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The work was funded under DA Project 4A062112A894, Engineering in Cold
Environments, Task 24, Cold Regions Pavement Systems for lettary
Installations, Work Unit 001, Pavements for Military Use in Cold Regions;
and DA Project 4A061102B52E, Military Engmeemng Aspects of Terrestrial
Scetences, Task diuﬂfﬁgzﬁeermng Deszgn Criteria, Work Unit 001, Expedient
Army Roads, Airfields and Heliports in Cold Regioms.

The author wishes to express special appreciation to his advisory
committee at the University of Alaska (Professor G.R. Knight, Chairman;
Dr. F.L. Bennett; Dr. G.L. Guymon; and Dr. J.L. Morack) and to W.F. Quinn,
E.F. Clark and V. Daugherty of CRRFL.

The U.S. Army Corps of Engineers and CRREL sponsored an international
symposium on the use of insulating materials in runways and roadways at
the author's suggestion. Approximately 100 persons from state and
federal government agencies, consulting firms, and chemical manufacturing
companies participated in the meeting. Some information from the
symposium is used herein.

The contents of this paper are not to be used for advertising,
publication, or promotional purposes. Citation of trade names does not
constitute an official endorsement or approval of the use of such com-
mercial products.

AcchQ ""\l for /
NTIS Viite Section w
nnn B.f‘f Secticn O
ALY O
"y S
......... - !
|
B i
1
oy
111
— TR T
- » . it

S —




T

SUMMARY

The concept of embankment construction incorporating thermoinsulat~
ing media above perennially frozen soil has only recently been developed
and utilized in functional roadways and runways. Prior to this study,
only empirical design procedures had been formulated, and laboratory
tests developed for other applications of insulation were utilized. Lab-
oratory tests had not been critically analyzed and correlated with insula-
tion performance in an embankment environment. During research on this
subject, deficiencies and discrepancies were observed. Supplementary
tests made two major problems apparent, one relating to thermal design
methods and the other to laboratory testing methods. The purpose of
this study was to extract pertinent data from existing literature, vali-
date it by additional testing if necessary, and extend the state-of-the~-
art by additional testing and analysis of information. This report in-
corporates observations made during the study with pertinent applicable
information from the literature.

Information in Chapter I suggests that development of areas under-
lain by permafrost is imminent., Embankment construction for roads,
airfields, pipelines, and other facilities will be required. Transporta-
tion networks will be necessary to carry hydrocarbons and minerals to
existing markets. These networks will also permit a more adequate supply
system to villages which are now remote from existing land transportation
networks. Use of insulating materials in embankments over permafrost will
minimize requirements for granular material and, in many instances, can
diminish construction costs. The primary use of insulating layers will
be in areas of high-ice-content permafrost which would become unstable
and cause undesirable subsidence after thawing.

In Chapter II the primary methods of thermal analysis and design for
insulated embankments are presented. The author prepared, or assisted in
the preparation of, three computer programs which are used to analyze
existing embankments and to design new embankments in Chapter IV. These
three programs assume unidirectional heat flux through the embankment.
Others have used these programs, or similar ones, for design and analysis.
A more comprehensive two~dimensional heat and mass transfer model which
also considers consolidation and heaving is proposed.

In Chapter III laboratory and field studies conducted in the United
States, Canada, and several European countries are summarized. The most
widely used materials are petrochemical products which have been developed
in the last few years. This is a rapidly expanding, ever-changing category
of materials. Technological advances, formulation changes, and fabrica-
tion techniques influence the properties of these materials. The lab-
oratory tests conducted in this study provided data that are presented with
applicable research findings from the literature. The oldest insulated
embankment which has been continuously subjected to vehicular traffic is
less than ten years old; thus in-service, long-term durability has not
been proven. Reésults from different types of laboratory tests have been
used to estimate field performance of insulating materials. The effect
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of moisture intrusion into the insulating materials and resulting changes
in thermal and mechanical properties is the primary concern. None of the
laboratory tests suitably couples the thermal and moisture regime within
an embankment environment with dynamic loads imposed on it. A new appa-
ratus is proposed which will perform this function. It will provide quan-
titative design data rather than information which can only be used in

a qualitative manner to compare materials. Some insulating materials may
require a permanent moisture barrier around them, but field experience

is limited and barriers used with foamed-in-place polyurethane have

not performed adequately for application to permanent facilities. The
proposed device may also be used to evaluate various moisture barriers.

In Chapter IV the three computer programs developed for design and
analysis of insulated embankments are applied. The three-layer tech-
nique illustrates a design procedure for complete protection, i.e. sea-
sonal thaw does not penetrate the insulating layer. The modified
Berggren equation illustrates a design method allowing limited seasonal
thaw penetration beneath the insulating layer, and a finite differencing
technique illustrates the possible long-term behavior of an insulated
embankment on warm permafrost. This capability is a definite advantage
for numerical methods because the three-layer method and the modified
Berggren equation must be applied on a seasonal basis.

Chapter V reiterates conclusions and recommendations for further
advancing the state-of-the-art as presented in prior chapters. The
functional life of an insulating material within an embankment environ-
ment has not yet been established, but for extruded polystyrene it is
greater than ten years. The proposed laboratory apparatus will closely
simulate an embankment environment and will provide data for evaluating
the durability of various materials. The two-dimensional numerical
procedure considering simultaneous heat and mass flux and consolidation
or heave should be developed. This refinement of existing capabilities
will permit a more complete evaluation of alternate designs.
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CHAPTER I
INTRODUCTION f

The concept of embankment construction incorporating thermoinsulating ,
media above perennially frozen soil has only recently been developed and
utilized in functional roadways and runways. Prior to this study, only
empirical design procedures had been formulated and laboratory tests de-
veloped for other applications of insulation were utilized. Laboratory
tests had not been critically analyzed and correlaced with insulation per-
formance in an embankment environment.. In researching this subject, de-
ficiencies and discrepancies were observed. Supplementary tests made two
major problems apparent, one relates to thermal design methods and the
other concerns laboratory testing methods. The purpose of this study was
to extract pertinent data from existing literature, validate it by addi-
tional testing if necessary, and cxténd the state-of-the-art by additional
testing and analysis of information. In the body of the dissertation a
format incorporating observations made in this study with pertinent appli-

cable information from the literature is used.

PERMAFROST DISTRIBUTION

Black (1954) estimated that approximately 26% of the land surface
of the world is underlain by permafrost. This is an area of about 14.7
million square miles. Approximately 9 million square miles of this total

are in the Northern Hemisphere. He estimates that approximately 40-50%




of the land surface of Canada is underlain by permafrost, and about 80%
of Alaska contains permafrost. Tsytovich (1958) estimated that over 47%
of the USSR is underlain by permafrost.

Permafrost has been defined in several ways (Stearns, 1966). In this
report, permafