusions can be drawn:

1) Compressional velocities increase with
decreasing permafrost temperatures for water
saturated samples; the cffect is most pronounced
in soils and is a function of the water content.

2) For moisture-saturated low-salinity soils, most
of the pore water is frozen at temperatures close
to 0°C in coarse-grained samples; as grain size
decreases, the velocity increases at a much

lower rate with decreasing temperature.




Hence in the field situation, if additional information
is available on the composition of subsurface soils or
rock, a temperature-moisture content-salinity range
can be established from velocity measurements.

The refraction method has been used to measure
active-layer thickness in soils and rock glaciers (Garg
and Stacey, 1973; Green, 19703 Hunter and Good, 1971;
Kurfurst et al., 19743 Carson et al., 1975; Gagné and
Hunter, 1975; Barsch, 1978). Good velocity contrasts
exist between the active layer and ice-bonded
permafrost. The method is particularly applicable to
problems of active layer thickness variations in areas
of thermal disturbance such as on  road,
railway or pipeline construction sites as well as
in river-bank and lake~shore studies
(Carson et al., 1975; Good and Hunter, 1974;
Hunter et al., 1976; Kurfurst et al,, 1974; Kurfurst and
Hunter, 1976a).

Seismic velocity measurements have been made
to determine ice-bonded permafrost distribution and
soil type along construction routes (Kurfurst and
Hunter, 1976a). The most successful applications
involve combined seismic and electrical surveys (Scott
and Hunter, 1977). Measurement of compressional and
shear wave velocities and amplitude attenuation rates
has led to the description of these parameters in the
form of the "generalized acoustic parameter" which
varies as the ice content, soil type and temperature of
the material (Akimov, 1973). In mining applications,
seismic  compressional and shear wave velocity
measurements have been used to determine the depth
of overburden for stripping estimates, the quantity of
frozen ore and the relative strength and blasting
characteristics of ice-bonded ore zones (Gary and
Stacey, 1973; Garg, 1973; Garg, 1976).

Ice bodies at depth in permafrost soils have been
examined by the seismic refraction method and
successful attempts to measure the distribution of ice-
bonded permafrost and large ice masses have been
made  (Hunter, 1973a; Scott and Hunter, 1976;
Voronkov, 1973).

Marine refraction methods have been employed
to map the depth to ice-bonded permafrost beneath
the sea floor and to obtain estimates of the degree of
ice-bonding (Carson et al., 1975; Hobson et al., 1976;
Hunter, 1973b; Hunter and Hobson, 1974;
Hunter et al., 1974; Hunter et al., 1978a anhd by
Rogers, 1976). The most definitive results have been
obtained with hydrophone arrays designed specificially
for shallow water refraction surveys, but refraction
events picked from the early portions of records
obtained from retlection arrays used for
hydrocarbon exploration can yield useful
information (Hobson et al., 1976; Hunter et al., 1975;
Hunter et al., 1976; Hunter and Judge, 1975). Most
refraction measurements made to data are of the
"single-ended" type, in which the source is at one end
of the array only; hence only approximate estimates of
velocity and depth are possible unless overlapping
record coverage is made (Telford et al., 1976).
Reversed or "double ended” refraction profiling is
possible through the use of telemetering sonobuoys. A
sea-bottom hydrophone array with reversed profiling
has been employed in the ice-covered ocean using
available leads or cracks through which to deploy the
array {McLaren et al., 1975).
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B, Seismic Reflection Methods

Seismic reflection methods have been utilized
throughout the world as one of the primary geophysical
exploration techniques for hydrocarbons. The
techniques involve digital magnetic recording of
seismic waves from a source (explosives, air gun,
weight drop, or vibrator) reflected from layered
structure at depth. Computer-assisted velocity
analysis methods are now available for processing
multichannel reflection data. With these techniques,
velocity-depth functions can be established in
permafrost areas, and permafrost thicknesses and
velocities can often be obtained. Corrections for
permafrost thickness variations are important for most
sedimentary hydrocarbon trap mapping; costly dry
holes can result from incorrect assumption about
permafrost conditions.

In thick permafrost areas where fine-grained
materials predominate, the base of permafrost is often
gradational in temperature and consequently in
velocity, and therefore is not a reflector of seismic
energy (Hunter, 1972). If reflectors are not present
within the permafrost section, its thickness and
average velocity can only be determined by indirect
methods utilizing marker horizons beneath the base
(Agofonov et al., 1973; Card, 1977; Muzychensko and
Kozyrev, 1970). Computer modelling techniques are
available to obtain best-fitting velocity-depth curves
by this method (Card and McCallum, 1979).

The character of seismic reflection
records is often an indicator of the presence
of ice-bonded permafrost (Hunter et al., 1976;

Kanereikin et al., 1971). In marine reflection profiling
in areas where submarine permafrost is suspected,
poor record quality (large amplitude reverberations) is
often associated with the presence of a large velocity
contrast at the top of ice bonding beneath the sea-
floor.

C. Acoustic Reflection Methods

Acoustic  reflection methods applied to
permafrost problems are mainly confined to the
marine mode; however, experiments with high

frequency (7 kHz) transmitters and receivers have
been attempted (Nelson et al., 1970). The sources
commonly used in the marine mode are air guns,
boomers (large plates which are displaced
electromagnetically while submerged to generate a
seismic signal), sparkers (which discharge electrical
energy across a spark gap to generate a seismic
signal), and high frequency electrodynamic
transducers. These sources allow variation of the
frequency and energy content of the signal. The
source and receivers are closely spaced inorder to
obtain nearly verticalincidence reflection recordings.
High frequency content and consequent short-
wavelength energy allow good resolution of small

features. Reflections are obtained from layering with
large velocity contrasts at depth beneath the sea
bottom. Since no velocity information can be
obtained, interpreting the top of ice-bonded

permafrost can be subjective in some areas, as well as
qualitative, often requiring control in the form of drill
holes or refraction velocities. If such control is
available, the acoustic reflection technique can map
detailed topography on the top of ice-bonded
permafrost; the seismic refraction method can not.



Pingo-like structures have been successfully mapped
on the sea bottom (Shearer et al., 1971). High
resolution (7 kHz) methods have also been used to
delineate the variation in the upper boundary of
permafrost in river channels and along potential
offshore pipeline corridors (O'Conner, 1979).

To obtain maximum efficiency in mapping the
upper boundary of ice-bonded permafrost, the acoustic
reflection technique should be applied in conjunction
with the marine seismic refraction method; both
velocity variations (ice content changes) and detailed
topography of this boundary can thus be obtained.

D. Borehole Seismic Methods

Borehole  seismic  methods
measurement of first arrival compressional wave
travel times between a surface source and a
hydrophone (or wall-lock geophone) array at depth in
cased or uncased holes,

involve the

For measurement of thickenss and velocity
distribution of permafrost in oil and gas exploration
holes, a l2-channe] array of hydrophones is used
(commonly called a "crystal cable array"). Spacing
between individual hydrophones is usually 15 m and the
array is repositioned in the hole after each surface
shot. Usually a small quantity of explosives is used,
but air guns have also been successfully tried. The
resultant travel-time-depth curve from the recorded
first arrivals is interpreted to extract velocity
information.

A 'crystal cable" survey is commonly run as one
of a series of standard borehole logs in wells drilled in
permafrost areas. Velocity measurements often show
the gradational nature of the lower boundary of
permafrost as well as indicating the presence of low
velocity zones within the permafrost section
(Baird, 1976; Card, 1977; Hnatiuk and Randall, 1977;
Hunter et al., 1976). Velocity correlations have been
made with changes in lithology, porosity, water
content and temperature (Walker and Stuart, 1976). In
some cases surface shots are displaced from the
borehole to obtain lateral velocity changes in the
vicinity of the hole (Baird, 1976; Card, 1977).

An array of shots or geophones on the surface
with an array of hydrophones or shots at depth can
yield wave-front diagrams which may be interpreted to
obtain lateral variations of seismic velocities
(Gal'perin, 1971; Meissner, 1961). This method has
been utilized to obtain variations in permafrost
structure in mining (Hunter, 1974), and in mapping
ground ice occurrence (Scott and Hunter, 1977) in
shallow boreholes.

E. Borehole Acoustic Methods

Sonic logging tools measure the transit time of
the first arrival compressional wave over a known
distance, wusually about 30cm, in a borehole.
Unfrozen, unconsolidated material near the surface
has travel times in the order of 500-700 micro-
seconds/meter, whereas similar frozen materials are in
the range of 250-350 microseconds/meter (Hnatiuk and
Randall, 1977). Since the range of the acoustic wave
is small, thermal degradation of the permafrost
resulting in oversized holes can often lead to erroneous
results. This method should be used in conjunction
with other borehole tools (i.e. dual-induction lateral-
log and the crystal cable).
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Most sonic tools have been manufactured for use
large diameter holes drilled for hydrocarbon
exploration. There are sonic tools under development
which are designed for 3-10 crn holes with direct
transducer coupling to the wall rock. 3Such tools will
no doubt be useful for future applications in shallow
drill  holes (King et al., 1978;  Tiutiunnik  and
Konovalikhin, 1973; Zykov and Baulin, 1973).

in

F. Other Seismic Methods

Surface waves, known in the seismic industry as
"ground roll", display low velocity, low frequency and
high amplitude, and have been considered as noise in
most refraction and reflection surveying. Attempts
have been made to minimize such interference in
designing arrays and in subsequent data processing.
However, with proper equipment and array design,
such waves could be used to measure the thickness of
near-surface layering (i.e. the active layer) and to
obtain estimates of shear wave velocities in
permafrost. By accurately measuring both
compressional and shear wave velocities of permafrost
materials in situ, estimates of dynamic elastic
properties of the material can be made.

Other types of waves often considered to be
seismic "noise” result from trapping of seismic energy
in a high speed layer (Hobson et al., 1976). Analyses of
the modes of propagation of this energy, and its
amplitude decay, can yield estimates of permafrost
thicknesses for areas where ice-bonded permafrost
thicknesses are in the order of 100 m or less, and
where estimates of the shear and compressional wave
velocities of the surrounding non-ice-bonded material
can be made.

The amplitude attenuation of first arrival
refractions can be measured to obtain estimates of
thickness of © an ice-bonded permafrost layer
(Donato, 1965; Rosenbaum, 19653) for a simple model of
a thin high-velocity layer embedded in a low-velocity
medium. The maximum thickness measurable with the
technique is frequency dependent, and for most
conventional seismic arrays the upper limit of
thickness resolution is less than 100 m.

V: MISCELLANEOUS TECHNIQUES

This section covers several geophysical methods
that do not fall into the first two main categories
previously covered (Table 1).

A. Magnetic method

A very limited amount of permafrost geophysics
has been done employing the magnetic technique.
Volodko et al., 1973, describe an investigation which
relied upon the magnetic contrast between ice and

frozen mineral material for determining the
distribution of ice wedges based on ground
measurement. The method is applicable only when

there is an uniform distribution of magnetic material
in the soil surrounding the wedges, so that the wedges
show as weak negative anomalies.

A field survey was conducted in an area of
alluvial soils that had magnetic susceptibility values
that apparently ranged from 20 x 10°° to 200 x 107®
CGSu, depending on ground ice volume and local
mineralogy. Drilling of 29 holes in the study area
confirmed that a correlation existed between negative



anomalies and ice wedges. Some exceptions to this
appear to be correlated with areas of high ice content
in the adjacent mineral material.

It is unlikely that the magnetic method will ever
become widely used for permafrost studies.

B. Gravity methods

Only limited use has been made of gravity
methods in permafrost studies, even though. they
have been applied to ice thickness measurements
in glaciological  studies (Barnet et al., 1956;
Bentley, 1964},

From glacier studies Qstenso et al., (1965) it has
been determined a l-mgal anomaly is equal to between
13.5 meters and 20 meters of ice, depending on the
relationship used. The 13.5 meters was determined
from flat plate theory while the 20 meters was
determined from empirical relationships from glaciers
with irregular bottom topography. If field
measurements can be made to an accuracy of * 0.1 to
0.2 mgal and other factors are ideal this suggests that
variations in excess ice in the order of a few meters in
thickness could be detected.

Gravity studies have been conducted for the
purpose of studying permafrost in northern Canada by
Rampton and Walcott (1974), who investigated three
sites for which some ground controf was available.
Excess ice thickness was determined by calculating
Bouger densities for the topography after removing
linear trends in the data. The arnount of ice required
to produce these densities was proportioned, and
variations from the average thickness of ice in the
topography were calculated by applying the infinite
slab formula to the residual anomalies. The technique
worked well in the area studied and provided close
agreement with control data.

Osterkamp and Jurick (1979) examined a site
near Fairbanks, Alaska, to correlate gravity
observations of ground ice distribution with control
available from both drill holes and exposures formed
during highway construction. Preliminary
interpretation indicated a correlation between gravity
anomalies and areas of massive ice.

The gravity method does not provide the exact
depth of an ice mass. It does, however, provide an
estimate of the amount of excess ice, when some
control is available and when the study area has
uniform geology, with ice volume being the major
variable. Rampton and Walcott noted that linear
trends in thickness of excess ice were difficult to
detect. Uniform ice slabs under the entire study area
were also difficult to detect unless a section of the
profile crossed an ice-free zone. In their study the
technique helped to establish some relationships
between surface relief and ground ice distribution.

C. Radiometric techniques

The most commonly employed radiometric
techniques for shallow engineering borehole studies in
permafrost are active gamma (gamma-gamma) and
neutron (gamma-neutron) methods.

The gamma-gamma logging methods are more
versatile than the original natural gamma method,
which only measures natural radiation. Natural
gamma methods were used initially by the oil industry
for distinguishing between various lithologic units with
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different concentrations of radioactive elements. An
advantage of the gamma technique is that it can be
used in cased drill holes.

The gamma-gamma logging method uses a
borehole package that contains a gamma-ray source as
well as the counter. The source and the scintillometer
are positioned at a constant spacing and are held
against the hole wall. A collimated beam of gamma
radiation is directed into the earth material where
scattering and absorptijon take place on the path to the
sensor. The intensity of the detected gamma raysis a
function of rock density (Telford et al., 1976). The
large differences in bulk density and electron density
between ice and most soil and rock make this
technique well suited for ground ice detection and
density determinations. Obtaining quantitative values
for these parameters would require local calibration in
material of known properties (McKay and
O'Connell, 1975; Scott and Hunter, 1977).

The neutron method can utilize a gamma-ray
source and a neutron detector. The neutron intensity
detected is related to the amount of hydrogen in the
earth material and, therefore, can be used to
determine water content (frozen or unfrozen). Used in
a dry hole, the tool can give additional information on
the presence of high ice-content zones,

A logging system employing both gamma-gamma
and neutron probes was developed for use during
construction of the Alyeska Pipeline in Alaska. The
equipment was designed for rapid logging in low-
density material such as ice-rich permafrost. Both
denisty and moisture-content data were routinely
obtained with the system in holes drilled for placerment
of vertical support members for the pipe (Metz, 1976).

Investigations using gamma-gamma and neutron
logging to provide information on density and ground-
ice content have bheen described by Scott and Hunter
(1977) and McKay and Q'Connell (1978).

D. Temperature measurements

Temperature measurements represent the most
fundamental geophysical approach to obtaining
information on permafrost distribution and =zones
where properties may change significantly due to
freezing. These measurements are usually made with
thermistors or thermocouples, depending on the
application, with the thermistors being more sensitive.

Subsurface temperatures are obtained either by
installing strings of sensors, in some cases on a
permanent basis, in an access hole, or by logging of an
access hole with single or multiple sensors. Both
approaches have advantages. Permanent installations
eliminate the need for an open access hole, reduce the
problems of convection that may occur in large access
holes (Seguin, 1978) and permit rapid logging of
temperatures at depths which do not change with time.
Logging with a moving sensor allows the same
equipment to be -used at many sites and allows
frequent recalibration.

Jessop and Judge (1974) have described
temperature measurement methods and interpretation
techniques. A  common problem in thermal
measurements is correction for drilling disturbances.

Thermal profiles in the marine permafrost
environment have been described by Chamberlain et al
(1978), Osterkamp and Harrison (1978), Hunter and
Judge (1975) and Hunter et al., (1976).
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Figure 7. An approach to the selection of Geophysical
methods for solving geotechnical problems, (modified
from Annan and Davis, 1977b).

VI: SUMMARY AND CONCLUSIONS

The appropriate selection and application of a
geophysical method or combination of methods for
permafrost studies or problem-solving can be difficult
even with some knowledge of the many systerns. The
selection process is extremely important since it can
determine the utility of the geophysics program, the
type of results that can be anticipated, and the most
efficient approach.  The importance of complete
assessment of the geophysical methods and their
capabilities cannot be understated. Discussion in this
summary section is based on a flow chart modified
from Annan and Davis (1977b), shown in Figure 7.

The first step is a detailed definition of the
problem to assure all project requirements and
objectives are understood. The problem definition
should include a compilation of all available
background data from the site or region that is to be
studied. Some of the important information that
should be considered to indicate whether geophysics
can be usefully employed and to guide the choice of
appropriate technique or techniques is listed below:

Size of area to be studied.

Size of feature to be observed.

Anticipated depth to feature to be observed.

Accessibility of the area.

All available information on material

properties and subsurface characteristics,

including seasonal variation.

6. Proximity and energy level of excitation
source required by some passive systems.

7. Proximity to potential natural or cultural
disturbance.

8. Comparison of projected cost and

advantages for geophysical and non-

geophysical alternatives.
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Once the problem has been defined and all
variables have been described, the next step is to
establish if adequate geophysical manifestation of the
desired feature exists. At this point, the
determination may be based on the preliminary data
acquired during the problem definition. This usually
means attempting to establish if a contrast in
properties is likely between the feature of interest and
the adjacent material. A contrast is required in
electrical, seismic, or any other physical parameters
that might be detected by one of the various methods.
The significance of contrasting properties at depth can
be established for some methods by theoretical
mode]ling, using procedures similar to those used for
evaluating and analysing the data.

Lack of geophysical contrast or manifestation
would suggest that a geophysical approach to the
study is not justified. An indication of a geophysical
manifestation wuld support the need for field testing
or evaluation. This field evaluation could be
approached in several ways. The most ideal approach
would be to visit the intended study area and conduct a
small pilot field survey. In rmany instances only a few
hours are required to obtain enough information upon
which to base judgments. [If this is not feasible,
measurements could be made in a region where the
subsurface is anticipated to be similar or in some
situations even laboratory observations can be helpful,

If the test evaluation provides promising results
then more detailed aspects of the program should be
considered as indicated in the next block of the flow
chart. In this step the information from the problem
definition and the field study will help determine the
thickness and horizontal spacing of the parameter of
interest. These conditions ¢an then be compared with
system characteristics such as skin depth or horizontal
resolution of the measurement. This comparison will
help to determine if features can be individually
detected or will appear as a single larger feature or
layer. These considerations are essential for linking
data needs and subsurface characteristics with field
procedure such as spacing of observations.

If satisfactory methods and procedures for
obtaining the required data are available then the final
step on the flow chart is appropriate. The final
selection of equipment and development of a field plan
may result in use of more than one method. The
multiple use of methods is important since it helps
establish confidence, and can contribute an extra
dimension to the observations. Equipment choice,
including data analysis procedures, will require joint
consideration in terms of the original objectives of the
program. Some techniques require considerable data
processing while others provide results that can be



treated directly in a useful qualitative manner. When
this much consideration is given to the program design,
the end result is a geophysical program which properly
meets the geotechnical requirements which were
originally identified.
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B3AMMOIEACTBUE BEYHOMEP3JHX I'PYHTOB
H COOPYXEHUH

Cc.C. BAJOB
HayyHO-HCCNenoBaTeNIbCKHA HHCTHTYT
OCHOBAHHH H INOHNSEMHHX COOPYVXeHHA

MockBa

AHHOTAIIHA

OCHOBHOR 3apnadYeR TeOpHH CTPOHTENhCTBa Ha
BEYHOMEeP3JHX I'DYHTAX ABIASTCA H3IYUEHHEe 3aKo-
HOMEPHOCTEeR B3aHMOINEeHCTBHA BEeUYHOMEP3JHX IPYH=-
TOB ¢ HHXEHEPHHMH COOPVXEeHMAMH H pa3spatorTka
CnocotoOB HaANparRACHHOI'O YNpapJIeHWsA 3THM B3a-
HMOomencTBHeM. [IpaKTHYeCKHe NpHeMH HCNOJIB30Ba~-
HHUA HeUYHOMEep3JNH¥ I'PYHTOE B KaudeCTEe OCHOBAHHA
COOPYXeHHR, NoJyYaeMue B pPesysbTaTe TAaKHX
paszpaboTokK, NPOBEPEeHHHXY ONHTOM CTPOHTEJILCTEA,
peamaayiwrca B CCCP B BHme CTpoMTenkHHX HOpM
¥ Npasun (CHul) . C 1,1.1978 r. Bnenena B
nelCTBHe HOBaa penakuHs raasa CHHII HA npoek-—
THPOBAHHe OCHOBAHHI! 1 ¢yRIAMEeHTOB Ha BEYHO-
MEP3NHX IPYHTax, orofpaxawmasd NOCTHXEHMA Teo-—
PHH H NMpPakTHKH (YHOAMEHTOCTPOGHHMA Ha BeYHO-
MeDp3JIHX TrpyHTax, HaKonJeHHHe 3a TekKyumee Bhe-
Ma (npenmwecTBywrasa rTinaBa CHull Omna eHnymeHa
B 1966 r.).

BaauMOoOecTBHE BEUYHOMEPS3JHX TPYHTOB H CO-
ODPYXEeHHHA 3aknovaeTcds, C OOHOR CTOpPOHH, B Te-
NJIOBOM H MeXaHHYeCKOM BO3INeHCTEBHH COODYXeHHA
Ha Mep3anHe I'pYHTH OCHOBaHHMA, a, ¢ OpYro#, B
BO3NENCTBEH NedOopPMHPYHHErocs MNMon HATPYSKOR
OCHOBAHHA HA YCTOAYHUROCTE M DedOpMAUHHW KOH-
CTPYKLUHA COOpYyXeHHs, HCXOoNA H3 MONOXeHHH Tep-
MOOHHAMHKH, MOXHO YCTAHOBHTE CBA3b MeXIy pa-
SaTol medopMauuA OCHOBAHHA, BH3BAHHOM Harpys-
KOB OT COQPYXKeHHs, TNMOTOKOM Temnjaa OT COoopyXe-
HHR ¥ lHpUpameHHeM BHYTPEHHe DHepruH H BHT-
pPonmHH. Jononugs COOTHONSeHHEe VPABHeHUEM Ten~
JNIOTIPOBONHOCTH M DEOJIOrHYEeCcKHM ypaBHeHHEeM cO-—
CTOAHKA, MOXHO MOMYYUTHL 3ABHCHMOCTH, OIpene-
NsamHe JedopMauHi H ANMUTEeNBHYIO NMPpO4YHOCTE OC=
HOBaHHA C YYeTOM NepeMeHHOIo BO BpeMeHH TeM-
nepaTYDPHOrO pexHMMa IDYHTOB OCHOBaHHS, BHISBAH=
HOTQ TenJIOBHM BJIHAHHEM COOPYXKEHHA H lNepeMeH-
HOH Harpys3KH OT COODYKEeHHS, a 3aTeM PaccMoT-
PEeTE COBMECTHYHW DAGOTy OCHOBAHHA H COOpyXe-
HHA,. TaxkHe NnpefcYTaBJIeHHA MAOJKHH CTATE oGume-—
TeopeTHYecKol 6a30R OnA pelleHHA Npob6leMu
B3aHMOOeH#CTBHA BEYHOMEPS3JHX TRVHTOB H coopy-=
KeHHMA NMpH NocAenyoumeM Pa3BHTHH 3TOA NpoGle-
M, OOHAKO HEKOTOpHEe H3 YKa3aHHHX npencran-
JIeHHM HCNONLIYWTCH yXe M B HaACTOAMee BpeMsa,

B 4aCTHOCTH, B HOBOA rjaee CHuIl, TonoxeHHsA
3TON rJlaBW M pacCMATPHMBAWTCA B HAacToAmeM IOo-
Knape.

[Io=-npexHeMy B KaudeCTBe OCHOBHHX IPHHUIHIOB
HCNONL3I0BAHHSA BEYHOMEDAJHX TRPYHTOBR OCHOBAHHR
IPHHAMAWTCH OBa TPHHIHMAA — C COXpaHeHHeM
MeD3NOTo COCTOAHHA I'DYHTOBR OCHOBaHHA (NpHH-—
oun I) ¥ ¢ gomymeHHeM OTTAHBAHMA ODTHUX TPYHTOR

B nNpolecce JKCNNyaTalHH COOpyXeHHA MM npen-
BapHTenbHO, OO ero so3peneHna (npHHUED II).
OnHako Crnocobfh pacyeTa OCHOBAaHHN 3HAYHTeNbL-
HO YCOBepmeHCTBOBAHH. ITH pacdeTh NPOHU3BO-
naTca 1o OBYM NpeneNlBEHEM COCTOAHHMAM « 10
NPOYHOCTH (ANA npHuuuta L)H no pedopManuaM
(nna npuapuna ITw O nNpHHUKMna I OpH HaJH4YHMH
MIACTHYHOMEP3JHX KM CHIABHOJNBOHCTHIX I'DYHTOB),
npUyeM B pacyeTaxX YYHTHBAWNTCA pPeoJIOrHYecKHe
CBOHCTREa I'pPYHTOB. PaCuveTHHe 3HaYeHHs Npod-
HOCTHHX XapakKTepPHCTHK MED3JIHX TpYHTOB Ccyme=
CTBEHHO NOBHIUEHH, PerjlaMeHTHPOBAHH KOHCTpPYK-
UHHM H CcHocobhH pacdeTa (YHOAMeHTOB non GoJb=
mHe Harpy3kH.

InA pacyeTa ocanoX OTTasgBuero OCHOBaHHA
NPHHATA HOBAA pacyYerHas cXema, YYHTHBaOuWasa
HaHUH{He BeYHOMED3NOoR ToNmH, pacCMATPHBAEMOR
Kak XecTKoe OCHOBAHHe, MOCTHIAWMESe CXHMAaeMHHA,
OTTaABHA cNo# rpyHTa. [IpennoxeH MeTon onpe-—
OeJIeHHT peakKTHBHHX OaBJIeHHH OTTaABmero rpyH-
Ta Ha OyHODaMeHT M paccMOTpeH BONROC 06 yye-
Te COBMECTHOH# paboTH OTTasgBuUEer0o QCHOBAHHA H
Hal3eMHEX KOHCTRYKUUNA COOPYXKEHHA.

OcoBoe BHHMaHHe yOeJIeHO HanpasleHHEM Cno-
cobaM YrpaB/IeHHA TEeNJoOBHM pexHMOM H MeXaHH-
YEeCKHMH CBOHCTBaMH BeYHOMEpP3JIHX TPYHTOB OCHO-
BaHH — MNYTEM KX TNPeIBAPHTENBHOI'O oxnaxne-—
HHA NpPH HaJHYHMKM “"BHCOKOTeMnepaTypHux" Meps-—
JEX TPYHTOB, MPepHBHCTOH Meps3noTH H NDh. HIH,
HaofBopoT, NyTeM IpelBapHTe/IbBHOI'O OTTaHBaHHA
OCHOBAHHSA B CNydYae HAJHYHA JIBIJOHACHNEHHEX
I'DYATOB, Ia0UKX OHOJAbBWHE OCanxXxy npH OTTauea-
HHH, ¥ HEBO3MOXHOCTH IO KaKHM-IHOO coofpa=
KEeHUAM TNDPUMEHHTL npHHUHMN I,

Mpy NpUMeHeHHH NpPHHOHNA I HCMONB3OBAHHA
TPYHTOB OQCHOBAaHHA TMPHHHMAETCH [NOIOXeHHEe O
TOM, YTO B KadecTBe DPacyeTHOH TeMnepaTypH
Mep3noroe IpYHTa OCHOBAHMA OOJJIKHO OHITL IpPH=
HATO He ee eCTeCTReHHOe, a HeKOTOpoOe s3alaH=
HOe 3HadYeHHe. 2Ta pacyeTHas TeMmneparypa Mo-
KeT G6HTBE HHXE eCTeCTBeHHOR, eCJIH I'PYHTH
NIacTHYHOMEP3JIHe H JONXHH OHTE COIJIACHO Tpe=
coBaHyuaM CHHIT oxnaxXneBH, MM BHlEe eClTeCTBeH=-
HOH, eCynH TPYHTH OCHOBAHMA pasHOTeMIepaTyp-
HuHe, [IpennoXeHH MeponpUsTHA,obeclnevYHBanmie
nognepXaHHe pacYeTHOW TeMnepaTyphH I'RPYHTOB
OCHOBAHHA ,H CNOCOG6H COBMECTHOI'O TENJOTEeXHH~
YeCcKoro pacueTa 3THX YCTPONCTB H TeNJIOBOIO
pexuMa OCHOBaHHA, B YacTHOCTH, cnocoba pac-
YyeTa BeHTHNHPYEMHX NOOMOJHM, XOJIONHHX [ep-=
BHIX DTaxeld, OXJaxjawumHx Tpy6 M KaHaJlOB.

3HAUHTEeNbHO PpaculpeHa O06JIacTe NpHMEeHEeHHA
HopMm, Hosmnift CHUI] pacnpocTpaHseTCHA Teneps H
Ha HeOSMATONPUMATHHE IONA CTPOWTENbCTEA Mep3nHe
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TPYHTH - 3acojyleHHHe, 3aTODPOBAHHHE, CHIBHO-
NBAHCTHE, BKJINYARA MOon3eMHHe NbORH, & TakKXe
Ha Be4YHOMEepS3JlHe CPYHTH B paftoHax ¢ HOBHUIEH=
HOU CeRCMHYHOCTHK. Pa3paboTaHH cnelnalbHHEe
MEpONMPHATHA H MeTOIHm pacuera, ofecnevyHpan-—
mHe YCTOHYHEOCTL COOPYXREHHH, BO3IBOAHMHX B
3THX Mep3JIOTHO-TPYHTOBHX YCHOBHAX. [IpuBene-
HH pacuYeTHHE XAapaKTepHCTHkH (Tennodusuyec—
KHe M MeXaHHYeCKHe) ONA ykKa3aHHHX TPYHTOB.

locTaHOBKA 2anavyH

HayuyedHe 3AKOHOMEPHOCTEH B3aMMONEHCTBHA
BEUHOMEDIJIHX TPYHTOE H HHXEHEPHHX COOPYXEHHR
H pa3paboTKa METONOB HANPAaRNEeHHOTO YhpaBle-=
HMA THM B3I2HMONEeRCTBHEM ABNAETCA QCHOBHOH
sajadell NpH pPeuleHHH NPOGNeM CTPOHTEeJNbCTBA
Ha BeYHOMeps3NHXx rpyHTax. TeopeTHYeckHe pa3l-
paBoTKH 3TON Npo6JieMH M NMPaKkTHYECKHe peue-
HUS ROIMNPOCOE HCMNONB3IOBAHHA BeYHOMED3HX
rODYHTOE B KaveCTBE OCHOBAHHMA COODYXeHHH,
npoBepeHHHe ONHTOM CTROHTENLETBA, PEaNH3VIT—
cA B CCCP B BHOEe HOPMATHBHHX IOOKYMEHTOB =
CTpouTenbHux Hopm u lpasun /CHull/. HenaBHO
suna paspaboTaHa H BHNYmEHAa B CBeT HOBaf pe-
nakuus raasg CHull Ha NpOeKTHRORAHHE OCHOBa=
HUHB ¥ PYHOAMEHTOB Ha BEYHOMEDS3NHX TPYHTAX
/CHull, 1976/. B nacTodueM IOoKane 6yOyT OCBe~
meHH Te MOJIOKEeHHT, KOTOPHE 3aJIOXeHH B 3Ty
HOBYK rnaBy CHHIl H KOTOpDHE OTO6paxanT AOCTH-
KxeHHA OYHIAMEHTOCTPOEHHA Ha BeYHOMED3HX
rpYHTaxX 2a HCTeKmee BPEeMs.

TepMOodHaMHUUECKHR NoOaxon

lpexnae YeM NepexXolHTE K HIJIOKeHHK YyKalaH-=
HHX BHIIE BOMNPOCOB, OCGTAHOBJIKCE HAa HEeKOTOPHX
oBIeTeOPeTHYECKUX NPEeNCTABNEHHAX, eme noa-
HOCTRK He PealH30BAHHHX B MPaKTHKe CTPOUTENb—
cTBa HAa BeYHOMED3Nux I'PYHTaX, HO ABIANUWHXCA,
C Moel TOYKH 3peHHA, TeopeTHYeCcKOH Gason an#d
pansHelero peueHHA 3TOR NMPOGJeM:H .

OCHOBaAMH TeEOPHH CTROMTENBCTBA Ha Be4YHO-
MEpP3NIHX TPYHTaX ABJANTCA, Kak M3BeCTHO, Ten~
nodHamuka, GUIHKO-XHMHA H MeXaHHMKa MEp3JHX
TPYHTOB H Nnpna, HO CHMOXKUIOCE TaK, 4YTO BCe
3TH TPH HaNpapieHHs Pa3BHBAJINCE ABTOHOMHO.

H XoTa kaxnoe H3 HUX HMEeT Ha CBOEM CcueTy
SonpnMe NOCTHXEHHA, B LEeJoM NpotneMa H3=34a
TaKol palobuleHHOCTH NMPOHIPHBAaeT.

B3a¥MONeNCTRIE COORYXEHHA ¢ MEepP3INHMH TpyH=
TaMH NPOABJAETCHA, ¢ OOHOH CTOPOHH, B BHIE
TennoBOTO M MexXaHHYeckoro /cHiosoro/ BO3neh-
CTBHA COOPYXKEeHHA HA IPYHTH OCHOBAHHA, B De-
3yneTaTe 4Yero B I'PYHTe co3naerca TeMmMneparyp-
Hoe 1oJyie H TIOJNie HaNpAXeHHHE, OTJIHYHOEe OT ecTre-
CTBeHHHX, M3MeHeHHe TeMnepaTypu BliedeT 3a
COBOH H3MeHeHHe OH3HKO-MeXaHHUeCKHX CBOHCTE
rpyHTa, a OONOJHHTEenbHHe/K NPHPODHEM,/ HaIpA-=
XEeHHH BHIIHBAT OedopMalHH OCHOBAHHA, ocCobeH-—
HO GONBLIHE TPH Nnepexonae TeMnepaType 4Yebes
TOUKY niaBneHHsa. JlepopMauHH OCHOBaHHA B
CBOW ouepenk BJeKYT 3a CoBof nedopManHH KOH-
CTPYKLUHR 3HaHHs, B UYeM CKasHBaeTCHA BO3fehi=-
CTBHMe IpPyHTa OCHOBaHMR Ha coopykeHue. Taxum
o6pasoM, TeMNoBOe H MeXaHHYeckoe BO3NeRCTDHA
ABARKTCHA B3IAUMOCEBABAHHEMEH, ClefopaTenbLHO,
HaH60JIee NPABHNLHEM OHJIO OH COBME@CTHOe pac-
¢MOTpEeHMEe TENNOBHX, MEeXaHHUEeCKHX H OusHdecw
KHX OpOLECCOR M MOJIydeHHe YPaBHEHHN, CBA3H-
BawmHMX 3TH NpolieccH, Takoe pPacCMOTPeHHE BO3—

MOXHO HAa OCHOBe NONAOXeHHME TepMOIKHAMHKH,
NMOCKOJNBKY HMEeHHO 3Ta HaykKa H3ay4dYaeT B3IaHMHHE
CBA3H MeXOy Ternom W APYTHMH BHIO4MH BHEPTHH,
B YACTHOGTH, MexaHmuecko#t, Tak, u3 1-ro u
2~T0 Hayall TePMOAMHAMMKH BHTeKaeT COOTHome-
HHe, CRAIHPAOMEEe TEeNNoBHEe H AedOopMAlHOHHHE

&)dJQCZE+ JA . /Y/

roe @ - aGconwTHasA Temneparypa/K/.ds ~[IPH=
pamleHHe DHTDOIHH, d E - npupameHHe BHYTDEH-—
Hel 9HepruM, 5A=5’-q'5£q— npHpameHHe pPaGOTH
nebopMallHHt , G(j n E}J - KOMIIOHEHTH TeH30-
pOB HanpaxeHu# w pedopmaumit / ¢f = 1, 2, 3/.
OTMeTHM, 4TO B CBOKW Ovepens paGoTa nedopma=
mun A= A€+ AP cxnamuBaeTcs U3 ynpyroft
paboTu AC =g:i)§EFj H HEOBpAaTHMOA, AHCCHIM-
DPOBAHHON PABOTH AFS 6’(356-”' , rae £¢; u £F.-
KOMMOHEHTH TEeH3IOpOB O6paTUMOl/ynpyrof/ H 4
Heo6paTHMONR /INACTHYHOR, BA3KO#/ nedopMaLi.
CoOOTBeTCTBEHHO NDHpameHHe IHTPOMHHE MOXHO
pacCMATPHBAThE KakK CYMMY dS=dEe%+ ds¥, rne
dse=2‘£i - NpHPOCT JHTPONMM H3IBHe 34 CYeT
pHemnePo Temnomoro motoka @ , adS'- npu-
pOCT SHTPONMM BHYTPH Tena 3a cYeT pacceHBa-
HHA/OHCCHNAuUHM,/ 2HEPrHH, T.e. 3a cueT nepe-=
®ooa KHHEeTHYEeCKON 32HepriuH HEOGDBTHMOPO ne-
doOpPMHpOBAHHA B TEMJOBYN, a Takke 3a cyeT
HU3IMeHEHMA MHKPOCTPYKTYPH Tena B pe3ynbTaTte
ero nedopMHpPOBAHHA.

Nsia HaNMHCAaHHA MOJIHOR CHCTEeMH ypaBHEeHH#
K 3aKOHY COXpPaHeHHA HapoO noGapuTeE onpeneng-
OWMe YpaBHEHHSI, T.e, YpPaBHEHHA COCTOAHHA.
K HMM OTHOCHTCH 3aKOH ¢ypbe, CBA3HBAWMHA
MOTOK Tenna 9 ¢ rpagMeHTOM TeMnepaTypH

7=Agrad &,

/2/
roe )\ - KO3(OHIHEeHT TeIIONPOBOOHOCTH,
H peoNoTHYeCcKOe ypaBHeHHe COCTORHHA, CBA3H-
Bawijee KOMIOHEHTH TEeH3OPOR HANPpAXeHHH, Jge-
dopMaliHft M1 HX CKOPOCTEeH, a TaxKkke BpeMA H

TeMnepaTypy .
. & =
?/%’369)62/)(‘46/)1“)6}) 0‘ /3/

YpasHeHHaA TenJIONpOBOOHOCTH

U3 cooTHOmeHHAa /2/ BHBOMHUTCA, KaK H3BECT-
HO, YpapHeHWE KOHBEKTHBHOH TelNONpOBOOHOCTH,
[IO3BOJIAMNMEe ONpenesiiTh pacnpeleseHHe TeMiie-=
paTypH B TpPyHTe, MPH 3TOM y4YeT (a30BHX npe-
BpameHsuft BOOH, comepxamedcs B I'PYHTE MOXHO
ocymecTBHTH, Kak 5TO nokasan H.A.Byuko /cM,
noknan B.H.Makaposa H np. B TPylax 7-00 Cek-
L¥H HacToAmeW KoHdepeHUHH (JoKnanH, 1978)/,
BBEeHHeM B 3TO ypaBHeHHe YOeJIbHOTO Tenjao=
conepxaHus/suTansnun/ Hy

&
Hy = §, Csp(6)dE 5/
3pecs CQ@(G» - 3ddeKTHBHAA TENJIOEeMKOCTh,

YYHTHBaomas Kak TeIoeMKOCTh TPYHTa, TakK H
TennoTy $Gaz0BHX NEePeXOnoR IPYHTOBOR BnarTH.

roe
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PeonorHueckoe ypaBHEHHE COCTOSIHHA

YTOOH PACKPHTHE COOTHOmMEeHHe /3/ HeobXomuMo
3HATP 3aKOHH, CBA3SHEBAWNHE KOMNOHEHTH Hanpa-—
XKeHHH H »medopMalHil HJIH HX CcKopocTed, O6GHYHO
TaKkMe 3aKOHH YCTAHARJINBAKNT SMIHPHYECKHM I[1y-
TéeM H TOorga ypaBHEHHME COCTOAHHA HOCHT deHoO-
MEHOJIOTHYECKHI XapakKTep, ABJIAACE ClpaBelyin—
BHM JHLE OJIA ONpelesieHHHX YVCJIOBHR H B onpe-
DeJyIeHHHX Mpenenax,. bBoliee o6mHM ypaBHeHHE CO-
CTOAHHA OyOeT TONLKO B CNy4Yae, €CNH HCXOJIHHE
CBA3H Me@XJY KOMIOHEHTAMH HanpAXeHU# H nedop=-
MalHil /¥ TemneparTypoRt / SYAVT BHBeNEeHH U3
paccMOTpeHHa ¢H3IHYeCcKOH CYMHOCTH npolecca,
HanpHMep, Ha OCHOBaHHH KHHETHYECKOH TeOpPHH
nedOPMHPOBAHHSA H JUIHTENLHOI'O paspylueHHs/Ba—
noe, 1978/.

CorsacHo 3»TOM TeQpHH TPYHT MOXHO paccMaT-—
PHBATE KaK XaoTHYE&CKOE CcOovYeTaHHe 3BJIeMeHTap-
HHX 4YaCTHI -~ MHHEpPaNBHHX 3epeH M HX arpera-
TOB, CRA3JAHHHX NBIOM=LIEMEHTOM H NNeHKaMy He-
3aMep3wel BOOH. JUIA CMemeHHSs TAaKHX 2JIeMeHTOB
HM Hamo COOOMHTE DYHepTHI akTHBHM3aunun U ,
BONBUIYI0 DHEPTHH MeXYACTHYHHX CBA3el. [locKonab-
KY pa3MepH 4acTHIl BCcel'la BO MHOIO Pa3 MeHble
mo60rc paccMaTpHBaeMoro o6hema TpPyHTa, K
HHM MOXHO TIPHMMEHHTB [IOJIOX@HHEe CTATHCTHYEeCKOM
PUSHKH H CYHTATH, YTO BEPOATHOCTEL MNOJYYEHHA
YyacTHlaMy sHeprHH U NOOYMHAETCA 3aKOHY pac—
npeneneHns sHepruu BonbumaHna N =N, exp(-U/Ke).
OTcona cpenHAA CKOPOCTE CMEueHHs YacTHIL, T.e.
CKOPOCTE TEeYeHHA CPYHTA ONpenenHTcd COOTHO-

= 38 = afep T Bexe [ t/ke] )

roe R(T,t) - nepemennas maskocrs.

®opMmyna /7/ ydUTHBAeT H3MeHEHHE DHepIHH
aKTHBAIlMH, a COOTBETCTBEHHO H BA3IKOCTH B 3a~
BHCHMOCTH OT HArpy3ku C ¥ BO BpemeHu T ,
YTO CBA3aHO C H3IMEHEHHIMH MHKPOCTDYKTYDH
Mep3JIorQ TPYHTa B npoilecce nefopMHpPOBAHHA,
AnA BHABJIEHHA TaKHX H3MEHEeHHR GLUIH NPOBEISHH
crnelHanbHEe MHKPOCQTPRPYKTYDHHE HCCNelIOBaAHHA.
[lonyyeHHuHle HAa OCHOBAHHH 3THX MCCHEeNOBaHHR
3aKOHOMEPHOCTH OIHCaHH B CTaTke aBTOpa B Tpy-
Jax HacTofuwe#d KOHdepeHUMH., 30ech Xe TOABKO
OTMEeTHM, YTO npolecc aebopMHPOBAHHA ABRJIAETCA
CleACTBHEeM OBYX B3AaHMOMPOTHBONOMOKHHY NpoOLUec—
COB = pacchabtfieHUa CTRYKTYph T'DYHYTAa B pesyib-~
TaTe HAPYWEeHAA MeX4YacTHUYHHX CBaA3&ll M DAa3BH—
THA OedeKTOB CTPYKTYPH H YIIDOYHeHHs, oBycno-
BJIEHHOI'O BO3JHHKHOBEHHEM HOBHX CBa3ell u "s3a-
neynsaHHeM" medexkTOB. YNpPOUYHeHHEe TIDHBOLOHT K
IATYXAHHI fedopMalHi NON3yYeCcTH, paccnatne-
HHe = K Pa3BUTHK He3saTyXxawmeHR, MNporpeccHpy-
omel noJ3yvYecTH, 2akKaHuYHBawmencs pa3spyueHH-
eM I'PYHTa. 3TH NpoueccH ONHCHBAKWTCA e€HHHM
YPaBHEeHMEM, KOTOpoe H onpenenseT 3IakQHOoMep-
HOCTE OedOpMHPOBAHHS MEpP3JIOre IPYHTA BO Bpe-
MeHH

F- 2 ()

rae 77* ~ rapaMeTp, 3aBHCAMHA OT (HIHIYECKHX
CEOHCTE Mep3Jlol'o I'pyHTA H ero TeMInepaTypH,
a t¥=1,

B Takof 3aNHCH ypaBHEHHe CHpabefnuBo njs
H30TepMHYecKOro npouecca, EcnH xe HeQbxXOQH-
MO YYHTHBATEL NOCTYNNEHHE TEenJonoTOKa H3IBHe

NO(t) n msmenenne TemnepaTyps TPyHTa BO
Bpevenn 6 (1 TO chaenyeT NpHBJedYh COOTHOowe=-
HHEe TepMOONWHaAMMKH /1/ W, NMpelcTapnas TepMo-
IHHAMHYECKHEe CHJAHW B BHIOEe JIHHEeHHOR KOMOHHA-
LUHH TIOTOKOB, MNOAY4YHM, clenya patortam JIeHHH=-
rpanckoro yHHeepcHTeTa/A.H.UYynHOBCKHE/, cle-
aywoumee ypaBHeHHe n%¢opmnp93aﬂun

GE [—zy-ft(i)] +°([6(t) 9]+5 [,[!;()5}/_”9(9) [K mf:ﬂ,,{\)_ Y

N3 Tepmonnﬂamnqecxnx e COOOGpPaXeHHH MOX-—
HO BHBE&CTH YPaBHeHHe ONHTeNLHOA NPOYHOCTH
Mepaoro rpyHta ¢ y4YeToM HNoCTynanmHX B Hero
TENJONQOTOKOE H BHIWBAEMHX HMH H3MEeHEeHHE BO
BpEeMeHH TeMnepaTyph. A 3TOro Hano peuHTh
vpaBHeHHe /9/ OTHOCHTEJIBHO HaNpaXeHHs, BBe-—
04 B 3TO peneHHe YCJIOBHE NNMHTeNbLHOTO pas3py-
weHHA. B KaueCTBe TaKOTr'0 YCJOBHUSI MOXHO IpPH-—
HATEL AOCTHXKEHHe IpHpameHHs SHTDOHHH'A-S B
npouecce nedopMHPOBAHHSA HEKOTOPOro KDHTH—
YecKoro 3HaYeHHA ASy, COOTBETCTBYWOMErO MO-
MeHTY pazpymeHus Tz

t‘l
£S.=§ Sw@dt, /10/

roe S(t) - CKOPOCTE MNPHPAmMEeHHA IMJIOTHOCTH
SHTPONHH, KOTOPYX MOXHO BHPA3HTh B BHIOE CyM-—
M &= S + S , roe 5e=d" =+ « BHEWHHHA
MOTOK DHTPOMHH, O6GYCJIOBIEHHHN, TENJIoMaccoob—
MEHOM € OKpyXalbmeil cpenol, aS, s:(Lyhe, F)-
BHYTDE@HHHA HCTOYHHK 3HTPONHH, oﬁycnoanenuoﬁ
pasoToit muccunauuu A’ ¥ CBOGOOHOM 3Hepruef
F . NpuxuMas, UTO padoTa OHCCHIAUMH 3aTpa=-
YHBACGTCHA Ha H3MeHeHHe CTPYKTYPH TPYHTa H
POCT IJIOTHOCTH HNedeKTOB, a TaKXe HCNOAB3VA
COOTHOWeHHe /8/, MOXHO TONY4YHTE ypaBHEHHe
IJIHTeNIBHOTO DA3PYUIeHHA, KakK OHJIO MOKa3aHo
aBTODOM paHee /Ooxnanua, 1975/ B dopme

5 (exe|B%2 4t -2

31O ypaBHEHHe CBA3HBAET BpeMa OO0 pPa3pyWeHHAa

4 , TepeMeHHOEe BO BRPEMeHH HanpskeHue T
H MepeMeHHYX BO BPeMeHH TeMiepaTypy G(t).

TakuM Oo6pa3CM, HCNONL3IYA MOJIOKEeHUR TepMo-—
AHHAMHKH, MH MOXeM NONY4YHTHL ypaBHeHHE, OIHM-
CHBAKIEEe TelJoBOoe M MeXaHHUYecKoe B3IaHMoIeR—
gTBEHEe Mep3JIOTO I'PYHTa H BO3EBeNeHHOTO Ha HeM
COOpPYXEHHA,., PemeHHe KOHKPETHHX 3ajady MoxXeT
BHTH NOAYYEHO ¢ HOMOmb 3BM, a B MNMpoCTeRuHx
CNYyYasaX M aHaJHTHYECKHM nyrem, HexoTopHe Ta-=
KHe 3afauy paccMOTpeHH B JQKJIane aBTOpa Ha
HacTosmen KoHdbepeHLHH.

OcHOBHHEe TonoxeHus CHuIl M-18-=76

B "HoBOW rsase CHuI II-18-76 "OcHOBaHHA M
GYHOAMEHTH HA BEYHOMED3JHX TpYHTax" MOXHO
BHOSJIHTE cliegyomHMe OCHOBHHE MNOJIOKeHHA, OTJIH-
Japumue ee OT paHee nedcTeywmero CHullra @

yCOBepuaeHCTROBaHKe crnocota pacueTa OCHO-
BaHHI M CYHMECTBeHHOE IOBHINeHHe pacyeTHHX
3HAYeHHN [POYHOCTHHX XAaPAKTEPHCTHK Mep3snHXx
I'DYHTOR }

pernameHTHposaHHe THNOB $YHOAMEHTOB H
MeTOOOB HMX pacueTa npH G60OJNbIHX Harpyskax;

Hanpagp/ieHHOe YyIpaBJieHH& TerJIoBEM DeXHMOM
M MeXaHHYeCKHMH CBOHCTBaMH BeYHOMEDP3JIHX
TPYHTOB OCHOBAHHH /NYyTeM NpenBapHTellbHOTO
OXNaXmeHHs HJH, HA060POT, OTTAMBAHHA/}

/11/
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paspafboTKa MeponpUATHA M MeTOHOB Ternno-
TeXHHYEeCKHX pacdeTOB, ofeclnedduBaKIHX 3alaH=
HHFA TeMNepaTYPHHH DeXHM Meps3JhX TDYHTOB OC—
HOBAHHM, B TOM YHCJE C NMOMOWbLK BEHTHJIAUHOH-
HHIX KAHAJIOB}

pazpaborTka peKOMeHNalHA, O6GeCnevYHBalHX
BO3IMOXKHOCTE CTPOHTENLCTBA Ha HeGaronpuaT-
HEIX BEYHOMEP3JNHX I'PYHTAX =~ 3ACOJEHHHX, 3a-—
TOPPOBAHHEK H CHJALHONBOHUCTHX, BKAKdYas noa-
3eMHHe JIbOH }

pa3padoTka PEeKOMeHOAaUHH 1o YCTPOHCTBY
dyHODaMeHTOR Ha BEeYHOMEpS3JIHX PYHTax B ceHc-
MHUYECKHX panoHax .

YcoBepweHCTBOBAHHE CHOCOB0B
pacyeTra OCHOBaHHH

Kak ¥ B cTapol penaxunyd CTpoHTenksHHX HOpM
H IlpaBun 8 HOBOM CHull+e nNpHHATH nBa NpPHH=-
HUMA HCNOJIE3OBAHHA BeYHOMEDPSJHX T'PYHTOB OC-—
HOBaHu#t: OpHHNMO I — C coXpaHeHHeM Mep3JIoTro
COCTOAHUA TPYHTOBR U NPHHLHN II- ¢ mgonymeHH=
eM HX OTTauBaHHHA.

PacueTH OCHOBAHHH NPOH3IBOOATCA 1O ABYM
npenelkHEM COCTOAHHAM — MO NPOYHOCTH /Hecy-

me# crnocoBHocTH/ H no pgepopMaluuaM. PacueTr
Nno TPOYHOCTH HUCXOIUT M3 YCJIOBHA
P/Ky o+ /12/

rgoe N - pacueTHass Harpyska, @ - Hecymas
CHOCOGHOCTE OCHOBaHUA, Ky - KO3dOHUHEHT Ha-
OeXHOCTH,.

PacueT no AedopMalMH HCXOAHUT M3 YCJIOBHA

S< Sup /13/
rine s - IIECDOpMaU.HH OCHOBAHHA, OonpenenAaeMaf
pacdyeToM, a Snp-npenenbﬂononycrnmaﬂ BeJIHUH—

Ha OedopMallMM COOPYXeHHH, 3IaBHCAmas OT ero
KOHCTPYKTHBHHX OCOGEHHOCTeH,

BeyHOMeEp3JsHe TPYHTH, HCNOJAb3yeMHe Mo
npuHitMny I , pacCYATHBAKLTCS, Kak MPaBHIIO,

10 Hecyme#d Ccrnoco6GHOCTH, MNOCKOJBKY TakHe T'DYH-
TH MaJioCcKHUMaemH, HekmoyeHHeM ABIAKTCA MJac—
THYHOMEPINHE H CHIABHONBAWCTHE TPYHTH, KOTO=
pHe MOryT Da3BMBATL OWYTHMHE OCAaIKH H HX
PACCYHTHBAKNT H 110 HegcymeR Cnoco6HOCTH H IO
nedopmaunamM,. [IpH OTTAMBAHHH, KAK H3BECTHO,
MepanHe TPYHTH DanT SoJabliHe OCalKH H TO3TO=
MY IPH HCHNONLH3IOBAHHH BEYHOMEP3JHX TPYHTOB

no NpHHELUNnYIl OCHOBHEM pPacdeTOM ABIACTCHA
pacyeTr no medpopMalnAM.

Mep3nHe PYHTH, KaK HM3BECTHO, o6GjaamawT
ABHO BHpPaXeHHHMH DPeOJIOTHYECKHMH CBOHCTBAMH=
CHOCOGHOCTRH Pa3BHBATL JedopMalHH nonsydec-—
TH H CHHXATH CBOE CONDOTHBNEeHHEe HaATrpy3KaMm
HpH HX IJHTEeNBHOM BO3HEACTBHH. YKa3aHHHE
CBOACTBa& MOJIKHE O6GA3AaTeNBhHO YYHUTHBATBCS MNPH
pPaccMOTPEeHHH pPaboTH Mep3JIHX TPYHTOB B kadec-—
TEBES OCHOBaHHP M NpH MX pacuerax. [IpH pacue-
Té 110 HecymeH CrnocoGHOCTH clenyeT HCXOOMTh
H3 NOHATUA Npenena IJIHTeNbHOHN NMPOYHOCTH Re ,
T.&. Takofl HATPYS3KH, MPH NMpeBHUEeHHH KOTOPpOR
BO3IHHKAET He3aTyXawmas NonsyvecTbk, NIDHBOIOA=
mas K pPaspYULIeHHK HIH K NMPOBAJbHHM OCanxKam
/prc.1l/. .

COoOTBETCTEEHHO Hecymas ClIoCOGHOCThL OCHO=
BaHHa @ B ¢opmyne /12/ ompenensercs Kak

P=mR; R=RH/[<'.,

714/

roe R~ pacueTHOe CONPOTHRIEHHE, RH - HOp-
MaTHRHOe conpoTHBheHHe, M >1 - Ko2OOUUMEHT
yenopu#t patorh, Kp>1 - kosdpuumeHT Geszona—
cHocTu. B cBOK ouepeab R" —-LZ(_ Rea,{ » TOe
R, = MpenenbHO-ANUTENBHAA [POYHOCTH, NOIY-
yeHHASA K43 JAHHOTO OnpenefieHHd, N - 4YHCHO
onpeneneHni.

PacyeT Meps3fHX TPYHTOB no nedopMalHH C
yueToMm daxTopa BpPeMeHH OCyHeCcTBJIAeTCA H3
YCIOBHA, YTO6H nedopMalHsa OCHOBAHHA 3a CPOK
CNAYX6H COOPYXKEHHA He MNpeBEmaya ©6H 3HAYEeHHH,
OroBOpeHHHX dopmynon /13/, npHueM 3HaueHHe

S B »TON dOopMyJle ONpejengeTca Kak

S=S,+S(t) rne So - Havane-
Haa fdedopMallud, ( )- nedpopMauHa, pPasBH=
BawMascHd BO peMeHH T ; v MepsiHx T'DYHTOB
snavende S (t 0BYCAOBIEHO TMOJI3YYEeCTh, a ¥y
oTTauBalomux (HUIBTPALMOHHON KOHCONHgaLHeR H
NON3y4YeCTERI,

PacyeTH OCHOBAHHA, HCTOAbL3IYVEMHEX
no npuHuuny I

COXpaHEeHHE Mep3JIOTO COCTOAHHA OCHOBAHHA
oBecneydBaeTrca cornacHo CHull ycTpoAcTBOM
BEHTHJIMDYEMHX NOANOIHN, OXNaXIamwmHX KaHaJNoB
H Tpy6, a TaKke OrpaHHiYeHHeM 30HH OTTaHBa~
HUA M 3aNoXKeHHeM OYHIOAMEHTOB HHXEe 3TOHR 30-
HH /pHc.2/.

C NOoMOmWbH BEHTHIHUDPYEMOrO MOOIONLA MOXHO
He TONBKO COXDaHHTE €CTEeCTBEeHHHRA Temnepa-
TYPHHE pexy¥M ['PYHTOB NOIL COODPYXEeHHMeM, HO H
U3IMEeHUTEL ero B HYXHYHO CTOPOHY, HanpHmep,
YKEeCTOYHMB ero, Kak 3TO H HaG/wIaeTca B INDAK-
THKe. YCHNOBHMeM A 3TOr'0 AO0JIKHO OHTE IO
I'.B.llopxaery COGMONEHHe COOTHOWEHHA

M = Fe /15/
Fﬁk Fj

rae c -~ MJomapnk 3IOaHHUS B NNaHe, & -
naoualh BEHTHAHDPOBAHME, M - MOIOylbh BeHTH-
NMHPOBAHHA, BHUYHUCIAEMHA B 34BHCHMOCTH OT
TeMnepaTypH BO3IyXa B NOMEemMeHHH, CpelHerono-
BOH TeMnepaTypH HapYXHOro BO3INyXa, CcpenHe-
roooBof TeMNepaTypH BO3HAYXa B NOONONBE, CKO=
pPOCTH BeTpa, HANHUMA TeIJIOBHMX ceTeft B non-
noJapé H TepMHYeCcKOr'0 COMNPOTHBJIEHHA [0Ma

1-ro aTaxa; Cnocos onpenesieHHA BeJUUHHH M
npHeened B CHullre,

OCHOBHEIMH THRaMM ¢YHAAMEHTOR NPH CTDOH-=
TenscTBe No 1 —~oMy NDHHOHIY ABJIANTCA CBaH
/BKIYAA CBaM OBOJIOMKM M CBAH—CTOJIOH GOJIB—
moro aHaMmeTrpa/ H ¢TonbyarHe QYHOAMEHTH.

Hecymas cnocoBGHOCTL OCHOBAaHHHA, HCMIONb-
IYyeMBEX C COXPaHeHHeM HX Mep3JIoTO COCTOAHHA,
onpenensgeTcad B COOTBETCTBHH ¢ dopmynon /14/
cJIenyOuUHM BHpaxeHHeM, npennoxeHHuM C,C.Bano-
BEM eme B 1959 r. ¥ BKIOYeHHEM B CHull/puc.3/

P-m (RF+ lZ1 Rem.i Fem.i). 716/

3r1a dopMyna cnpabBeiNIMBa KaK V1A BCeX BHIOOB
cBafiHuX (YHOAMEHTORB, TaK H A (yHAaMeHTOB
cTon64aTHX, NpHuYeM [ eCcTk pacdyeTHOEe naBJje-
HYe Ha I'PYHT NOo4 HHXHMM KOHIIOM COBad UIH

non nonomwsoR dyHIaMeHTa, cM — pacueTHoOe
CONPOTHBJNIEHHE CAOBHIY MEP3JIOro IPyHTa no 6o-
KOBOR NOBEPXHOCTH CBAaH HJH no GOKOBOR rpa-
HH GamMaKa CTONGYaTOrO QYHIOAMeHTa; |~ -
nJomank NOnepevHoOro ceyeHus CBaH HJAH Iogom-
BH (YyHRaMeHTa, nuomank CMep3aHHsa

a Fem -~
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IDYHTa € BOKOBOM NOBEPXHOCTHI $YHIOaAMEeHTa,
3HAK CYMMHDPOBAHHA CTAaBHTCHA MOTOMY, YTO THI
I'PyHTa H ero TeMneparypa N[O OJIHHe CBAH MOXeT

MEHSITbCH, COOTBETCTBEHHO ¢ 4YeM OGyaeT paszuu-
HEM H 3HaYeHHE KM, | A7 Kaxgoro i-ro crnod.
3HavYeHHA H RK.m OOJKHH, KAk NpPaBHIIO,

onpenenAThCA HA3 ONHTOB ~ B NONEHHX HAH jJato-
PATOPHHX YCNOBHAX. OQHOBPEMEHHBO B HOPMax
NpHEeNeHH 3HAYeHHA 3THX XapaKTepHCTHK, KOTO-
PHMH OONYCKAETCH [NONMB30OBATHCOA HDH OTCYTCTBHH
ONHTHHX NAHHHX, DTH 3HaueHHa pawnTca B CHHII
OJIA PA3HHX THNOB IPYHTOB H ONA PASNHYHOR HX
PacyeTHOR Temneparypuel/ . TeMneparypa no
rny6HHe TPYHTA B TedYeHHe roja, KaxK M3IBeCTHO,
H3MeHAeTcA. [lockonbky HOPMH OBGHYHO HMCXOHAT
H3 XYyIOuHX YCMOBHH, TO B KavYecTBe pacyeTHON
NIPHHHMAETCA HaM60Nee BHCOKAaA cpelHeMeCHYHad
TemMneparypa Ghuax B TOAY HA OAHHOR rny-
O6HHe ¢ TeM, 4YTOOH CYMMAPHAaA 2Mnopa em IO
BCen IONHHe ¢RaH OHjla HauMeHbmeR® /oM, pHc.3/.
9TH 3HaAYeHHA Umax YCTAHABJIHBAKNTCHA TefJIOTeX=
HHYECKHM PacCyYeTOM B 3aBHCHMOCTH OT CpenHe-
rogosoit TeMrnepaTypd rpyHTa @, . Ha OCHOBaHHH
HAKOIUIEHHOTO JIPAKTHYECKOr'Q ONHTA ¥ HaHHHX
CnenHanbHEX HCCHeOOBaHHM 3Havernuna R wu

cM 7
npHepeieHsne B CHHIl M-18«76, 3HAYHTENBHO MO=
BHIICHH TIQ0 CPpaBHeHHW CO 3HAYeHHAMH, KOTOophe

PEKOMEHIOORANHCE DaHee.

Ing OODHOPOOHHX TPYHTOB ¢opmyna /16/ vipo-
maercs, npuHaMan Bua P = M(RF + Bcm Fem)r
roe K u Rcm OnpemenawTcAa ONA HEeKOX DKBHBA-
JIEHTHOAR TeMIepaTypH, HCXomoamel M3 MHHHMYMAa
wIoManH S0KpH [ cn MO AJMHE CBAaH H ONpeNend-
eMOH TenNOTeXHHYeCKHM pacyeToM,

B cnydyae onpenerneHHA HecymeRl CHOoCOGHOCTH
¢yYHOAMEHTA HEeNOCPEeNCTBEeHHO 110 OAaHHHM Noje-
BHX HCHHTaHHH MH MOJY4YaNH CcyMMapHOoe 3HadYeHHe
npenenbHO-IIMTENEHOR HATpYakH Pg, = PH , or-
Kynoa CP:-"E— P" , roe Kp - xoa0dunMeHT sana-
ca. 4Yro xe'kacaercs xonddunmesnra K , To OH
YUHTHBAE@T TO OBCTOATENbCTEBO, YTO HCIHTAHHA
MOCYT NPOBOAHTLCA IIPH TeMmIepaType I'PYHTA,
OTJIHYHOW OT ee pPacueTHOI'o 3HaueHHsa. llosTomy
NPHHHMAKWT, YTO Kt?np Fon , The C)-Dn', - He-
cymas CHnocof6HOCTh NPOEKTHPYEMOH CBaH, Olpe-
neyeHHas pacueToM no dopmyne /16/ npu tat-
JIMYHHX 3HAYeHHAX KR H Rem 1 COOTBETCTBYIO-
LHX DPACUETHOR TeMIepaType Owmeax , 4 q%n -
Hecymasa cCrnocoBHOCTE: ONHTHOR ¢Bay, TOXe nomg-
cyuTaHHaa no dopmyne /16/, HO NpH 3IHAYEHUAX

; KOTOpHE HMeJIH MeCTO MNpH OIHTaX.

[lorpyXeHe cBal B BEYHOMED3JIHI TPYHT MO-
KeT OHTh OCYMEeCTBNeHO PAaIJIHYHHMH chnocotaMu
= € NponapHBaHHeM, C NpPeOBAaPHTENbHHM GypeHH—
@M CKBaXHH H C 3aNHBKOM MX IDYHTOBHM DRacTRBO-
POM MJIH ¢ 3a0HBKOR B CKBaXHHH CBall /eciaM nHa-
MeTP CKBaXHH MeHblle nHaMeTpa CBaH, 4YTO jena-
eTCA JHub B MJJACTHYHOMEP3NHX IPYHTAX/ M T.O.
Hanb6onee pacnpOCTPAHEHHHM SABJIAGTCH MOrPyXe—
HHE@ CBaH B CKBaXHHH/G60NBWOrc nuaMmetrpa/ ¢ 3a=-
JHBKOH CKBaXHH IPYHTOBHM DaCTBOPOM.

Ecru 3TOT PacTBOP H3ETOTORBJIAETCA H3 BHOY-
PEHHOTO TDYHTAa, TO COMPOTHBJIEHHE CABHMTY R,
NpHHHUMAEeTCs B SABHCHMOCTH OT BHIA BHOYDPEHHOTO

1/ B CHull tTemnepaTypa o6o3HayeHa uepes t '
a Bpems - uepes T .

rpyHTa. ECAH %€ NPHMEHAETCA 32apaHee H3ro-
TOBJIEHHHN TNEeCHAHO-~TJIHHHCTHH HJIH [ecCYaHO=-
H3BECTKOBHH DPacTBOP, TO HeCYWAA CHOCOBHOCTB
CBaH MOXET OHTE MOBHMEHA 3a CYeT 60jee BHCO-
KHX BHaYeHHH Rcﬂnnﬂ 3THX PacTBOPOR. Takoe
NOBHHIEHHe OcO6eHHO 3dPeKTHBHO B cnyyaax,
xorpa CeBasa 3ab6HBaeTcsa B CJabuHe TPYHTH -
TJAHHUCTHE, 3acOJIeHHHe, 3aTOPdOBAHHHE, CHIL-
HOJNBAOUCTHe, Torna pacyueT HecymeR ChnocofHo—
CcTH CcllellyeT MNPOH3IBOOHTE H3 YCJIOBHA PABHO-
HPOYHOCTH COMPOTHBASHHA COBHTY TPYHTOBOTO
pacTeopa MO NOBEPXHOCTH CBaM %c H conpo=-
THBJIEHHA COBUI'Y I'DYHTOBOTQ pAacCTBOpa MO KOH=-
TAKTY ¢ OKpyXawmuM rpyHToM Rem, T.&. U3
ycnosua Reg Feg=RemFem, Toe F ., - nomepxHocTs
CMep3aHusa co cBaed, a TOBEPXHOCTE KOH-
TAKTa pPacTBOpa C OKpYXaluMM TpyHTOM, paBHasa
MOBEPXHOCTH KOHTYPa CKBAaXHHH /pHC.4/.
Ocanxa cTon64aTHWx GYHIAMEHTOE, BO3BOOU-
MHX N0 OpUMHIIHOY I, 018 HX pacyeTa H3 ycno=-
BHaA /13/ onpenensercsa no ciaenyiome# dopmyne,
O6OCHOBAHHEe H ONEHTHOEe MNONTBepPXOeHHEe KOTO-
polt Mo AAHHEM 19-TH feTHHX HaGMOONeHUN npU-
BeNeHO B OOKJNane aBTopa Ha HaCTOAmeR KoHpe-
peHurH /Joxnanm IIT xoHdbepeuunn, 1978/

t 1
2 N(Y) en p-1
=0-8(1- NV - 17
s/d=0 s(lﬂ)pgo A[m}]} (t-v)" dv, 7117/
rone d - nmamerp nomowsd bynnamenTa, M4 Ko3O-
dupMenT [lyaccoHa MepsJioro IPYHTA,

Als] =a+B/e/" - KO3(Q$HUMEHT
NEGOPMHPOBAHMA, 3aBUCAMHR OT TeMnepaTypu O ,
B CBOW OuYepens H3MEHAKUENACH BO BPEMEHH IO

HEKOTOPOMY 3aKOHY 9(‘&), N (t) - namenswman-
CA BO BpeMEHHM pacyeTHaf Harpyska, - nepe-
MeHHAA HHTeIDHDOBAaHHA, ~ BpeMmsd.

Qcanka CBAaH MOXeT OHTE OfipeneneHa o

popryne Y4 ¢ wn(t) Yon g-1
sfa=e) ";BH*'“—“MM)] (t-V)""AN, /18,

- o T
roe Al0(t)]-a+ B/6(t)/ - xo3¢dUUUEHT
nedOpMHPOBAHHA, 3ABHCANHIA OT TEeMIEepaTypH,
B ofmeM clyyae [QepeMeHHOM Bo Bpemen#, U -
nepuMeTp CBaH, -ray6HHa 3sanesikH cBaH B
BEYHOMEPRINHA TPYHT, OCTanbHHe OB03IHAYeHHHA -
Te ®e, UTO H B dopmyne /18/.

Takum oBpazoMm, dopmymm /17/ u /18/,
OHHecA YAaCTHHMH CIy4YasMH VpaeHeHHa /9/,
ONpeneyIAnT OCANOKH CTOJ6YaTOro H CRaAHHOTO
dyHOoaMeHTORB, 3arpyXeHHHX MNepeMeHHHMH Harpys-—
KaMH C yYeTOM HaMeHsdwme#cs BO BpEeMeHH TeM-
nepaTypH MEp3JIoTO I'PYHTA.

PacueTn OCHOBAHHME, HCNONb3YeMHX
no npHHouny II

[Ipn npuHndne 1T OonyckKkaeTcs OTTaHBaHHe
I'PYHTOB OCHOBAHHA KaK B Npollecce 3KCNayaTa-
OHH COOpPYXEeHHA, TaK H NpPeIBapHTelBHO, OO ero
BO3BeOeHUA. llepBHl crayval HMeeT MeCTO ToI'na,
KOrga Mep3Jiieé IPYHTH OCHOBAaHHH ABJIANTCA Ma-
JIOCTIPOCANOYHHMH M NPpH KX OTTAMBAHUH YyCIOBHE
/13/ 6ymeT ynosneTBOpeHO. ECnu xe 'PYHTH
OawnT 6OJbLulYI0 Ocanky IpH OTTamBaHHM, To CHHII
PexoMeHnyeT NPHHHMaATh CHelHAaJIbHEE MepH, KO-
TOpHE 3aKJOYawTCA HJIH B YMeHBHIEeHHH medopMma=—
LHA OCHOBAHHA MPH €ro OTTAHBAHHH, HJIHM B NpPH—
CIHOCOGJIEHHH KOHCTPYKIHUI COOPYVXEHUS K BOCHPHa

ATHI MOBHUIEHHHX IedopMaumMit,

ABJIA—



122

YMeHbUcHHEe nedopMallHi OCHOBAHHA MOXeT
GHTE Of6ecledYeHo perynHpoBaHHeM CJIYV6HHH OT=
TaHBaAHHA NYTEM YCTPOKRCTBA TEepPMOHAOJAULHK, 3a-
MEHH JIBOOHACHIEHHOI'O TRYHTA NecdaHo-TpaBHHA-
HEHMH TpYHTaMH ¥ T.xn. OiHako HauGonee gelcT-
BEHHHM CHOCOGOM FARJIAETCHA NpenBapHTeJIBHOE OT=-
TauBaHHE TDYHTOBR OCHOBAHHUA /OCYmMECTEJISeMOe
C noMomel THAOPO- M 3NexkTponporpesa/. I'nmy6r-
Ha OTTauBaHUA BHO6HpPaeTCsI TAKOK, 4YTOGH Nocle—
naymomas ocanka HHXesNexamero Mepasioro rpyHTra
pH ero OTTAHBAHHH HAaXOOHJIACHE B Impenesax,
YOOBNETBOPAKKKUX VCIOBHL /[13/.

YMeHBUIeHHe nedbOopMaUHR OCHOBAaHHMA, HCXONA
H3 ycnoeua /13/, ABRNAETCA OCHOBHHM NPHHIH-
noM $YyHOAMeHTOCTPOEHHA Ha BeYHOMEep3JINX TPYH-
TaxXx. OIHT CTPOHTENLCTEA NOKAa3HBaeT, 4YTO, Ha—
Ke TNPH CaMhHX YCHIeHHHYX KOHCTPYKLUHAX Ccoopyxe-
HHUI, OCAIKH TNPH OTTAaHBaAHHH, OCOGeHHO OMcIrep-
CHHX JHNOHACHIMEHHHX TPYHTOEB, MNMPHBOOAT K He—
DOonNyCcTHMEM gedopMaupaM agmaHuit, [oaTOMYy Npekx=—
oe BCero HeOo6XOOUMO TeM HJIH HHEM TyTeM YMeHb—
MU ThH BeMHUYHHY OCAJKHM I'pyHTa, T.€. CO3OaThk
OCHOEBAHHE C 3apaHee 3alaHHHEHMH CBOHCTBAMH.

B To xe Bpema CHHIl monyckaeT B KadecTBe 0=
NOJHUTENIBHOO MENOINDHATHA NPHCHNOCOBNeHHe co-
OPYXKeHHR K BOCNPHATHI MMOBHMEHHHX OedbOopManHf
OCHOBAHHS., 3TH MEDPONPHATHA 3aKJIYanTCA HIH

B NOBHUEHHH MNPOYHOCTH H O6meld NpoCTpaHCTBEH-
HOH XeCTKOCTH COODRYXeHHA, HJIH, HaotopoT, B
YBeJIHUEHHH TMNOJaTNHBOCTH H I'HEKOCTH COODYXe-
HHA, B NepBOM CaydYae MH CTPeMHMCS K TOMY,
YTO6H HONONHHTENLHHE HANPAXeHHA, BH3IBAHHHE
nebopMallUAMH OCHORBAHHS, OHIH 62360JI@3HEHHO
BOCIIPHHATH YCHJIEHHEMHM 3JIeMeHTaAMH KOHCTDYK=~
OHA COOpPYXeHMH. BO BTOPOM criydYae CTDPeMHMCH

K TOMY, UYTOGH MOONOJHHTENEHHE HANPAXEHHA BOOG-
me He MNOABMAJHCE, a& BO3IHHKawmHe nedopMallHH
INIeMEHTOB KOHCTDVKIUIHA MOIJIH GHThL BHPABHEHH,
COOTBETCTBEHHO HPH XeCTKOW KOHCTRPYKTHBHOR
cxemMe dyHOaMeHTH MPHHHMAaWTCA B BHIOE OOGHYHHX
HIIH NepeKpPeCcTHHX JIeHT, CIJIONHHX HIN kopobuya-
THX TJIMT ¥ T.n. [IpH I'HM6KOR KOHCTRYKTHBHON
cxeMe TMPUHHMAKNTCA OTIOeJNBHO CTOAmHe CTonbGuda=
THe (YHIAMEHTH.

PacueT oCHOBaHHM, HCOONb3YeMHX MO MNPDHHIH-
ny , HadHHaeTCcA C onpeneyieHHd OYepTaHUA
30HE OTTAHWBAHHA MeP3JOI'o I'PYHTa noa coonyxe-
HHMEM H ee pPa3BHTHA BO BpeMeHH., CymecTayeT
pan npueMoB U GOpPMYJsT Takoro pacdeTa. Haunto-
nee »bOPeKTHUBHEIM ABRIASTCA MEeTOIO YHUCII@HHHX pa-
WeHHA = Ha nNpusone THAPABJIMYECKHX AHANOIHA
HIK ¢ noMmompiwy IBM, OpHako NN NMOBCEOHEBHOI'O
MOJIL3OBAHUA HEOOXOOMMH, KPOMEe MaLMHHOTO,
enme M aHaAJMTHYECKHe MeTOnH pacdeTa. Taxon
MeToHd, Ppa3paboTaHHHE I',B.llopxaeBmM, npHsBeneH
B CHH«Il I=-18=76. OH NMO3BOJAET ONpeHenMuTh TIJy-
6HHY OTTaMBaAHUA 3a 3aJaHHOe BpPeMs non ce-
penuHo#t 3naHua H, ¥ non xpaamu ffk /puc.5/.
PacyeT CBOIOHMTCHA K Chenymwouum dopMmyrnam

Hc: K-l(EC—'Kc) B,
Hy =k, BBunn Hy =(8& Ke= 0 1BVT ) /19,

roe napaMmeTpl Kl, Ec, K—c) "§’.<: KK onpenana-
wTCcA o npMeeneHHEM B CHHII HOMOrpamMmamM H Ta-
GnMUMIlaM B 3aBMCHMOCTH OT pacdYeTHOR TeMmrnepaTy-
PEH BO3AyXa BHYTPH NMOMEUNEeHHA H cpenHeronoBnol
TeMnepaTypd BeYHOMeDp3JIorQ T'pyHTa, TepMHYec—

KO0 CcOnpoOTHBNEHHA nona l-ro sraxa, ko3dpdu-
LHEHTOB TENJONPOBOAHOCTH Meps3JIorQ M OTTaABR-
mero rpyHTa, CYMMapHOR BRaxXHOCTH IPyHTAa,
wHpHHE B ® OonMEL L 3jmaHHsa. MakceuManbHas
ray6uHa OTTAMBAHHA MON cependHo# Heop #H
KpaeM Hy, 3jasus, OOCTHraeMasa NpH CTagHo-
HapHOM TeNnJIOBOM COCTOAHHH, BHYHCIAETCHA MO
dopMynam

ch = K” gcn B;‘ H}(n = K” EKnB’/ZO/

roe xosdduumenty K, §Cn, fKn onpenensa-~
KTCA NMo TabJaHilaMm H HOMOTDaMMaM.

JaneHeAWHA pacyeT 3axkodaeTcsa B Onpene-
JIEHMH BEeJIHYHHH OXHIaeMOH OoCankH.

CnenyeT oTMeTHTB, YTO ANA OPHEHTHPOBOY-
HOH OLEHKH OCajkH Mep3JyIoro T'PYHTa NPH ero
OTTaHBaAHHH CYHMECTBYEeT DAN NPHOJIHXEeHHHX Qop-
MyJi, HMCXOOAMmMHX H3 TeX HOJNOXEeHHH, UTO CXHMa-
eMOCTBh Suah/h NecCYaHHX TPYHTOB oOnpege-
NAEeTCA OTHOCHTENBHOR PA3HOCTEBW OBLEMHOTO
Beca cKelJleTa OTTAABUWErO H YMNJOTHEHHOI'O CpPYH-
Ta Yo .T¥ OGBHEMHOTO Beca ckejeTa Mepasioro
rDYHTa B @CTE@CTBEHHOM COCTOAHHH KCK.M

2;:= XCKTT_-Z;K.M

/21/
Yex.r
a GXHMAE@MOGTL TJIMHMUCTHX FDYHTOB = HM3MEHEHH=

eM HMX MOPHCTOCTH 3a CcYeT BHTAHMBAHHA H OTXa-=
THA NbOa = BKIWUYEHHH M YACTHYHO NbIOa-ileMeH-
Ta B pe3ylerarte YNNOTHEHUA non cOGCTBEHHHM
BECOM H Harpy3kot

=1 Yom [%“%W(WP +K, 7r)]: /22/

roe x; H Jh,ynenbﬂue BeCca 4acTHL I'DYHTa H
BOIH, VJP = BIAXHOCTE HA I'PaHHUE pacKaTHpa-
uua, o - YUCJIO NNaCcTHYHOCTH, - KO3d-—
OHIIHMEHT, SABUCAMHMHE OT BEJIHYHHH HABJIeHHA Ha
TDYHT P .

OnHaKO 3TH GOPMYJIH MOI'YT NPHMEHATHLCA
JIHWE 18 OUEeHKH Mep3JIOTHO-IDYHTOBHX YCIIOBHA
nmomanky, BHO6OPe NPHHIHNIA CTPOHTENBCTBA H
T.N. Heney, OnpeleleHHe Xe OCANOK, HeOOXOo-
nHMOe INisg pacderTa OCHOBAHHA, IOOJIXHO NpoH3-
BOIHTECH MO 6oJee TOYHHM HOpMynaMm, YUYHTHBA-
KIHM XapaKTep pacnpelesieHHA HanpAxXeHHH Mo
rAy6HHe TI'pyHTa /DHC.6/.

XoTa, CTROrO rOBOpPA, 3aBHCHMOCTE Mexny
HanpaxeHHeM M pedopMativell HeNHHeHHa He TOoJNb-
KO ¥V MEpR3NHX TPYHTOB, HO M V I'PYHTOB OTTa-
HBAKMHX, ANA YNpPOMEHHs HOOINyCKaeTCH onpene-—
JNATL OCaJKy 3ITHX IPYHTOB, HCXOOA H3 3aKO0HAa
JIHHeHHOTr'o nedopMHpoBaHHA. PaHblle HCXOIHIIH
IPH 3TOM H3 CXeMH YNpyroro noaynpocTpaHCTEBA.
9TOT NpHeM IONyCKaeTCA M ceddac npH OO0JbHOK
rayGHHe OoTTaHBaHMsa., HO B kadecTBe OCHOBHOI'O
IHIPHHHUMaeTCA pacyeTHAA CcXeMa B BHIE CJI0A Ccna-
6oro/oTragsmero/ CpyHTa, NOOCTHIAEMOrO. XeCT—
KHM/MepaiiaM/ OCHOBAaHMEM ¢ yYeTOM KOHIeHTpa-
MM HanpsaxeHH® Ha IpaHHUHlle 3TOTCO OCHOBAHHA
H COOTBETCTBYWIHM repepacnpenesieHHeM Hanpa-
xeHH. dopMylia ONA onpeneyieHHsa OCaIKH feH-
TouHOro ¢yHOaMeHTa IonyvaeTcsa CYMMHPOBAHHEM
ocanox Kaxmoro { —oro cnos TomuuHoR hi{

HA KOTOpHEe pa3buBaeTcsa 30HA OTTAABHMIErO TDYH-

Té_ /2 (K=K =S +
5’":$55144;n152; é% (k& )<‘ \/23/
i %;Z?;ﬂ fd%uﬁby)(ytvézé)’bﬁgzd/Zcézﬁi >
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rne P, u Py; = COOTBETCTBEHHO NABJIEHME HA
TPYHT NOA nNonowBoR ¢yHOmamMeHTA H JaBJIeHHEe OT
COGCTBEHHOTO Beca IpyHTa B 1 -oM cnoe, Ki
H Kl-; - KO5(OOHIHEeHTH, YUYHTHBaKIHEe XapakKTep
pacrnpenesieHHa BepTHKaANkRHOTO HANPSAXEHHS OT
HAUDY3KM 10 TAYGHHe TDPYHTa, Msm = KkoaddUIu-
©HT, YYHTHBAKWMIHA BIHAHHE XeCTKOro MOACTHIAa~
ero OCHOBAHHA H 3aBHCAUHMA OT OTHOMEHHA
H/E ., - raySHHa 3ajleraHus TDaHHLH
KecTKOro/Mepanoro/ ocHoBaHHs , Ay H Ai -
COOTRETCTBEHHO KO3OPHUHEeHTH CXHMAEeMOCTH H
OTTAHBAHHA TPYHTA, Mo — JABOUCTOCTE IPYyH-
Ta OO ero OTTaMBaHMA, [ - uwHMpuHa GyHNaMmeH-—
Ta.

TakHM O6pasoOM, MepBOoe ciaraemMoe npapBon
yacTH GOpMynH /23/ yuYHTHBaeT ocamgky YIJIoOTHe-
HHA OTTAABWEI'0 TPYHTa NOJ BO3NEeHCTBHEM BHeu-
Hell HArpy3KH, BTOpOe cjlaraeMmoe - OCalxy
YNMIAOTHEHHA OT BO3NEeHCTBHA COOBCTBEHHOI'Q BecCa
TPYHTA H OCaiky OTTAaHBaHHA, a TpeTke CcJjaara-
eMoe - OcamKy OT BHTAUBAHMA JIEOSAHHX BKJIOYe-
HHH M CMEIKAHHMA MaKpoOnop, NpHYeM,T.K. 3TO
CMEIKAHME He OHBAaeT NOJMHHM, TO BBOAOHTCA KO3)=
euument Ko<l .

NapameTrpn & H A onpepensoTcA mO NAHHEM
NOJIeBHX HJIH NadopaTOpHHX HCNHTaHUR. [locnen—
HHEe MPOBOOATCHA B OINOMeTpe, T.&, B YCHOBHAX
KOMIIPECCHH C HEeBOBMOXHOCTBK GOKOBOTO pacuu-
peHHA. ONHTHHEe TOYKH HAHOCATCA Ha TpadHk
" oKHMaeMOCTh -~ Harpyaka P ", N0 KOTOpOMY
H onpenengoTCsa napaMeTpH A H A , HenHTaHHS
NPOBOUATCA ¢ O6pa3laMi, He HMEKWIMHMH KDYITHHX
NenAHHX BKJIWYEHHA =~ [oclienHue OonpelensanTca
OTHenbHo /NO KepHY, H3BJIeKaeMOMY NIDH NPOXOI~
K& CKBAaXHH HJIH IO H3MepeHHAM Ha CTeHKaxX uwyp-
¢oB/ H YUYUTHBaWTCA, KAk FOBOPHJIOCE, BBENEeHH-
eM B Qopmyny /23/ cnenHansHOTO CJllaraeMoro.

Eonee nocTOBEeDHHE DE3YNLTATH MO CPABHEHHK
¢ NaGOpPATOPHHMH JIAKT NMOJIEBHEe HCHHTAHHA C No-
MOMBI HarpepaeMHX mMTAMIIOB,K KOTOPHM HOCHEe OT-—
TaHBAHHA HeOONBHWON 320HH I'DYHTA NpPHKJIAONBAETCH
cTyneHvaTas HaArpy3Ka. 3HadYeHHa QO H A H B
3TOM clydYae ONpeNejAlnTca no rpaduxy §— P
¢ TeM, OOHAKO, OTAHYHEeM OT NabOpaTOpPHHX Onh-=
TOB, 4YTO MNOJIEBHE HCIHTAHHMSA ONpenaesyAwT ocal-—
Ky BCero MaccHusa TPYHTa, BKJWOYAA H JeOsadhe
npocnofiku. COOTBETCTBEHHO NPH ONnpenefieHHuH
OCaOK®H ¢ HCMNONb30OBAHHEM NAHHHX IOJIEBHX OIh=
ToB B QopMyne /23/ cnenyeT NPHHATE M. =0 .

Ipy npelBapHTelbHOM OTTaHBaHHH TNDOHCXONHUT
ocanxa /NC BO3BENCGHHA COOPYXeHHsa,/ 3a cuer
CcOBCTBEHHOIO Beca, olpelendeMas (opMysion
/23/ nupr Po =0 . Ocagxa xe nocne sO3Bene-
HHUA COOpYyXeHHa 6yIeT paBHAa

S =Sn+Sgon /24/
rne -Sn - QCapgkKa ¢noA pyHTa, OTTagBuero
npenBapHTenbHO HA TIyGHHY , OBycnoBIeH=

Haa nocaenyvomiMm /nocne BO3BeEeHHA COODpYyXe~
HHUA/ YNNOTHeHHeM T'PYHTa 3a CcuYeT BHewHeR Ha-
TpY3KH; 2Ta Ocajka,onpenenaeTca.bopMynon
/23/ npn Ay=0 m AN = 0;F=0; Sgon -
OOMONMHHTENbHAR OCANKa CJIOH I'pyHTa, OTTaupa-
wigero B Nnpouecce 2IKCNaAyaTauuH Ha I‘J’IYGHHY
H-hom /rne - [IONHAA TAY6MHA OoTTaWBa-
HHA/} ®Ta ocalka olpenensercsa dopmynon /23/.

Pa3sBUTHEe OCalOK BO BpeMeHH

dopmysl /23/ u /24/ onpenensawnT BEJIMMHHY
KOHeYHON, CTaGHIM3IOBAHHOR ocailkH. OmHako
60onpHOe 3IHAYEHHE HMeeT XapaKTep NPOTeKaHBHA
OCanK¥ BO BpPEeMEHH, YTO OCOOEHHO BaXHO NPH
npedBaAPHTENIEHOM OTTaKBAHHH,. B 3TOM cnyvae
BaXHO 3HATH, 3JIAKOHUYHTCH JIH Oocagka oOT cob-
CTBEHHOTO Beca MpenBapHTeJILHO OTTasBUEro
TPYHTA OO BO3BEOEHHMA COOPYXKEHHA HIH
OHa 6yOeT NpOOONXATECA M B NpPOoLecce 3KCNiay-
aTalMH COOpPYXeHHMs, H ee HaJlo B DTOM Ccliyyae
YYHTHBATE NPH pacueTe OedopMaUHA COOPYXKEHAA.

Pa3BHUTHe OCANKH BO BpPE&MEeHH MNPOHCXOIOHT
3a cyeT OHUILRTPalMOHHOH KOHCOJHIOALHH SQ H
3a c4yeT Mon3yuyecTH Sppz , OPUYEM MOXHO
YCAOBHO CUYHTATE, YTO NON3y4YecTk BO3HHKAaeT
TOJNBKO MNOCJe OKOHYAHHA QHABTRAUHOHHOTQ Npo-
ecca, Torna nonHasa ocaigka 6yneT pasBHa
/lUuToBHu, 1973/

S(t)=$1+52+53+54, /25/

rne-31°AAl1€t) - pcafka OTTaHBaHHH, ob6yc-
MOBfleHHAA BHTaHBaHHEM JbOA-BKJANYEHHHA H JbIa-
HeMeHTa H pa3BHBAWMAACA MO Mepe YBENNYeHHA
TJIY6HHE OTTAHBAHMA, KOTOpPad B CBOW odepenb
pasva h(t)=BVE; 2
Sz_=a_[><1h(t)|9+>(23'h (‘t)/Z_] - ocapxa
VIIIOTHEHHS, MPOTEeKawmas OQHOBPEMEHHO ¢ OT-
TaMBaHMEM TMOMN OelcTBHEeM BHeWHel Harpy3KH
Po u co6crsenHoro meca rpynta $=Yh{(t) u
3aBHCAmAn OT KO0dHUHeHTa (HUALTRALMH, (YHK-=
UMAMH KOTOPOLQ ABJIANTCA KosQOUIMEeHTH X4 U
Xa i S3= S{;u + S ue - ocanKa mo-
YyIJIOTHEHHS TDPYHTa, NPOUCXONAMAH MOCHe ero
OTTauBaHHA NOJ BO3NeACTBHEM BHEWHeH Harpys-—
K# P, M COGCTBEHHOrO Beca rpyHTa ¢ = ¥H
/H=hg - rayGuHa OTTaAHRaHuA/, IpHYEM
f.ra(l—xﬂHPa H 523 = O;S‘C\-(l_'xz)YH -
cTabunnsoBannHe ocanku, a KWW m W? - creneus
KOHCOJIMTAllMH TPyHTa, ONpeleliAeMad H3 peie-
HHA 3amad¥ PUIBTPALHOHHOW KOHCONMHIALHHK H
saBucAmas or coorHomenus /L =B/2VC , rne
C=Ke/YeO - KOIPOUUMEHT KOHCONUUALMH,
K¢ ~ xosdduument unbTpauu.

4 - ocanka MON3YYeCTH, ONpenendeMas H3
pelleHHA TEOPHH MOA3YYECTH; BO MHOTHX Cly-
Yyaax 5TO CnaraeMoe MOXHO He YYHTHBATh.

Ocanka S» , npoTexawinas OOHOBPEMEHHO C
OTTAMBAHHEM, TaKke KAK K IJIYGMHA OTTaHBAHHA
h (1) nponopuHoRanpya KOPHK KBAOpaTHOMY H3
BDEMEHH, [O3TOMY S(‘t)/hﬁ:):const XapakTtep
npouecca KOHCOJHIAIHMH 3aBUCHUT OT napaMeTpa

, T.€. DTOT TPOLECC ONpeNenfieTcs CKO-=
POCTBO OTTaHBAHMA, XAPAKTEPH3YyeMOHN TemnJIOBHM
KoadOHIIHEHTOM H CKOPOCTBRKH (HUIBTPALMKH, K
XapakTepuaveMol ko3ddUUHeHTOM (HILTPALHNH

EC/I CKOpPOCTh. OTTaMBaHHA BeNHKa , a Ko3d-
duuneHT K¢ Masi, TO KOHCOJMIALMA NPOAOIKA-
ercAa ¥ nocie OTTaHBaHHA. ECHH Xe OTTAHUBaHHE
NPOHCXOOUT MenJIeHHO, a BEJMK, TO NpouLece
KOHCOMUMAANMH MPOHCKOMAHT B IEPHON OTTAHWBAHHA
u S5;% (0. Tako# cnyvyal XapakTepeH NPH OTTa-
HBaHHH TDPYHTOB OCHOBAHHA B TMpolecce 3KCIIy-
aTalnMH, KOTHa OTTAHBAHHE INHTCHA B TeYeHHe
pAOa NeT M 3aKOH Pa3BHTHA OCaIKH BO BpPEeMeHH
onpenensercs sakoHom orrampauusn R (1) =RBVE.
HHauYe OGCTOHT HeNo NPH NPelnocTPOeYHOM
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OTTawBaHUNY, ITO OTTaMBaAHHE MIPOHMCXOOHT OTHO=-
CHTeNIBHO OHCTPO, H eC/IH OTTAHBAKNNHE I'DYHTH

" PTIMHUCTHE C OTHOCHTENBHO HeOOJIBUIHM 3HadYeHH-—
eM Ko3ddruHeHTa GHABTRAUHH, TO KOHCONHIALIHMA
6yneTr npoJoJIXaTBCA H IIOCJTEe BO3BENEeHHA COopy=-
KeHHA. KpoMe TOro, NpoH3oHneT KOHCONMOalMs
OTTafBWEro TRYHTA 3a CcuYeT BHeWHeH HarpyskH
M, TakHM o6pa3oM, BeNHUYHMHA OCanKH LOoyNnJIoTHe-
HHA z OyDeT HOCTAaTOYHO OMYyTHMA.

CoBMecTHan paboTa COOpYXeHHSHA
H OCHORBAaHHA

IpH pacyeTe OCHOBAHHE no nedbopMauHAM He—
OOXOOHMO paccMaTpPHBATE COBMECTHYKH paboTy
COOpPYXeHHsT H OCHOBAaHHA, YUHTHBag, 4YTO ocan-
KH OQCHOQBAHHA 3aBHCAT OT KOHCTRYKUIHH COOpy=-
KEeHHs, a, BO3IHHKHYE, OHH BOZINEACTBYWT Ha 3TH
KOHCTPYKLUHH, BH3HBAA B HHX IOedopManyu ¥ npu-
BOOA /MpH CTATHUECKH HEONpPeNel/IeHHOW cXxeMme
COOpPYXeHHsI/ K NepepacnpenesieHH0 YCHIHHA,

Jnsi MAaCCOBEHX BHIOOB COODYXeHHH ¢ Haubolee
pacnpOCTpPaieHHEMH KOHCTRPYKTHBHEHMH CXeMaMH
3HaAYeHHA NpelesyIbHHX dedopMallHfl, KOTOPHEe 3TH
COOPYXEHHA MOTryT 6e360JIe3HEHHO BOCHPHHATL,
pernamedTHposadn CHullrom. B »TOM cnydae B
3allady pacueTa BXOIOHT onpenesieHHe nedopMariHi
OCHOBaHHA /CpenHel OCAIKH, €e DAa3HOCTIH, Kpe-
Ha/ B MX COMNOCTABJIEHHEe, B COOTBETCTBHH C
yenosHeMm /13/, ¢ BEeNHYHHOA NpelensHO JONyc-
THMOH nedopMalnHH IJIA JaHHOI'O BHIOA COOpRYXe-
HUA. [IpH TOM pacCMOTpEeHHEe COBMeCTHOH paboTH
COOPYXeHHA H OCHOBaAHMA OrpaHHYHBaeTCHA onpe-—
DeNeHHeM PeaKTHBHHEX HNAaBJIEHUH IPYHTA Ha o=
OOuwBy (yHOaAMEHTa H pacueToM dyHIaMeHTa Ha
PO3HHKAKWMHUE B HEM YCHIHA OT 3TOr0 OABJEHHA,

B Sonnmel cTeneHd COBMECTHYW patoTy coo-—
PYXeHHS H OCHOBAHHA HeOOXOOHMO YyYHTHBATE NDpH
NMPOSKTHROBAHHH COOPYAKEHHN, NpegenbHue Nedop-
MAUHH KOTOPHX He 3aJanTcda, a OOJIXHH ycTaHa=-
BJIHBATHCA B DPe3yJapTaTe pacyeTa., B 3TOM any=-
yae, KakKk NoOKasaHo B CcTaTeke B.I'.IIO30BCKOH,
J.H,Hefmapka M apTOpa, NPEOCTABNEHHOA Ha Ha—
CTOAmMYI KOH(EeDeHIH, MOCTYynawnT CRelyinHM of-
pa3soMm.

PacCMATDPHBAKNT COOPYXEHHE KOHEeYHOH XeCTKO-
CTH H ONpenesdnT HU3INOXeHHHM BHWEe CHOocOOOM
medopMalHi0 OTTAABMErQ/B Npollecce 3KCMayaTa-
IHH HJIH NpelBapPHTENbHO/ OCHOBAHHA, BH3IBAHHYN
HATPY3IKOH OT COOPYXeHHS H OT COGCTBEHHOI'O
Beca I'pPYHTa. [anee pemalwT KOHTAKTHYH 3anmayy
B3aHMONEHCTBHA OCHOBAHHS H COODPYXKeHHA, H M3
ITOTQ pelleHUA OQNpeneNIanT PEeaKUHH OCHOBAHHA,
BO3AZeRcTByYwmHe Ha ¢yHpameHT, I[IpH 3TOM B Le=-
JIAX YHOPOWEeHHA pacyeTa COOpRYXeHHe YCIOBHO 3a=-
MEHAIT GANKOW UM CHCTEeMOH CEBA3AHHHX Mexny
co6olt 6anok, IKBHBAJIEHTHHX COOPYXKEHHI0 I10
CROER XKeCTKOCTH M CTaTHYeCKOH patore.

3HaA pPeakKNHH OCHOBAHHA, ONpPenesdanT HONnoJj-
HHTEJIBHHE YCHJIHA, BO3HHKAWIHE B KOHCTPYKLHAX
COOPYXeHHRA, BKouaa dyHIAMEHT, B pe3yneTare
HepPABHOMEDPHOH OCAaIKH, KpeHa H T,.,0. 3Ta He-—
PABHOMEPHOCTL OGYCIIOBAHBAETCA,C OOHOH CTODO-
Hu, KDPHBOJHHERAHHM OuepTaHHeM 30HH OTTAaHBAHHA
TpPYHTa [N00 COOpyXeHHeM, a, ¢ ADPYroA — HeonHo-
POOHOCTBI CRPYHTORB O IJomand. PacyeT KOHCT-
PYKLUHA TNPOH3IBOOHTCA C Y4YETOM 2THX JOTIQJHH=
TeNnbHHX YCHIIHHA,

PeuleHHe KOHTAKTHOH 3ajayH BHMIONHAWT, pac—
cMaTpHBasg ¢yHOaMeHT Kax Oaryiky HNIH IJIMTY Ha

YyapyroM, BHHKIHPOBOM OCHOBAHHH ., PEEKH.HH 7
B 2TOM Ccnay4dae 6YJIYT pacrnpenenaTecsa Nno OJIH=
He X 6anky rno 3aKOoHY

G(x) = EC0) [ W)~ 2. ()], 128/

rae & (¥) - xo3GdHUMEHT YNpPYyr¥UX MECTHHX He-
dopMauuf rpyHTa/Kosbdunument noctemu/, W(x) -
BEDPTHKANIBHHE lepeMeueHHs GaskKy, Z, - npocan-
KM OCHOBaHHMA, OBYCHOBIEHHHEe OcalkoH OoTTaH-
pauna S=Ah(t) ,

K03¢¢HuHeHTE(x)onpenenﬂerca Kag OYHKUHA
ocafKkHd YMNIOTHEHHA ¥ , MOCKONBKY 3Ta ocanka
pasBHBaeTCA BO BPeMEHM /B COOTBETCTBHH C
H3MEeHeHHEM BO BPEMEHH I'NYOHHH OTTaMBaHHA H
PA3BHTHEM KOHCONHZauuH/, TO ITOT KO3pduuH-
e@HT TakKXe ecTh OYVHKUHA BpeMeHH. KpoMme TOTO,
KoadbuIHenT ¢ (€) HaMeHSeTCA MO IMHe dyHOa-
MeHTa X , NOCKOJABKY O4YepPTAHHE SOHH OTTau-=
BAaHMSA KDPHBOMNHHEHHO, a CJenoBaTeNIbHO OcCcalKH
B Kaxmod Touxke X pPa3JMYHH.

Ins nMpocTeNuHx CcnydaeB PacCcMOTDEHHOH 3a-—
Haud HMMeeTCA aHalHTHYECKOe peueHHde /puc.7/,
HanoxeHHoe B "IoCOBHH IO NpOeKTHPOBAaHHK
OCHOBAHHN KM OYHIAMEHTOB 30AHMH H COOPYXEeHHH
HA BEYHOMepP3JNHX rpyHTax" /Crpouuanar, 1969/.
Meron OCHOBAH HA TOM, MTO KDHBOJIHHEAHAR 30—
pa peakKTHBHHX OaBJeHHHN q(XQ 3aMeHAeTcd CHC-
TeMOll CcOCPenOTOUYeHHHX CHJA , H pacdyeTHas
cXeMa CBOJIHMTCA K YNpyroR 6anke, K KOTOPOH
CcRepXY NDHIOXeHa Harpyska, a CHH3Y - peak-
THEHHEe COCpeloTOYeHHHe CHIH, 3aMeHdimHe oc=
HOBaHHe., Takana cuUCTeMa PaCCUHTHBAETCA MeTo-=
IaMH CTROHTEeNLHON MexaHHKH. Chnepayer oTMme-
THTEL, UTO VBeJiHYeHHMe XeCTKOCTH OCHOBAHHA B
KaKol-nu6o Todke X , HanpHMeDp, Inoa KpasgMH
3aHuA, e TNyGHHa NMPOTAHBAHHA Mana H,
cnenosaTtensho, & (X, BeJIMKO, TPUBOIHMT K
BO3pPACTAHHI0 PEeaKIHH OCHOBAHHA q,(x) .Onua-
KO TNPH JOCTHXKEHHH 3TOH peaklHefl nNpenelhHOIo
3HadYeHHA iqw, NPOKCXOOHT NJacTHYECKoe Te-
yeHMe TpYHTa, BH3HBawmee MepepacnpenefieHHe
peakuuy, nenad Hx 60Nee PABHOMeDPHHMH, 4YTO
NOMOXUTENIBHO CKa3HBaeTCA Ha patore dyHma-=
MeHTa, [ONOXKHTeNBHEM (GAKTOPOM ABIASTCH H
yMEHblIeHHE BEeJMYHHE IPOCANKH Z = h(t ’
4yTO Nydnme BCero NOCTHraeTcAa NPennocTpOedHHM
OTTAMBAHHEM,.

Bonee 3b0deKTHBEHHM ABJIASTCA pelleHHe 3apma+«
y¥ ¢ noMmousid 3BM, noseonAwvmee y4YecThk JOCTa-
TOYHO OGONRmOe KOoNHuecTBO (axkTOpOB, BIHAN-
mH¥ Ha COBMECTHYVID padoTy COOPYXEHHA H OC-
HOBaHHA.

CBa® = CTOHKH

MpH HanU4YHH Ha OOCTHXKHMORA I'Ny6HHe CKalb-
HHX TPYHTOB B KadecTBe (YHOAMEHTOB DpeKOMeH-
oyeTcs NMPHHUMATE CBAK-CTONKH, 3aneJHBaeMbe
CBOMM HMXHHM KOHUOM B ckane. Taxkofi npuem
NPHEMeHANT A OTBEeTCTBEHHHX COOPYXeHHHR na-=
xe NpH raysoxkoMm /0o 40 M/ 3aneraHHH CKajtd.
CBaM-CTONKH BHNOJHAWT B RHIAE COCTABHHX
cBal CMJOUWHOI'O CEYEeHHs, CBaf-cTON60B, CcBaf-
o6onouex H gaxe OYDOHAGHBHHX CBAW C NMpPHHA-
THeM crneuHalbHHX Mep 1o ofecneydYeHHw CcXsa-
THBAHHA H TBepOeHHA 6eToHa B BEYHOMED3JIHX
rpydrax. CTpOHTENLCTBO B 3THX Clyvaax ocCcy-
wecTengeTca no 11 npHHIHNY /C NPHHATHEM
Mep MpOTHB MpPOCcankH fona/. B aTom crlydae



YYHTHBaAETCH, YTO OTTAHBAKMHA H OCenawmui
I'PyHT GyneT BO3JIeHACTBOBATE HA CBAlw B BHIOe
OTPHLATEeNIBHOI'O TPReHHA, KOTOpOe YUHTHBAETCA
Kak JOONONHHTEeNbHAR HalpysKa. Hecymad cnocob=-
HOCTE CBaH onpenensercs no dopmyne

SD = mR F‘mchg-H Ff:g-“f /27/

roe R

- pacueTHOe CONpPOTHBIeHHEe TPYHTa
/CKanmu/ TOIN HHXHHM KOHIOM CBau; Regq.H — OT—
PHOATEJIPHOS TpPeHHe; H ca-H - nJiomalb

AONepedHoro CedveHHA CRAaM H IJlomank ee 6OKO-
BOM TIOBEPXHOCTH B Npenenax TIAy6HHH OTTanBa-
HHA; M H n11 - KOBOIHIIHEHTH YCIOBHA Da-
60TH.

Cpafa—CcToORKa HNOMKHA TaKXe PacCUYUTHRATBCH
Mo INPOYHOCTH MaTepHana CBan C YYe€TOM €e 1po=-
OOJIBHOIO HM3TrHGa, BEJHUMHA KOTOPOTO 3AaBHCHT
OT ONHHH CRaM H VCJOBHH e€e 3ameM/IeHHs B Bep-
Xy H B HHIY.

pennocTpoedHoe oxlaxgeHEHe I'PYHTOR

OOHMH M3 NPHEMOB HAMNPABJASHHOTO YNDPaBJIGHHS
CBOMCTBAMH, MEp3JIHX TI'PYHTOB OCHOBAaHHA — HX
npenrapuTenkEHOe OTTaHBaHHe ORI pPACCMOTPEH
Buue. JpYyroR npHeM 3sakmodaeTcs, HaobopoT, B
OXNaXOeHHY TPYHTOB OCHOBAHHHA, 4YTO OCOOE&HHO
uenecootpa’lHO B palloHax HeYyCTORYHUBOH Bevu-
HON Mep3noTH. BeyHOMep3NnHe TPYHTH B TaKHX
pattoHaxXx HUMenT OGJIM3KYID K 09C TeMmnepaTypy H
ee NOHHXeHHEe,C OJHO! CTOPOHH, CYMEeCTBEeHHO
VBENIUYHBAET HECYMYK CHOCOGHOCTE OCHOBAHHA
/TIOHHXeHHe TeMmiepaTypH, Hamnpumep, ¢ =0,3 no
-19C yBenHWuYHMBaeT NPOYHOCTL IPYHTa B 2,5 pa-
3a/, a, C IOpyroff, - NOopHHAET HaOeXHOCTb QyH=-
OaMEHTOB B cCJlydae HenpenBUAeHHOTO OTellJIeHHA
TpyHTa. Heoxomsa H3 2THX coodpaxenuft, CHUII
NO3BOMNAET OCYHMECTBIATE CTPOHTENBCTBO MO
I NPHHUHNY Ha NNACTHYHOMEP3JHX IPYHTAX TONb-
KO TIPH YCJIIOBHH HX OXJIAXOEHHA M TNMOHHXeHHA
TeMIIepaTyphl OCHOBaHHA, HCKYyCCTBeHHOe OXJIax-—
OeHHe TpHMeHgeTcA M NPH HalWdMH NpepHBHCTON,
HecnHEBapWeRCA Meps3NOTH B lUenax npoMopaxHBa-—
HHS YYACTKOB TAaJHX I'PYHTOB M CO3NAHHA CHJIO=
HOI'O Mep3JiorQ® MaccHapa,

Haubonee NeCTBSHHHM ABJIAGTCA MawHHHOE
oxlaxneHde ¢ IOMOMBR pPacCoNoBR, KOTOPOE LHPO-
KO NPUMEHSeTCHA NPH HCKYCCTBEHHOM 3aMOpaxH-—
BAHHH PPYHTOB NPH OPOXOIKe pasIHYBHX TOPHHX
BHPABOTOK H KOTJOBAHOB B IMAHBYHHHEX ¥ T,.M.
IpyHTax. OOHaAKO 3TOT .METOH caMHi Joporoft,
MO3TOMY OH HCOONB3YETCA TOJNRKO B KPaMHHUX
cnyuyasax. Bonee adbdekTHBHEM ByneT oXJaXigeHHEe
C MOMOIbI €CTEeCTBEHHOT'O XOJNoIa HapyXHEM
IUMHHM BO3IOYXOM, KOIJA HCHIONb3IyeTed caMa Ccy-
POBOCTE CE@BEDHOI'O KAHUMaTa. BO3MOXHOCTBE TaKO=
ro oXJNaxXOeHUsa O6YCJOBJfieHA OouwyTHMOH Pa3HHIER
MexIy CpelHerOmORHMH TeMNepaTypaMH HapyxXHO-=
ro BO3OYyXa M BEYHOMEPR3IAOro rpyHTa, COCTABJA—
pmet oT 2 Jo 8°C u Gomee /UTO BH3IBAHO BAHT=
HEM OelCTBHEeM PACTHTENLHOTO H CHErQBOroO no-
KDPOBA ¥ Mp./.

HabmooeHHeM YCTAHORJISHO, YTO HAJHYHE BH~
COKOrQ BeHTHJHDYEMOI'O NOMANONbBA NMPHBOJINT,

KaK NpagHiIo, C TeYeHHEeM BpeMeHH K TTOHHXeHHKH
TeMrnepaTyYpH Mep3JiHX I'PYHTOB non 3naHueM, On-—
HAKO TaKoe NOHHXeHHe MPOMCXOIHT He cpa3y, a
CO BpeMeHeM, TOIJla KakKk B pacueTe MH OOJDXKHH
HCXOOHUTE H3 CBOWCTE I'DYHTa, KOTOPHMH OH 06—
nazgaeT K MOMEHTY OKOHUaHMA CTPROUTENBCTEA.
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[loaTOMy oOXnaxfeHHe TI'pPYHTa JOJKHO OHTH 3aBep~
meHO K DTOMY CPOKY.l[peicTapiaeTcsa Lenecoot-
Pa3HEM OCYHECTBAATE DPA3OBOE OXJaxmeHHe »Oo
Havana CTPOHTEeNBCTBa ¢ TEM, YTOOH BrHocnen-
¢GTBHH OOCTHCHYTOE MNOHHXKEHHe TeMnepaTyph
TPYHTA NMOANEPXKHBAJNIOCE BO3SNEACTBHEM BEHTHIH-
pPYyeMorTo noanonedA. Taxkoe oxXnaxigeHHe MOXeT
6HTE OOCTHTHYTO CHCTEMATHYECKOH pPAacCYHCTKOHA
CcHera, HNPOMOpPaXHBAHHEM KOTJIOBAHOB, NpPOOYB-
KOW CKBAXHH Nepel YCTAHOBKOM B HHX CBaH XO-
JIOOHHM 3IUMHHM BO3IYXOM H Nnp. UHPOKO InpuMe-—~
HAETCA H NepHOOHYEeCKOe OoXJNaXIeHHe I'DYHTa
XQJOOHHM BO3LYXOM, NMoJaBaeéMbM B TPYHT B
3UMHEee BpeMsa 110 Tpy&HaM ¢ MOMOMWBX BEeHTHIIATO—
pa MIH Jaxe NyTeM eCcTecTBeHHOR TArd. OpHa-
kKo HaHGonee 3PPeKTHBHEM ABIACTCA IDHMEHeHHC
CAMOPETrYJHPYRIHXCA CEeIOHHOOeRCTRBYIMHX OXnax=
IavmHx YCTaHOROK/TepMocBai/ ¢ eCTE@CTBEHHOR
KOHBeKUHEeN XHUAKOCTHOTO/KepoCHH/ HIH napo-
KUOKOCTHOIO/aMMuak, NponaH, ¢peoxn/ xnanmo-
arenTa., TakHe YCTAHOBKH He Tpeb6YHT 3Hepre-
THYeCKHMX 3aTpaT U ob6CayxXHBawmero rnepcoHasna,
ABIAACE OTHOCHTENLHO NPOCTHMH B H3IrOTOBIC-
HHH. TepMOCEBEaH WHPOKO NpHMeHawTrces xKak B CHlA
B KaHane, Takx ¥ B CCCP, ¥ HCOONB3IYWTCA ANA
NOHHXEHHA TeMleparyph MJacTHYHOMEP3JIHX
TPYHTOB B LEeJAX NOBHMEHHA HX HeCcymwen Cro-
COOHOCTH H HADEXHOCTH, IJIA NPDOMOPaXHBAHHA
TanHxXx YYAacTKOB Ha NIOuaOKax ¢ MpepeBHCTHM
pacnpocTpaHeHHEM BeYHOM Mep3JIOTH, IJA Cco-=
30aHHA NMPOMOPOXEHHHX Alep B IUIOTHHAX, ONA
BOCCTAHOBJIEHHUA Mep3noro COCTOAHHMA B OCHO-
BaHKMAX, TOe NPOH3OUUIO HEeNpenBHIOeHHOe OT-
TAHBAHHE MEpP3JIHX I'PYHTOB H NpP. YCTAHOBKH
VCTPAHNBAKTCA KAK CaMOCTOATENLHO NeRCTBY-=
mMe, Tak ¥ MOHTHpyeMhe B TeNo XenezobeTor-
HHX HJIH CTalbHHX Tpyo6daTHX cRafi /r.e. cob-
CTBEHHO TepMocBaH/.

B JNeTHHR NepHon XoJon,
BOKpPYI" YCTAHOBKH B TedeHHe 3HME, HYACTHYHO
MorAacuaeTCA OKPYXAaWHHM I'DYHTOM, HO BCe Xe
obmee NHOHMKEHHe TeMiiepaTypH IPYyHTa NPOHC=
XOOHT., COBMECTHO C IOelcTBHeM BEeHTHIHUPYEeMOor'o
NMognonba 9TO MNPHBOAHT K BeckMa OuWyTHMOMY
abdeKTy,H,0axe B NepBHA ron, HMeeT MeCTO
cymecTBeHHOe OXJIaXIOeHHe TPYHTa OCHOBAHHA,.

OcoBeHHO 30OE@XKTHBHO NpPHMeHeHHe TepMOCBaW
IJIA COOPYXeHHR ¢ Ce30HHONeACTBYNNHMH Ha—
TPY3KaMH, BHIHBAGMHMH KOJ&OAHMAMH TeMlepaTy-—
pH BO3AYVXa, BeTpOM, CHeroM,roJiojlefioM,Ce30HHEM
nyyeHHeM rpyHTa, TakHe HarpyskHd ABIANTCA
peuMymecTBeHHEMH ONA Onop JHHHUR NepenavdH,
razodedTenpoBONOE, 3CTakan H T.n, lomsne-
HUe DTHX HArUpY30K MM HX 3KCTpeMallkBHe 3Ha-
yeHHA OOHYHO COBNANAKRT ¢ Haubosiee XOJIQOUIHHM
nepromgoM rofia, T.&. € NepHodoM HaHboNbEero
MOBHUEHHA HecymeRl CnocobHOCTH I'DYHTOB B pe-
3yABTaTE HX OXJIAXJIIeHHA TepMOCBAAMH, 4YTO H
nenaeT NMpHMeHeHHe TEepPMOCBAA OJIA YKAa3aHHHX
COOPYXEeHHA HCKIMOYHTeNbHO dOOeKTHBHHM,

PacueT TepMOCBafi [OJIKEH BK/OYaATE B Ce0A IOBe
craguH: 1 = olpenesieHHe TeMNepaTypHOIrQ Io-
g TPYHTAa BOKPYDI C¢Bad H ero HaMeHeHHs BO
BpeMeHH MNpPH NepHOONHYeCKOH nojade xXoJjona,

2 -~ onpelle/leHHe NJHUTEJIBHOM IPOYHOCTH M pas-
BHBABMUXCA OCAOK C YYeTOM NepeMeHHOW Ha-~
TpY3KH M H3IMEeHAWmeRcda BO BpeMeHH TeMiepa-=
TYPH T'pyHTa.

Peneuye nepsoll M3 NepedMCIJICHHHRX 3atadv-
TennoduInvecKkol = MoJy4deHo MPH onpelereHHHX

AKKYMYJIHPOBA HHEH
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OONYMEeHHAX KaKk ¢ TOMOmbBI MATeMaTHYeCKOTro MOo=
OeJIJMpOBAaHHA 1o 3BM, Tak ¥ aHaNMHTHYQCKHM ny-=
TeM. I[py 3ITOM pacCMaTpHBAKWTCA OTHENIBHO AaKTH-
BHHA NepHol 3HMHEro OXJaxIeHHsa H JIeTHHH,
MacCHBHHEN NMepHon, Kormaa nomada xojona npe-
KpamaeTcAa.

BTopaA 3amada - pacyeT ocalkKH IJIHTeNbHON
NPOYHOCTH OCHOBAHHA C y4YeToM lepeMeHHOR Ha-
I'DY3KH H IIePeMeHHOT'O TeMNepaTYpPHOTO pexHMa
T'PYHTa pewaeTca ¢ MOMOubK ypaBHeHHR /9/ n
/11/.

FaKoH H3IMEHeHMA TemnepaTyphH T'PYHTA OKOJNO
Tepmocaan MomHo NPHHATH uuxnnqecKHM
Qm“x u . - MAKCHMAjJBHAS K CPenHAA TeM—
neparypud TPyHTa, l3= 1 rog . 3aBHCHMOCTh
NPOYHOCTHHX H OehODPMaTHBHHX XapaKTepHCTHK
r TpYHTa OT Temnepatypﬂ BHPa3HUM SMIHPH-
gyeckon dopmymon [(6)=a+ B B/ . Torpa

ypapHEHHE ONHTENBpHON npoyHocTH /11/ 6yner
HMEeThb  CHedywumull BHI

1 _ a+BI6,7(65 6, ) o5 Zt) df /28

155 \exp TE) ,/28/
é

roe &(t) - pacuernas warpysxa N(%) , oTHe-

CeHHaAA K eOHHHUIe nomand [ GOKOBOA noBepX-~
HOCTH CBaH HJIH K MOOOWBE cTosGuaToro dyHma-

MeHTa /Zz(i_) _ K'T KH N(.t)

/Kr,Ku,m - KOBQQHHHEHTH 62301ACHOCTH ,
HageXHOCTH H ycnomm paﬁo’rm, perjJiaMeHTHDPY =
emue CHHIlrom/, - CPOK CNyXGH COOpYXeHHS,

VpagHenue /28/, pemaemoe UYHCIEHHEM NyTeM,
AO3IBONAET OonpenesyiIiTbk HeCymylo CrNOoCO6HOCTE
TPyHTa, OXJAaXNEHHOT'Q TepMocBaeft, C y4yeToM
LHKAHYECKOTO HM3IMEHEHHA ero TEeMIepATYypH H ne-
pPeMeHHON BO RBpeéMeéHH HAI'DY3KH.

3aKkOHOMEpHOCTh DPA3IBHTHA OCATKH BO
BpeMeHH ¢ Y4YeTOM NnepeMeHHOW TeMnepaTyph H
H3MeHANNeACa BO BDPEMEeHH HaArpy3kKH IOJNy4dYHm H3a
vpaeHeHus /9/, KOTOpOe NOCNe HEKOTOPHX H0—
nymeHnn Gynoer HMeThb cnenymmuﬂ BUO
s/B= W Tman +

o+ B/ B max /™
{S"" WA =92 () Ay 1/,,.,
'+ B'[8, (65— Omay)tox ”"‘]"'

roe - mWHpHHAa myﬂnameHTa/ceqennn caaﬂ/,
S =~ KodddMUMEeHT, 3ABHCAMHA OT DPa3MEpOR

dyunamenra/cean/, ocTanbHue O0B03HAYEHHA Te
Xe, uTo # B dopmynax /28/ u /17/.

/29/

CTPOUTENBCTRO B OCOOGHX MEpP3JIOTHO-
TDYHTOBHX YCJIOBHAX

Cpen¥ BeYHOMEPR3NHX T'PYHTOB MOXHO BHHEIHTH
OCO6HEe, HeGNArOoNnpPHATHHEe OJa CTPOXHTEeNIECTEA
I'PYHTH. DTO MJACTHYHOMEP3NHe TPYHTH ¢ He-
YCTORAYUBHM TeMnepaTyPHEM pexHMoM, saTtobdo-
BaHHHE, B3aCOJeHHHEe H CHJILHOMNBIHCTHE BEYHO-
Mep3Jikie TPYHTH. VCJ/JOBHA CTPOHTENRCTBA Ha
NNacTHYHOMEDP3INHX CPYHTAX PACCMOTPEHH BHINe.
3nech W3JIOKHM OCOGEHHOCTH HCMONB3OBAHHA B
KavyecTBe OCHOBAHHR 3aTOp¢oORaHHHX, 3aCONeH-~
HHX H CHJIBHONBLAMCTHX BeYHOMEPIJHX I'DYHTOB.

3aconeHyHe, 3aTopdoBaHHHEe U OCOGEHHO CHJIb-
HOMBOHCTHE BeYHOMEP3NHe I'DYHTH, a Tem bonee
NnonseMHEie NbOH O6JIa0alnT DPANOM OTPHLATEJNIBHHX

¢ TOYKH 3DEHHA CTPOHTENBECTBA CBOACTB,H HX
HCIIONLIOBAHHE P KavecTBe OCHOBAHHR COoopyxe-
HUA CBAZAHO ¢ onpefenedHHMH TPYIHOCTAMH,
MoaToMy OO0 noclefHero BPeMeHH IaomalkH c
TakMMH TPYHTaMH CTapanidch [0 BO3IMOKHOCTH
o6XOUMTE. UTO Xe kacaeTcid TNOA3EeMHHX JbIOB,
TO HA HHUX BoOGmMe He CTPOHIH, OOHAKO WHPOKO
pa3BepHYBUIeeCA CTIDOHTENbCTBO Ha Cemepe z3a-
CTaBMIO OTKA’ATHCA OT TAKOHR BHGOPOUHOR 3a-
CTPOHKH H HCNONL3OBATH OJIA CTPOUTENBCTBA
He TOJBKO Te naomalxH, KOTOpHe 6laronpHar-
HH MO CBOHM MED3NOTHO-TPYHTOBEM YCAOBHAM,
HO M Te, 3acCTpPORKa KOTOPHX HeoSXOonHMa H3
TEXHOJNIOTHYECKHX H T.N., Coo6paxeHHR, BHe 3a-
BHCHMOCTH OT CBOACTE CcHnarakumHX HX I'PYHTOB.
loaTOMy NOTPefOBANOCE POBECTH KOMIJIEKCHHE
HCCHenoBaHHA YKA3aHHHX TPYHTOB H pa3spabo-
TaTk CHelHaNIpbHHE NpPHeMds MX MCNOJIb30OBaHHA
B KavecTBe OCHOBaHHA. COOTBeTCTBYWmHE De~
KOMEeHOAIMK M H3JIOXKeHH B HOBOW rmnase CHHII
nN-~18=-76.
QCcoBeHHOCTERIO
Mep3JHX I'DYHTOB

3aTOPPOBAHHEX H 3aCOJIEHHHX
ARJIRETCA TO, YTO 3TH TPYH-
TH B peay/sibTaTe HANMHYHA PACTHTEJIBHHX OCTaT-
KOB B TIepPBHX H3 HHX H coneft BO BTOPHX =
HMelT TeMnepaTypy 3aMep3aHKfa 3HAYHTEeNbHO
6onee HH3KYXW, 4YeM OOHYHHE I'DYHTH, H COOT-
BeTCTB@HHO HAXORATCA B NJAACTHYHOMED3JIOM CO-
CTOAHHM, nAaXe NDH CPaPHHTENIBHO HHU3KOH TeM-
nepatrype. losToMmy pacueT (yHIAaMeHTOB Ha
TAKHUX I'DYHTaX NOJIXeH, B COQTBE&TCTBHHM C Tpe=
tomanuamMp CHuil’a , NMpoOM3BOAHMTBCA Kak HO
Hecyluell Cnoco6HOGTH, HCXOAS U3 ycnoBua /12/,
Tak M 1o HebopMalMAM, HCXOAOA H3 ycnoBHa /13/.
dyHOAaMeHTH MOI'YT GHTE KaK cTonfyarme, Tax
H CcBarHHe, HO B INOGNeIHEeM cay4dae, B LeJIax
MOBHUWEHHA Hecymeit CnocoBHOCTH Crall, CKBaXH-
HEl OOJIXHE OHTE 3anoJIHeHH NecCHYAHO-H3BEeCTKO=
BHM pPAcTBOpOM/a He hIIaMOM H3 BHOGPAHHOTO
rpyHra/., Torpna pacyeT MOXHO IMPOM3BOOUTL U3
YCJIOBHA PABHONPOYHOCTH CONPOTHBNEHHA CIOBH-
Ty »TOr0 PACTBOPa IO TMOBEPXHOCTH CMEeD3aHHA
¢O cBaefl M no KOHTAKTY ¢ OKDPYXaomuMiK clasH—
MH /3aCOJIeHHHMH HA¥ 3aToPdOBaHHHMH/ TPYHTa-
mu. IlOoCkONBKY 23TO MOCHenHee CONpPoTHBIEHHE
CcymeCTBeHHO MeHble CONpPOTHBIEHHA DacTBOpa
10 MOBEPXHOCTH CBAH, TO IRAA COGNMIMOSHHA YCNo-—
BHF PaBHOOPOYHOCTH JHAMeTp CKBAaXHHH clenyer
VYBEJIMYHTE C TeM, 4YTOOH CBaf H OKpYXawmHl
pacTBOP paBoTAaNY KAaK enuHEfl cront Sospllero
muamerpa /cM. pHc.4/. PacyeTHHe 3HAYeHHA
YKA3AHHHX XapAKTEepHCTHK pPerJaMeHTHPOBaHH
HOopMaMH, HO OKOHUYATENBbHYHW BEeJIMUYHHY Ipeneilb-
HON HAr'DY3KH PEeKOMeHIIyeTCa OpellelisTh M3
nojiepHX HCOHTAHHA, Ha ocHOBaHHMH 3THUX HCOH-
TaHUA claenyeTr Takxke onpelellATh BO3MOXHYH
ocanky GyHIAMEHTOB,

OCOBeHHOCTRK JIBAAa ABAAETCA, KaK H3BEeCT-
HO, ero ¢nocoBHOCTL BA3ZKO NedopMHpPOBATBCH
H Teubk ApH Mo60#H, OTJAWYHOA OT HYJA, HATDPY3-—
Ke. 2TO BHI3IBAMO HeNOBEpUe K BO3MOXHOCTH HC—-
NOABS3OBAHMA CHNABHONBIAHCTHX TRPYHTOB, & TeM
6onee NOO3IEMHHX NBIOB B KadeCTBe OCHOBAHHA
coopyxeHHii, CUHTANOCh, YTO TAKHe OCHOBAHHA
6YAYT pa3BMBATL HeOrpaHHYEHHO GOonpWHe ocan—
KH., OIHAKO @IeTalbHHEe HCCHIeNOBAHHA JIbOA
/Banos u np., 1976/ nokasand, 4YTO ¥y JbIa
eCcTh [ABAa KPHTHYECKHX 3HAUYEeHHA HaNpPAXKEeHHH,
PEe3KO pasfHyamwmix xapaktep nebopMHpOBAHHA
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nena. Ecau HanpsakessHe He NpPeBumAaeT BEeJHUHHEH
RA , TO medopManuM PA3BHBANTCS CTONL Med~
JIeHHO, UTO 34 BPEM:,COH3MepHMOe CO CPOKOM

Cnyx6H coopyxeHHa /50-100 neTr/, uX 3HaYedHe
He MpeB3oineT IJONYCTHMOTO npenpena, HDH Hanpia—
KEHHAX K¢, XoTsa H Gonsuux R, , HO He NpeBH-
AN X Eim TeYeHHe JNbd NpOHCXOoOIWT TONARKO

C NMOCTOAHHOA CKOPOCTHK) N He IepexXxonquT B Ipo-
TPeCcCHPYY CcTaliiio ¢ BOo3pacTawuel CKOPOCTHK
/prc.8/. COOTBETCTBEHHO pPacueT OCHOBAHHA M3
NbAa NMPOBOOUTCA MO NPOYHOCTH H 110 nedopManp-
AM. Pacuer no NpOYHOCTH 32aKM0YaeTCs B TOM,
yTOBH RaBleHHEe Ha Jien He INpeBHaJIO BeJIHYWHE
KA , a conpOTHBNEHME CABHUTY NO GOKOBOH
MOBEPXHOCTH QYHOAMEHTA = BEJNHYHHE R oM. .
3TN BeNHYHHH H nofcramnawnrca B dopmyny /16/,
a HX pexKxoMeHOyeMHe 3IHAYEeHHA NPHBOOATCH B
HopMax.

¢yHnameHTu Ha NON3eMHHEX AbliaXx MOI'VT GHTE
KaK cronévaThHMH, Tak H cBakHmMH. HO o6a3a-—
TeJIEHEM YCNMOBHEeM ABNASTCA HCKNWYEeHHEe Heno—
CpenCTBeHHOr® KOHTakTa ¢VHIAMeHTa M JNbIA.
NNo3TOMY OO NMOJOWBOH dYHOAMEHTA YCTDaHBaeT-
¢ necuaHdas nonyuka, a CKBAXHHA IJIS YCTAHOB-
KH CRBaH 3anoJIHAeTCda NeCcYaHO—H3BeCTKOBHEM pacT~
BOPOM H pacyeT CBA&H BeneTcd H3 YCJIOBHA PAaBHO~
TTPOYHOCTH.

PacyeTr crontGuyatmx dyHIaMeHTOB no pedopma-—
LHAM NPOBOOHTCA M3 ycnosua/l13/, npHyeM sHa-
YeHHE B DTOM YCIOBHH MPHHHMAETCH paB-
HaM S = Sy+Sp » Tne Sy - ocanxa,
o6ycnosneHHas YMNOTHeHHeM nkbla/3a c4eT oT-
XATHS Ty3HPBKOB BO3nyxa/, a Sp ~ ocanka
NMINACTHYHOBAIKOI'O TeYeHHAa ana, HaKarJdHsaw-—
WARCA 33 CPOK CNYKGH COOpyXeHus LA ¥ pas-—
Haa Sn = U, , roe U = CKOpOCTh Tede-—
HHA N1bla, 3aBHCAMAA OT HATPY3KH H KOYPIUuK~
€HTa BA3KOCTH, B CBOKW OvYepelbs ABIAOMErOcA
¢yHKIHEeR TeMmnepaTypun nbhoa. [IpH 3ToOM Npose-
pAeTCcA namjeHHe Fo , nepenaBaeMoOe Ha Jien -
OHO HOMKHO YHOBNETBOPATH ychonuw RS KgZ 6,
roe K g =-xo3ddullMeHT, 3aBHCAWMA OT pPa3MEpPOR
¢yﬂnamenra.

Ocanxa ¢cBal onperensgeTrcs o OaHBuM one—
BHIX HCHOETaHHAHN,

B HAcTOAmee BpeMdad NocTpOeéH M HOpMaJlbHO
IKCNNnyaTupyercsa pAan 3NaHHR Ha nonsemMBHX
NbAAX, BACONEHHHX ¥ 3aTOPPOBAHHHX rpyHTax.

~

Qc¢cHOBAHHA H (YHOAMEHTH Ha BeYHO-
MepaJyIHX TPYHTaAX B CeACMHUYeCKHX
panoHax

B ofnacTH pPacnpoCTpaHeHHd BeYHOMEDIJIHX
TPYHTOB BCTPEYAKNTQR PEerHoHH ¢ NOBHMEHHON
/Bonee 7 6annor/ ceHcMHYHOCTEI, OCOBEHHOCTH
NPOeKTHPORAHHA OCHOBAHHH H OYHOAMEHTOBR B Ta-—
KHX YyCNOBHUAX TakKXe paccMaTpHBanTca B CHuI
n=18-76.

fpexne BCETO OTMETHM, YTO ceRCMHYECKas
CANNBHOCTL MJIOWANIKH 3ABHCHT OT MEP3JIOTHHX
vcnosHfi. EC/IH niomMagka CJloOXeHa MepP3JHMH TDYH-
TaME ¢ TemnepaTypo#l no -2°C u ara TeMnepary-
pa 6yneT coxpaHeHa nocJieé BO3IBENEHHA COOpyXe-
HHH, TO Mep3JlIoe COCTOAHHE TPYHTOB Ha 6annp-
HOCTB Heé BJHAET., Eciu rpyHTH 6YOYT HMeTE TeM-—
neparypy Huxe =20C, TO CeHCMHUYHOCTBL NNOWaIKH
noHHXaeTcsa Ha 1 6ann, a eciu npepnonaraercs
OTTaHBaHHe TDPYHTOR, TO CelCMHYHOCTE IIomamkKl
noBHWAETCA Ha 1 Gann. Hoxola U3 5TUX H HEKO—
TOPHX JAPYrHx coobpaxkeHHi, CHHIl pexoMesnnyert

OCYMEecCTBAATE CTPOHTENLCTBO Ha BEeYHOMeD3NHX
I'PYHTaX B CeHCMHYECKHX pafOHax, KakK npaBH-
710, no npuHEImny I , T.e. ¢ COXpPaHeHHeM HxX
MePR3NOre COCTOAHHA,. [IpM HEeBO3MOXHOCTH/MO
TEeXHHYECKHM MM HHHM MNPHYHHaM/ HCIONB30OBATH
Meh3Jike TPYHTH no nNpHHuuny I AonyckaeTcHa
npuMeHeHne npHHnuna 11 , HO npu yCJIoBHH
ONMHUPpaHHs GYHIZAMEeHTOB Ha MallookKHMaeMue I'pPyH-~
TH = CKAJbHHE, KDPYNHOOGJNOMOUHHE HJIH HpenBa-
PHTENBHO OTTaABIHe H YNIMOTHeHHHe, PacueT
OYHOAMEHTOB OONXEeH NPOH3BOOMTECHA C yYeTOM
CeACMHYECKHXY BO3NReHCTBHUH, NpHUIeM Hecywad
CIIOCOBHOCTE dyHnamMeHTa onpenensercsa no dop-—
Myne /16/, Ho c BBengeHUEM IONOJIHHTERBHO
Ko3pdHUIIMenTa YCHOBHR pPadOTH n'\cE- 1 . Kpome
TOI'0, TIDOH3IBONHTCHA NpPOBEeDKa JedYeHHWd ceal Ha
NPOYHOCTE C YYeTOM TORPHIOHTANBHHX CceHcMHdec—
KHX BO3neilcTeBHi,

BoszpneHCcTEHEe TODH3OQHTANBHHX HAl'PY30K
Craidne (YHIAMEHTH, KpOMe pacdeTa Ha
BOCHPHATHE BepTHKANBHON HAUDPY3KH AJ , OOJXK-
HH BHTbh TaKXKe DACCUNTAHH Ha HelcTBHEe TropH-
SOHTANBHAX HArpY30K, B TOM HHCNAEe BOJIHHKAK-
MHX NMpH CeHCMHUYECKHX BO3NeHCTBHAX. IDTOT

pacueT OOMKeH BKIOYIATE B ce6a ¢

NpOBepKy NPOYHOCTH CaMOi COBaH NpPH H3TCH-
6e OT HefCTBUA TODPHIOHTANBHONW CHIH, NPHIIO-
KEHHOH K BepXHeMy KOHRIY 3alenlaHHOR® B TDYHT
CBaH;

NPOBEpPKY YCTOHYHBOCTH CBAH B CPYHTe H3
YCIOBRHUA CONPOTHBIIEHMA TRYHTa MABJNEHUW, OKa-
3HBaeMOMY BGOKOROW NMOBERXHOCTBH CBAHj

NPOBEPKY BEMWYHUHH COPH30OHTAJIBHOTO
HHR y BepXHero KOHUA CBAaH MO YCIOBHL

¥ =dnrp,

rne %WP - npeaenrHo OONyCQTHMOE CMemeHHe
CBAaM, 3ABHCAMEE OT KOHCTRYKIHH COOPYVKEHUA
H yCTaHapJHBaeMoe IPH NPOEKTHPOBaHHUH,

Mpy pacueTe CBal Ha JeACTBRHE I'OPH3IOHTAlNb-
HOR HaArpY3KH HCXOOAT M3 pACUYeTHOW CXeMu, B
KOTOPOR CcBalw paCCMaATpPHBAKT KaK ynpyryw 6Gan-
Ky, Jexary® Ha JiuHeRHonedoDpMAallMOHHOM QCHO~
BaHH. [IpPH BTOM CHYHTaeTCH, HTO OCHOBaHHe
XapakTepuayerca Ko3ddHUHeHTAMH NOCTENIH
no BHHKIEDPY, T.e. KO3(GOHUHeHTOM NpPOIOPLHO=
HANLHOCTH MeXIy Harpy3ko#fl n nedopMaunuen,
BOIHHKAKMEH! B MeCTe IDHIIOXKeHUA cuJikl, I[Ipu
pacuyeTe HAOO HCXOOUTE U3 HadXyOWwero cnyvas,
KOTOPHR COOTBETCTBYEeT OCeHHeMy nepHony, Ko=
roa BEPXHHH Cnoyl rpyHTa OTTaeT M CTaHeT Hau-
gonee nNOJAATIIMBHM, a4 HMKHAR YacTe CBaM Gynet
3amemrieHa B BeUHOMEeP3JIOoN Toiume. YYeT DTHX
OGCTOATENBCTE NOCTHI'ASTCHA BBEI&HHEM NepeMeH-
HOIr'O MO r7yGHHe IpyHTa Ko2ddHLIMeHTa nocre-
mu C . B KavyeCTBe NEDPBOIO NPHBIMXEHHR NpPH-
HHMaeTCH, 4YTO VYBENHYHBAETCA 110 I'NIYOGHHe
MO NUHERHOMY 3akoHy/puc. ( , cxema 1/. lo-
NMyCTHMOCTE TAKOTQ MPHGJIMXeHHA OGOCHORWEBAaEST-
CH TeM, YTO B pacdeTre HCnonp3lyercs He caM
KO3ddHUIMEeHT NOCTesNnH C , 4 HEeKOTOpHR 0606-
meHHH! xo3ddHuHeHT nNedopmanum K , YYHTEH—
BAWMHA Kak nedopMaAUHOHHHEe CBORCTBA TpyHTAa,
TakK ¥ XeCTKOCTE CaMoORl CBaH. DTOT KOo3ddHUH-
eHT onpenenseTrca H3 HaTYPHHX HCOHTAaHUE cBai
HAa TOPH3OHTANBLHYI0O HATPY3KY H TeM CaMuM OH
orTobpaxaeT dakTHUeCKH] XapakTep H3IMeHeHHA
KO3dIHUMEeHTAa NOCTEeNY No IIyObHHe I'DYHTA.

cMmeme=

/30/
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ONHOBPEMEeHHO IOOJIXHH VUHTHBATECA H pPeoylorHYec— YCTRPOHCTBO NOJICHNOK H T.O. QCco60e BHHMaAHHE

KH& CBOWCTBa I'DYHTOB. I[IpH pacueTe Ha 6LCTPO— VOANAeTCs YCTPOHCTBY HHXEHEPHHX KOMMYHHKa=

HeRCTBYWIHE HArPY3KH/CelcMuYeckHe, OHHAMHYEC- nuA H NpenoXpaHeHHnw BeYHOMEDP3JHX TPYHTOE OT
KHe H Op./ 3HaueHune K  onpenenAeTCA M3 BHCT- WX TENNOBOTO BO3NENCTBUA,.

PHX HCIHTAaHHH, IpH pacyeTe xe Ha CTaTHUYeCKHe, OIIHAKO TpH JMOBHX MEPONPHATHAX 3aCTpoika

ANHTENBHOOERCTBYIOWHE HATPY3KH KO3GIUUHeHT &K TEPPHTOPHUH HeH3beXHO BJedeT 3a COO60oM onpe-

onpenenseTrcsa M3 AJHTeNnbHHX HCHHTAaHHR C JJOBe- neneHHHe HM3MEHEeHHA TeOKPDHOJIOTHUYECKHX yoio=-

OeHHEeM KaxXno#W CTyneHM HarpysKH N0 cTaGHiIH3Ia-— BHH, OOHON H3I TJIaBHHX 3anay HHXeHEepHHX H3IH-
1IHH epeMemeHHH, CKAHHPA KM TIPOSKTHPOBAHHMA HABJATCA MNPOTHO3

Ina cpaff, yCTaHaB/JMBaeMHX B TBEpOOMEpRS3JHeE ITUX H3MEHEeHHUR C Tem, UTOOH OHH OLUIH yuTe=
I'PYHTH /o6JlafawmHe NOBHMEHHOR MPOYHOGTBI/, HH NPH NMPOKTHPOBAHHH, MeTOonHKAa TAKHX Ipor-
MOXHO TMNPHHATBE, YTO B 3THX IPYHTaX ¢Bad SABIA- HOB30OB DACCMATPHEBAETCH B HEKOTODRHX IJOKJamax
€TCA TIOJIHOCTLI 3amennedHHoR, [IpH 3TOM, ecnu Ha Hacrtosamedl KoHbepeHIUH.

TVIYyOHHA CJOA OTTAHBAHHSA T~ HEe BeJIHKa B sax/mouyeHHe NIpPHEeOEM HeCKONbko GOTOHI-
—-HT & 45 R /riue [ nonepeununt paspes ANCTPAaNHHA, HAa KOTOPHX NPeNCTaBJISHH IpHUMepH
CBav/, TO CONDPOTHBIEHHEM 3TODO CJIOA MOXHO 3MaHWA, BO3IBEOEHHHX Ha BeYHOMED3JIHX TDpYH-
npeHebpeyrs H paccMaTpHBATE CBal kKak CBOBOI— Tax.

HYI KOHCOQJE, 3arleMNeHHYK B BEYHOMEpP3JIOM CpYH- Ha puc. 9 u 10 rnpemcTabBleHH KOMIJIEKCH
Te Ha rnybuHe 1,55 OT TMOBEPXHOCTH BEYHOHN KHAHYX OOMOB, MNOCTPRPOEHHHX Ha BeYHOMEepP3JHX
MepsioTH /cxema II  , puc. [ /. rpyHTax no npHanuny I , T.e. C cCOXpaHeHHeM
Ecm k¢ H~y > § B, To cneayeT yuuTHBaTh MEp3/I0ro COCTOAHHST 3THUX TDYHTOR,
COMPOTHBIEHUE OTTAaABLNIErQ CIOS TPYHTaA H pac-— Ha puc. 11-14 noxasadd GOTO XHUANK H
CMaTPHBATE CBaM Kak SaJKy Ha JNHHeHHONedOpMH=- AIOMHHHCTPATHEBHHEX 30aHHI C OTKPHTHMH BeHTH=-
POBARHHOM OCHOBaHMHM ¢ nNepeMeHHHM Ko3ddHnUeH- NAUMOHHEMH IOJNIONbAMH, a Ha puc, 14 - zpa-
rom noctenu (. ,3auemieHHYW Ha Tay6uue 1,5 B HHE € 3aKPHTHM NOANOJIBEM, BEeHTHIMDOBaHHE
OT NOBEPXHOCTH HEYHON MepanoTh /cxema III , KQTOPOrO OCYWEeCTBJAETCS ¢ NOMOuWbI OTBEPCTHHA
puc. ] /. /nponyxon/ B Hokone.,

Harubalomui MOMeHT M M nepepesnmpamasd CH- Ha puc. 15-16 npencrabBlieHH (OTO MOHTaxa
na OJii 3ITHX JIBYX CXeM onpeyienfaeTcsa clle- KOpOGYATOro JeHTOoYHoro déyHmamMeHTra M HaZ3eM—
OYHOWHMH COOTHOWEHUAMH § HOH 4acTH 3NaHHA, BO3BOOHMOIO Ha OTTadvBaw-—
HIA CXeMu meM OCHOBaHMM /Tio npHHuuny II/ © 4acTHYHHM

npenBapHTeJIbHEM OTTAHBAHHEM T'DYHTA,

M:f&5£g,T; Q:% 7 /31y
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PHH = COXpaHeHHe DPAaCTHTEeNLHOI'O MNOKPORBA,
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PacyeTHAA CXeMa OTTaHBAHHA TIpPYHTAa
non agaHMeM

PacnpeneneHHe OaBfeHHA B8 OTTasiBlIeM
I'pyHTe

PacueTHaa cxeMma (YHIAMEHTOB Ha OT-
TauBaWmMUX I'PYHTAaxX

a - pacueTHas cxema/l~ orrasaBumit
IDYHT, 2= Mep3fHA TPYHT, 3~ dyHoa-
MeHTHaa Ganka/, b - smopa H3arHBaw-
mHX MOMEHTOR, C = DMNOpa nepepesmbBa-
WHHX CHJM.

Kpusnie rnedopMHUpOBAHHUA JIbIOA

1 - MenneHHOoe BeKOEBOe Teqeuue/ec Rn/
2 - BA3KOe TedyeHHe C MOCTOAHHOA CKO-

poctsin/ € < Ga /
3 = nporpeccHpywmee TeyeHHe ¢ BO3-
pacTanmell CKOPOCTBO/ G 2 Ga /.

30AaHHA HA BEUYHOMEDRS3JIOM I'DYHTe, NoCT=
poeHHHEe C COXpaHeHMHMeM ero Meps3Noro
COCTOAHHA, YJIHLA 3IaNONAPHOIC ropola.
KoMnneke XHIARX JOMOB, [NOCTDOEHHHX ¢
COoXpPaHeHHeM BeYHOMep3noro COCTOAHHA
TDPYHTOB.

Kunoft mOM € BHCOKHM BEHTHJIHPYEMHM
NMOAOINOILEM, '
AIOIMHHHCTPATHBHOE 3I/1aHHEe ¢ OTKPHTHM
BEHTHIAAULMOHHEM NOOINONBEM,

3pnaune Tenerpada C OTKDHTEHM BEHTHIIH—
pPYyeMEM HOIOMNONBEM,

AIDMUHHCTDPATHBHOE 3JlaHHe ¢ BeHTHJIUDPY-
eMEIM TTOJINMOJBEeM, 3AKDPHTHM HOKOJNEeM C
BEHTHIALHOHHEME OTRBepPCTHAMH/nponyxa—
mu/.

XHNMOoH [OM C 3aKPHTHM LOKQJIEM U BEHTH-
JIALMOHHON Ijeskil/BHH3Y/.

JoMa C BeHTHIHPYEMEIMH MNOONOJIBAMH,
HOKOJbL C IPONYXAaMH.

Bo3peneHdue KopoGuaToro dvHgjaMeHTAa
o8 XKMJIOH YOM, CTPOAmMMACA Ha OTTaH-
BAKMHX TPYyHTax/ ¢ UX YAaCTHYHEM Npena-
BapUMTenbHEM OTTauBaHueMm/.

MOHTAaX XHJIOrO IOMA, BO3BOJHMOI'O Ha
KopobyaToM dyHOAMEeHTEe Ha OTTAHRAWIHX
TPYHTAaX.,
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NPOEKTHPOBAHHE, CTPOHTEJILCTBO H SKCIJYATALHMA T'PYHTOBHX
MJOTHH HA KPAHMHEM CEBEPE M B VCJIOBHAX BEYHOMEP3JEIX TI'PYHTOB

T'edHepanbHHl Qoxnan Ha i MexiyHapORHYIO
KoHbepeHUH No Meps3ioToBeneHmw (M.K.M)
Kanaga (mwonw 1978 r,)

H.A,lluToRHY, $.A.KPDOHHK?*
OTpacnepas Hay4YHO~HCCNenosaTenbCckas nabopaTOpHA
HHXE@HEPHOTO MEP3JIOTOBENEeHHA B DHepreTHYecKOM CTPOHTENLCTBE
(OHHUIIUMBC)

I'.¢.BUaHOB*
JlaGopaTOPHA TEeXHOJNOTHH BO3BEINEeHWA TPYHTOBHX NNMOTHH
HHC TuaponpoexTa M3H3 CCCP

PE3IOME

B pmoxknapme OGOGMAKNTCA ONYOGJIHKOBaHHHE OaH-
HHE H3 QMNHTa NPOeKTHPOBAHHA ¥ CTROHTENLCTEA
MIQTHH H3 MECTHHX MaTepHaNnoe B padoHax Kpai-
Hero Cepepa H BEYHOMEDS3JHX I'DYHTOR B CCCP H
3a pybexoMm, MokazaHa CIOKHOCTE M KOMINeKC—
HOCTh HOAHHOR NPOGJIEMH, peleHHe KOTOpoR Tpe-
SyeT KOMIJIEKCHOI'O noaxona H CTpOroro yuderTa
MECTHHX KJHMATHYECKHX, HHXCHEPHO~IeOKDPHOJO-
THYQCKHX, TeXHONOTHYECKHX H 3KOHOMHYECKHX
ocoteHHOCTell, PaccMaTpHEANTCA NONPOGHO OCHO-
BHHE OCOGEHHOCTH HMHKeHE@PHO-TEeOJIOTHYECKHX
H3HCKAHHMNE H TeOKPHONOTHYECKHX HCooNnenoBaHui
IUIA NPOEKTHPOBAHHA H CTPOHTENIECTBA T'DYHTOBHX
NAOTHH. H3narawrcd NMPHHOHNE NPOeKTHPOBAHNA
H CTPOHTeNLCTBA MAOTHH HE MECTHHX MaTepHanop,
a TakKXe OCHOEBH pacdeTa IPYHTOBHX IIJIOTHH H HX
OCHORAHKE. ONHCHBAKTCA OCHOBHHEe QOCOG6EHHOCTH
OpraHf3auu CTPOHTENBCTBEA H TEXHONMOTHA BO3—
BEOEHHA MNNOTHH Mep3JIorQ H Taaoro THna, BKIO-
yad BOIPOCH TeXHOJNOHH 3IHMHEeR yKJIajnkH ¢Ba3-
HHX TPYHTOE B TeNO NJIOTHH, 3arOoTOBKH I'DYHTOB
B KapbeépaX, OCOGEHHOCTH CTPOHTenbCTRa ROJO—
COPOCHHX COOpPYXeHHUH H NPONYyCKa CTPOHTENBHHX
pacxonop. OTMevaeTcsl, YTO I'DYHTOBHEe MJIOTHHH
MEpP3JIOro H TaNOro THIA MpH OOCTATOYHOM O60OC-
HOBAHHH H TI'JIy6OKOH npopaGoTKe [IpoekTa, Ka=-
YeCTEBEHHOM BHIIOJIHeHHH CTPOHTEeNbHHX pabor H
KBANHOHIHPOBAHHONA BKCNAYATAUHH ABJASAKNTCH BION—
HEe HAOEeXHHEHMH THIDOTEXHHYe@CKHMH COORYXEHHAMH.,

NMPEOUCIIOBUE

NpoeKkTHPOBaAHHE H CTPOHTENLCTEBO TPYHTOBHX
NIOTHH ONA pafQoHOB BEYHOMEDAJHX T'PYHTOB H
KpalHero Cepepa ABNAETCA BeCbMa CIOXHOH Hpo-
6neMOff H TpelyeT OJiIA CBOEIr0 paccCMOTPeHHA
KOMIIJIEKCHOI'O noaxona. [lonTomy HacTOAWMHNE re-
HepanbHHI OOKJal COCTABJICH KOJJNEKTHBOM Cne-
HHANMUCTOB B COCTaRe: aBTOpRa NpPengucNoBHA -
NOKTOPa TEeXHMYeCKHMX Hayk, patorawmero B 06—
NacTH MeXaHHKH Mep3NHX 'DYHTOB H HHAXKEHepHOro
MepP3NIOTOBENeHHA ; KaHOHOaTa TeXHHYecKHX Hayk
g.K.KpoHHKa = cHelHalHcTa N0 HHXeHEePHOMY Mep-
3NOTOBENEHH, HCCHeNOBAHHI KPHOU€HHHX npolnec—
COB B I'PYHTAX H H3YYEHHIO NMOBEIEHHA I'DYHTOBHX
NAOTHH, BOABOAMUMHX B YCJOBPHAX BEUHOMED3IJHX
TRPYHTOB, M HHXeHepa I'.9¥,BHAHOBA - ONHTHeHuWe-
ro CTpoHTeNd/rjiaBHOTO HHXeHepa/ pAna TPYHTO-
BHX NNOTHH Ha KpahHem CeBepe CCCP.

Paspen I noknana /Hs onMHTa CTPOHTENBRCTEA
.e./ H pasgen 5 /OCOGEHHOCTH NPOH3BOIACTBA
pa6GoT.../ Hanucan I',d,BHAROBHM; pa3gmen 2
/HHXEeHepHO-TeONnOrHYecKkHe HocnenoBanua/ H
pasnen 4 /OCHOBRa DPACYETOB TDYHTOBHX IJIOTHH/-
f1.A.KpOHHMKOM, a NpenucjoBMe H paspgen 3 /TpHH~
IHMH NMPOEKTHPOBAHHA H CTPOHTenscTBa/ -
H.A.JJHTOBHYEM.

HacTosSmHi JOKAAIl COCTABAEH MCKIWYHTENBHO
MO ONYGJIHKOBAHHHM JIHTEPATYDHHM OaHHEM /CM.
CIHCOK NHTepaTYPH B KOHIe mokiaga/.

1. U3 ONHTA CTPOHTEJBCTBA NJIOTHH HA
KPAHHEM CEBEPE CCCP

Mpo6tneMu BOOOXO3IANCTBEHHOTO CTPOHTENLCT=
Ba Ha KparHem Cepepe He MeHee OCTpH, YeéM B
JMOBHX NPpYTrHX pPafoHaX Hawef CTpaHH. 31eCh
NJAQTHHH MOr'yT BO3BOIOHTLCA IJIA CO3OAHHA pe-
TYNHPYOMKUX BOOOXDPAHHUIHI THOPO3NeKTPOCTAaHLHA,
XBOCTOXPAaHHNHL TOPHOOGOIaTHTEJIbHHX NpennpH-
ATHHE, NpyOooB - OXJamguTenel TenynoBHX H aToM=-
HHX 30€XKTROCTAaHIUHA, BOHOCHAGKEeHHS HaceleH—
HHX [IVHKTOB H INDOMHUUIEHHHX NpennpdMATHA, 34a-
TON/NIeHWs JPAXHHX TONMHTOHOB, a TaKXe CEeJbCKO-
XOBAACTREHHHEX HYXN.

B CoBeTckom Cows3e B CBA3H € XO3AACTREH—
HEHM OCBOEeHHEeM paloHOB KpahkHero Cesepa, Gora-
THX LBETHHMH METAaIJIAMH H OPYTHMH BHOAMH MH~
HepPANBHOI'O CHpPbA, BEOETCA HHTCHCHBHOE CTPO-
MTEeJBCTBO THAPOTEXHHUECKHX COOPYyXKeHHH. On-
HOH H3 NepBHX HNJIOTHH, NOCTPOEHHHX eme B KOH-
ne XVIII sexa, ABJASTCHA TPYHTOBAaA MJIOTHHA
Mep3JIoro THNa Ha p.Muxapr B r.llerpoBcke-3a-
G6alKalbCKOM, YCNemHo patoTaBwan okono 140
neT H pa3pyweHHasT NpH PEMOHTHHX patoTax
/1-3/. Pax nnoTHH GW/ NOCTPOEH B CaMOM Ha—
yane, a takxe 8 30-x » 40-x ropax XX Beka.
QOCOGEeHHOCTBK 3STOrO MEpPHOa CTPOHMTENBCTEA
MJIOTHH HBAAETCHA TO, YTO OHH BO3BOOWJIMCH ewme
fe3 HOCTATOYHOI'O y4YeTa cCrelHdHYeCcKkuX reo-
KPHONIOI'MYECKHX YCJOBHR palOHOR, BC/EICTBHE
Yyero COOpPYKEHHa 4YacTO NPHXOOHNIH B apapHiHOE
COCTOSIHHEe M BKCIyaTalua HX SHIa CBA3aHa C
GONMBUIMMH MaTepHaNBHHMHE 3aTpPaTaMH.

B xoHue 50-x ¥ 60-X TOHOOB LEHTP THAXeCTH
HHTEHCHBHOTI'Q CTPOHTENLCTBa NMAOTHH Ha Cemepe
nepemecTusnca B BocTouHyw CH6upL/1,3/. Bun
NOCTPOEeH PAN HH3KO— H CpeOHeHAaNOpHHX Mep3-
NHX U TanuX niaoTHH. Cpeno HHX TakHe, Kak
VHHKAJIbHAS TIJIOTHHa BHMOHCKOR TUAPO3JIEKTPO-
CTaHUMM H XaHTaRCKasaA I[IJIOTHHA.
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Ina aToro nepHona CeBepHOI'O NJIOTHHOCTpoOe-
HHA XapakTepeH GoOJlee yBEPEHHHH BHOOP KOHCT-
PYKLUHE H METOHNOB CTPOHTENbLCTBa. B pe3ynsta-
Te NpoBeREeHHZ HAY4YHO-HCCNenoBaTeNbCKHX pa-
GO0T H KPYINHOMAacCHITAGHHX MPOH3BOACTBEHHHX
IKCNepHMeHTOB pa3paboTaHa TeXHOJIOTHA 3HM=
HEero npoH3BOACTBA PAlOT, MNO3IBONAKMAA BOI-
BefleHHe NJIOTHH H3 TPYHTOBHX MaTepHaNZIOB Npaxk-
THYECKH B JIOOHX MPHPOIHO“KJIHMATHYECKHX YyCIO-
BHAX KPYTAOTONHUYHO 6e3 Ce30HHHX MepepHBOB.
/1,3,23,27,29,30/.

2. WHXEHEPHO-TEOJIOTMYECKHE H3HCKAHHA
¥ TEOKPUONOTUYECKHE HCCIENOBAHHUA
Iong [NPOEKTHPOBAHHA M CTPOHTEIBLCTBA

TPYHTOBRX IDIOTHH

2bPek THEHOE NPOEKTHPOBAHHEe H CTPOHTENIBCT-
BO, obGecredHBawmHe HAOeXHYI H OOJTOREYMHY®
JHKCONyaTalHil I'PYHTOBHX NJOTHH B YCIOBHAX
KpafiHero Cempepa H BEYHOMEP3NHX I'DYHTOB, Tpe-
6y1T NpoBelNeHHs BCeCTOPOHHHX H TmaTejbHHX
H3HCKATEeNbCKHX paboT nni OBOCHOBAHHA BHOGOPAa
cTBOPa MJOTHHH H pa3MemeéHHA BONOXPAaHHJIHMA,
BHABJIEHMA MECTODPOXKHEHHH MECTHHX CTPOHTENbHHX
MaTepHallOB H pa3apaloTKH NPOTHO3Aa BJIMAHHA BO3-—
BeNeHHA BOIONOANOPHOI'O COOPYXeHHA Ha OKpyxXa-
wmyw cpeay, B TOM UYHCAEe B NepBYO OUepelb
OUEHKH BJIHMAHHA NJOTHHH H BOOOXPaHHJIHmMA Ha
BeYHOMep3J/i0eé OCHOBaHHe H nepepopMHpOBAHHE
Saperos, OGhemd M COCTAP HMIHCKaAHHR onpenaensa-
KTCA LeJIAMH NPOeKTUPOBaHHA, KJACCOM H OTHBET-
CTHEHHOCTBI BO3BOINHMOI'O COOPYXEHHA H 3aBHCAT
OT HMHXEeHEpPHO-IeoJ/IOTHYECKOR, IHAPOreosloridec-
KON M TeOKPHONOTHYEeCKOR H3IYYeHHOCTH Hameua-
eMoro patoHa CTpOMTeNnBCTRAa,.

YXe Ha caMHX nNeppHxX CTamHAX COCTaBJIEHHA
CcXeM HCrnoJIb3QBAHUA BONHHX PECYpPCOB KPYIHHEX
pPex H OTHEeNbHHX PeTrHQOHOB NPOBORHTCA CcOOpP H
aHaJMIM3 KJIHMATHYECKHX H CHAPOTEONOr#wvMeCKHX
OAHHHX, H B Clydae HX HeJOCTATOYHOrQ Oo6beMa
OPraHH3yYNTCA BPEMEeHHHe HIH NMOCTOAHHHE I'HOpo-—
MeTeOCTAaHIHUHM M I'HOPOJIOHYECKHE NMOCTH ANA
oGecnedyeHHA MOJYYEeHHA ROCTATOYHHX INJIA IpOeK-—
THPOBaAHHA CPOKOB H OGBEMOB OaHHHX HATYPHHX
Hab/moneHHUN,

I'lapHoe BHHMAHHE HA INepBHX CTaOHAX IOJIXHO
GHTE YOeNneHO CHOopY INaHHHX N0 HHXeHepHO-TeOno+-
CHYE8CKHM YCIOBHAM H I'€OKPHOJOIMYEeCKo# HIYyYeH-
HOCTH paHoHa, ABNAKHKXCA OCHOBOA IIA PalHO-
HaNBHOT'O BHOOpPA CTBOpa THIPOCOOPYXEeHHA H on-
peneneHua €ro THMa, KOMIOHOBKH H OCHOBHHX
XapakTepHCoTHK , OCHOBHHE TNPHHIHMNHE BHOOPA CTBO-
pPa M MeTOODHKH HHXeHEDHO+IeQJIOTHUYeCKHX H3HCKa-
HHH ONg DPHOPOTeXHHYeCKOro CTPOHTensCTBa Ha
KpahHem Cepepe Hapsany C© OOmHMMH 4YepTaMH, aHa-
JIOCHYHEMKE C H3HCKaHHAMKM B pafioHax C yMepeH-
HEM KJIHMATOM M Ha TaJiHX OCHOBaHHAX/4/, OTIH~
YalTCAa Takxe eme H cneuHdHyecKHMH ocOGEeHHOC-
TAMH, CBA3AHHEMH C HaNHYHEeM BedHORl Mep3JIOTH,
BaxXHeNHe H3 KOTOPHX ClenyoimHe :

1. NpoOH3BOOCTBG KOMIIJIEKCHOA MepaJyIoOTHO-
FHOPOreoNOTHYECKOR H_HHXEeHEeDPHO-I'eOJIOTHYeCKoH
CbeMKH/5/ Ona OGOCHOBAHUA NMPOEKTHPOBaHHA H
pazpaBOTKH NPOTHO3A HIMEHeHHR B pesynsTaTe
CTPOHTENBbCTER MHKE@HEPHO-TeolIOrHYiecKHX, THIApO-
IreOJIOTHYECKHX H CeOKDPHOJIOTHUYEeCKHX YyCJIOBHH.
Ocooe BHHMaHHe MNPH NPOM3IBONCTBE MepP3JIOTHON
CbheMKH ClelyeT YAenate B palkoHax CO CAOXHHMK

MEep3NIOTO-TIPYHTOBHMHU ( TEOKPUONIOTHYECKHMH) yC=
JIOBHAMH H OCTPOBHOI'CO PACNPOCTPAHEHHA BEeYHO-
MEep3JHX IPYHTOB, KaK NanpHMep, Ha pHc.l ,
roge npHeeneH TeofIOrHYeCKHRA pa3pe3 MO CTBORY
npaBobepexHoll mnoTHRH Yorb-XaHTaHCKoR I'SC
/3/.

2. KoMniexcHoe H BCeCTOPOHHee H3ydueHHe
CTPOEHHA, COCTaBa H CBORCTE_BEYHOMEDIJIHX
Nopon OCHOBAHHA COODYXeHHH., IIp# 3TOM ocoboe
BHHMaHHe HeOOGXOIOHMMO OGPATHTE Ha H3VUeHHe
KPHOTP@HHOrQ CTDOEHHA BedHOMEpPIJIHX Nopon H
HIMeHEeHHA HX (H3IHKO-MeXaHHYeCcKHX H GHIETpa-
LHHOHHHX CBOACTB B npolecce H B pe3ynaspTarTe
OTTavBaHHA, B TOM YHCJIE PEeOJIOTHUECKHX CBORCTE,
VYHTHREAKNIMHX PeylakCalHlw HanpaxeHHl H nonay-
YecTe MEP3JHX Nopos nof HATDY3KOA.

BaxXHO OTMETHTBL, YTO COBETCKHMH VUYEeHHMH K
NPOeKTHDOBRMUKAMHE B NOCHEeRHUe FORl Ha OCHOBe
CHCTEeMHOr'® nogxona H ob6oUmeHHs OOCHWHPHHX Ma-
TepHAJIOB H3HCKAHHA JINA CeBEepPHOr'Q0 THOpOTex-
HHYEeCKOro CTPOHTEeNbCTEa pa3paboTaHa MeTONH-
Ka KOMIINEKCHOrO H3y4YeHHS MHOrQJIeTHeMep3nux
CKaNbHEX NMOPOO KaK OCHOBAaHHN COOPYXeHHA,
YCTAMOBJMEHH 3IaKOHOMEPHOCTH (QOPMHPOBAHHA KPHO=
TEHHOTO CTPOEeHHSA CKANbHHX MACCHBOB H pOoxkasa=
Ha rJaBeHCTBYHOmMAS H ONpeleNAnmad PeJik KPHO-=
TE@HHOI'0O CTPOEHHA B HHKEHEeDHO-TeOJIOTHYECKOH
oleHKe M MPOTHO3e HM3MeHeHHMA CBONCTBE MEep3NHX
CKanbHHX OCHOBaHM# THOPOTEXHHUYECKHX COOpYyxe=
HHR /6/.

J1A BHCOKHMX I'PYHTOBHX NINOTHH KaxX MNPaBHIO
BHOGHPAKNTCA HaHbojie@ HagexXHHe CTROPW ¢ nOpod=-
HHMH CKaJbHHMH OCHOBAHHAMH, Kax HanpHMep,
nns NMAoTnH BHimoltcko#, DPycnoBoft YoTe—-XaHTaRk-
cko#t, Komumckoi I'C (» CCCP)}, Kenud, Yrapn—4
(s Kanane)/3,7-9/. Ina cpende~ H HH3KOHANoOp-
HHYX NJOTHH BHGOP CTBOPOR € HaNeXKHHMH CKanb-
HHMH OCHOBAHHAMH OI'DAHHYEH M NMO3TOMY TaKHe
TPpYHTOBHE MMNOTHHHE BO3BOOATCA NPAKTHYECKH Ha
MOGHX OCHOBAHHAX, [PH 3TOM OCOBOE BHHMaHHe
np¥ HM3HCKAHHAX ClenyeT YHReJHThL H3YYeHH Npo-
canoYHOCTH MEDP3JHX NOpOoN OCHOPBAHHA IpH OTTa-
MBAHHMH H KOHCTPYKIHAM NpHMHKaHHA IJIOTHH K
Mep3JHM GOpTaM H OCHOBAHHI. [IpH HANHYHH CHIBL-
HONBPIUCTHX BEYHOMEP3JIHX TPYHTOR B OCHOBAHHH
KaKk NPapHAO BHGMPAETCA MEP3INHR THII MAOTHHH C
HefonymeHHeM OTTAMBAHHA OCHOBAHHA H C NpoMo-
paxHBaHHeM TeJjla NMOTHHH, Kak HanpHmep, Hepe-
naxckas nnoTuea (puc.3)/3/. B caydae oTRenk-
HHX OCTPOBOB BEYHOMEP3JIHX T'PYHTOB B OCHOBa-
HHUH 3adacTy® NPpoeKTHPYWT TalHe MNJIOTHHH pac-
NAACTAHHOTO NPOPUIAA HA OTTaHBAKWHEM IIDH DKC-
nayaTALKMH OCHOBAHHH, Kak Hanpumep, npasote-
pexHaa TIOTHHa Ycre-XaHTrafickon I'2C (puc.l u
2) /3/, orpaxpanmMe NaMGH BonoxpaHunuma Kes~
cH /8,9/, npasoGepexHan mynotuHa Kerrn /1/.

3. Hayuenme TeMnepaTypPHOTIO pEeXHMA, KPHO—
TEeHHOTO CTPOEHMA H KDPHOreHHHX MpOLECCoB B
MEpP3JIHX OCHOBAHUAX KAK OCHOBH VA paspaboT-
KH MEeTONOE pacyeTa YCTOHYHBOCTH H HaleXHOC—
TH BEYHOMEPIJHX QCHOBAHHR H T'PYHTOBHX IJIOTHH
COBMECTHO ¢ OCHQBAHHEM H NPOTHQ3a HIMEHeHHA
HHKEHEePHO-TeOKPHONOIHYeCKHX YCNOBHA nocne
BO3BENEeHHA MMJOTHHH H CO3NaHHA BOAOXPAaHHIHMA.
[lpy 3TOM, ONHOBpPeMEHHO C H3IYYeHHEM TepMOpexH~
Ma H KPHOUE@éHHOIO CTDOEHUS BedYHOMED3JIHX MNopon,
BHMOOJHAEMHM NPH H3HCKAHHAX, HeoOXOOHMO IJONOJi-
HHTEeNnhHOE IpPUBNeYeHHe ChnenMalyIbHHX HCccenpopa—
TeNbCKUX OPTraHH3alHA ONA TMATEeNbLHOTO H3YUYeHMA
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KPHOT@HHHX MNPOUECCOB H ABJIEHHH (KPHOT'@HHOIO
Oy4YeHHA H TpemHHoOGPa3OBaHHUA, CONMMOIOKLIHH K
TepMokapcTa, JbHOOGpa3’OBaHHUA H JIp.) C UenbK
yYeTa HMX NpPH NMPOEKTHPOBAHHH NJIOTHHE H BOOO~
XpaHHJIMMa H NPH pa3paboTKe NPOrHO3Z0B H3Me-—
HEHHA YCJIOBMA M nepepaboTKH Geperos/3,10,11/.

Ocotoe BHHMAHHE HAa MNOCNeRYIMHX CTAIHAX
NPOEKTHPOBAHHA CllenyeT YOSJHTE Ra3paboTKe
NPOTHO30R TeMNepaTYPHO-BJIAXHOCTHOI'O PexXHMAa
OCHOBAHHA IJIOTHHH COBMECTHO ¢ OCHOBAHHEM,

HX HanpAXeHHO-IedOPMHPOBAHHOI'O COCTOAHHA,
NMPOYHOCTH H YCTOWYHMBOCTH NpPH nnurenhﬂon'axcf
nayvaTauud JJIOTHH B CYPOBHX KJIHMaTHYeCKHX yC-
JIOBHAX, a TaxKxXe BechbMa C)1a6o pa3’paboTaHHEM

B HACTOAmWEee BPEeMA BOMNPOCaM NpOrHosa nepedop-
MHPOBAaHHA Oeperos BONOXPAHHIHN B OOJACTH
BeYHON Mep3notH/3,11/ H BAMAHMA I'MOPOCTDOH-
TENBECTEA HAa OKpyxalmyw cpeny. nd peieHus
3THX NpOoOGNeM HeOGXOOHMO HCMNOAB30BRATE He
TONBKO HAKOMJEHHHH OMHT CTPOMTENBCTBA H 3KC—-
nayaTalyH asallorHYHHX NPOeKTHPYeMOR MIOTHH,
HO H I'JTaBHHM OOGDPA3OM HCHOJIBE30BATH JNaHHHEe Ha-
TYPHHX HaOGJWASHHA Ha NaHHOM KOHKPETHOM 06b-
eKTe CTPOHTEeNIbCTBA, KOTOpHE HeOoOXOHNHMO opra-
HH30BATh C CaMOT(Q Havanla H3HCKaHHHA, HenpepH+-
BHO BECTH B INEepPHOO NPOeKTHPORAHHA H CTROH~
TeNbCTBa H 3aTeM MNPOAONKHTL BeOeHHEe HX IMpH
SKCNNAyaTauuH; OCOGEeHHO 3TO QOTHOCHTCA K HATYpR-
HHM HaGMOOeHHAM 33 TEeMNepaTYpPHHM DeXHMOM Beud-
HOMED3JNHX H OTTAMBalHX OCHOBAHHHA H yCTON-
YHEBOCTHI0 K pedopMalHAM GOPTOB KAHBOHA H OC-
HOBAHHA,

4, BoJsiee THMATENBHHE K HOeTANbHHE HIHCKA
HHA MeCTOPOXNEeHUH MeCTHHX CTPOHTEeJIBHHX Ma-
TEPHAJIOR NN BO3BENEeHHA I'DYHTOBHX IIJIOTHH H
OCOGEeHHO NOHCKH H BHOGOP ONTHMAJIE OO BHAA
CBASHEX TPYHTOB IONA NPOTHBOOKNLTDAUHOHHHX
9JIEMEHTOBR H HECBA3HHX TPYHTOBR IONA QUABTDOB
#H unpeHaxeft, IIpH >TOM yXe HA NepBHX CTANHAX
H3HCKAHNA Heo6XOMHMO TOYHO OKOHTYPHBATh Mec-—
TOPOXOEHHA H oNpeleNATs HX 3anach, 4YTOGH He
OONYCKATE BO3BMOXHOCTH HEXBATKH TPe6YEMHX KOH-
OHIIHOHHEX MaTepHaJIoB NPH CTPOHTEeNLCTEBE, Kak
3TO, HanpHMep, OGHAPYXHJIOCE B XOOe BO3IBeme—
HHA NHOTHH YcTh-XaHTafickof I'2C, B pesyianTa-
Te Yero OhJIH HCMNOJNb30BAHH HCKYCCTBEHHHE
TPYHTOBHEe CMeCH H KaMeHHAas MeJloUhb.

Ip¥ HM3KCKAHHH T'PYHTOBHX MaTepHaJloB Heob6-—
XOOHMO HMCXQIHMTE H3 YCINOBHH NMOHCKa HX B MaK-
CHMANILHOM NPHOJIHXEHHH K CTBOPY CTPOAmMEerocs
THOPOY3Jla U C YYEeTOM BO3MOXHOCTH NPH COOT—
BETCTHBYIOMHX KOHCTDYKUHAX MJOTHH H MenHopalH-
X IPYHTOB HCHNOJB3OBATE ONA VKIAAOKK B TesNo
NJOTHHH HNPAKTHYECKH JobHe HMemMecsa Ha Mec—
Te I'PDYHTH, BKMO4YaA BCKPHIIHHE NMODPOOH H MaTe-
PHAJIH H3 MOJIe3HHX BHeMoOK, OOHaAKO Nnpenno4YTH-
TeNbHee HCNOJNML30BaATH TPYHTH ONTHMANELBHOTIO
cCOCTara H C MHHHMAJIBHOH BIAXHOCTHIO, ONK3KON
K ONTHMANLHON, MEeCTODOXIEHHA (KapbepH) KOTO—
PHX ROONMXHH CHEIHANBHO OKOHTYDPHBATHLCA H ne~
TaJlLHO HCCAEeNOBATLCA B NpOUecce H3IHCKAHHR
AJA YTOYHEHHMA KOHCTPYKUHNA NMJAOTHHH H TeXHO-
JIOruHy ee BO3BeneHun. ONHT CTPONTENLCTHA
TPYHTOBHX NNOTHH BHIMOACKOR, YoTu-XaHTalcKoOR
K Kommmckxon I'SC u MarapaHcko#® T21 nokasasn,
YTO ONTHMAJIBHEMH TPYHTAMH IJIA OTPOTHBOOHIR-
TPAUHUOHHHX 3JIEMEHTOB ABNAKNTCA KPYITHOOGJIOMOY-
HHE PPYHTH € CYNEecCYaHO—-CYTNHHHCTHM 3anofIH{-
TeneM/12,13/, comepxamue KpPYMHOOGJIOMOYHHE
YacTHiH (Gonee 2 mMm) or 40% mo 65% no Becy,

¥ AHAJIOTHYHHEe HM HCKYCCTBEHHHe I'DYHTOBHE
cMecH, nonyyaeMHe MNpPH NepeMemHBaHUH, HaNpH-
Mep, cyneceft, CYI'JIHHKOB HJIH JIETKHX IJIMHH C
MOPEHHEMH H KPYNHOOGIOMOYHHMH T'DYHTaMM, C
necyaHo~I'paBHRHOR CMeChld HJIH OGJIOMKAMH MNONy-
CKaNnbHHX Nopon. Takue IPYHTH KaK OPABHIO
NPHYDOYEHH K SMNBHAABHO-OQJIOBHAJNILHEM H MO-
PeHHEM /12,13/ YeTBepPTHUYHHM OTIOKEHHMAM M
pexe K (IMOBHOTAAUHANIBHHM H KOJUIOBHAJIBHEM OT-
JIOXKeHHAM H 3avYacTyl. claraklT Tena ecTrecTBeH-
HHX OCHNeR, KYPYMOB,

Insa MaTepHanos HAGDOCHHX YIOPHHX NPH3M
DPEKOMEHAVIOTCA JHOGHE CKAaJIbHHE H NOJIYCKaJbHHE
NOPONH, OTBevdYawmHe TpeGOBaHHAM JOCTATOYHON
MODRO3OCTORKOCTH H NPOYHOCTH. I[IpH cneunHans—
HOM 3OHMPOBAHHH TeéJla MNJOTHHH B 30HH ee, He
NMOOBepPXEeHHHEe 3HAYHTENbHHM TeMnepaTypPHHM KO-
NeGAHHAM, MOXHO YKNAHNHBATL MEHEEe MOPO3OCTOH-
KHé noponw, OOHAKO A OBOCHOBAHHA HCNONL3IO-
BAHHA CJIAGHX CKAaJIbHHX M NONYyCKANRHHX NOpon
B TeJjie TMOTHHH HeOOGXOOHMH ChelHaNlpHRe Hecne-
IOBaHHA,

5. OCOBEHHOCTH GYDPOBHX H I'OPHHX paspenoy-
HHX patoT B KOMIIJIEKCE € TreodH3IHUYeCcKHMH H npy-
T'HMH H3HCKaTeJbCKEMH patOoTaMH H TmaTelbHoe
odopMnenne BCeR NOKVMEHTalMM,., CrneunudHueckon
OCOGEHHOCThI GYDOBHX H UOPHHX padoT B o6jac-
TH BeYHOHN MEDP3INOTH ABNAETCA HeOOXOUHMMOCTL OT-
PaGoOTKH MeTONMK IPOXOOKH, MNO3BOJNAWMHX NOAy-
darTh HaHboJNlee HOCTOBEPHYIO HHPODMAIIMKR O6 HC-
THHHOM TeMNnepaTYpHOM pPexHMe H KPHOTLEeHHOM
CTPOEHHH BEeYHOMEP3JIHX MNOpoNa H obecneyuBanmHX
BO3MOXHOCTE NOJAYYEHHA KePHOEB HIH MOHOJIHTOB
MEepasjhX TPYHTOB HeHADYUWEHHOI'O CJOKeHHs. B
3TOR CBA3H OYpPEeHHe clenyeT BeCTH KOJOHKOBHM
Cnoco60M Ha MaJHX CKOPOCTAX BpameHHA, 6es3
NMOONHMEBEA BONH B CKBaXHHY, C OXJaxJgeHHeM CKBa-
XHH Ha 3a00e M ¢ MakCHManbkHO BO3MOXHHM JHa-
MeTpoM. Tak, XopowHe pPe3yJbLTaTH [PH H3HCKa-
HHAX Ona npoexra KonuMmckoll I'SC pano GypeHHe
CMOTDOBHX CKBaxXxHH guaMeTpoM no 1000 MM ¢ oT=
60pPOM KEPHOB IO BCefl BHCOTe, a TaKxe Nnpo-
XOOKa mMTOJIEH H BHPaGOTOK GONBUOro CeYeHHA,
NO3BOOAKMHUX MONAYYATL HauGoJiee OOCTOBEPHYIO
HHPOPMALHI® O I'€ONIOTHYECKOM H IeOKPHONOTHYeC—
KOM CTPOeHHMH nopon OCHOBaHHA. HeoOXOOHMO
TaKXe YYHTHBATL, YTO B 30HaAX BO3MOXHHX NOIg-
3EMHHX BOX H Ha TPaAaHHUAX TaNHX H Mep3JHX
30H NOIOY€MHHEe BHPABOTKH B BEUYHOMEPINHX no-
pogax OOBONMbHO OHCTPO 3aANOJMHANTCA JBAOM H
3a4YacTyw He MOI'YVT OHTE HCIOAL3IOBAHH AOANA NOAalb-
HeHUMX OJIMTENBHHX M3HCKATEeNLCKHX H HCCNeno-
BaTeNbCKHX patoT, Kak 3TO Habmoaoanoch, Ha-
NnIpHMep, B LTOARHAX MANOro CeudeHHA B CTBOpe
KomiMckolt I'SC.

BaxHelmel HeoBXOOMMMOCTLIO ABAAETCHA TaKke
KOMINIeKCHpOBaHHEe HEeNOCPEenCTBEeHHHX Ieoaoro~
Pa3BefOYHHX DPAaBOT M MNPAMHX Ie0TeXHHYSCKHX
MEeTONOR OnpeneneHHA COCTaBa H CBOACTE Mep3-
JIHX JIOPOI H HMX KPHOTEHHOrO CTPpOeHHMA C Ieo-
¢HIHYEeCKHMH PaGOTaAMH M KOCBEHHHMH METONAMH,
MO3PONIANIIHMH B KOMIIJIeKCe MpoBeneHHe 60JbLIO-
ro o6heMa BCECTOPOHHHX H3HICKAHMA B KpaTyap-
mwHe CPOKH NPpH HBOCTATOYHO BHCOKON CTeneHH
JOCTOBEPHOCTH H HHPOPMATHBHOCTH.

IIo xaxmol cKBaxHHe H BHpAGOTKe OOJOKHa
OHTbL COCTaABJIGHA THATENILHAA OOKYMEHTALMA ¢
YJaCcTHEM HHXeHepa-reoKpHONnora (MepanoToeBena)
C 3apHCOBKaAMH KPDHOT'@HHHX TeKCTYDP, BMemeHHR
nbOa H BCEX TPemMHH, BKJIOHAR KPHOTEHHYK
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MHUKPOTPEIHHOBATOCTE H BHOENAR (parMeHTH Kpyn-

HOMacHTaAGHHX 3apHCOBOK TeKTOHHUYECKHX TpewuH,
OTJIHYANMHAXCA dame BCEero NOBHMEeHHON NBIHCTO—
CTbK H DPacnyueHHOCTHhI/6/. NpH srToMm obsasza-—
TeNbHO YKa3aH¥e Ha MeTOAHKY M CPOKH IIpoxon-
KH CKBaXHHH HNM BHPaBGOTKH, Ha MEeTOOHKY H
CPOKH NPOBeIeHHs TeMHIepPDATYDHHX 3aMepos,
YHUCHAEe HA CpPOKHM BHOEPKKH (BHCTOMAKH) CKBAaXHH
nocne GYpPeHHA N0 BOCCTAHOBJIEHHA eCTeCTBEH-
HOTO TeMnepaTypHOI'O pPexHMma.

6. Heo6xX0QHMOCTHL NPOBENEHHA ONHTHO=CTPO-
HTEJILHHX H CHeUHaNBHHX Hay4YHO~HCCIeNOBATENb-
CKHx_pabor. Ha MOCHeXHHX CTamHaX HIHCKaHu#,
B Hadajle CTPOHTeNnbhCTEBa, TOYHe&e B IMMOATOTOBH-
TeNnbHOM MepHOoOe N0 Havalla BO3BeleHHA OCHOB-
HHX COOPYXEeHMHA I'MIpOoy3Jjla, a TaKxXe B npouec-
ce CTPOHTEJILCTRA,
3eMHHX coopyXeHHH ['2C, BOmOBODOB, TYHHene#,
LeMeHTalHOHHHX H CMOTPOBHX rasnepefl, noaro-
. TOBKA OCHOBaHHA H OTCHIKA TeJsa NJIOTHHH,
XOOHMO NMpPOBeIneHHe clelHallbHHX HCCIeNOBaHHH
H OQNHTHO=CTPOUTENLHHX PaftoT ¢ uespw yrouyHe-
HHA HHXEHepHO-TeONIO'HYECKHX CROHCTE H Teo-
KPHONOI'HY@CKOTO CTPOEHHA Mep3NHX [nIopon OCHO-
BaHH, COCTaBa H CBOHACTE IPYHTOBHX MaTepHa-
NOB NJNOTHH, COB&DNeHCTBOBAHHA KOHCTDRYKUHH
H TeXHOJNOI'HH BO3BeNeHHA NJOTHHH H NOI3E&MHHX
cCoOpyXeHHN runpoyana. I[IpH 3ToM B XOne MHon-
TOTOBKH OCHOBAHHA H MPOXOIOKH TNOJ3EMHHX COOpY
RKeHHUM BCKDPHEHBAKWTCA 6GOJBUIIHE Pa3pPe3d B OCHOBa-
HHH H B Kapbepax MecTOPOXOeHHH, I[03BOJIANmHe
CYHNEeCTBEHHO YTOYHHTL H CKOpPPeKTHpOBAaTh OO
MenbrYaHuHX aeTanef reolorHyYeckoe H KpHOTreH-
HOe CTpOeHHEe TQPHHX Nopon H BHeCTH COOTBEeT-
CTBYWHLHE MONpPAaBKH H YTOUYHEHHA B NPOEKT H B
TEXHONOTHK  CTPOHTENnbLCTBa rulapoyszna. Ilpu
3TOM BO3MOXKHH HenpelBHIEHHHE OBCTOATElNbh—
CTBa H HEKOTOpHE OCOGEHHOCTH MepP3NHX nopon,
He OGHAPYX@HHHE NpPH H3HCKAHUAX. [IO02TOMY He-~
OGXONHMO NOCTOAHHOE YHYACTHe TeOoKDHONOI'OB H
HCCNeQQBATENER anA ONepaTHBRHOTO pPeueHHs ¢o-
BMECTHOQ ¢ MNPeKTHPOBHHKAMH H CTPOHTENIAMH
BCEeX BO3HHKAKMHX B XOOe CTPOHTeNILCTBAa 3alavy.

BaxHO Takke, 4YTOOH OO Havana BO3IBeOeHHA
MJIOTHHH GHIH H3YYeHH H OTpaGOTaHH B OQOMHTHO—
CTPONTENBHHX paboTax BCce BOMNPOCH pa3slpaboTKH
KapkrepoOB K OCHOBaHMA, OTTAHMBAHHA BeUHOMepa-
NHX CPYHTOB H HX TeXHHYEeCKON MelHopallHK® ¢
NONIYyYEeHHEM OINTHMAJNILHHX I'DYHTOB HJH TPYHTOBHX
cMecell, 3aroToOBKH H CKJAAOHPOBAHUA BaNacoB
TalHX TPYHTOB, HEOGXOIMMHX INA oGecrneyeHHs
BeOeHHA 3HMHHX 3eMJIAHHX patoT,
KH B NPOTHBOOHALTPAUHOHHHE 3NIeMeHTH CBA3HHX
TPYHTOB (B JIeTHee M 3HMHEe BpeMf) C BHGBOPOM
ONTUMANILHHX I'DYHTOB, TeXHONOTH# H YIJNOTHMIO—
mUX MEeXaHHSMOB H ¢ O6DPAGOTKOH H HalaxuBaHW—
@M TmaTeNbHOIO re0TeXHHUYeCKOro KOHTPOMSA Ka-
yecTBEa BeOeHHA 3eMISHHX M CKaJbHHX paboT H
BO3BENEeHHA TPYHTOBOH MNOTHHH,

KoMnnekCHHe H THATeJ/IbHHE H3HCKAHHA H reo-
KPHONOTHUECKHEe HCCHEeIOBAHMA C NOocHenyIOuHMH
ONHTHO-NPOH3BOOCTBEHHEME M HaYYHO-HCOJNenompa-—
TeAsLCKHMH pa6oTaMH lepel HadYayloM M B Xome
BO3BEOEHHUA TDYHTOBHX MJIOTHH MMO3BOJIAKNT pPaapaw
60TaTh BecbMa 3(OEKTHBHHE MNPOEKTHHE DeleHUS
M PAaUHOHANBbHHE TEXHOJIOI'HYEeCKHe CXeMH, obec—
nevysawmue B KOMIJIEKCE BHCOKQOE KadecTBO CTPRO
HTensCTBa H HANEXHYHW 3KCHayaraluHy I'PYHTOBHX
MJIOTHH B CYPOBHX KIHMATHYECKHX YCJIOBHAX Kpaf
Hero Cerpepa H Ha BeYHOMEP3JHMX OCHOBAaHHAX.

B TOM

Korna BeneTcsa npoXofgka non«

Heob-

ONHTHHEe yKIlag—

3, MPHHUMIN [MPOEKTHPOBAHHA H CTPOUTEJL-
CTBA I'PYHTOBHX IJIOTHH B YCJIOBUSIX

BEYHOMEP3JIHX I'PYHTOB KPAHHET'QO CEBEPA

B OCHOBY NpOEKTHPOBAHHA H CTPOHTENBCTBA
I'PYHTOBHX IJIOTHH, BO3BOOHMHX Ha BedYHOMeps3-—
JIHX I'byHTax Kpa#iHero Cesepa, HONKHH GHTDL
MOJIOKEHH OAaHHHEe HHXeHepPHO-TeOJIOI'HYEeCKHX
H3HCKAHHA MecTa HOCTRPORKH H pPeayllBTaTH CIe=
LHAJIBHHX TeOKDPHOJIOTHYEeCKHX HCCIenoBaHHA,

K nocnennum B nepByK oyepenb OTHOCATCH @
MOMHOCTL BEeYHOMEP3JHX I'PYHTOB, HX Temnepa-
TYyPa Ha rny6uHe 10 M , KPHOTEHHOE CTpOeHHe
H o6beMHasd JNbBAHCTOCTE NOPOI OCHOBaHHR. leo-
JIOIHYECKHe KMI3HCKAHHA JONKHH B MepRyWw oye-—
Penb ONpenesIMTh YCNOBHA 3aneraHvda (rny6HHy
H TP, ) KOPEHHHX MAacCCHBHO-KPHCTAJJIHYECKHX HO-
POO M HX HMHXKeHEePHO-~CTPOHTeNbHHE CBONCTBA
3anerapT JH OHH COMOWHHM CJI0eM ¢ He3HauYHU-
TeJBHON TPemHHOBATOCTBK, HIH PENCTAaBJAKT
COGOH THNHYHHE CKaNbHHE NOpofh, T.e. [Nopo-
O TPemHHOBATO-GJIOMHOIO CTRPOEHHA, HJIH Xe
nonycKaJlbHHE MNMOpPOOH, PACCNAHUOBAHHHE MHOPO-
KPATHHEMH NPOABJEHHIAMH KPHOI'@HHHX MNpoueccos,
NocneguHe BunH nopoln (paccnaHUOBAHHHX=TONY~
CKaJbHHX) BechbMa YaCTO BCTPeYalTCHs B pafo-
Hax pacnpocTpaHeHHA BEUYHOMepaNHX Iopon H
o0ycnaBnubawT HaHGONBbUIHE ONAacHOCTH OJA oc—
HOBaHHR THIPOTEXHHYECKHX COODYXEeHHR, Tak

K&K B Mep3JIOM COCTOAHHH OHH NDEeIcTaBRIAKT
MOHOJIHTHHE BeCbMa MNPOYHHE MOpOOH, a OYyAYYH
MOOBEpPXKEHH OTTAHBAHHK YacTO NMpeBpamanwTCa B
CHABHO CXKHMaeMHe MNMOPOaH, OOYyCHaBIHBAaKmHE
3HAVHTeNIbHHE MX OCaOKH H NpoCankH.

B 3aBHCHMOCTH OT HAJHYHA MNPOYHHX MaCCHB=
HO~KPHCTAaNHYEeCKHX MNOopol, HJIH crnabHx (npu
OTTAHBaHHH) TPYHTOBHX OTJOXeHHA, a Takxe -
YCTONYHBOCTH MEPp3NOro TeMnepaTYPHOroO pexHMa
BEYHOMEP3JHX NOpOn MeCTa CTPOHTEeNLCTEAa,-
BHOHPAGTCA NPHEUKI NMPOEKTHPOBAHHA H CTPOH-
TeNbLCTBA TPYHTOBHX MNAOTHH MO TAallOMY HIH
MeD3JIoOMy WX THny. lepBHHA THN - TajHe NJIQTH-
HH NPHMEHAKTCA NPU HAJHYHH JIHWbL MACCHBHO-
KPHCTANJIHYECKHX He pPa3pPyWeHHHX KOpPeHHHX
nopoOO HJIH CNAGOCKHMAaEeMHX TalHX H OTTaHBawn-
MHX JIOpOL B OCHOBAHHH, & BTOPOH - NJIOTHHH
Mep3NHe MOr'YT BOSBOOHTBCH NpaKTUYECKH Ha
JIOGHX BeYHOMEepPS3JHX noponax, fnpH ofasaTelb=
HOM, OIHakKo, ofecnevyeHHH Be4YHOMEp3Noro co-
CTORHHA KAK OCHOBAHHA, TaK H 6GOJbuell YacTH
caMoro Tena Mep3JIoON TPYHTOBOA MJIOTHHHE, obec~—
MeYHBAKMEro BOOOHENPOHHUAeMOCTh MNJIOTHHH,

llepBHA THN - TanWe MJIOTHHH- MPOEKTHPYeT-
Cf KAK NMPaBMJo ¢ ydeToM NOJHOT'O OTTaHBaHHA
OCHOBAHMA NPH IUVIHTENLHOA B3ycCnnyaTALHH, NOpH=—
YeM BOIOHEeNpOHHLAEMOCTb CaMOro TeJia TpYHTO-
BOH MJOTHHH HJOCTHraeTcs JHO0 YCTPONGTHOM
NPOTHBOGUNBTPAIIHOHHOI'O 3KpaHa (OBHYHO M3
YIUIOTHEHHHX TJHHHCTHX IDYHTOB) , Kak 3TO
OHJIO BHIONHEHO NPH CTPOHTENBCTBE PYCIOBOH
BUMOACKOR NAOTHHH BHCOTOR 75 M (puc.4, a
/3/), nu6o YCTPOACTBOM MPOTHBOOHIABLTPaLHOH=
HOT'O BOJIOHENPOHHLAEMOr'Q fAllpa NJOTHHH, Kak
ITO OHJIO BHIIONHEHO NPH CTPOUTENLCTBe XaH-
TARCKOH, BHCOTOH 65 M, DYCHOBOH NNOTHHH
(puec.4 , 6 /3/).

[IpK NPOEKTHPOBAHHH NJOTHH MO BTOPOMY
(MEP3MIOMY THIY) MOTYT NPHMEHATBCA HECKOJb
KO peunerHuit Nnepeoe = YyCTDOACTBO pachjac—
TAHHOI'O npodund (NpH yrnax oTkKoca MeHee 1:5),
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npy KOTOPOM H3I0OTEpMa I'PYHTa B TeJle TJIOTHHH
1o BepXOBHM OTKOCOM BO BCe Bpema, (M pmaxe
np¥ YCTAHOBMBHLEMCA TEeMIEepPaTYDHOM DeXHMe) He
OOXOOHNa 6H 00 CepenHHH NPodHIA IPDYHTORBOR
IIOTHHE H HM3IOBOH OTKOC BCerpfa ocTaBancsa

6H P MEP3JIOM COCTOSHHH; BTOpPOE DpemeHde— NpH
MeHee pacnnacTaHHOM npodune (¢ orxocamu 1:3;
1:4 )npeEMeHseTca oXlaxjawmee YCTPOACTBO (Kak,
Hanpumep, y Hpenaxckof nioTHHH, pHc.4 B /3/),
cocTosmee K3 Tpy6uaTol 3aBecH B UEHTpe npo-
GHINIA, XOJOJHHA BO3IOYX B KOTOPOH 3IMMOH HIIH
MamMHHAA LHUDKYAALHA XJAanoHOCHTena (0BHYHO
CaCl,;) nogmepXHBAET NOCTOAHHO TPeSYEMyK OT-
pHUATEeNbHY TeMmneparypy. B IJIOTHHax Mep3noro
THIIA Hauma NpHMeHeHHe M Takasgd cHoTeMa OXJax—
OeHHA, Kak, HanpHMep, B TUJIOTHHeE Ha o3epe
JOonrom (our.4, r /3/), roe C NOMOMBI ABTO-
MaTHYECKOr'O npoPeTpHBAHHA .3HMOH HH30BOI'O OT=
Koca, KOTOPOEe NMPOH3IBOOHTCA NyTeM yCcTpolicTea
ClelHAaNBHOA KPHTOR ranepeH A3 LHPKYIALHH
3HMHEro XOJIOOHOI'O BO3AyXa, noalepxHBaeTcda
yke 6Hoyee OBaguaTH NeT NOCTOAHHO Mep3aJioe
COCTOAHHE HH3OBOI'O OTKOCA.

OrmMeTHM, 4YTO NPH NPOEKTHPOBAHHH M CTPO-
HTEeNBECTEBEe TPYHTOBHX NNOTHH B YCIOBHAX Beyu-
HOMep3nHX pYHTOB KparHero CeBepa oO6GA3aTelNbh-
HH TEIUIOTEXHHYECKHEe IPOrHO3H TJIYGHH H oblac—
Tefl OTTAMBAHHMA Mep3JIHX NMOpPOoJ C NOCTpOeHHeM
H30TepM TeJla FPYHTOBHX MJAOTHH H KX OCHOBaA-~
HHA KaK MANA PA3JIMYHHX NPDOMEeXYTKOB BpPEMeHH
OT HavaJa 3IANOJHeHHA BOOOA BOIOOXDPaHHIIHNA
H 3KCnAyaTalHH TJIOTHHH, TaKk H ONA npelenk-
HOT'O CTAUHOHAPHOTO COCTOAHHA TeMInepaTypHO-
ro nNoJa rPYHTOBOR NJAOTHHH H €& QCHOBAHHA,
[Ip# 3TOM rPYHTOBaA NNOTHHaA JOOJIKHA HMeTBH Ta-
KOM TMPOYHAER H TaKHe NONONMHHTEeNbHHE YCTPOH-
CTRa, YTOOH OHUIA rapaETHPOBaHa €€ He3HoJIe-
MOCTE H BOIOOHENPOHHLAEMOCTL BO BCE BpeMsa
SKCNNyaTauWH NAOTHHH, ClenyeT Taxkxe o6pa-
THTRE OCO60e BHHMaHHe HAa BHCOKOKAYECTBEHHOe
VCTPORCTBO NPHMHKAHHA TMJIOTHHH K 60DpTaM BO-
DOXPaHHIHMA H OCOGEHHO « YCOTPONCTE MaBOOKO™
BHX BOOOCAYCKOB, Mep3Jyioe COCTOAHHE OCHOBa-
HHAA KOTOPHX MOXET NOONEeDXKHBATHCA NepHoOHdYec—
KHM NIPHMMEHEHHEM HCKYCCTBeHHOTO OXJaXOeHHA,

[Ipy sKcHNyaTanHMH IPYHTOBHX IUIOTHH Ha BeY-
HOMED3JHX OCHOBAHHAX 06A3aTeNbHO NOOMXKHA GHTH
npesycMoTpeHa 3akjlalka KOHTPOJNBHO-HIMepHTEeNnb—
HO# annapatypu (KHA) IOna nepHOoOHYeCcKOr'0 KOH=
TPOJIA COCTOAHHA NJIOTHHH H €€ OCHOBAaHHA,

4, OCHOBH PACYETA I'PYHTOBHX I[IJIOTHH
U HX OCHOBAHHA INd YCJIOBUM
KPAMHEIQO CEBEFA

OTJIHYHTeNbHON 4YepPTOH HPOeKTHPOBAHHA TI'DYH-
TOBHX IMJIOTHH Ha KpafiHem CeBepe H BeYHOMEpP3—
JIHX OCHOBAHHAX ABNAAeTCA HeOOGXOIOHMOCTEB NpDOBe-
IeHHA B MEepBYKW odYepelb TelnJoTeXHHYeCKHX pac-
4eTOoB NO NPOTHO3Y CTAIMOHAPHOIO H HecTalHo-
HAPHOI'O TeMnepaTYPHOrQ pPeXHMa NJIOTHH H HX
OCHOBAHHA, OTTAMBAHHA GOPTOB H JIOKA BOJOXpa=-
HHJIHIMA , HCKYCCTBEHHOI'O NpOMOpaxdBaHUA TPYH-
TOR ONSA CO3JaHHA Mep3JIOTHOR 3asBeCcH B Mep3JIon
NIOTHHE ¥ OCHOBaHMH /14-17/. Bpnaromapa ycrie-
XaM COBETCKHX YUEeHHX, I'JIAaBHHM O6pa3oM WKON
npodeccopa I,A.Borocnoeckore /14,15/, unena-
KoppecnounenTa AH CCCP npodeccopa H.A.lHTO-
BHua /2,20/ »u BHUMI um. E.E.BeneHeeBa /16,

17, 18/, pazpaGoTaHH METOOH TEeMNepaTyPHHX
pacyeToB 3eMNAHHX NMJIOTHH H BOOOXPAaHHIIMM H
peweHs AHANMMTHUYECKMMH H YHCJIeHHHMH MeTOnaMH
(MKP) MHOTHe OOHOMepHHe H IIJIOCKHe 3alladH,
rJIaBHEM C6pa3zoM npocTefuHe, OJA OQHOPOOHHX
JEeMIIAHHX M KaMeHHO-HaOGpPOCHHX He(HNbTIDYIMHX
H PHABTDYHMHX TJIOTHH. OAHAKO MHOTHE NpPaKTH-
yeckHe 3anavuH NporHe3a TeMiiepaTypPHO-BJIAX=
HOCTHOr'O pPexXuMa INA NNOTHH HeOOHOPOIOHHX,
MHOTOCOCTaBHHX, KaMeHHO-HAOGPOCHHX, a Takxe
C yYeToM NPOCTPAHCTBEHHOTO TenfoMaccootMeHa
H KPHOTeHHHX MPOLEeCCOR B IIJIOTHHe ¥ OCHOBAa-
HHH [0 CHX TOp He HMEeKnT CBOero DeumeHHA,H
noromy npo6lleMa COBepHEeHCTBOBAHHA H pa’pa-
GOTKH HOBHX METONOB pacyeTa TepMOopeXHMma
TPYHTOBHX NNOTHH, OCOGEHHO BHCOKHX, OCTaeT-
CcA BeCbMa axkTyanpHoM. B 3TOH CBA3H NpencTa-
BJIAETCA BeChMa MepPCHNeKTHBHHM IS pPeleHHA
CHOXHHX NPOCTPAHCTBEHHHX 3aJady nporHo3a
TeMIIepAaTYPHOTO DPexXHMa TJIOTHH H OCHOBaHMH
HCNONBIOBAHHE YHCAEHHHX MeTOJOB, B TOM YHC=
Jle MeToJa KOHeUHHX DBJIEMeHTOB, WNHPOKO NpPpHMe-—
HAEMOI'0 B 3apybBexHOA NpaKTHKe H pa3patoTaH-
HOTO B nocnenHue rood B CCCP monA TenjnoOBHX
pacyeTOB TDPYHTOBHX MJIOTHH /21,22/,

[lo pe3yabTaTaM TemNOTexXHHUECKHX DPacyeToB
OJIA TaneX MIOTHH HA3BHAYAWTCA KOHCTRYKLUHH H
napaMeTpi H3 NPOTHBOOUIABRTPALHOHHHX 3>J1eMeH—
ToB (Anep, 3KpPaHOB), (HALBTPOE, MNEePEeXOQHHX
30H, OPeHaXHHX CHCTeM,BaJMIacTHOH NPHTPY3KH
Ha rpefHe M OTKOCAaX; O Mep3JHX JIOTHH
onpeleIANTCA 30HH Mep3NHX CPYHTOB, ABJAAKMAX-
Ccfl BOOOYIOPOM, YTOUYHAKNTCA KOHCTPYKIHH, a
TaKXe yCTaHaBIAMBAKTCHA CXeMhl pPa3MemeHHA Xo-=
NOAUNBHHEX KOJIOHOK H BHOHPAKWTCA 3aMOpaxHBal-—
uHe yCcTpoActTea, obecrnedHBawwHe Mep3Jjioe Ccoc-
TOAHHE Tena MIOTHHE H OCHOBAHHA.

OOHOBPEMEeHHO ¢ TeMInepaTyPHHMH pacueTamy
BHNOOJHAKTCA pacyeTH OHIABTPAUHH B NPOTHBO-
(HNMETPANHOHHOM BJIEMEHTE , H M3 YCHOBHA Heno-
nymeHHa cydPO3HH IPYHTOB AAOpa (akpaHa) non-
SHpaKTCA OOpAaTHHE GHILTDH. BaxHO OTMETHTE,
yro B CCCP Bo BHHUHI um. EB.E.Benexneema IJna
BHICOKHX KaMeHHO~HaOpPOCHHX NJOTHH, BO3BeneH=-
HHX € YaCTHYHO MNPOMOPOXEeHHHMH 30HAMH aADpa,
pa3paboTaHH METONHKH 3KCIepHMEeHTAJNIBHOI'O He~
CclenoBANHA ¥ pacdeTa TEenjnoBHX H (HABTPAUHOH=
HHX PEeXHMOB H MeToOHkH nontopa cyPPo3HOHHO-
YCTORYUBHX OGUABTPOB € YyYE€TOM HX YaCTHYHOTO
NpOMOpaxMBaHKUA MPH CTPOHTENBRCTEBE M I10Ceny-—
wHero OTTAHBAHHA IIPH 3KCIUIVAaTaLHH (1O Hano-=
pom /23/. OmHakKQ eme HepemeHHOH NnpoblemMon
ocTaeTcA NPOTHO3 NMPOCTPAHCTBEHHOT'O HeCTAaLHO-—
HapHOI'O TEeMMNepaTYPHOr'O pPeXHMa NOCHONHO npo-—
MOpPOXeHHHX anep (3KkpaHoOB) K GOPMHMPOBAHHA
GUNBTPALIHA B TIpOHEeCCe MOCTENeHHOT'O HX OoTtaH-
BAHHA NDH 3KCNNyaTalHH,

BaxHeHmHM 3TANoM MNPOEKTHROBAHHA TDYHTOBHX
IJIOTHH HABJAETCA pacueT MX HanpaxeHHo-gedop-
MHPOBAHHOIO COCTOAHHA, INPOYHOCTH H YCTOHYH-
BOCTH MPH IKCIIyaTanHHd. JIAA TaNkX BRCOKHX
NJAOTHH MeTONH 3THX pacueTOB AHANOTHYHH TAKHM
Xe pacyeTaM TalldX IJIOTHH B yMepeHHOM KIIHMa-=
Te, [IpH NMPOEKTHPOBAHHH BHCOKHX KaMe@HHO-Ha-—
SpOCHHX MIOTHH (Hanpumep, IAnA Kojumcko# I'SC)
BHIIOJHAKNTCA OGMHPHHE HUCCHeNoOBaHHA M JeTanb—
HHE pacueTH No yCTOHYHBOCTH OTKOCOB INJIOTHH
H NPOTHO3Y HX HanpRxeHHo~nedOpPMHPOBAHHOTO
COCTOAHHA HA OCHOBE HOBEHIHMX NOCTHXEHHH B
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o6JacTH MeXaHMKH rpyHTOB /20,21/ c yderom
NepexpecTHOrO BJHAHHA BHOA CJIOKHO'O Hanpsa-
xeHHO-nedOpPMHPOBAHHOI'O cocToaHus HIAC , cpe-
OHero rnasHoOro HanpaIxeHHsa, TpaekTOpHH Ha-
rpyXeHHA, KOHTpakUuM, AanjaTaudd K OpYTHX
napaMeTpoB H ocobGeHHocTel HIC, TpebyomHx
CBOEIro CHeuHalIbBHOI'O ydeTa ONA BHCOKMX (CBH-~
me 80-100 M) H OCOGEHHO INA CBEDPXBHCOKHX
TPYHTOBHX NJOTHH (cBmime 150-200 m) . B TO

Xe BpeMsa cnenyeT OTMeTHTh, YTO INA NAOTHH
Mep3NOoro THNa aHa)MOI'HYHHE OeTanbHHe H cloxX-—
HHE pacyeTH He BHIOJHAWTCA, OCHOBHHEe pacye-
TH YCTOHYHBOCTH OTKOCOB BHNOJMHAWTCA NO H3-
BECTHHM B MeXaHHKe rpPpYHTOB npocTrefnHM MeTo-
naM (THHa KPYDAOUWJIMHIOPHYECKHX NOBEpPXHOCTeR
CKONBXEHHA H T,.M.), HO B HEOOGCTATOYHON cTe-
NeHH YYHTHBaWTCA OCOGEHHOCTH Me@pP3JIHX TPYHTOBR
(MX MONA3ydYecThb, NEPAMEHHOCTEH NPOYHQOCTHHX H
nefpOpMalHOHHHX XapaKTepHCTHK H T.n.). Kpome
TOr0O, B MeXaHHYeCKUX pacueTaX I'PYHTOBHX IJIO-—
THH Ha KpaiHeMm Cepepe BeChBMa HeOOCTATOYHO
YYHTHBAETCA HEeCTalHOHaAPHOEe CJOXKHOTeMIepaTyp-
HOe COCTORHHMEe TDPYHTOB, NpelonpenenAwvnee B
OCHOBHOM HAaNpIXeHHo-AepopMUPOBAHHOE COCTOA-
HHE M HaJeXHOCTHE BCEHA IJIOTHHH B LEJIOM.

B 2Tofl cBA3M NpelCcTaBJIAETCA BMNOJIHE ONpaB=
DaHHHM H BeChbMa MEepPCNeKTHBHHM HCnonbi3iOoBaHHe
B pacyeTax NNOTHH TeOpHH TepMOYNPYTOCTH H
TEepMOPeoNIOTHH /21/, a nNd CAOXKHHX CMewaHHHX
3anay MexXaHHKH H TepPMOIHHAMHKH, YYHTHBAMHX
COBMECTHOe BJHAHHe Ha HJIC npoueccoR MexaHH-
YeCKHX, TennosBHX H MACCOOOMeHHHX (B TOM uYHC-
yle KpHOTeHHHX) /10/, TeopHit TepMOMeXaHHKH
CILJIOWHHX cpell H CTPOHUTEeNLHOR TepMOMeXaHHKH,
paspaBoTKa KOTOPHX NMPHMEHHTEeJIBHO K 3ajavam
CeBepHON THIPOTEXHHMKH H HHXeHEPHOH reoXpHOo-
JIorMH HadaTa B CCCP B caMue nocyegHHe ToOH
/21, 25 u mp./.

BaxHEM OOCTHXEHHEM COBETCKHX YYEHHX ABJIA-
eTCA TakXe YCTAHOBJIEHHe OCHOBHHX BHOOB H 3a-
KOHOMEPHOCTEH DPA3IBHTHA KPHOTr'€HHHX npoleccos
B TPYHTOBHX TNJIOTHHAX H HX OCHOBaHHAX Ha OCHO-
B€ MHOTOJIETHHX KOMIJIGKCHHX AaHaJIHTHYECKHX,
3KCNEPHMEHTANIBHHX H, rJaBHEM o6pasoM, HaTyp-
HHX HCCAeNORAHHA ONA MNEepPBHX CEeBEPHHX BHCOKHX
KaMeHHO=HAOGPOCHHX NIMOTHH BHIMOACKOR H YCTB-
XaHTankckon rac¢c /3,10,20,23,26,27,28/, nosmo-
NAKIMHX pPa3paboTaTk METOOH NMPOTHO3a H ynparJje-
HHA HMH € LeJIbl NOBHWEHHR HJONIOBEYHOCTH njo-
THH NPH 3KCNJAyaTalHH B CYPOBHX KJIHMATHYECKHX
M CJIOXHHX HHKEeHEepHO-TeOKPHONMOTHYeCKHX YyCno-
BHAax Kpa#Hero CepBepa. HeOOXOOHMO OTMEeTHTH,
4TO OO NOCHenHero HeCATHIeTHT KPHOreHHHEe Npo-
IeCCH B TPYHTORHX IJIOTHHAX H HX OCHQOBaHHAX
He YYHUTHRBAJIHCE M OHJIH HEOOCTATOYHO H3IYYEHH,
4YTO CHOCOGCTBOBANO HeOoNroBedYHOR paboTe MHO-
HX MaJHX M HH3KOHANOPHHX MJIOTHH /26/. IIpH
NMPOeKTHPOBAHHH H CTPOHTENbLCTBE NePBHX BHCO-
KHX NJIOTHH BHmoRckol B Yors-XaHTakckoR I'SC
HAa OCHOBAHHUH CIIeHANBHHX HMCCJIefoBaHHH, BHIION~
HeHHRX B MHCH non o6mMHM pPYKOBOMOCTEOM YJIEHA=—
xoppecnoHneHra AH CCC H,A.lHTOBHuYa /3,28,30/,
yXe OHIIH pa3patoTaHe KOHCTPYKUHH rpe6Ha H
MEJIMOPATHBHHE MEepOonpHATHA, NpeloTEBEpamamnmue
OMacCHOCTE KDPHOTEeHHHX NpoueccoB H HedopMaluu,
ONuHT KCANYATANHMH 3THX IJOTHH B TevyeHHe 8-10
et nonTBepnHi 30PeKTHBHOCTL PEeKOMEeHIOBAaHHHX
MUCH aHTHKPHOT'€HHEX MEpPONPHATHR (B TOM 4YHCNe
KOMIJIEKCHOI'O MNPOTHBONYYHHHOT'O 3acOJIeHHA TpyH-

TOBP MOPO3QONACHHX 30H, VTEN)MeHUA H NpPH~
TPYy3KH I'pe6HA, HCIOJbB3IOBAHHA CNabONy4YH-
HHCTHX ONTHMAJIBHHX I'PYHTOBHX CMeCel H Hp.)
/3,27,25/, 4TO nOSBOMAET DPEKOMEHOOBATE HX
K O0oJlee WHMPOKOMY HCHONL3OBAHHK B OTeVYeCT-
BEHHON M 3apybexHOA npakTHKe CTPOHTENRbBCTBA
TPYHTOBHX NNAOTHH Ha KpaitHem Cemepe,

OnHAKO OOWH H3 BaXHeMmHX BONPOCOB - pas-
padoTKka ROJIOCPOYHOTO NPOTHOSA NOBENEHHA
NJIOTHH C YYEeTOM KPHOTEHHHX NpouneccoB H
OLEeHKAa BJIHAHHA KDPHOTEHHHX npoueccop Ha odn-
3AKQ-MEXAHHYECKHEe CcBOHCTBA TPYHTOBHX MaTe-
pPHAaNOB NNOTHH, YCTOHYHBOCTE OTKOCOB M IOON=
I'OBEYHOCTE NJOTHHH=-B IlefIOM OCTaeTcCA eme
HeNoOCTaTOYHO HM3YYEHHOH Npo6lneMOr M TpebyeT
CBOEro AanbHeRmero HCecAefOBaAHHA H pPEmeHHA.
Oco60 cnemyeT yKaz3aTk Ha HEOOXOHAHMMOCTL O6GA-
saTenbHOTO ydYeTa JNpACOGPAa3OBRaHHA B KaMeHHO-
HaGPOCHHX YTMOPHHX HPH3MaX MNJMOTHH NPH Npoexk-
THPOBAHHH H MPOTHO3€¢ HMX NOBENEHHA IIPH 3KC=
nayatTanuy, 6es KOTOPOroO pacdeTH HanpAKeHHO-
nedbopMHPORAHHOI'O COCTOAHMA M YCTOHYHMBOCTH
TPYHTOBMX NJOTHH ABJIAITCA HEOOCTATOYHO KOp-—
PEeXTHHIMH H HaOEeXHHMH .

Ina OUeHKH MOPO3OONMACHOCTH TPYHTOEB, HC-
NOJALB3YEMHX OJA OTCHNKM NAOTHH, NpH BHOOpe
OINTHMANBHHX TPYHTOB H NPOEKTHPOBAHKH MNJIOTHH
pexoMeHnyeTCA NoNMb30BATLCH KPHTepHAMH MHCH,
OOCTATOYHO lNPOBEPEHHHMH B NPaKTHKEe CepepHO-
TCO NIOTHHOCTPOEHHA 3a NoclenHae NecATHIeTHE
/13/.

JansHefuine HCCHeNOBaAHHA B OOGNACTH CcOoBep-
WeHCTBOBAHHA PacyYeTOB I'DYHTOBHX NIOTHH Ccle=
OoyeT BeCTH B HAIMPABJIEHHH CTPOroro ydeTa TeM-—
NepaTYRPHO=BIAXHOCTHOI'O H (HJALTPAIHOHHOIO pe~
KHMOB H KDHOTE@HHHX NpOLEecCOB B MIOTHHE H
OCHOBAHHH Ha OCHOBEe naHHHX HATYPHHX HCCIeno-
BAaHHA IDYHTOBHX NJIOTHH MPH 3KCIJyaTauun H
c Boyee WHPOKHUM HCHONbBIOBAHHEM YHCJIEHHHX
MeTONnOB H JIIBM, NMO3BOJMAWNMHX pewaThk MPaKTH«=
YEeCKH MOOHEe CNOXHHEe 3aXa4YH TEeOPHH M NpaKTH-—
KM CeBepHON THIPOTEeXHHKH H HHXKeHEepDHOH reo-
KPHOJIOTHH ,

5. OCOBEHHOCTH OPT'AHH3AIIMH CTPOHTEJILHHX
PABOT U TEXHOJNOI'HA BO3BEHOEHHA
TPYHTOBHX IIJIOTHH

5.). OCOGEHHOCTH OPraHH3auHH CTPOHTENBCTBA

PaccMatpHBaeMHe palOHH CTPOHTEJNBLCTBA OOH-
YHO XapaKTepH3YVKNTCA CYPOBHM KJIHMATOM €O cpen~
HerOOOBHMH OTPHUATENBHEMH TeMllepaTypaMH L0
= 12YC npH BHYTPHIOOOBHX AMINUTYIOAX KoneGa-
HHA TeMmrnepaTryp 0o 1000C ¥ nMouYTH NOBCEMECTHHM
pPacnpOCTpaAHEHHEM Be4YHOMEepP3NHX TPYHTOB. I'HOpO-—
JNOUHYEeCKHR pexXHM peK KpaRHe HepaBHOMepeH -
OCHOBHOfI OGbeM CTOKa NPHUXOOHTCA Ha BeCEeHHe-
JIeTHHA nepHon, 3HMOA CTOK GONBMMHCTEA MAaJkX
H CpenHHX peK NpakTHYeCKH OTCYTCTBYeT, PeKH
YacToO nepeMeps3anT.

Ype3BHYAAHO CJOXKHHE TNPHPONOHHE YCNOBHA, Ma~
Nafd 3JACENeHHOCTE H OTHANIEHHOCTB OT OGXHTHX H
NPOMHULIEHHO PAa3BHTHX NEHTPANBHHX H IOKHHX Dpafk-
OHOB CTpPAaHH, cJlatoe PA3BHMTHe NyTed coobmeHUA
KpafiHe OCHOXHAKNT Npo&jieMd OPraHH3alNH CTPOH-
TensHHX paGoT B patioHax KpafiHero Cesepa. Ilpu
cnabo pa3’BHTON CeTH ABTOMOGHJIBHHX H XeJIe3HHX
nopor rJjasHas posik B TPAHCNODPTHOHR CcXeMe INpH-
HAVIEKHT €CTeCTBeHHEM BOOHHM NYTAM, HMEOHMHM



TJIaBHHM O0Ppa3oM MepHOHOHANBHOE HalpaBleHHe,
H aBRTO3MMHHMKAaM, HO DKOHOMHYECKOEe 3IHaYeHHe
TaKHX KOMMYHHKAUHH CHHXaeTCH Ce30HHOCTBK HX
DeRCTBHA, TaK KaxK YUJHHAETCA BPeMA npe6GHBa-
HMA I'PY30B B nNyTH. HWinwcTpauxHefi X CKxasaHHO-
MY MOXET ABHTBCA TPAHCMOPTHAA CXEeMa CTPOK-
TenscTBa Bunwickon I'aC /1,29/. CrponTennHume
rpy3u Osa 2Tof I'SC mocTaBjANHCE MO XeJle3HOMR
nopore no noptTa OCeTPOBO, palee Mo pexke Je-
He pgo r.Jlencka (990 xm ), saTem mo r.MHpHO-
TO IO aBTOMOOGHIBHOR mopore (235 xM) M no as-
TOo3MMHHKY (110 KM) HO CTDOHTENBHON TJIOHMAIKH.

TakafA CNOXHAA TPaAHCNOPTHAaA CXeMa ¢ Ce30H-
HOCTBO H HEDPABHOMEPHOCTEH 3IaBO3a MaTepHaNIOB
TpebyeT OONONMHHTENBHHX CKAANCKHX NMOoMemeHWR
B NYHKTaxX NepeBallOK, XPaHeHHA MNOYTH TOOOBHX
3anacoB MATEPHAJIOB HENOCPenCTEEHHO HAa CTpO-
HTenbHOR nfiomwanke. [IpH 3TOM Heu3aGexHH 3HAYH—
TeJIbHHE NMOTEePH MaTepHalloPp NPH TRaHCIOPTHRO=
BAHHH H MHOI'OYHCJIEHHHX TEepPeRal]lkax, CHUXeHHe
KavecTBa HX NpPH MJHTEJIBHOM XpaHeHHH, Bce 3TO
BeneT y 3JIHAYHTENBHOMY YIOOPOXAHHI CTOMMOCTH
CTPOHTENLCTEA.,

H3NOXEHHEM ONpenenAeTca HeoOXONHMOCTE IIPH
CTPOHTENLCTBE I'HNPOTEXHHYECKHX COOPYXEHHA Ha
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KpatHeM CepRepe MaKCHMMaNBHOI'O HCOONB3OBAHHA Me-—
CTHHX TCPYHTOBHX CTPOHTENBHHX MATepPHANoOB H Mak—
CHMANLHOTO COKPAWEHHA NMpHMeHeHHS NANBHeNpHBO3IH-

MHIX .

5.2 OCO5eHHOCTH TEeXHOJIOTHH BOSBENEeHHS

IPYHTOBHX NNOTHH

CneuHPUUYHOCTE NMPHPOOHO-KIIHMAaTHYECKHX yC—
nopuil KpafHero Cepepa cepbesHO OCNOKHAET
NPOH3BOACTEO CTPOHTENBLHHX pabor. HHTepecH
COKpameHHs CPOKOP CTPOHTEeABCTBA OGBEKTOB
OHKTYIT HEeOO6XOOHMOCTE MPOOJIEHHMA CTPOHTEeNBHO=~
I'0 Ce30Ha 3a cYeT HCHONBRIOBAHHA 3HMHEro ne-
PHOTA C HH3IKHMH TeMneparypaMH HapyxXHOITO BO3=~
nyxa. B CCCP npofneMh 3HMHEro BeleHHA CTpPOH-
TeJIbHHX pPadoT B OCHOBHOM peneHH, H NpakKTH-
YECKH BCe CTPOHTEe/IbHHEe DPaGOoThH BHIOIHAWTCA
KPYTAOTOAHYHO., T'HIOPOTEXHHYECKOe CTPOHTEeNBCT=~
BO CBASAHO ¢ BHMNOJNHEHHEM MACCOBHX OOBEMOB
3eMeNBHO=~CKAaNIbHHX pPafoT, BHIOJHEHHE KOTOPHX
B 3MMHHX VCJIOBHAX BCTpEYaeT onpeneneHHHe
TPYOHOCTH. [IpH DTOM HaHOGONBMHUE TPYIHOCTH
CBA3AHH C 3MMHHM BO3BeNEeHHEM KadeCTBeHHHX
HACHII€H H3 CBA3HHX I'PYHTOB, a TakKXe MNpOH3-
BORCTBOM paboT no NOAroTOBKEe OCHOBAHHA nno-
THH.

5.2.1. HexoTopHe OCOBEHHOCTH TEXHOJIOTHH
BO3BQIEHHA MEP3JIHX MNJIOTHH

B cocTas CTROHTENBHHX PAGOT NpPH BO3Bene-
HUH MEpP3JIHX NMJOTHH BXOOHT BHIIOJNHEHHe B ONpe-
HeneHHON MOCNenoBaTeNbHOCTH CNEeNVIOmHX BHOOB
paboT: MOAroTOBKA OCHOBAHHA; NMPOXodKa TpaH-
weR H ykaapka: CyrJIMHKA B 3y0 Axpa; BO3Bege~
HHUe OGeperopHix YacTefl NIOTHHH ¢ COXpaHEeHHEeM
NpopaHa B PYCNOBON YaCTH HAA NpOnycka Napon-
Ka; MOHTAaX 3aMOpaXHsaomer cHCTeMH H co3pa-
HHe Mep3NOTHON 3aBeCH B 6eperoBHX dYacTax
NAOTHHH IO NEePeKPHTHA PEeKH; NepeKpPHTHEe pPeKH
H OTCHNKA NJOTHHN B DYCJOBON YaCcTH c Nocne-
OYOIMHEM 3aMOpaXHBaHHEM NONPYCHQBOTQ TaJliKka H
CYTJIHHECTOr® Anpa B 3TOH HaHbOJlee OoTBETCT-
BEHHOM YaCTH NJOTHHH,

OMUT CTPOHTERLCTBA MJOTHH NOKAZHBaeT ne-
Neco06pPaABHOCTE OTCHINKH YNQPHHX NPH3M B 3IHM-

Hee BpeMsa, Takoffi crnocol CTPOMUTENBCTBA NO-
IBONAET AKKYMYJNHPOBATHL B TeJle MJAOTHHH XOJon
B MAaKCHMaNbLHO BO3MOKHHX KOJMHUYECTRAX.

TeXHOJOTHA M MeTOIH CTPOHT&NLCTBa Mep3-—
JIHX NAOTHH Mep3anoro THMA NMOCTOAHHO cOBEp-
WeHCTRYWTCA, Tak, nnorHHa Ha p.CHTHKAaH
cTpoHnach B upe ovyepenn /1/. IpuueM TexHO-
NorHyeckad cXeMa CTDOHTelLCTBa NEepBOR oue-
Peny CymeCTEeHHHX OTJAHYHKR OT ONMHCaHHOH BH-
me He HMeeT. [IpelcTap/IAeT HHTepec cMmelioe
penieHne NpoexKTa, NpPelyCMATPHBAaKWMee HA BTO-
poM B3aTane CTPOHTeNbCTRa COHPOC BECEHHHX naBon-
KOBHX BOJ 4Yepe3 rpefeHb HeMOCTPOEHHOR MO~
THHH, [IpH 3TOM Yepe3 rpeSeHb INOTHHH c6po-
meHo LBA NMasonka, OIHH H3 KOTOPHX BOBOE Npe-
BHIJAJT pPACYEeTHHH,

3aMopaxuBawhue KOJMOHKH B AINpe I(INOTHHH
GHUTH YCTaHORJIEHH MOCJ/e QOKOHYAHHA CTPOHTenb=-
CcTBa NEPBOR ovepenH, MO3ITOMY JOCTPOAKA NJO—
THHH IO NMOJIHOTO NPOeKTHOro NpOdHJIA MpPON3BO—
RHJIaCk ¢ HapamM¥BaHMeM KOJIOHOK NO Mepe OQTCHII~
KH NAOTHHH, [IpaxTHka nokasala TeXHHYeCcKy®o
H 9KOHOMHUYECKVI Lenecoobpa3HOCTh BO3BEeREeHHA
NAOTHHH ¢ ONepexanmuM MOHTAXOM 3aMOpaxupan-
mer cHcTemu, Takas TEXHONMOHA obtecnedHBaer
BHCOKYIW HANEXHOCTh Mep3JIOTHOH 3aBecH, KOTO-
pas CO3HaeTCA OOHOBPEeMEeHHO ¢ OTCHNKOH Ija0-
THHH. 3TO OGCTOATENLCTBO MO3IBONAET H3IMEHHTH
KOHCTPYKLHI TJIOTHHH,. Tax, Hanpumep, oTnaga-
eT HeoGXOINMMOCTh B yCTPORCTBe 3yGa aAnpa,

TaKk Kak HCKIOYAeTCA BO3MOXKHOCTE BO3IHHKHOBE-=
HHA (HJIBTPAINH Yepe3l OCHOBaHHe MMJIOTHHH; IONA
VKJIAIOK¥ B AAPO MOXKHO HCNONB30OBATE JIOGHE
rpyHTH, B TOM YHCAE H MEpP3JIHE KOMKOBATHE
NpH YCHAOBHHM 3aloJIHEHHA NMOp B OTCHIIKE BOOOH
HJIH TPYHTOBHMH PAacCTBODAMH.

TeXHONOTrHYeCKHe OCOBEHHOCTH CTROHTEeNb~
CTBa TaldHX NMAOTHH B OCHOBHOM CEBA3aHH C noa-
TOTOBKOR OCHOBAHHA H YKNAOKOH CBA3HHX I'DYH-=
TOB NpH OoTpHHATENEHHX Temneparypax. B Comer-
ckoM Conse pa3paboTaHa TEeXHOJNOTHA 3HMHef
yKJIaDK¥ B IUIOTHHY CBA3IHHX TPYHTOB /29/.

5.2.2. TexHONEr#a 3HMHeH YKIaAIKH
CBASHHX TDPYHTOB

B mpaxkTHKe IHUPOTeXHHYEeCKOro CTpOHTelhb-
CTBa IJIHTEJILHOE BpeMa BenyTCcA NOHCKH Chnoco-
GOB 3HMHEr'©O BO3BeNEeHHs KadeCTBeHHHX HachIed
H3 I'PYHTOBHX MATEpHaNOB NPH HH3KHX TeMnepa-
TYPaxX HAPYXKHOI'QO Bo3nyxa. OCOGEHHO CIOXHOR
CTAHOBHTCH 3Ta npobieMa NnNpH CTPOHTEeNLCTBE B
CYPOBHX KIMMAaTHYECKHX YCNOBHAX Ha KpaRHeM
Cepepe. OCNOXHAKWTCA BOMNPOCH BCEI'O TEXHOJNO-
THYECKOrQ KOMMIeKca OT OpraHHsallHH Kaphep-
HOrO X03AHCTBA B YCIOBHAX BEUHOHN MeDp3JIOTH
H Manofl MOmMHOCTH MNMOJEe3HOR TONmH KapeepoR,
pazpaboTKH, HOCTABKHW TPYHTA C MHHHMANbHEMH
NOTEeDAMH TEeMNepPaTYPH B HeM N0 KavecTBeHHON
aro yYKnagku C YMJOTHeHHeM M obecnevdeHHA
HEeOOGXOOHMOr'O KaydecTBa KOHTAKTOB MeXxay OT-
OeNBHEMH CJIOSMH IONA IIOJIYMeHHMA OOHOPOOHOR
HACHNH B YCJOBHAX HHTEHCHBHOI'O NPOMED3aHHA
rpYHTAa.

CORPETCKHMH YHYeHHMH M CTPOHTENSIMH BHIION=
HeHH HCCNenOPAHHA M BHeNpPEeHHEe B MNPakKTHKY
CHHXEHHA CMep3aeMOCTH I'DYHTOB conesoH o6pa-
GoTkon /20,28,30/, HO NpH TeMnepaTypax Ha-
pyxHoro sosnyxa MmuHyc 30, muayc 40YC Tone-
KO omHa coyieBas o6patoTka TPYHTOB HepnocTa-



TOYHa. Heo6XomHMO OOHORBRpEMeHHOE TMpoBeleHHe
OPYTHX MepONPHATHNA, HAaMpapBJIeHHHX Ha YMeHbue-
HHe NoTepk Temnla No BCed TeXHONOTHYeCKOH le-
N4, COXpaHeHHe I'DYHTa C MNOJIOXHTEJIBHOHR TeMine-
PaTypoOR OO MNOJIHOIO OKOHUAHHA YNAOTHEHHA ero,
B pmanbHedmeMm, NPH OTKPHTOM (6€3 TEemnJAKOR)
BeIOeHHn pa6oT, HeCMOTPA Ha NPHHHMaeMHe MeDH,
npoMepsaHHe YIOXeHHOI'O CJOA OO0 NepeKpHTHA
ero crenywmHM cJ/iI0eM TPpYIOHO MNPenoTBPaTUTh H
NocnenvoiHyl CJof ykIalHpaeTCA Ha yxe npo-
Mep3nul Cnon.

B CBA3H C 3THM, OJHOBPEMEHHO ¢ TNPHMEHEHH-
eM MeTOOa XHMHUeCKOH 3amMTH I'pDYHTa OT cMep-
3aeMOCTH, TpebyeTCR NPOBENSHHe emMe M APYIHX
MEeDONPHATHH MO COXPaHeHMI I'DYHTa B TaNloM co-
CTOAHHH C BHCOKOH MNONMOXUTENLHON TeMIepaTty-—
POy, Mo NOOrQTOBKe KapT, pa3paboTke, JocTa-
BKe TPVHTaA Ha KapTy H VYIJIOTHEeHHKN ero ¢ obec-
nevyeHueM Xopouero KOHTaxTa Mexny OTAeNbHEMH
CHOAMH .

B nocrnepgnude rond B HaweR CTpaHe pa3pacto-
TaH H YCMNeUWHO OCYHeCcTBJIeH TeXHOJIOTHUYeCKHR
KOMINNeKC YKNaOKH CBA3HHX TPYHTOB NPH KpafiHe
HMSKHX OTPHLATeNLHHX Tempaeparypax /29/, =he-
MEeHTaMH KOTODPOr'Q ABJANTCA CHReAyWuHe ITpOoH3®
EOOCTBEHHHE onepallid OT Kapbepa o coopyxe-—
HHA

OpraHHM3agnd KapbepHOro XO3ANCTBa H 3a-—
rOTOBKAa I'pYHTAa;

3HMHee XpaHeHHe I'DyYHTa B OypTax;
3amHTa rpPyHTa 3aconeHHeM B OypTax oT
npoMeps3aHNuAa;

INEeKTPONporpes 6ypTOB 3IHMHEro XpaHe-
HUA CDYHTAa}

paspaborka 6YypTOB 3MMHEero XpaHeHHA

TpYHTaj
- TPAaHCNOPTHPOBAaHHE I'PYHTAa K MecCTy
YKNanKH ;
- MNOJNTOTOBKA KapTH nepen Vxiaanko#
CRPYHTA;

TenNnoBasgs H coJieBasd o6paboTKa IIOBEepX-—
HOCTH paHee YJIOXeHHOH KapTH;
NpUeM PYHTA HA KapTe H YKPHTHe
OT MPeXNeRNEeMEHHOI'O OXJaXOeHHS;
pa3pasHHBaHHe I'DYHTAa;

JaconeHe NMOBEPXHOCTH CJIOA PacTBOPOM
CONH;

YVIJOTHEHHE I'DyHTa.

YeTkOe BHNONHEHHE BCEX SJ1IeMeHTOB 3TOM
TEeXHONOTHYECKON! IlenH NMPH NPOH3BOLCTBE padoT
obecrnedyHBaeT COXpaHeHHe YKIAOHBASMOTO I'RYH-
Ta B TANIOM COCTOAHHH BIIOTH OO OKOHUYAHHA
VIJIOTHEHUA Ha KaprTe, NOJNYyHeHHe NNOTHHX KOH-
TAKTOB MeXny OTIOeABHEMH CJIQAMH OTCHIKH H
BHCOKOE KaveCcTBO COODYXEeHHA.

ero

-

5.2.3. HekoTopHe OCOGEHHOCTH 3IATOTORKH
TPYHTOB B Kapbepax

Mep3anoe COCTOAHHE I'PYHTA B Kaphepax H
3a4YacTy® He3HaUYHTeNnbHad MOmMHOCTL MNOJIE3HON
TONmMH, XapakKTepHasa ONA INMOBHANLHO-OeNMBHAJIB—
HHX OTJIOKeHHHN, Pa3HOROMHHNI TrpaHylIOMeTrTDUdYec—
KHE COCTaBn H BJIAXHOCTB I'PDYHTORB NO I'ny6HHe
CNOf1, KOPOTKHA OJNATONPHATHHA IJIA NPOH3BOMA-
CTRR CTPOHUTENLHHX patoT JIETHHR Ce30H NpH
3HAYHTEJIbHEX O6beMaX 3eMIAHHX patoT onpene-
NANT OCOGEHHOCTH OpPr'aHH3alHH KapbepHOTO Xo—~
3AACTEA H TEXHOJIOTHH Da3pPaABOTKH I'PYHTOB.
SKOHOMMYHaA paspalOoTKa H 3aTrOoTOBKA CBHAIHHX
TPYHTOB B GOJNBHINX OObeMaX NpPakKTHYeCKH BO3I-
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MOXHa TONBKO B NeTHee BpeMs MO Mepe OTTauBa-
HUA,

PafoOTH IO OCBOEHHHW KAaphepoOB HAUYHHAKWT C
yOOPKH CHera M CROIKH neca. O6HYHO 2Ta pado-
Ta NPOH3BOOUTCA OyJnbOo3epaMd, Korma Mep3asue
HepeBbA B HadYane BeCHH CPABHHT@NLHO JIerKO
cpes3anTca Mol KopeHk H yOHPAKNTCA BMecTe C
KYCTAapHHKOM M CHerom. QCBOGOXOEHHaAA OT CHera
H PACTHTENLHOCTH NOBEPXHOCTE Kapbepa 3amonaro
00O MOJHOTO CXONna CHEeXHOTO [NOKpOBa Nnporpesa-
€TCA BECEeHHHWM COJIHLEM, CYMMapHas pajHalHs
KOTOPOrO B BECEHHHE NepHOX (anpens—-mafl) B
GOJIBUHHCTEE OOGJlacTeR DACHDPOCTPAHEeHHA BEeYHO~
MEP3JIHX IPYHTOB BeChbMa BHCOKA. CBOEBpPEeMeHHAaA
Y6OopKa CHEXHOr'O NMOKPOBAa MOAaeT BO3IMOXHOCTE 60—
Nee MOJIHOTO HCMONL3OBAHMA NOCTYHNAKIEro TeIlJsja
IJIA TIPOTpeBa NOBEPXHOCTHOrO CJNOA TPYHTA 3a
cYyeT COKpaimeHHA pacxola Toro Tenna, KoTopoe
3aTpavUBaNOCE 6H Ha TasgHHe H HCNapeHHe GHeTa.

[lo Mepe OTTAaMBAHMA NOYBEHHO-DACTHTEJNBHOIO
CJOA Ha raySHHYy He Gonee 10-15 oM npucryna-
0T K. ero cpeske. llanpHe#was pa3patoTka Kapb-
epa H 3aroToBKa CYIJHHKA (IPOH3BOOHTCA OVJIE=-
osepaMH NO Mepe OTTAaMBaHHA, HHTEHCHBHOGTDH
KOTOpOro JOOCTHIraeT obmyHo 10-15 cm/cyr. Co-
GpaHHHA IDYHT HaXOAHTCA B Bankax B TedYeHHe
2-3 Hepesiz. 3a DTO BpeMA TeMnepaTypa ero
3HAYHTENPHO MNOBHMWAETCA, a BJAAXHOCThL CHHUXaeT=-
cA. 3aTeM I'DYHT OOCTABJAETCHA B GYPTH 3HMHErO
XPaHEeHHA HJIH K MECTY VYKJaIOKH, eCJIH HACHNDb
BO3BOOMTCA neToMm /1,29/.

O6HYHHE CMOCO6H NpenoXpaHeHHa TPYHTa of
npoMeps3aHHa 3HMOR B KapbepaX € COXpaHeHHeM
€CTEeCTBEeHHHX H YCTPOHCTBOM HCKYCCTBEHHHX
TEenNOHAONALHOHHEX NOKPHTHR B CYPOBHX KJIMMa—
THYGCKHX YCJIORHAX, NMPH HANHYHH MOWHOA TOJmMH
BEYHOR Mep3JIOTH H 3alleaHHH CBA3HHX TPYHTOB
HeOONLMOA MOMHOCTEI, He3(PPEeKTHBHH,

o 3THM Xe YCJOBHAM BeCbMa MNOPOTH H NOTO-
My Mano s39deKTHBHH METOOH 3IHMHeR pa3paBoTKH
I'DYHTOBR P Kapbepax C INPHMEeHeHHEeM nmapo-~ H
IJIEKTPOOTTAHBAHUA HMJAH XHMHYECKHX MeTOmoB OT—
TauBaHUA,

[IoCKONBKY NMPH 3HMMHEeH YKJlagKke IPYHTa NOony-—
YHTh TaNHH TPYHT B GONBMUHX Oo6BeMAX H C Ma-
JIHMH 3aTpaTaMd NpH HENOCPeOCTBEHHOH pa3zpa-
6orke Kapbepa NMpakTHYECKH HEeBO3MOXHO, TO ero
cnenyeT 3aroTaB/IMBATE B OCHOBHOM J@eTOM, CKla-
OHPOBATE B OVPTH, IOe OH XPaHHJICA 6H B Teue-
HHE HEeCKOJIBKHX MeCHALEB OO0 MOMEeHTAa YKJanKH B
nesyo.

HoonenoBaHHAMH, NPOBENeHHHMH Ha CTPOHTeNb=-
crBe BumonckoR I'DC, GHJIO YCTaHOBJIEHO, YTO
3HMOR TennonoTepH I'pYHTa B NpoUecCe ero pas-
padoTKH, TPaHCHOPTHPOBAHHA, YKJAaOKH H YIJIOT-
HE@HHA B 3aBHCHMOCTH OT COBOKYINHOCTH paAnda
bakTOpPOB cocTaBJAKLT OT 6 mo 10YC., Cnemoma-
TeNbHO, RNA OGeCHnedeHHdA Ha KapTe YKIALKH
I'PYHTa C TeMnepaTypo#f Xora OH +2 <+ +3YC Mu-
HHMaJIbHaA TeMneparypa ero B O6ypTe OOJIKHA
6HTE He Huxe +10 + +13YC, urTo mocTHraertcsa
CO3OaHHeM OYpPTOB 3HMHErO XPAaHEHHA GOJbuoro
ob6breMa rpyHra. HMeeTcCs ONHT CO3NAHHA GYPTOR
CYyrJuHka obbemMoM 250 THC.M”, BHCOTOR 16=18 M
H yHheJlbHOR MOBepXHoCTLY 0,12-0,13 M</M3.

Ho cosnavxe SonpuMx 6YPTOB 3HMHETO Xpa-
HEeHHA CBA3HHX TPYHTOB HEe HCKJ/IOYaeT HX Npo-
Mep3aHHA; TPe6ylnTCca NONONHHTeNbLHHEe NMaccHB-~
HHE, AKTHEHHEe, XHMHYECKHE MEDPONPHATHA, Ha-
npapfieHHHe Ha YMeHbUleHHe I'MyGHHH NpoMep3aHHA
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6ypTa ¢ NOBEPXHOCTH, [IpH 3TOM HaHGONee panH-
OHAJNBHHM OKAa3HBaeTca COoYeTaHHe MNMAaCCHBHOTO,
AKTHBHOrO M XHMHUECKOIrO MeTOHNOB 3amHTH IpyH-
Ta OT npoMepsaHHs. TaKHMH MepONPHATHAMH ABH-
JIHCh !
=  3acoNleHMe I'DYHTA nNepHpepHAHEX 30H GYyp-
Ta;
-  anexkTponporper nNepudepHRHEHX 3I0H BypTa
H
-  TenJIOH3ONALHA GYPTa NOKPHTHEM NOoBepx-
HOCTH TIEHOALOOM.

B nepudepHAHHe 30HH 6ypTa cnoeM 2-2,5 M
I'PYHTa OTCHIAETCA _C CONeBol OGpaGoTKOW U3
pacyeTra 20-30 KP/MZ.

B kayecTBe HNACCHEHHX METONOB 3amHTH rpyH-
Ta OT NPOMEP3IAHHA MOXEeT G6GHTL HCNONb3IOBAHO
VKPHTHE OTKOCOB 6ypTa NeHoJBOOM, [IpH 3TOM
3¢PeKTHERHOCTE MNPHMEeHEHHUA MeHONLAA IABHCHT OT
NPABHUNBLHOI'O BHOOPA BpeMeHH Havala patoT,
npelsapHTEeNBHOTD NogorpeBa BO3nyXa, hojarpa-
eMOr0 B CMeCHTesNh, UTO ynydumaeT neHoobpaso—
BaHHe, MOBHWAET yCTOHYMBOCTE H KDATHOCTE nNe-
HH/29/.

5.3, OCOGEHHOCTH CTPOMTENBCTBA BOOO-
COPOCHEX COOPYXEeHHRA

AHaNH? HMeKnmerocsi olHtTa cTpodTenbcTBa Io-
Ka3HBaeT, YTO HacTo 63 AO/MKHOrO O0GOCHOBaHHMA
OCHOBHHE COORYXKEeHHA CHAPOYS3Jya = MJIOTHHA H
BOOOCHBPOC - BOIBOJAATCA MO PAIHOMY TeMitepa-
TYPHOMY NDHHUHNY, OTAENBHEMH CMeuHanucTamH
BHICKASHBASTCSA MHeHHe, YTO He OGA3ATeNkRHO BCE
COOpPYXeHHA, BXonsamHe B COCTa® IHOpoyaa,
CTPOHTE NO OOHOMY TeMllepaTYPHOMY MNPHHIHIY,

HO 3TO,N0 HauweMy MHeHHK, HeBepHO.

OORYHO BOIOOCOROCHHE COOPYXeHHA pacnosara-
ITCA Ha ONHOM H3 GeperoBHX CKJIQHOB H NDHMH=
KawnT K [AJO0THHaM, B 3THX YCJIOBHAX HeH36eXHO
B3aHMHOE BJIMAHHEe HX TEMIepaTYPHHX noJjen H
BO3HUKHOBEHHEe TennoobtmMeHna, IlIpHYEM NpoueccH
TenJjio- #“ MaccQOobMeHA B Telleé # OCHOBAHHH BO-
OOCGPOCHOTO COOPYXEeHHA MOTr'yT OGHTH ropaslo
60JIee MHTEHCHUEBHHMM, YeéM B caMolil NAOTHHe,
[Io3TOMY npH CTPOHTENHCTBE HAa BEYHOMEDIJHX
IPYHTAX TeMHepaTypHOMY PeXHMY BOOOCGPOCHHX
COOPYXKEHHA H MPOIHO3ZHPOBAHHI €I'0 AMHAMHKH
OOJIKHO BHTE YOeneHo ocob6oe BHMMAHWe, Bge
COOPYXKEHHA THOPOY3Na, KakK IMPasuiio, IOOJBKHH
GHTE BOBBEOSHH N0 OHMHOMY TeMnepaTYpPHOMY NOpDHH-
nuny.

5.4, TpONycK CTPOHTENBHHX PaCXOOOR

CxeMa Nponycka CTPOHTEeNbHHX PAaCXOOOB 3a~
BUCHT OT HMX BEJHYMHH, 'MIOPONOrHYECKOTrO pPeXH—
M4 PeKH, TeolorHYeCKHX H TonorpadHIeckKHx yc-
JNIOBUR CTBOPA ¥ Oof6meR CXeMH BO3BeIEeHHA CcOopy-
KEeHHA M CPOKOB CTPOHTENbLCTBA. B TO Xe Bpemsa
YACTO OpPraHM3allHA NMPpOH3IBONCTBA PaoT H Tex-=
HOJIOTHS BO3IBEIEHHS COOPYXEeHHA OlpelnenfgiuTcs
THOPOJIOTHYECKHM PeXHMOM DeKH M NPHHATOR cxe-
MO mponycka CTPOHTeNnbLHHX PacXomoB. HaHGonee
HeslecooGpasHO cnenyeT CUHTATE CXEMY,NPH KO-
TOPOR BHICOKHe TMAaBOOKOPHE DACXOoOH NPOnycKawT-=
CHA 10 OCHQOBHOMY DPYCHY PEeXH HIM npopaHy B nJjo—
THHe (BO3MOXHO TaKXe CTNepesIMBOM Yepes rpebeHb
HeOoOCTPOEGHHON NJIOTHHH) , a NPpONnyCcK DPAacXonoR
AeTHEeA MeXeHH H 3HMHHX PacXoOoB - Yepe3 BoO~
NOC6pOCHHe coopyxeHHA (TYHHeNns, KaHan, JOTOK,
TpYy®a) . TPH ®TOM B 3aBHCHMOCTH OT »Tana BO3=

BenqeHM COORYXREHMA CXeMa MNPONnycka pacXonor
MOXeT MeHATbLCH, HanpHMep, Ha NepBoM 3Tane-
ne npopaHy, Ha BTOPOM ~ MO KaHANY HJIH TRY-
G6e M T.O.

Kax yXe OTMeHanochk, THUPOJIOTHYECKHR pe-
XHM peK 30HH pacnpocTpaHeHHS BEYHOA Mep3-
NoTH cBOoeoGpazeH : Oo 85-90% ux rogoporo
cTOKA NPOXOAHT B NEPHOR BeCEeHHEro nasomxa;
NleTHe=OCeHHHA nMepHOn xapaxTepeH B QCHOBHOM
HeOONRIHMHE pacxXxolaMH H JOXIeBHMH NaBOJIKaMH,
a B 3MMHHUA TIepHOol pacXons MHUHHMalbHHe. B
CBAI3H C 3THM B [EPHOJ MaJHX PacXoOoB PEeKH
BO3MOXHO BO3BefeHHe NNJMOTHH C aKKYMyNnHpPORBa-
HUEeM BOIOH BHIIE MNepeMHdYeK CTPOHTEeJIbBHO'O KOT=
JIOBaHa. BRaronpHATHHMH (aKTOPaMH IMPH 2TOM,
KpoMe HeSONBWHX DPAacXOOOB PekKH, MOryT OKa-
3aTecA TonorpadHYeCKHe YyCNnoBHA OGyOymero BO-
NOXPAHMIIHMA, NO3IBOJIAOMHE AaKKYMYJHpPOBATH
CTOK pPEeKH Ha BpeMA BO3BENEHHS pYCnoBOR dac-
TH NNOTHHH Ha HH3IKUX OTMeTKAaX, a TaKke CpaB-—
HUTeNnbLHO HeGoNnpuHe oGbeMH pasoT, KOTOpHE MO
ryT GHTEH BHIQIHEHH B KOPOTKHR CDOK ¢ HHTeH-
CHBHOCTBI, ONepexawvmefl nogbeM YpOBHA BOOH B
BOMOXpaHuIHmMe. OTBOX PeKH 1Mo OBBOAHOMY KaHa-
ny HIH TYHHEeM0, ¢ TOYKH 3IPeHH:a NPOM3IROICTEA
patoT, Haub6onee yno6eH, B aToM cnydae BO3-
MOXHA OPraHH3anmuA CTPOHTEeNBHHX patoT OAHO-
BpeMeHHO o BceMy OPOHTY, YTO CYHMEeCTBEHHO
YIPOmMAaeT TeXHOJIOTHO BO3BEOeHHS COOpYXeHHH,
HO TPH CTPOWTEJIECTEE HA HeCKaNnbHHX BEYHO=
Mep3NHX IPYHTax 3TOT CHOcCO6 He BCerma npH-
MeHMM (M OCOBEHHQ NPH CTPOHTENBCTBE Mep3JHX
MIOTHH) MO YCNOBHAM OTTaHBaHHI OCHOBAaHHA.

lipy onpeneneHMH BeJIMMHHE PACYETHHX pac-
XOOOB JIETHEIr'o nepHola cyenyeT YYHTHBAaTh
BO3MOXHOCTE COBINAOSHHUA [THKOB JOXMNEBHX Nason-
KOB C TaK HA3HBA&MHMK "uyepHHMH BOmamu", no-
CTYNapmHMH 3a cuYeT HHTeHCHBHOI'Q TaAHHMA Bed-
HOH MepS3JOTH.

B 3sakKJnwyYeHHe CaenyeT OTMeTHTE, YTO K Ha-
cTOsMEeMY BpeéMeHH HAaKONNeH onpeneyleHHHR oTe-
YeOTBEHHHA KX 3apyOexHHl OHHT YCNemHoro npo-«
eXTHPOBAHNA, CTPOMTENBCTBA H DKCIJIYaTaulKH
TDYHTOBHX NJOTHH B CYPOBHX KJIHMATHYECKHX
ycinoBuax Kpafimero CeBepa H Ha BEYHOMEP3IJIHX
OCHOBaHHUAX, Tpe6yomHil rnay6oKoro M BCECTOPOH-~
Hero asannza H obob6meHHA. ITOT ONHT NOKa3H-=-
BaeT /3/, 4YTO "rpDYHTOBHE NJOTHHH H MEpP3JIOro
H TaNoro THRA NPH JOCTATOYHOM OGOCHOBAHHH H
rnyboKOR npopaboTKe NpoeKTa, KadYecTBeHHOM
BHIIOJIHEHHH CTPOHTEJNBLHHX patoT H kBanHdHUIHPO-
BaHHOR 3KCnjyaTalHdH SABAAKNTCA BNONHe HaZeXHH-=
MM THAPOTEXHHUYECKHMMH COOPYXeHHAMH",
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NOONUCH K PHCYHKAM

Puc.l I[pogonbHHR H rreOIOTHYECKHR pal3pes

MO OCH NMpaBOGepeXHON NJNOTHHE YVoTh—

XaHTapcko#t I'3C H ee OCHOBAHHIO,

1= ©3epHO=-6GONOTHHE OTJIOKEeHHA: TOpd,

CynecH,CYTJIHHKH CepHe ;

2= oO3epHHEe OTJOXEHHA: CYTJHHKH TNH-

neBatTHe; 3= OzepHO-NEeNHHKOBHE OTJO-

KEeHH: CYNecH, CYIJIHHKH TeMHO-CepHe

C TMpPOCJIOAMH TMecka, JIeHTOUHHEe THHE;

4= JIeOHHKOBHE OTJIOKEHHA: CYLJIHHKH

KODHYHEBHE C BKMOYEHHAMH I'DABKHA H

mesHA; 3= KOpPeHHHe Nopone: nojepu-

TH, H3BECTHAKH; 6—- TIpaHHUA OCTPOBOB

BEYHOMEP3NHX TI'PYHTOB.

Puc,2 [onepedyHHA pasapes npaBOlGepexHoR nio-

THHH YceTbh-XaHTafickon I'3C,

1- rpasHAHO~TaJIEYHUKOBHA C'PYHT;

2~ mnecyaHO-TpPABHAHAA CMeCh;

3- kameHHas HaGpocka Jonepura (I0OHA

KpenneHHda ) ; 4—- COPTHPORAHHHA r'pa-

BuA dpakuuu 10~80 MM ; 5- necox;

6=~ KaMeHHas HaGpOCKa H3BECTHAKAj

7= nengHHKOBHEe OTNMOKeHHA; 8- KOpeH-—

HHE NOPOOH.
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Puc.3 IpogoibHEA pa’pe3 MO ocH UDPEeNAXCKOR
NMAOTHHH H OCHOBAHHA,.
1- T[OYBeHHO-DACTHTENBHHR chot; 2-
eCTeCcTBEeHHAA NOBEPXHOCThH 3&MMH; 3-
TpaHUIE MAKCHMAJNBHOTO Ce30HHOTO Npo-
rTausaHua; 4- BHeMka Topda; 5- BHeM~
Ka MNoB; 6- CYrJHHKHA HNOBaTHe, JABIH-
cToCcTh 60% ; 7- CYDJIHHKH C JPecBOf H
H metHeM KOPeHHHX nopon, ABAHUCTOCTE
20=-60% ; 8- ryMHH naorHae {kopeHHHe
nopoas) ; 9« KOHTYP OHA KOTJNOBaHa
non 3y6 NJIOTHHHW} 10- AONOMHTN TpemH-
HOBaTHe; l1ll- MepresnH TpemMHHOBATHE;
12~ HM3BECTHAKH TOHKOMJHTYATHE; 13~
cTapoe pyclo pekH, 3anonHeHHoe raney-
HUKaMH H rpasmeM; 14~ BOMOCOGPOCHHH
xkaHan; 15~ rpe6eHb MJIOTHHH; 16~ non-
pYCnoBHil Tanwk; 17— yToOR4YeHHAA TpPaHn-
Ua noapycnoBoro Tajlnkai 18- pacymcoT-
Ka aJMoBHANBHHX OTJIOXEHHI B Dpycle pe-
KH; 19- rpaHHnE NOOPYCIOBOI'G TAJIHKA
nmo npoekry; 20- mep3norHad 3aBeca Gop-
Ta C6POCHOTO kaHana,

Puc.4 TonepevHHe paspe3sd W TeMmMnepaTypHoe
COCTOAHHE I'DYHTOBHX MNOTHH Ha KpafiHeMm
Cepepe: a H 6 ~ KaMeHHO~HaGpPOCHHe IJIo-
THHH TaJIOrO THna ¢ skpanoM (Bumofickas)
¥ anpom (VoTh-XaHTanckan) pycloRad;

B H I ~ rDYHTOBHE IJIOTHHH MEDP3NOrQ
THHa ¢ BO3OYMHHM AOBYXTPYGHHM OXnaxkne-
HMeM B LeHTpe aapa (Upenaxckaa) w
BO3OYUHEM OXJaXxOeHHeM no ranepeaM co
CTOPOHH HH3KOro oTrkoca (Ha oz.Jonrom .

+ = 1l-30Ha TANOTO I'RYHTAa;

- = 2-30Ha MHOIOJIETHEMEp3NOIrO IPYHTAa;

+ = 3-30HAa Ce30HHOI'O NMPOMEeDP3AaHHA -
OTTaHBAHHH .

*  lUWHTOBMY HHKonaﬂ Anexcaﬂng_anq - YJIeH=-KOQOp-

pecnonnenr AH CCCP, zacnyxeHHHHA
OeATenk HAYKH U TEXHHKH PCOCP,
3ap.Kadenpolt MexaHHKH TDPYHTOB,
OCHOBaHHR ¥ (GYVHOAMEHTOBR, HAYYHHN
pYKoBROAKUTENE: OTpacnepoll HayYHO~-
HcollenoBateNnbCcKkol N1aGopPaTOPHH HH=
XKeHepPHOTr'O MEep3NOTOReNEeHHA B 3Hep-
reTHYeCKOM CTpoHTenscTie (OHUIMMIC),
HNOKTOD TexXHHYEeCKHX Hayk, npodeccop
MHCH.

KpoHuk SkoB AJIeKCAHOPOBHY — PYKOBOOUTENB
T"EB_Torpacnenoﬂ nasopaTOPHH
OHUNIUMIC M3Iu3 CCCP u MB CCO CCCPp
npH MHCH, xaugugaT TeXHAYEeCKHX Ha-
YK, CTapuMi HAVUYHHR COTPYIHHK,

BHAHOB Fappuun Q@enopoOBHY ~ DPYKOBOJMTEND
NaGOPATODHH TEXHOMOTHM BO3IBEREHHA
TPYHTOBHX nyioTuH HUC I'uoponpoexTa
M52 CCCP.
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THE DESIGN AND CONSTRUCTION OF THE ALYESKA PIPELINE

A. Liguori, ! J.A. Maple, 2 C.E. Heuer 3

This presentation is dedicated by
the authors to Dr. Hal Peyton who was in-
volved originally on the pipeline as a
private consultant and subsequently as
a senior staff engineer and manager of
staff engineering for the Alyeska Pipe-
line Service Company. Dr. Pevton was
appointed to a delegation of permafrost
experts representing the United States
in a technical exchange program with the
Soviet Union. As a part of this program,
he assisted Soviet scientists who visited
Alaska. During October 1976 as a member
of an American delegation comprised of
government and industry representatives,
he toured the U.S.S.R. to visit research
facilities, including the Permafrost
Institute in Yakutsk and to inspect major
0il and gas fields in the north central
regions of that country. Had it not been
for his untimely and tragic death, last
year, he would be here today talking to
you and it is in his memory that we
dedicate this presentation.

This report will review some of the
trans-Alaska Pipeline project highlights
and detail major construction accomplish-
ments. The pipeline was built by Alyeska
Pipeline Service Company which is owned
by 8 major 0il companies or their sub-
sidiaries. The 800 mile pipeline carries
crude o0il from Prudhoe Bay on Alaska's
North Slope to Valdez, a year round ice-
free port on the south coast of Alaska.
From Valdez the ©il is transported to
market by marine tankers. These
operators deliver the ©il a short
distance to pump Station 1 where the oil
enters the pipeline, and is pumped south

l. Formerly: Alyeska Pipeline Service
Company, Anchorage, Alaska

Now: Exxon Research and Engineering
Company, Florham Park, New Jersey

2. Alyeska Pipeline Service Company,
Anchorage, Alaska

3. Exxon Production Research Company
Houston, Texas

across the flat, treeless tundra of the
north slope. About 160 miles south of
Prudhoe Bay, the line crosses the Brooks
Mountains through Atigun Pass. At 4800
feet this is the highest elevation along
the route. The pipeline continues south
over forested, rolling hills to the Yukon
River, about 350 miles south of Prudhoe
Bay. South of the Yukon River, about

450 miles south of Prudhoe Bay, it by-
passes the city of Fairbanks, Alaska,

the second largest community in the state.
Further south, it crosses the Alaska
Mountain Range through Isabel Pass at an
elevation of 3575 feet. Nearing the
southern end, the line crosses a third
mountain range, the Chugach Mountain Range
through Thompson Pass, elevation 2750
feet. In these mountains it also winds
through the picturesque, but extremely
rugged Keystone Canyon before dipping to
sea level at Port Valdez.

The final pipeline route and sites
for pump stations and terminal were
selected after detailed studies of 8
possible routes and 4 possible terminal
locations. The start of the line at
Prudhoe Bay was fixed by the location of
the North Slope 0il Fields. The choice
of sites for the Southern Terminal was
based on a variety of factors. They
included a purchase to the Port, weather
and water conditions, water depth,
availability of land for a tank farm,
access from the tank farm to docks and
the relative merits of the location in
terms of the pipeline length, and con-
struction conditions. Once Valdez was
selected as the Southern Terminal for
the line the general route is further
defined by the selection of major moun-
tain and river crossings. An Atigun Pass
crossing was chosen in place of Anituvik
Pass in the Brooks Range largely because
of s0il conditions and route length, al-
though Atigun Pass is higher than
Anituvik, 60 miles to the east. The
pipeline route at the Yukon River crossing
was determined by the existence of a
suitable bridge site.

There was no road north of the Yukon
River to Prudhoe Bay so in early 1974,
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convoys of construction equipment and
supplies began moving north across the
frozen Yukon River and over trails of
snow and ice to build one. The State of
Alaska obtained a right-of-way permit
from the U.S. Department of the Interior,
allowing Alyeska to build a 361 mile road
roughly parallel to the pipeline from the
Yukon River to Prudhoe Bay. Construction
of the road was the first major under-
taking of the pipeline project. Work

on the road was begun April 29, 1974 and
five months, 3 million man-hours, and 25
million cubic yards of gravel later, the
road was finished.

In early 1974 the State of Alaska
with Alyeska sharing the cost started
construction of Alaska's first bridge
across the Yukon. The bridge was com-
pleted in October 1975. A year later
the pipeline was installed on a pipe
floatway alongside the bridge. The
bridge which towers 17 stories over the
river, is supported by 5 piers. The
structure is designed to withstand ice
forces during spring breakup of the
river, winds up to 80 miles an hour,
temperatures ranging from -60°F to 100°F,
ear thquake stresses slightly more than
5 times higher than excepted engineering
levels for that location, and the effects
of a S50-year level flood.

The overall construction project has
three basic components: the 800 mile pipe-
line itself, the pump stations, and the
Valdez Terminal. Let us consider the
pipeline first. The pipe was specifically
engineered and fabricated for the Alaska
Pipeline. Although it will not generally
be subjected to unusual forces, the pipe-
line was designed to sustain all expected
hydraulic pressures, thermal forces, and
stresses induced by settlement, compaction,
earthquakes and weight between supports
of the elevated line, including snow and
wind loads. Particular emphasis was placed
on providing a high degree of assurance
that the line will not leak ©0il although
deformed well beyond the limit at which
it can successfully transport oil. The
pipe, manufactured in three grades and
two wall thicknesses, .462 inches and .562
inches was alloyed slightly with vanadium
and manufactured in a carefully controlled
rolling process. The pipe has specified
minimum yield strengths of 60, 64, and
70,000 1lbs per square inch. Different
grades of pipe were used in different
locations depending upon the pressures
and stresses encountered in each location.
The pipe was specially coated and given
cathodic protection to prevent bacteria-
logical, chemical and electrolitic
¢corrosion.

In stable soils, the pipe is buried

in a conventional manner, much as it is

in other parts of the world. Conventional
burial was used in areas where soil is
either bedrock, thaw stable sand and
gravel or thawed soil, or the results of
field exploration and analysis demonstrated
that s0il settlement or instability re-
sulting from thawing would not cause
unacceptable disruption of the terrain or
damage to the pipeline, Slightly less
than half of the pipeline is installed
conventionally. Burial depths range from
3 foot minimum cover above the top of
pipe, to occasional depths greater than

16 feet, depending on the pipe configur-
ation, terrain and soil properties at each
location. The pipe was bent conformed to
the ditch bottom which was lined with at
least 6 inches of crushed bhedding material.
The process of padding material was
compacted around and on top of the pipe
which was buried 8 to 16 feet below the
surface, However, only about 380 miles

of the pipeline could be buried in this
way. More than one half of the route is
underlain by ice rich permafrost that
would be unstable if thawed. The pipeline
is hot. The o0il temperature as it comes
out of the ground is approximately 180°F.
Heat generated in pumping the oil and
friction caused by its flow through the
line keep it between 130°F and 1409F at

a design rate of 2 million barrels per
day.

In areas of ice rich permafrost,
especially silts and clays, thawing would

-create difficult soil stability conditions.

In these areas the pipe is elevated above-
ground. Installation of the aboveground
support system requiring approximately
78,000 vertical support members, called
V8M's was completed in July of 1976,
Holes for the VSM were drilled to average
depths between 15 and 60 feet. For the
majority of the supports, the space
around the outside of each VSM was filled
with sand slurry mixture which then froze
to hold the support in place. Other
VSM's were grouted in place and some were
regular driven piles., The special
thermal devices known as heat pipes were
ingtalled in about 80% of the VSM's to
maintain the permafrost in a stable con-
dition.

The aboveground pipe is supported on
cross beams installed between vertical
support members imbedded in the ground.
To prevent thawing around the VSM's
special thermal devices are installed
inside them where required. These
devices consist of metal tubes, filled
with a refrigerant which vapourizes and
condenses thereby chilling the ground
whenever the ground temperature exceeds
the temperature of the air. The devices
are non-mechanical and self-operating.
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The pipe is fastened to a special shoe,
equipped with teflon slide plates that
permit movement across the support beam
and reduce heat transfer from the pipe-
line to the supports. In potentially
more active seismic zones, extra large
supports allow even greater movement.
All aboveground pipe is insulated to
prevent conduction of heat through

the supports into the permafrost.
Insulation also retards oil from
thickening during emergency shutdowns,
or periods of decreased flow in winter.
Pipeline construction was conducted on
a 50 foot wide gravel workpad. The
workpad protected the permafrost and
minimized other impacts. In the north-
ernmost part of the route, where gravel
is scarce, 98 million board feet of
foam insulation were installed on the
tundra beneath the gravel workpad. The
insulation reduced the amount of gravel
required.

There are 84 major river crossings
on the pipeline. The one across the
Tanana River is a 1200 foot long cable
suspension bridge. At varied crossings
the pipe is jacketed with a 5-inch
layer of concrete of is weighted with
concrete saddles, each weighing
approximately 9 tons.

The second basic component in the
overall construction project is the pumping
system that keeps the oil flowing
through the pipeline. Most of the stations
are built on stable soils in a relatively
conventional manner. However, at five
station, 1,2,3,5, and 6, some structures
are erected on refrigerated gravel atop
permafrost. Hauls of pipe to circulate
cold brine are buried in gravel beneath
a plastic foam insulation mat under
critical structures to keep the ice rich
soils frozen and stable.

The third component of the project is
the marine terminal at Valdez, where all
ocean-going tankers call to pick up the
0il and deliver it to market. The
Terminal site covers about 1,000 acres and
includes storage tanks, docks, a ballast
water treatment facility, a power plant,

a vapor control facility, office buildings,
a warehouse and shop building and the
pipeline's operational control centre.
Eighteen crude o0il storage tanks were
built. Fach tank is 250 feet in diameter,
62 feet high, and can hold 510,000 barrels
of o0il. The tanks have fixed cone shaped
roofs to accomodate the heavy snowloads
that are standard for the Valdez area.

The tanks are sited in pairs within the
containment dikes, with a capacity equal
to 110% of the total volume of the tanks
plus an additional 2 foot allowance for
surface water which may be impounded with-
in the area.

Communications for pipeline operat-
ions is performed via a microwave system
utilizing 41 microwave stations. This
network is backed up be a satellite
communications system.

Dr. Maple will discuss some of the
challenging design construction hurdles
overcome by the Trans-Alaska Pipeline.
The first and foremost problem was
protection of the pipeline in areas where
permafrost is not thaw stable. This was
accomplished by elevating the pipeline
on pile bents to avoid transfer of heat
from the hot o0il pipeline to the soil, A
flexible system incorporating trapezoidal
track expansion loops was selected over
a fully restrained system as the flexible
system provides greater operating
reliability through relative insensitivity
to settlement. The line is anchored at
intervals of 800 to 1800 feet and is
supported between at 60 foot intervals on
sliding friction supports with low
friction materials.

5liding shoes also present a solution
to the problem of ground motion due to
earthquakes by decoupling the pipeline
from the ground motion. The maximum
ground motion experienced was par for
an 8.5 Richter magnitude earthquake and
associated with seismic activity along
the route are three faults. On the Denalil
Fault the pipe was placed on beams to
grade. The beams were 45 feet long and
the pipe positioning was designed to
account for a 20 foot right lateral by
5 foot dip fault movement. The pipe is
positioned somewhat peculiarly on the
beams, to take maximum advantage of the
location of the fault and the length of
the beams, so that the beam length could
be minimized.

The McGinnis Glacier Fault Zone
presented additional problems with up to
12 feet of scour and alluvial fans. Two
alluvial fans, one on Castner and one on
Lower North Creek were crossed. The scour
depth plus the requirement for elevating
the pipeline several feet aboveground due
to icing conditions required an additional
pile in each pile bed to accomodate the
lateral lcads, and fill in the system by
friction when the pipe moves, To support
this all three piles were tied together
making a triangular trust work.

Terrain presented construction

challenges at several locations along

the pipeline. These challenges seemed
almost insurmountable at three locations.
Atigun Pass in the Brooks Range, Thompson
Pass in the Chugach, and traversing the
east wall at Keystone Canyon near Valdez,
Atigun Pass has a critical stretch of
pipeline about 165 miles south of Prudhoe
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Bay. The currents of large, destructive
slush flow avalanches in this area pre~
vented aboveground construction making it
necessary to place the pipe below ground.
The design required burial in difficult
ditching areas and resulted in a special
thermal design utilizing new materials
and procedures and requiring unusual
construction techniques. The special
thermal design regquired that the pipe be
sealed and buried in an insulated box
with wall thickness of 21 inches and
supported on a 12 inch concrete slab to
limit the 30 year thaw below the box to
approximately 1 foot with no significant
settlement. The pipe was placed in the
box and a cement gravel grout was poured
filling the space between the pipe and
the insulation. The insulation and grout
were required to seal around the pipe so
that infiltration of groundwater could
be eliminated which would then be

welled to the pipe and could possibly
cause additional thawing of the ground.
This method was used on approximately
6,000 feet of pipe in the Atigun Pass
area,

Keystone Canyon, 18 miles northeast
of the Valdez Terminal was considered one
of the more challenging sections of the
pipeline route. The pipeline construction
above the steep canyon was expected to
be extremely difficult because of the
rugged alpine terrain. Constructing the
pipeline above the canyon, which seemed
easier, would have required digging up
an exlisting state highway which extends
down the bottom of the canyon, caused
lengthy road closures and public in-
convenience. Alyeska decided to go above
the high east wall of the canyon. The
danger of rock and snow slides prevented
anchoring the pipeline on the canyon walls.
Small helicopters were used to ferry work
crews to several points along the top of
the canyon and the Sikorsky Skycrane was
used to lift equipment. Where equipment
was too heavy to be lifted in it was
broken down and then reassembled on top
of the canyon. A rock crushing plant was
built at the tope of the canyon to manu-
facture backfill material to eliminate the
need to truck gravel up the steep slopes
at either end of the canyon where the
pipeline drops about 800 feet on a 60%
slope. If gravel had been trucked in, it
would have had to be dragged up the steep
slopes, Forty thousand yards of material
were used to backfill the pipe in the
canyon. The Keystone Canyon is 4 miles
long with a 2,500 foot section at the north
face which riges 840 feet and a 2,300 foot
section which drops 820 feet on the south
face.

In Thompson Pass which is located
about 20 miles northeast of Valdez, it is

4,000 feet long and it plunges 1800 feet
for that 4,000 feet. It has slopes of up
to 125% and because of the severity of
these slopes a special cableway was

built to fly pipe up to the locations,
Each section of pipe, which is 80 feet long,
weighed about 10 tons. It was attached
flat and lifted up the mountain, its posit-
ion determined either by remote control

or by coordinated control with radios and
welded into place. Welding, X-raying, or
just standing on the steep slopes them-
selves is a challenge and on such sessions
welders harnessed themselves to a chain
attached to the pipe and literally hung

in midair as they worked. While some
crews were rushing to complete pipe in-
stallation, backfill crews found themselves
facing a race against worsening weather
conditions including heavy snowfalls. To
facilitate backfilling two numadic placing
units were utilized. At three seperate
locations in the upper portion of the

pass where slopes were greater than 55%,

a cement stabilized backfill was regquired
to bind the pipe into the trench. Peter
DeMay, former Vice President, Project
Management for Alyeska referred to the
building of the Thompson Pass section as
one of the greatest challenges of the
entire project. It represents one of

the most significant construction
accomplishments of the people building the
pipeline.

Environmental protection presented
its share of challenges to the design and
construction of the pipeline too. Two
notable examples were provision for
caribou crossings and ice rich permafrost
and a requirement to utilize approximately
5 miles of snow workpad to minimize the
use of gravel on the north slope. In two
locations where the pipeline intersects
the migration route of the Nelchina herd,
refrigerated burial was used for a total
length of 4 miles in lieu of belowground
pipeline.

At 23 locations along the route a
60 foot segment of pipe was buried in
an-insulated box with heat pipes installed
for thermal protection and to limit thaw
settlement to acceptable levels of
approximately 2 feet. Because this section
is located in aboveground pipe the flex-
ibility of the line can accommodate
settlement that is much greater than if
that section had been buried.

Construction of the pipeline from a
snow workpad was difficult because it
required working during the winter season.
Further difficulty was caused by the lack
of available snow in the Arctic which
required the manufacture of artificial
snow to complete construction of the work-
pad. Construction on a snowpad is ex-
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pensive but it can be accomplished without
disturbing the tundra vegetation,
Construction is slowest in the winter
season and the time available is limited by
the onset of breakup in the arctic.

Mr. Heuer will discuss in greater
detail the utilization of heat pipes in
pipeline construction. During con-
struction and design of the pipeline many
problems were encountered that involved
the thermal protection of permafrost.
Where possible these problems were avoided
by route selection or mode selection,
either buried or elevated. Where problems
could not be avoided they were often
solved using heat pipes. A heat pipe is
a closed tube that transfers heat by
natural conduction with change of phase
and operates only during the winter when
the air temperature is colder than the
s0il temperature. Because natural
conduction is involved heat transfer is
in only one direction, from the ground to
the atmosphere, and since a change of
phase is involved, heat transfer is
efficient even at very low temperature
differences. Properly designed heat pipes
can provide enough cooling during the
winter to more than offset warming during
the summer. The Alyeska heat pipes have
an internal diameter of 1% inches and
range in length from 28 to 75 feet.
Ammonia is the worst fluid. Alyeska heat
pipes were designed to transfer a minimum
of 12 watts per foot of belowground em-
bedment for a 3°F temperature difference
across the heat pipe. Approximately
120,000 heat pipes were installed along the
pipeline, most in VSM. All VSM receive
two heat pipes although in many cases only
one heat pipe was actually needed. This
provided redundancy in case of a heat pipe

failure and also a significant safety factor.

Aluminum radiators were press fitted onto
the upper portion of the heat pipe, the rad-
iators were either 4 feet or 6 feet long,
depending on the length of the heat pipe.
It was important to size the radiators
correctly to allow for efficient heat
transfer, A conservative approach was
taken in that still air conditions were
assumed when determining the heat transfer
coefficient, although it was known that
low wind speeds even 1 or 2 miles per

hour could more than double the heat
transfer coefficient. The heat pipe ex-
tends ‘about 6 inches above the top of the
radiator. This provides a gas trap should
non-condensing gas form inside the heat
pipe. In this way it will collect in the
gas trap rather than block the radiator.
The VSM is filled with saturated sand
slurry up to the ground level, the
aboveground portion was not filled with
the saturated slurry to avoid the potential
of damage to the VSM when the slurry froze
and possibly expanded. Heat pipes were

placed as closely as possible to the VSM
wall because the metal wall of the VSM
acted as a belowground fin to improve
heat transfer with the soil. The soil
represented the major thermal resistance
in the VSM soil system. The heat pipes
had to extend within a minimum of 3 feet
at the bottom of the VSM.

There were several reasons why heat
pipes were installed in VSM. They were
used to maintain initially frozen soil,
frozen to cool frozen soil well below the
freezing temperature, to freeze initially
thawed so0il, and to provide for the
radial freezeback of the active layer.

The specific reasons why heat pipes were
installed in a particular VSM depended

on the local soil conditions, in general
heat pipes are less effective in coarse
grained soils where there is less unfrozen
moisture below the freezing temperature
and there is a higher probability of
groundwater flow problems, The use of
heat pipes allowed coocler scil temperatures
which permitted higher frozen strengths
when calculating VSM load capacities.

The heat pipes also reduced jacking and
down drag to a negligible amount and

could prevent soil liquefaction and slope
instability problems. Installing heat
pipes did significantly complicate con-
gtruction, although they allowed much
shorter VSM embedments than compared to
conventional piles and therefore were cost
effective. In some cases where the soils
were especially poor, heat pipes provided
the only design alternative.

Heat pipes were used in other
situations other than VSM and direct
support of the elevated pipeline. How-
ever, the same general geometry of the
VSM was maintained. This allowed a uniform
design and construction. An example is
a bridge pier being protected by four
free-standing VSM. The spacing is
determined to provide thermal protection
to all the load bearing piles for the
bridge pier. Five different bridges are
protected by free-standing VSM.

At a buried animal crossing free-
standing VSM as well as insulation are
used to prevent excessive thaw settlement.
Fourteen different crossings were con-
structed in this manner. At a road
crossing similar to a buried animal
crossing, insulation and heat pipes were
used to prevent excessive thaw settlement.
The crossing is about 500 feet long.

At an aboveground valve site the
valve building contains the power gener-
ation and communications equipment for
the valve. 1In front of the building
propane tanks were installed which are
used as fuel for the power generation
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equipment. Heat pipes are used to support
both the valve building and the buried
- propane tanks.

At a communications tower around
the equipment building the heat pipes are
installed in the external slurry of the
piles supporting the building. To the
left at the base of the tower leg are
long piles which are similar in operation
to heat pipes. The reason there are long
piles there instead of heat pipes is because
there was a different contractor; there
were two different contractors at the
site,

An unigque installation resulted
from a reevaluation by Alyeska of the
soil conditions after the pipe had already
been buried. Alyeska decided that to
meet government stipulations remedial
work was reguired. The pipe was buried
between the two right-hand row of free-
standing VSM. There are 22 free-standing
VSM on a 100 foot section of pipe. The
free-standing VSM and insulation were
used to prevent excessive thaw settlement
and slope instability.

The heat pipe and thermal VSM design
were developed using extensive computer
simulations, laboratory test, and field
tests. Three different field tests were
conducted using heat pipes. The first
two used commercially available heat
pipes but the third test used protype heat
pipes. This slide shows the protype heat
pipe test site outside Fairbanks. An
actual 150 foot section of the pipeline
was constructed. The soil conditions
at the site are ice rich organic silt with
the initial soil temperatures below the
active layer ranging from 30 to 31°F.

This is the type of soil conditions where
good heat pipe performance is essential
because if the soil does warm too close
to 32°F or thaw there will be a drastic
change in the mechanical properties of

the soil. Thermistor strings were installed
at the test site near 4 VSM, beneath the
gravel pad and beneath the undisturbed
tundra. Data collection began in October,
1974 when the heat pipes were installed
and is still continuing but on a reduced
basis. After one year of operation, at
the end of summer, 1975, if the warmest
VSM is considered and looking at the aver-
age temperature below the design active
layer, that temperature is 1°F cooler than
the corresponding temperature below the
undisturbed tundra and 1%° coocler compared
to beneath the gravel pad. By the summer
of 1977, that is 3 complete years of
operation, there had been an additional
8/10°F of a degree cooling, again looking
at the warmest VSM compared to the un-
disturbed tundra. The temperatures at all
the monitored VSM ranged from 27°F to 280F,

These are average temperatures below the
design active layer taken at the end

of summer so they are the warmest temp-
eratures ever occurring along the VSM.
Minimum temperatures during the winter
could be as low as -109F. For this site
the data indicate that the standard V&M
design is quite conservative in that

the standard design assumes an average
temperature over the entire life of the
pipeline of 31,5°F,

Extra care was taken during design
development to insure the long-term
reliability of the heat pipes. A
rigorous manufacture gualification
program was conducted which included ac-
celerated life testing of heat pipes to
insure that excessive non-condensing gas
would not be generated inside them,
Despite the care taken, it was inevitable
that at least a small percentage of heat
pipes would fail and so a system had to
be devised to detect and replace those
failures. There are several different
failure mechanisms. There could be only
a leak of the working fluid, ammonia,
generation of non-condensing gas, or
poor thermal coupling between the pressed
on radiator and the heat pipe. Regard-
less of the failure mechanism the
result would be a decrease in radiator
temperature during the winter and so
it was chosen as the failure detection
parameter and an air born infrared system
was developed to measure temperatures
during the winter.

Data were collected on standard
black and white video tape. The
advantage was that the data could be
evaluated in the helicopter as they were
being collected. It also provided for
immediate data analysis once collection
was completed. The data were taken
during low temperatures when the heat
pipes were operating near their peak
and this had to be done during twilight
or darkness because the sun shining on
the radiators could provide anomalous
temperature condition, Therefore, two
men were sent in a helicopter in the
middle of winter in the dark to monitor
the heat pipes.

Heat pipes can become deficient
when a heat pipe is slightly darkened,
this means that it is slightly cooler.
In the optical system of the infrared
scanner were built in two black bodied
references, The dark vertical strip
represents the cold temperature refer-
ence, for example at -42°F, The white
vertical strip on the other is the hot
temperature reference, for example at
-169F. The intermediate temperatures
are shown by various shades of grey.
It could be determined quantitatively
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voltage from the system. The data were
analyzed and the video tape was visually
scanned looking for such anomalies. When
one was spotted the temperature of the
deficient radiator was compared to

the temperatures of the other three

VSM, the other three radiators in the
bent. The average of these three
radiators was considered to represent

a properly functioning heat pipe and

the temperature of the deficient heat
pipe was also compared to a reference
radiator. The reference radiator is

a 2 foot section of heat pipe on a

pipe stub at the same elevation as the
standard radiators. The reference
radiator is not attached to a working
heat pipe, its temperature represents

a completely failed heat pipe. If this
comparison met certain criteria, then a
heat pipe was replaced. A major problem
in doing this was actually locating the
VSM in the field and to do this a
sophisticated ground marking system was
developed. Deficient heat pipes are
determined by counting anchors and then
intermediate bents on the video tape
after which the same thing is done in
the field.

To replace a heat pipe the deficient
one is simply cut off below the bottom
of the radiator and a smaller replacement
heat pipe can be slipped inside the
standard one. The replacement heat pipe
has an internal diameter of 1 inch com-
pared to the standard heat pipe of 1-%
inches and is about 90% as efficient as
a standard one. The annulus between the
two heat pipes is filled with an ethyline,
glycol and water mixture after which the
two heat pipes are welded together. Two
surveys, two infrared monitorings of
the elevated line were conducted in the
winter of 1976/77. As a result of that
monitoring 120 heat pipes were replaced.
A few additional failures were detected
by 1977/78 monitoring. The number to be
replaced has still not been finally
decided, although it will be guite small,
perhaps in the order of 10 to 15.

Approximately 150 thermistor strings
have been installed near thermally
sensitive pipeline structures, most of
which are VSM. Data collection was

started in 1976 and continues on a regular

basis. Thus far the data indicate that
the heat pipes are performing adequately.
This is despite the unusually warm winter
of 1976/77, immediately before pipeline
startup. For example, in that winter the
average January temperature in Fairbanks
represented one warm winter out of 100.

During construction large diameter
holes were drilled next to selected VSM.
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These VSM were installed in initially
thawed soil but had one year of heat
pipe operation. The inspection holes
allow direct visual verification of the
freeze bulb generated around the VSM,

It was found that the freeze bulb radius
was 3% to 4% feet from the VSM centerline
which is consistent with computer cal-
culations., Skin melting can occur which
is the local depression of the active
layer in the immediate vicinity of the
VSM caused by heat conduction down the
metal VSM wall. It may be as much as an
additional 1% ft below the local active
layer near the VSM.

The development of natural resources
has been greatly stimulated in recent
years and this has led to increased
interest in permafrost science and
engineering. The Trans-Alaska Pipeline
has played a major role and will un-
doubtedly continue to do so in the years
ahead.
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EXPERIMENTAL RESEARCH ON THE PRINCIPAL MECHANICAL
PROPERTIES OF FREEZING AND FROZEN
SOILS IN CHINA (A REVIEW)

Chen Hsiao-pai and Wu Tzu-wang, Research Institute of Glaciology and
Cryopedology, Academia Sinica, Lanchow, The People's Republic of China

ABSTRACT

This is a review of the results of
experimental research on the main mechanical
properties of freezing and frozen soils
relating to the following aspects: frost
heaving in the active layer; various types
of frost heaving forces and their effects;
effect of ground temperature, water content
and ice segregation on adfreezing forces;
"in situ" method of measuring the bearing
capacity of frozen ground and other factors
that influence thaw consolidation
characteristics of frozen ground and their
relation to the basic physical properties
of frozen soils.

INTRODUCTION

In the economic development of the
extensive northeastern and northwestern
regions of our country, the mechanical
properties of frozen soils are becoming a
significant factor in construction in areas
of frozen ground.

As we know, most structures interact
with the active layer, and while the ground
is frozen they are both subjected to
heaving and the accompanying pressure.

When foundations such as piles or columns
are buried in permafrost, the adfreezing
strength between them and the soil not only
provides bearing, but also offsets the
heaving pressures in the active layer; with
column foundations, and especially piers
and strip foundations, the correct bearing
capacity is the most necessary basic design
data. Because the rheology of ice determines
the creep properties of frozen ground under
load and the relaxation effect deformation,
investigations of the above problems must
include those of observing the environment
and changes in it.

If the foundation soil beneath a heated
building on permafrost is allowed to thaw,
the increase in depth of thaw due to the
daily accumulation of heat, will result in
thaw settlement and reconsolidation. There-
fore anticipated settlement must be predicted
at the design stage.

Since 1965, a series of systematic
experiments and field observations on the
basic mechanical properties of frozen
ground have been successfully carried out
in districts such as Chilien Mountains,
the greater Khingan Mountain and along
the Chinghai-Tibet Highway. Laboratory
research was also done at the same time.
Various agencies connected with the
national railways, highways, construction,
water conservancy and forestry have all
made many investigations., In this paper,
we will describe and analyze some of the
results obtained from tests and observations
on frost heaving, frost heave pressures,
bearing capacity of soils and thaw settle-
ment characteristics. The main results as
mentioned in this article are the collective
work of the group doing research on soil
mechanics in the Cryopedology Research
Division, Lanchow Institute of Glaciology
and Cryopedclogy, Academia Sinica.

In order to obtain further knowledge
on this subject, work is still being
carried out.

FROST HEAVE AND FROST HEAVE PRESSURE
Frost Heave

The effect of the heaving of soil
during freezing is the result, not only of
the volumetrical swelling of water that
freezes in the voids of the original
ground, but also the continual migration
and accumulation of water that becomes ice
when frozen toward the freezing front in
the unfrozen zone.

Tests show that when the water content
in the soil reaches a critical value, the
swelling of the soil undergoing freezing
becomes noticeable; this c¢ritical limit
is called the initial water content of

(1) Table 1 shows WO

frost heaving Wo .
values for several types of soil under
laboratorial testing.
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Bouldery
Clayey Soil
Clay, Soil Containing
Clayey Containing Silt and Bouldery
Name Loam Loam Gravel Clay Soil* Sand
Wo% 12-17 10-14 9-11 8-10 6~8 7-9

* Weight of grain diameter < 0.005 mm
less than 12% of overall weight

Table 1 Test Value WO of Several Types of Soil

For clayey soil: within the range of 2/3 of the total depth;
and the zone with no heave usually lies at
the base of the layer having the greatest

W0 = (0,84 Wp (1) geasonal frost activity.
In order to remove the effect of
where W_ - water content at the plastic frost heave on buildings, clean dry sand
limit. (or sandy gravel) is used to replace
frost susceptible soil. Sometimes, good
In a closed system and for the active results are achieved but, on other
layer in the permafrost region which is occasions, it proves to be the contrary.
lacking in groundwater recharge, a linear In 1974, a test by Chen Hsiao-pai, showed
equation can be used approximately to give that the ideal result could only be
the mean frost heave rate (Wu Tzu-wang, obtained when a relatively permeable layer
Chang Chia-yi, Wang Yan-ging and Shen lies at the base of the exchange layer and
Chong-yen, 1972; Tong Shang-chiang and surplus pore water has been removed under
Wang Yan qging, 1977). the influence of a freezing pressure
gradient.
n o= K(W - W) (2)

Frost Heave Pressure on a Foundation

in which W - mean water content in the

active layer; When expansion due to frost heave is
restricted, the freezing soil begins to
K - empirical coefficient exert an upward lifting force (sometimes
relating to soil property. it may be a compressive force) on the
structure or foundation; it 1s simply
It is particularly noteworthy that in called frost heaving compressive pressure
the active layer in areas of seasonal (or frost heaving force). According to
freezing, as well as in permafrost regions, its relation to the foundation surface,
there exists a main zone of frost heave, it can be classified as follows (Chen
as shown in Figure 1 (Chen Hsiao-pai, Hsiao-pai, Tong Shang-chiang and She
1972). In the permafrost active layer Qin-sheng, 1972; Chen Hsiao-pai and Tong
(Figure la) the main frost heave zone is Shang=~chiang, 1977):
situated in 1/3 to 2/3 of the thickness of
the active layer and the amount of frost 1. When the direction of heat flow
heave exceeds 80-90% of the total; below Q is parallel to the foundation surface
this the frost heave is minimal; from there as shown in Figure 2a, there exists a
downward, near the permafrost table (still lateral frost heaving pressure 1 at the
pertaining to the freezing front) is the sides of the foundation and a frost
subfrost heave zone. According to data heaving pressure oy normal to the base

from the Institute of Scientific Research

on Low Temperature Construction, Heilungkiang
Province, in areas of seasonal ground
freezing, at one-third of the frost depth

of the surface soil layer, the frost heave

is about 65% of the total figure, and at

1/3 to 4/5 of the frost depth, it is about is a lateral frost heaving pressure normal
30%; the main frost heave belt is located to the side of the foundation; it is also

of the foundation.

2. When the direction of heat flow
Q is diagonal to the side of the founda-
tion (Figure 2b), beside 1 and Oyr there
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called the lateral compressive thrust ¢ at
the side of the foundation. It is this
force that causes the concave deformation
of building foundations (particularly
strip foundations).

Tangential Frost Heaving Force

1. Process of development. Figure 3
shows the lines of tangential forces acting
on a concrete pile, in relation to ground
temperature in a permafrost region where
the soil layer is frozen. On the whole,
they can be divided into three stages
(Chen Hsjao-pai, 1975; Chen Hsiao-pai and
Tong Shang~-chiang, 1977).

Stages of gradual change - Frozen
penetration is about 30 cm; ground temper-
ature gradient d6/dh = 0.1-0.2°9C/cm;
overall frost heaving force gradually
increases,

Stage of abrupt rise - Frozen
depth from 30 cm down to the entire main
frost heave zone. The peak value of the
overall frost heave force often appears at
the lower limit of the main frost heave
zone. In this stage, the ground temperature
gradient is comparatively small, generally
d0/dh = 0.06-0,01°/cm. Large quantities
of water accumulate in the soil layer, and
the frost heave force rises abruptly.
Because of the greater rheological potential
of fine grained soils, where the increasing
frost heave force is not strong enough to
resist creep, phenomena of relaxation stress
appear locally. In coarse grained soils, it
is not so obvious.

Stage of relaxation - When the
frost heave force increases, slowly or even
stops, the rheological phenomenon becomes
the dominant function., This shows that the
relaxation process of frost heave force
proceeds with time. In fine grained soil,
especially ice rich soils, this stage is
particularly conspicuous.

Observation of Chen Hsiao-pai in
1974 discovered that when the frost heave
force developed to the stage of relaxation
as shown by point N in Figure 3, the total
frost heave force reached 7900 kg instan-
taneously. If the total force acting on
a concrete pile were to be suddenly
disengaged to 1150 kg (see Figure 4), a
deformation of resilience 8=13 mm appeared
at the top of the pile, and the overall
force increased continually afterwards; it
reached 3190 kg in 8 hours and rose to
3670 kg in 36 hours; from then to 50 hours,
the change slowed down and the line bhecame
smooth.

This phenomenon shows that: First,
under the action of frost heave pressure,
the frozen soil around the pile is under

the field of influence of compressive
stress. Once the stress is partially
removed, that part of the elastic
deformation of frozen soil can recover
immediately.

Second, due to the increase of
frost heave pressure around the pile, the
freezing temperature of water drops
correspondingly and the thickness of the
water film decreases. When the stress is
partially removed transiently, the freezing
point rises, the unfrozen water in the soil
will partially freeze. Simultaneously, the
water of the unfrozen water film will
migrate to where the film is thinner and
freeze. This will cause the frost heaving
force to recover partially.

2, Distribution with depth. Let the
vertical coordinate h be the frost depth,
and the horizontal coordinate represent
the mean tangential frost heave force 7
corresponding to a certain depth of frost
heave. Then we can obtain a statistical
relationship of various observational data
for permafrost regions as shown in Figure
5 (Chen Hsiao~pai and Tong Shang-chiang,
1977). Obviously, in the first stage of
development of frost heave pressure, the
mean pressure changes very little through
the frozen layer. When it develops into
the second stage, the corresponding mean
frost heave pressure increases, abruptly
with depth. After it reaches the peak
value it enters the relaxation stage. At
this time, the mean frost heaving pressure
through the frozen layer rapidly declines.
The statistics of many field observations
show that the greatest depth of frost is
between 120 cm to 150 cm. The highest
mean tangential frost heaving forces
appear to be between 50 and 100 cm and
this depth corresponds to the main frost
heave zone.

3. Influence of moisture. Tests
show that when the water content of the
s0il exceeds Wo’ the tangential frost

heave force increases as the water content
increases. Figure 6 shows the relationship
between tangential frost heave force and
water content (Shen Shong-yen, Chang Chia-
yi, Wang Yan-ging, and Wu Tzu-wang, 1972).
From Figure 6 we know that the tangential
frost heave force would be greatest when
the water content reaches a certain limit,
but it decreases afterwards. Under
laboratory conditions, a maximum tangential
frost heave force exceeding 4 kg/cm?2 has
been recorded,

In the active layer of permafrost
regions where there is no stable recharge
of groundwater, the greatest tangential
frost heaving force of common clay usually
ranges from 0.3 to 0.4 kg/em2 if the clay
is very plastic. With increasing water
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content (W 100%), the tangential frost
heave force reaches up to 1.2 kg/cm

(Chen Hsiao=-pai, 1972; Chang Shang-gin et
al, 1976).

We must point out that the values
obtained from field measurements are always
lower than those from the laboratory. The
main reason 1s that in the former case, the
freezing rate is relatively low, although
it is conducive to moisture accumulation.
However, in frozen soil the relaxation of
stress is sufficiently developed. 1In the
latter case, although less ice accumulates
because the rheological process is rather
short, the frost heave pressure is often
much greater than that observed in the
field. Because of laminations and numerous
ceracks in the natural undisturbed soil,
part of the moisture freezes inside, and

will cause the frost heave force to diminish.

Frost Heave Pressure Normal to Surface

l. As part of the test data, a
concrete pile having a basal surface of
30.6 cm? in frozen loamy c¢lay with moisture
content of 30.4% is subjected to a recorded
frost heave pressure normal to the surface
reaching 35.6 kg/cm? against the pile base
under laboratory conditions, The normal
frost heave pressure decreases with an
increase in area of the base (Shen Chong-
yen, Wu Tzu-wang, Wang Yan-ging and Chang
Chia-yi, 1972).

From field observations in the
permafrost region the value obtained for
unsaturated clayey soil generally was
greater than that for coarse granular soil

(Chen Hsiao-pai and Tong Shang-chiang, 1977).
in the sand gravel layer of a valley

However,
bottom where the water table is shallow,
groundwater under pressure after freezing

at the ground surface forces moisture
migration to the freezing plane. Further-
more, more moisture accumulates at the
concrete pile than in the surrounding soil
because of the former's higher thermal
conductivity and cooling rate. Therefore,
the frost heave pressure neormal to the
surface apparently increases, If the buried
depth is 50 cm, the frost heave pressure
normal to a concrete pile with a base of

400 em2 will exceed 20 kg/cm?. Thus, in a
region with high groundwater content (or
supersaturated), the normal frost heave
pressure is very large and great care must
be taken.

According to data collected by the
Institute of Scientific Research on Low
Temperature Construction, Heilungkiang
Province, where the ground surface is
swampy, the water table being very shallow
corresponds to the winter frost heave
depth. Moreover, in highly plastic soil
for a concrete pier with a bearing surface
of 2500 e¢m?, at a depth of 20 ecm, a value

of 11.6 kg/cm2 for frost heave pressure
normal to the surface has been recorded.
When the buried depth is increased to
40 cm, it is 5.9 kg/cm2,

2., Relation to depth of foundation
burial. Figure 7 illustrates the relation
between frost heave pressure normal to the
surface and the depth of foundation burial
(Chen Hsiao-pai and Tong Shang-chiang 1977).
In this figure, curve I is the actual
measured value for a pile of 20 cm x 20 cm
cross section in a permafrost region;
curve II shows the values with depth for a
foundation having 50 cm x 50 cm cross
section, recorded by the Institute of
Scientific Research on Low Temperature
Construction, Heilungkiang Province. Curve
IT converges more rapidly than curve I.
Below the main frost heave zone (120 c¢m-
140 cm) gy < 1 kg/cm2, which is a value

that the foundation of an ordinary building
could overcome.

3. Relation to bearing area. Every
point in Figure 8 is the actual measured
value of frost heave pressure normal to
the surface of the foundation base at
different depths in a permafrost region.
Curve I in Figure 7 can be taken as a
base to transform the measured value into
the probable value at a depth equal to
zero (i.e. the ground surface), and
calculate the greatest probable value
(Chen Hsiao-pai and Tong Shang-chiang,

1977). After analyzing the curve pattern,
we get

O _c4a,b

crl—c+F+F2 (3)

in which Gi ~ frost heave pressure normal
to surface at foundation
base when buried depth is
zero (i.e. ground surface);
(kg/cmz):
2 . 2
F x 10° ~ bearing area, (cm”).

Under conditions of the curve in Figure 8,
Formula (3) becomes:

o® = 3.85 + 20:2 , 285.8

2

1 F 7 (kg/cm™)
F

As F increases, the value of o? decreases

When the bear-
> 3.85 kg/cm>.

as a hyperbolic function,

. . ©
ing area 1s very large, (J'l

Test of Pregsure Against A Structure

In order to determine the frost heave
pressure on the back of a retaining
structure when the ground is frozen,
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Shen Chong-yen, Wu Tzu-wang, Wang Ya-ging
and Chang Chia-yi conducted an indoor model
test on a soil sample 36 x 32 x 49 cm (long
x wide x high). Only the top and retaining
plane were directly exposed in the low
temperature room; the remaining four sides
were thermally insulated. The surrounding
temperature generally was maintained at

-15 ~ -20°C; the frost heave pressure was
measured with a steel wire pressure
transducer in the top, middle and bottom
layers at the back of the retaining
structure., Moisture contents at the

liguid and plastic limits and grain size
distribution of the samples are listed in
Table 2.

The model test shows that the frost
heave pressure on the retaining structure
is closely related to the place where it
is acting and to the soil moisture content.
Figure 9 illustrates that the frost heave
pressure increases as the moisture content
increases in different types of soil with
various positions of the retaining
structure.

A field model test on a retaining wall
was performed by the Scientific Research
Institute, Ministry of Railways. The
height of the wall was one metre, and it
was divided into five equal sections
(separated from each other). A pressure
transducer was used to measure the total
force on each section. In conditions of
no deformation of the wall, the mean frost
heave pressure at different sections was
measured and listed in Table 3. The values
were found to be in accordance with those
observed at an actual construction site of
the same Institute.

Observed Values at an Actual
Construction Site. A steel wire pressure
transducer was used to measure the frost
heave pressure normal to the surface acting
against the linings of a tunnel and
vertical shaft while the surrounding soil
was refreezing and also to measure the
horizontal pressure against the sides of a
building foundation when the local soil
was frozen (Chen Hsaio-pai, 1972).

Tunnel and vertical shaft. The
largest values of frost heave pressure
normal to the surface of 4.1 and 1.4 kg/cm?,
were obtained respectively for the crown of
the arch and side walls of a railway tunnel
in a region of deep seasonal frost. 1In the
permafrost region for saturated frozen sandy
gravel the greatest frost heave pressure
normal to the walls of a vertical shaft was
found to be 1.7 kg/cm?; for saturated
refrozen loamy clay the frost heave pressure
normal to the walls of a vertical shaft
reached 2.8 kg/cm?,

Sides of building foundations.
Although the orientation of different sides

is a critical factor, the moisture content
exerts the greatest influence. When the
ground surface is maintained in a fairly
dry condition, the horizontal frost heave
pressure normal to the foundation sides

is between 0.1 to 0.3 kg/cmz; when the
ground surface is under water or swampy,
the frost heave pressure reached

o> 1 kg/cmz, and occasionally exceeded

2 kg/cm2.

ADFREEZING STRENGTH BETWEEN
S50IL AND FOUNDATION

When the pore water in the soil layer
freezes, the force that cements the soil
particles and foundation material together
is termed the adfreezing strength between
the soil and the foundation (simply,
adfreezing force)., It occurs only when
shear deformation appears between the
foundation and the soil. Thus, it is a
sort of index for shear strength.

Long-term compressive and tensile
pile tests were conducted in the laboratory
and outside with controlled loading, the
stable deformation standard was found to
be 0.01-0.05 mm/hr for each load increment.

Practical experience indicates that
the adfreezing force 1is determined by
ground temperature 6, water content W,
time of active loading 1 and grain size
d, that is:

Tadf = f(8, w, ¢, 4, ...) (4)

The Influence 0of Ground Temperature

As shown in Figure 10 for each soil

type, the unfrozen water content Wunf

will decrease with an increase in negative
temperature 6 and the cementing ice content
will increase, especially in the region of
abrupt phase change (Hsu Hsieh-tzu, Tao
Chao-xiang and Fu Su-lan, 1975). Further-
more, following a continuous temperature
decrease, the strength of ice rises
correspondingly as illustrated in Figures
11 and 12. When 6 > -5 ~ -79C, the
following formula can be used (Wu Tzu-wang
and Wang Ya-ging, 1972; Chen Hsiao-pai,
1975; Chang Shang-gin, 1976):

T +clo|® (5)

adf = Tadf-o

— Adfreezing strength
when 6 = 90 (freezing

temperature) varying
with so0il property
and water content;

in which: Tadf-o
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Grain Size Distribution
T
W WL I 10 5 2 0.5 0.25/ 0.05(0.01 |0.005
soil P Pi>10] | | [ | | | < 0.001
Type % % % mm 5 2 0.5 0.25| 0.03] 0.,01{0.005|0.001
Clayey
Loam 17.8t25,7, 7.9 36.201 6,69 6.77146.527120.62}1.72 |7.35 6.70
Loam 13.9/18.9} 5.0 11.84121.80 7.57144.91] 3.36(1.11 |[6.17 3.34
Gravel 34,67 ) 8.76| 7.89|48.68
Coarse
Sand
Table 2 Water Content at Liquid and Plastic Limits and
Grain Size Distribution for Various Soil Samples
Moisture 2
Content Pressure (kg/cm”)
Backfilled before
Soil Freezing |=7—
% 0-0.2m 0.2-0.4 0.4-0.6 0.6-0.8 0.8-~1.0
Clayey
Loam 15.7 0.09 0.30 0.39 1.10 1.42
Table 3 Actual Measured Value of Lateral Pressure on

a Retaining Wall Model

C - coefficient varying with
soil property and water
content;

8 - negative temperature;
o = coefficient less than 1.

In practice (when 6 > -3 ~ -4°C), we can
state approximately o 1, that is:

+ clel (5")

t Tadf-o

adf ~
When the temperature of loamy clay is
below ~7 ~ -9°9C, where the ice-water phase
has reached the state of slow change, the
adfreeze force will enlarge very little
with an increase in negative temperature.

Influence in Moisture Content

Adfreeze strength between the soil and

a foundation can occur only when ice forms

(1977)

in the pores. Therefore, when the
moisture content is below the unfrozen
water content, there is no adfreeze force
- i.e. the s0il ]s in the state of being
"dry frozen".

Figure 13 illustrates changes in
adfreeze strength at certain negative
temperatures when moisture content
increases. (Wu Tzu-wang and Wang Yu-ging,
1972; Chen Hsiao-pai, 1975; Chang Shang-
gin, 1976). When the moisture content
exceeds the unfrozen water content, the
ice content cement in the soil particles
and foundation materials also increases.
The adfreeze force correspondingly
increases until all the voids are
saturated with ice. When the moisture
content reaches Wc the soil particles

have not been significantly separated
from each other and the adfreeze force
reaches its ultimate value. Within this
range, the adfreeze force increases with
ice content and displays a linear trend,
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that is:

(6)

T =T
Q

adf + K(W—Wu

nf)

in which: 1_ - frictional resistance when
o -
W s Wunf'
K - coefficient relating to

negative temperature and
soil property.

When W > Wc' the interfacing action

between soil grains, ice and the foundation
material gradually is displaced by an ice-
foundation interface. As the moisture
content continues to increase, the
corresponding adfreeze force slowly
attenuates and tends to become the

adfreeze strength between the ice and the
foundation material.

Effect of Relaxation

It is known, that ice under long-term
load has a strong relaxation character,
which determines that the adfreeze strength
unquestionably becomes a function of load
time.

Figure 14 shows the adfreeze strength
between concrete and frozen sandy soil at
-4.0 ~ -4.2°C. With a surface unit load
on the test pile of 2.85 kg/cm?, failure
did not occur up to 75 hours (Wu Tzu-wang
and Wang Yan-quin, 1972). Laboratory
experiments show that long-term adfreeze
strength is about 1/3 of the transient
value. The results of many field
experiments agree with the above result;
the long-term value is about 0.3-0.4 that
of the short-term value (reaches ultimate
value in 3-8 minutes) (Chang Qin-sheng and
Chang Shang-gin, 1977).

Effect of Ice Segregation

Other factors influencing the adfreeze
force are the mechanical and mineral
composition of the soil, so0il salinity,
properties of foundation materials, surface
roughness, etc. It is necessary to indicate
the ice segration effect around a
foundation surface. Experiments prove that
the moisture content near the soil above
the foundation surface is different from
that surrounding it, because the foundation
material (concrete, steel) has a higher
thermal conductivity than the soil. There-
fore, when the soil around the foundation
freezes back, horizontal heat flow occurs.
Moisture accumulates and ice segregation
occurs on the foundation surface which is
at the frost front. From field observations
there is an ice f£ilm of 2-12 mm which usually
forms on the concrete foundation surface.

Its thickness varys with moisture and
freezeback conditions. Experiments show
that when the thickness of the ice film
exceeds 5 mm, the adfreeze strength between
clayey soil and concrete decreases more
than 30% over that of invisible ice films
(Chang Qin-sheng and Chang Shang-gin, 1977).
Therefore, the method of construction,
backfill material and external freezing
environment all influence greatly the
adfreeze strength seriously.

Usually, the adfreeze strength of
untreated metal foundations is expected
to drop 30% more than that of concrete,
but field data prove that this is not so
(Chang Qin-sheng and Chang Shang-qgin, 1977).
Because of the good thermal conductivity
of metal (especially pipe piles), the soil
around a foundation surface freezes
quickly and the moisture cannot migrate
sufficiently., Thus, the effect of ice
segregation is relatively weak and its
adfreeze strength is slightly higher than
that of concrete.

MEASUREMENT OF BEARING CAPACITY FOR
FROZEN GROUND USING IN SITU METHOD

Method of Measurement

Up to now, various countries use
different ways to measure the bearing
capacity of frozen ground. Our experiment
shows that the so called "in situ" method
shown in Figure 15 gives the best result
(Wu Tzu-wang, Ma Shi-min and Liu Yang-chi,
1977) . The loading plate is buried in
the frozen soil layer after which the top
surface of the plate and the connecting
rod are coated with grease. After the
moisture and temperature revert to their
natural state, the test is carried out.
The stable deformation standard for each
load increment is < 0.02 mm/hr. This method
has the following favourable features:

1. It is similar to the actual foundation
in situ method;

2. As the surface layer is almost
thermally insulated under field
conditions, it results in the ground
temperature of the bearing layer being
relatively stable. In 40 days the
amplitude is 0.2°C;

3. It protects the surface of the soil
samples from sublimation or other
disturbances.

Theoretically and practically, both
prove that the proportional limiting
strength Py obtained by the "in situ"

method is almost equal to that obtained
with the regular open method of bearing
surface test. Moreover, it does not

relate to the area of the bearing plate,



and the ultimate strength Pj in the "in
situ" method is obviously higher than in
the open method.

P-5 Curve

In the "in situ" static load test, in
frozen bouldery soil, frozen fine sand,
frozen clayey soil or soil ice and pure ice
layers, the relative curve (P-5) of the
load strength P and deformation S can
obviously be divided into three stages
(W Tzu-wang, Ma Shi-min and Liu Yung-chi,
1977). Figure 16 shows the P-8 curve
characteristic for ground ice containing
80il layers. Figure 1 represents the
linear deformation stage, in which elastic
and irreversible deformation are the
principal ones. However, the total
deformation is not great. The soil (ice)
is steadily compressed and the deformation
ends with the greatest linear proportional
limit of PA'

When the lcad P = PA’ it enters the
second stage. At this time, a plastic zone
develops at the edge of the plate and
continues to grow. Although the deformation
under each load increment is great, it is
still part of the attenuating stage. In
view of the rheological property of ice,
this process in frozen soil containing much

ice is especially obvious.

After P » Pj, it enters into the
third stage. The plastic zone penetrates
under the load plate. If the load continues
to increase, plastic flow occurs in the soil
and the deformation is unattenuating.

Experiments show that the ultimate
load Pj is about 1.7-2.3 times the propor-
tional limit loading.

Relation of P

a to Soil Temperature

Like the other strength indexes of
frozen soil, soil temperature is one of the
most important factors. A number of field
and laboratory experiments prove that when
the soil temperature is below freezing,
ice crystals occur; the cementing by the
ice crystals causes the bearing capacity
of frozen soil to increase and it rises as
the negative temperature increases. As
the temperature is higher than -3°9C (this
temperature range is usually found in
practice), the relation between the
proportional limiting load P and the

negative temperature is linear as shown in
Figure 17 (Wu Tzu-wang, Ma Shi-min, Xia
Chin-ru and Liu Yang-chi, 1977). It can
be expressed by the following formula:
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P

in which: 20

- proportional limiting

load when 6 60

freezing temperature;

coefficient relating to
s0il property and
moisture content;

negative temperature.

Relation Between PA and Moisture Content

When the moisture content exceeds the
unfrozen water content (and Wunf = f (8)),

the bearing capacity will increase with
moisture content as shown in Figure 18

(Wu Tzu-wang, Ma Shi~min and Lui Yung-
chi, 1977). The cause is quite clear

when the soil pores are almost filled with
ice. The bearing capacity reaches its
highest value. If the moisture content
increases, the soil particles enter into

a suspended state, and the properties of
the frozen soil approach that of ice.

Thus, PA will tend toward PAi'

Rheological Effect

Under load ice flows due to a drop
in the freezing point which produces
plastic flow imparting a rheological
character to frozen soil.

Figure 19 shows the relation of soil
with an ice layer of stable plastic
velocity v ds/dt under the condition of
a constant temperature in the laboratory
and an external load P (Wu Tzu-wang, et
al, 1977). Following an increase in
external load, the stable plastic flow
velocity increase in the form of a
parabolic curve, this is:

vV = ap2 + bp (8)
when 6 = -1.0%
V = 0.0059p° + 0.006p (8')

Figure 20 shows creep lines in clayey
loam (Wp = 15.7%) under loads of 3, 5 and
8 kg/cm“ respectively in with © 1.0°cC
(£ 0.1°9C) and W 29%, (Wu Tzu-wang et al,
1977). Obviously the greater the load,
the more the deformation and the time
required to stabilize the deformation will
be much longer. If it iz expressed in
logarithmic coordinates as shown in
Figure 21, its deformation before stabiliz-
ation can be expressed by the following
formula: (Wu Tzu-wang et al 1977).



lg 8§ = 1g 8+ C lgt (9
. - ¢ 9")
l.e. 5 = Sot
in which: S - total amount of deforma-
tion;
SO - instantaneous deformation
under the effect of lecad;
C =~ coefficient relating to
loading rate and soil
property;
t =~ loading time.

Evidently, with different loading
rates, the time required to stabilize the
deformation tS inevitably differs. Figure

22 illustrates the time tS needed for

stabilizing deformation for the samples
mentioned above under P 5, 8, 9.5 and
11 kg/cm* respectively (Wu Tzu-wang et al,
1977). Thus, within the range of
experimental loading, it can be expressed
by the following formula:

1lg by = K (l1g P - 1g PO) (10}
in which: ts « time for stabilizing
deformation under P;
K - coefficient relating to

soil temperature and
moisture content.

when p ~ Po' deformation of the soil is

extremely small and the time needed to
stabilize it is almost equal to zero.

.

CHARACTERISTIC INDICES OF THAW
CONSOLIDATION OF FROZEN SOIL

It is well known that the thaw
consolidation of frozen soil differs
obviously from that of ordinary scil. The
variation in void ratio of frozen ground
are shown in Figqure 23. When the pressure
is low, the frozen soil thaws and after-
wards under load, it consolidates and the
variation in the void ratio Ae during
thawing is:

Ae Aeo + Aap (11)

- variation in void ratio
when frozen soil thaws:

in which: Aeo
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Ae - variation in void ratio
P under load P after the
frozen soil thaws.
Ae = + tgR
p P g
if allow: A = Aeo
a = tgB
then Ae = A+ a p (12)

and amount of settlement when frozen soil
thaws is:

_ Ae A aP
SR s L (13)
in which: H - thaw depth of frozen soil
layer;
e, - void ratio bhefore frozen
soil thaws;
let: A = ——— - practical thaw
© 1+e, settlement
coefficient;
o .
ao T+ e " practical compres-
' sion coefficient.
then: S = P (14)

HA + H o
(o] o]

It should be indicated that P in the
formula is the additional stress of frozen
soil after thawing, including the dead
weight and external load pressure of the
s0il above (Chen Hsiao-pai and Tong Shang-~
chiang, 1977; Chu Yan~lin, 1977).

A
o

indices in the thaw consolidation process
of frozen soil. Here we will generalize
and discuss them based on the large amount
of experimental data from undisturbed

s0il samples.

and a, are the characteristic

Test Samples

Soil samples were taken from depths
of 3.5 to 4 m, they include seasonally
frozen and undisturbed permafrost soil
samples. The latter contained some ice
with soil layers. The soil samples were
divided into: clean sandy gravel, gravel
containing fines, fine sand, clayey loam
and silty clay, heavy clay, etc. The
representative grain size analysis curves
are shown in Figure 24 (Chu Yan-lin, 1977).
This work included both in situ testing
and sampling.
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In the testing, the area of the loading
plates were 25 x 25 and 50 x 50 cm?; the
samples had a diameter of 7.5 cm and 4 cm
in height. One dimensional thawing was
maintained in the testing. The stable
deformation standard chosen in the in situ
testing, for all types of soil, did not
exceed the following value within 2 hours:
coarse-grain soil - 0.02 cm, fine-grain
50il--0.05 cm, ice layer containing soil -~
0.10 cm; in the small scale test, there
was fine-grain soil with 0.05 mm, ice
layers and 0,10 mm soil layers respectively
(Chu Yan-lin, 1977).

Practical Thaw Settlement Coefficient AO

AO is the relative settlement caused

by the volumetric shrinkage when ice
becomes water which is drained out during
the thaw of frozen so0il., Therefore, it
relates closely with its moisture content
and dry density (degree of saturation of
soil voids).

1. Water content W.

Figure 25 shows the relation
between A, and W for several types of soil.

On the whole, the lines can be divided
into straight line sections and curve
sections. In the straight line portion,
it can be indicated by:

Al = K(W-WO) (15)
in which: K - coefficient relating to

soil property;

W - moisture content of frozen
soil;

Wo - moisture content when
AO + 0 with clayey soil
W, =5+ Wp (16)

with coarse-grain soil,
WO = 9-12%.

(Chen Hsiao~pai, 1972; Wu Tzu-wang, Chang
Chia-yi, Wang Ya-gqing and Shen Chong-ven,
1972; Chang Shang-gin, 1976; Chu Yan-lin,
1977).

In the curved portion section, it
can be indicated by:

Ayt =K' /W= Wo ¥ AL 7

in which: XK' - coefficient relating to
s0il property;

WC - moisture content at the
boundary of the straight
line and curved section;

A - coefficient of thaw

oe settlement when W = Wc

{Chu Yan-1in, 1977)

For the relationship of A, for ground

ice (ice layer containing soil) and W see
Figure 26, the curved line AO = 100% is

taken as the asymptote.

2. Dry density. In fact, to a
certain extent, there exists a close
relation between moisture content and dry
density. Thus, there is also a correlation
between AO and vd as shown in Figure 27;

let: vydc - dry density corresponding
to W_,
C

when vd » vde, A_ ~ yd curve can be

o
expressed by the following eguation
(Chu Yan-lin, 1977):

(15)

A = g Ydo - yd (18)

fo} vd

in which: K - coefficient relating to
501l property;

vd - natural dry density of
frozen soil;

ydo =~ initial thaw settlement
dry density, i.e. when
vyd = ydo, Ao =0,

when +vyd < vydc, it can be shown approx-
imately by linear equation (Chu Yan-1lin,
1977) :

AO = K (ydc - vyd) + Aoc (19)

Practical Compression Coefficient o

After the frozen soil thaws, under
an external load, consclidation inevitably
occurs. The practical compression
coefficient oy then becomes the character=-

istic index of that process. Like common
thawed soil, % is determined by the state

of consolidation of the soil which is the
dry density.

Figure 28 shows that under the effect
of P = 0-2 kg/cm~, uo varies with vya,
after thawing of several types of frozen



soil. Let: vd z vydo, Xo + 0. Thus, when

1.4 g/cm3 < yd < vydo, e, almost follows

the decrease of yd and shows a linear
increase (Chen Hsiao-pai, 1972; Wu Tzu-
wang, Chang Chia-yi, Wang Ya-ging and
Shen Chong-yen, 1972; Chu Yan=-lin, 1977).

that is: a, = K (ydo - yd) (20)

- coefficient relating to
soil property and external
load;

in which: K

vydo = dry density when X, 7 0;

yd - dry density.

When vyd < 1.4 g/cm3, the curve changes
slowly and becomes irregular. The main
reason is that, as the soil is super-
saturated, the particles are in a state of
suspension. When thawed, under the effect
of the low stress of their dead weight,
the suspended grains tend to come into
contact, simultaneously. In view of the
differentiation of the structure of frozen
s0il, the thaw settlement surely has a
certain difference and all of these
necessarily exert a strong influence on
the compression coefficient.

Furthermore, the sod which grows in
permafrost region, possesses great
absorptivity and thermal insulative pro-
perties, In design and construction, the
subgrade should be maintained in the
frozen state. The sod must not only be
kept in its original condition, but it
should be covered. Therefore we also have
to ascertain its thawed compressive
behaviour.

Experiments show that the sod is
spongy when thawed. The volumetric change
of the frozen so0il is not large, but under
load (even if small), it shows very dJgreat
compressiveness. Figure 29, illustrates
the relation between the compressive
coefficient and dry density (Chu Yan-lin,
1977).

CONCLUSION AND DISCUSSION

1. Frost heaving appears in soil
only when the moisture content exceeds the
initial requirements. The main zone of
heaving is in the season:lly frozen layer.
When sand and gravel are used to replace
frost susceptible soil, heaving can only
be achieved when there is a relatively
permeable layer at the base.

2, The mean tangential frost heave
force is distributed in the active layer
similar to the frost heave zone. Tests

show that the water-ice phase of frozen
s0il is in a state of dynamic balance.

3. In a closed system the tangential
frost heave force increases with water
moisture content, and gradually decreases
when it reaches the ultimate value.

4, Frost heave pressure normal to a
foundation base decreases with depth in
the active layer. In the region of
seasonally frozen soil, it attenuates
rapidly. It still possesses a much larger
value near the permafrost table,

5. The frost heave pressure normal
to the surface rapidly decreases with an
incredse of bearing area and can be
expressed by:

o, = C+ +

i_l
|

b_
2

6. Adfreeze strength varies with
negative temperature, and has Tadf =

T + ale|®, when 6 > -3 ~ -40C, it is:

adf
o

Taag = C F al6|

7. Adfreeze strength is related to
moisture content and beyond the ultimate
value, it gradually tends toward the
adfreeze force of ice.

8. Since differences exist in
foundation materials, conditions of
burial and surrounding conditions, the
state of ice segregation at the side of a
foundation differs greatly, directly
influencing the adfreeze strength.

9. The determination of the bearing
capacity of frozen soil using the in situ
method is similar to that using the buried
method. The soil temperature is stable
and sublimation and other disturbances
are prevented. The "P-8" curve thus
obtained corresponds with that of ordinary
thawed soil.

10. Within the usual temperature
range, the proportional limiting load

P, appears to have a linear relation with
negative temperature, P, = P, + clej.
The relation of PA to moisture content is

similar to the adfreeze force.

11, Within the range of our experi-
ments, the stable plastic yield velocity
vV of ige under load has a relation of
V = aP? + bP.



12. The relation between frozen soil
during compression before stable deforma-
tion and time can be indicated by lgS

lgSo + C lg t, and the stable deformation

t
3

time ts has a relation of 1
K(1 p-1 P ) with a load P.
(1gp-1gF,

13. The practical thaw settlement
coefficient AO has a close relation to

moisture water content. The straight
section of the curve is the range often
used which can be expressed by the linear
equation AO K (W—WO); the curved section

can be indicated by:

A
)

''=K' YW-W_ + A
[ Q

[

14, AO has a close relation to dry
K (ydo -

vd) /yd; when vyd < yde¢ it can be expressed
approximately by the linear eguation Aé

K(ydo = yd) + Aoc'

density vyd, when yd 3 ydo, Ao

15. The practical compression
coefficient oy has a close relation to dry

density, when 1,4 g/cm3 < yd < ydo. The
linear equation oy = K(ydo-yd) can be used

to express it. After yd < 1.4 g/cm3 the
curve changes slowly and there is no rule
to which it can be referred.
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Figure Captionsg

Figure 1, The distribution of frost
heave rate through the
active layer.

Figure 2. Schematic diagram of different
frost heave forces.

Figure 3. Lines of developing tangential

frost heave force with time.



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10.

11.

12,

13.

14.

15.

16.

17.

18.

l9.

20.

21.

22.

171

State of frost heave force
partially recovered after
unloading.

Variation of mean tangential
frost heave force through the
frozen depth.

Relationship between tangential
frost heave force and water
content in a closed system.

Variation with depth of frost
heave pressure normal to
surface.

Variations of frost heave
pressure normal to surface with
the bearing area.

Relation of
to moisture
model test.

frost heave pressure
content in a soil

Unfrozen water content in
relation to change in negative
temperature.

Transient adfreezing strength
of sandy solil in relation to
negative temperature.

Adfreezing strength of loamy
clay in relation to negative
temperature.

Adfreeze strength in relation
to moisture content.

Adfreeze strength between
frozen sandy =o0il and concrete.

Sketch of loading test using
in situ method.

P~S curve of ground ice
containing soil.

Relations of proportional

limiting load P, to soil
A

temperature.

The relation of PA and W in

loamy clay.

Relation between plastic flow
velocity of ice layer contain-
ing soil and external load.

Creep lines in loamy clay.

Deformation lines in loamy
clay before stabilization.

Relations between the
stabilizing time ts of

deformation and load p.

Figure

Figure
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Figure

23.

24.

25.

26.

27.

28.

29.

Variations in void ratio during
thaw consolidation of frozen
soil.

Main grain size distribution of
test soils.
Curves relating AO and W for

several types of frozen soil.

Curve relating A, and W for ice

layer containing soil.

curves for relation between AO
and yd for several types of
frozen soil.

Curves relating oy and yd

after thawing for several types
of frozen soil.
Relation between oy and yd for
sod.
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Relative mean tangential
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TESTING OF PILE FOUNDATIONS IN PERMAFROST AREAS

Research Group on Pile Foundations in Permafrost, Research Institute of Ministry
of Railways, The People's Republic of China.

ABSTRACT

This report presents the natural
geographical and geological conditions of
two permafrost pile test sites, one located
in the Kukusili Mountains and the other
near the Chumar River on the Chinghai-Tibet
Plateau. The freezeback of the pile, the
hardening of concrete at low temperature,
durability and resistance to freezing and
thawing of the cast-in-place reinforced
concrete pile foundations, and results of
static load tests are also described.

In comparison with other types of
foundations in permafrost areas, piles
have some advantages. Pille foundations
have therefore been adopted recently in
bridge and building construction in perma-
frost areas of China. The main types used
here are drilled driven piles, drilled
placement piles and drilled cast-in-place
piles. All of them are of reinforced
concrete. In order to develop design and
construction criteria for the above-
mentioned foundations, in addition to
supporting laboratory experiments, two
pile test sites, one in the Kukusili
Mountains (Test Site K) and the other at
the Chumar River (Test Site CH), were
established for research purposes.

Test Sites K and CH are both located
in continuous permafrost on the Chinghai-
Tibet Plateau at altitudes of 4618 m and
4470 m with mean annual air temperatures
of -5,7°C and -6.2°C respectively. The
ground temperature at the depth of zero
amplitude in both sites is -1.5°9C at a
depth of 10 m and -1.0°C at a depth of 8 m.
The thickness of the seasonally thawed
layer is 1.5 =~ 2.0 m and 2.0 - 2,5 m.
former site has dense soil with low ice
content and well developed suprapermafrost
water, while the latter has stratified
soil with volumetric ice content of 40% to
70%.

The

The geological columns and curves of
ground temperature are shown in Figure 1.

The plan and technical aspects of the
test piles at the two sites are shown in
Figure 2 and Table 1.

The main test results are as follows:

FREEZEBACK

The thermal equilibrium of the perma-
frost around the piles was disturbed due
to installation, and the ground near the
piles may even be thawed. After a period
of some heat exchange, the thawed ground
becomes refrozen so that a new state of
thermal equilibrium is established. The
time taken for freezeback depends on the
amount of heat (heat due to drilling,
heat from the drilling slurry, backfill
material and concrete mixture, and heat
of cement hydration) and the ground
thermal regime around the piles.

As observed at the two test sites,
the time of freezeback for drilled driven
piles and drilled placement piles is
quite short, and it is even not very long
for cast-in-place piles.

Drilled Driven Piles

Because only a small amount of heat
was introduced due to construction, the
rise in ground temperature around the
drilled driven piles was rather small.
Freezeback was completed mainly in 7 to
11 days after placement (Figure 3). This
demonstrates that natural freezeback may
be used for drilled driven piles in these
test areas.

Drilled Placement Piles

Because a comparatively large amount
of heat was introduced in the backfill
material around the piles, the time of
freezeback required was 3 to 4 days
longer than that for the drilled driven
piles, i.e. 10 to 15 days were needed for
the completion of freezeback after place-
ment (Figure 4). This means that natural
freezeback can also be used in drilled
placement pile construction for the test
sites.
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Bored Method of Place-
Hole Pile ment
Site Type Diameter Diameter Place- Depth Quantity
(m) (mm) ment (m) {(pcs)
RC Drilled
Tubular 400 350 driven 6.0 3
K
RC Drilled
Tubular 300 350 placement 6.5 3
RC Drilled
Tubular 550 500 driven 7.5 3
CH
RC Drilled
Tubular 550 650 placement 8.1 3
Drilled
RC cast-in
Circular 650 650 place 8.0 3
Table 1 Technical Characteristics of Test Piles

Drilled Cast-in-place Piles

For cast-in-place piles, due to the
rather high temperature (10°C ~ 20°C) of
the concrete mix and in addition, the
cement hydration heat involved, there was
a substantial rise of temperature around
the piles. Hence the freezeback lasted
approximately 30 days (Figure 5). A low
temperature (around 0°C)moisture will
greatly reduce the volumetric heat content
of the concrete and will also delay the
hydration action of the cement. Thus,
some reduction in thermal disturbance to
the frozen soil around the pile will occur
which leads to a shortening of the freeze-
back time.

Drilled Cast-in-place Concrete Piles

Drilled cast-in-place piles have the
advantages of a large diameter and high
bearing capacity. They are also suitable
for various lithological conditions and
for areas of active groundwater. There-
fore, they are a superior type of
foundation for structures carrying heavy
loads. However, efforts must be made to

minimize the thermal effect of the concrete,

to accelerate its hardening at low temper-
atures and to improve its durability and
resistance to freezing and thawing. For
these purposes a series of tests was
carried out both in the laboratory and at
the site for which good results were
achieved.

Efforts were made to modify and
improve the technical properties of the
concrete used for drilled cast-in-place
piles, mainly through the use of chemical
additives,

Three different preparations of
additives were used in the tests:

(1) Air-entraining agent (AEA - alkyl
sulfonate) + accelerating agent (AA -
sodium chloride and sulphate);

(2) Water-reducing agent (WRA -
naphthol sulfonate or naphthol sulfonic
acid-formaldehyde dehydration product)

+ AA;

(3) WRA + AA + freezing resistance

agent (FRA - nitrate).

The test materials were ordinary
cement and early-strength cement, river
sand, crushed stone and pebbles. The
water-cement ratio was 0.30 - 0.60. The
test specimen were cured at temperatures
of 20°C, 09, -3°c, -5°C and -10°C during
hardening. Various tests for determining
the physical mechanical properties and
resistance to freezing and thawing were
undertaken. Field tests included embed-
ding thermocouples and thermistors in the
pile to test the thermal effect of the
concrete. Results proved that the
specimen made of low water-cement ratio
concrete and blended with chemical
additives showed excellent workability.
Compared to specimens without additives,
the rate of hardening under low (or
negative) temperature and the capability
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of resisting freezing and thawing showed
. The strength values
obtained from specimens cured in cryogenic

appreciable increases

containers (cold chambers) coincided

approximately with those obtained in out-

doors testpits in the frozen ground.

All

the values obtained were up to or above

The values for counter-
measures freezing and thawing were also up
to or over M-200 and met the designed
During the first few
days up to a dozen or more after placing of
the concrete, the temperatures inside the
concrete piles were above zero and then
lowered gradually until a state of equil-
the temperature of
attained. Generally
during a 2-3 week

the initial temp-
mix was favourable

to promoting thermal equilibrium between

the designed value.

durability criteria.

ibrium in relation to
the frozen ground was
this turned out to be
period. Keeping down
ature of the concrete

the piles and the surrounding frozen

ground and the refreezing period of the
S50, when casting the
piles a temperature of approximately 0°C
should be maintained in the concrete mix.

latter was reduced.

The key to successful results with
cast~in-place piles lies in the concrete
materials used and the procedure followed
in their installation. Adding chemical
admixtures into the concrete mix is a

promising method.

Static Loading Tests

Vertical and lateral static loading
tests were both carried out at Test Sites
Testing instruments

K and CH (Figure 6).
and loading equipment

are shown in

Figure 7. Internal forces at different
sections and reaction forces at the lower
end of each pile were measured by resis-
tance strain gauges and pressure Sensors.
Settlement and displacement were measured

by micrometers.

Loading proceeded in several stages.
For the vertical loading test, the load
applied at the first stage accounted for
50% of the design value. In subseguent
stages the load was applied in increments
of 10% of the design load. Each load
increment was applied when the previous
loading reached a state of stability.
The criterion of stability is: pile
settlement less than 0.5 mm in 24 hours
and observed for 3 consecutive days.
Should the loading at any stage not reach
stability within 10 days, the test should
be stopped. For the lateral loading test,
loads were applied in equal increments.
A displacement of less than 0.02 mm per
hour was taken as the criterion of
stability. In case stability cannot be
achieved during a certain loading stage
which is =ustained for 24 hours the test
should be stopped.

The following points have emerged
through the testing:

1. Under a vertical load in the
permafrost a pile foundation will form an
equilibrium force system consisting of
the friction of the thawed soil, adfreez-
ing bond of the permafrost, reaction force
at the lower end of the piles and the
external load. The magnitude and composi-
tion of the first three vary with the
external load and the rate of loading.
When the load is small, there will be no
reaction force at the lower end of the
pile. It appears apparently only when
settlement occurs at a certain load
causing relaxation of the adfreezing force
in the upper part down to a certain depth.
If the loading time is prolonged and the
load increased, the relaxation phenomenon
will develop continuously. Correspond-
ently, the reaction force at the lower end
will gradually increase at the same time,
and reach up to 9% of the total reaction

Reaction Force at
Vertical Load Lower End
Percentage
Load Sustained Settlement of Ultimate
Applied Application of Pile-Top Magnitude Loading
(t) (24 hrs) (mm) (£) Capacity
15 1 0.09 0.036 0.24
30 1 0.46 1.450 4.83
38 5 4.14 2.156 5.65
45% 9 15,08 4,168 9,26
* Ultimate load

Table 2

Relationship between Reaction Force at Lower End
of Drilled Placement Pile and Vertical Load at

Test Site K
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Ultimate Ad- Type of .
' Drilled
FIEEZlngtrength Test Drilled Drilled Cast~in-
2 Placement Driven place
Mean (£/m”) Pil pil pil
Temperature of € 1ie ile
Frozen Ground around Piles
(co)
-1.0 6.0 8.7 ———
-0.5 4.1 8.2 12.2

Table 3 Ultimate adfree

force with ultimate loading (Figure 2}.
The results mentioned above indicate that
there exists a problem of the optimum
length of the piles for economic purposes
in designing pile foundation. Further
studies are required to determine the
length.

2. The adfreezing force varies greatly
with the type of pile foundation and con-
struction method. The adfreezing force of
a drilled placement pile is at a maximum
while that of the drilled driven pile is
at a minimum (Figure 3). But bored place-
ment pile is convenient for construction.
Its bearing capacity can also be greatly
increased when applying special surface
feature.

3. In making calculations for a pile
foundation under horizontal load, the
following equation can be applied to
choose the foundation modulus along the
pile length suitable for permafrost,

where K - foundation modulus

m - coefficient of foundation
modulus varying with the
depth

Z - length of pile beneath
ground surface

n - power varies with litho-
logical character

The bending moment of the pile can
be tested and compared with the actual
measured moment. The distribution of
four foundation moduli along the depth in
Figure 8 can be used for calculation.
Results show that the maximum bending
moment and maximum bending position
calculated by means of (d) are near the
actual measured value (Figure 9).

4. In permafrost areas, the founda-
tion soil around the piles consists of
thawed so0il near the top, plastic high
creep frozen soil in the middle and low
creep frozen soil at the bottom. The

zing strength around piles

reaction force coefficient at the top is
very small, bigger at the bottom, and
intermediate in the middle. The distri-
bution of the foundation modulus is a
concave parabola above the first elastic
zero point. It is near the actual con-
dition., The first elastic zero point is
located below the freeze-thaw interface
of the soil. The distance between the.
first elastic zero point and the freeze-
thaw interface is related to the pile
diameter and the characteristics of the
permafrost.

5. It is unrealistic to use only the
fixed displacement to work out the para-
meter m of the above formula. Two
ultimate conditions should be considered,
such as the splitting of the pile and the
restraint effect of the foundation on the
piles, and the smaller value taken. The
value m obtained by this method and the
foundation modulus K of the test pile
obtained from (d) in Figure 8 are as
follows:

(1) When mean ground temperatur§

tl = -0.5°C, Kl = 130 kg/cm
(2) When mean ground temperature t,
t, = -1.0°C, K, = 200 kg/cm3

In practice, K should be deducted
according to the loading characteristics,
etc.

CONCLUSIONS

(1) The freezeback of soil around a
pile foundation in permafrost areas
depends not only on the ground temper-
ature, but also on the type of pile
foundation, method and season of con-
struction, as well as heat introduced by
backfilled material, etc. In the perma-
frost areas of the Chinghai-Tibet Plateau
with mean annual ground temperature lower
than -1.0°C, drilled driven piles, drilled
placement piles and even cast-in-place
piles can have rapid natural freezeback.
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In construction with cast-in-place piles,
the concrete mix should be near 0°9C in
order to reduce the natural freezeback
process. *

(2) Concrete with a low water-cement
ratio can reach Mark 300 by applying
chemical additives. Its index of resis-
tance to freezing and thawing can reach or
surpass M-200. It meets the design require-
ments and creates the possibility of a wide
application of cast-in-place piles in
permafrost areas.
(3) For pile foundations in perma- Figure 6.
frost, when settlement caused by a certain
vertical load makes the relaxation of the
adfreezing force at the top develop to a
certain depth, a reaction force appears at
the lower end. If the loading time is
prolonged or the load increased, the
relaxation phenomenon will develop con-
tinuously. Correspondently, the reaction
force at the lower end will increase
gradually at the same time. All these
show that there exists a problem of
economic pile length in designing pile
foundations in permafrost. Further
studies are needed to determine the
length.

Figure 7.

Figure 8.

(4) For piles under a horizontal load
in permafrost, although calculations common
in soil mechanics do not entirely conform
with reality, the foundation modulus can
be determined through field experiments
and can be used as a simplified calculating
mathod for engineering design. The distri-
bution of the foundation modulus is a
concave parabola above the first elastic
zero point of the pile and a rectangle
below it. It conforms fairly well with
the actual conditions. The first elastic
zero point is located below the freeze-thaw
interface and the distance between these
two is related to the pile diameter and
the characteristics of the frozen soil.

Figure 9.

Figure 1. Geological column and ground
temperature curves at the Test
Site.

Figure 2. Lay out of Test Site CH.

Figure 3. Ground temperature curve during
freezeback. (Prepared for
driven pile No. 1 at Test Site
CH)

Figure 4. Ground temperature curve during
freezeback. (Prepared for
placement pile No. 2 at Test
Site CH)

Figure 5. Freezeback curve of No. 1
drilled cast-in-place pile at
Test Site CH.

Notes:

1. Data taken
20 hours before cast-in-place
16 hours after cast-in-place

3 days ditto
7 days ditto
11 days ditto
52 days ditto
98 days ditto

2. Date of cast-in-place: 17
hours, July 20, 1976.

View of Test Site CH.

Installation of static load
test.

Distribution of foundation
modulus along pile length

Notes:

(a) n=0 K=K

(b) n=0.5 K=mz’:°
(¢) n=1 K=m%

(d) Above the first point of
zero displacement, n>1l

Below ditto , n=0

Comparison between measured
and computed bending moments.
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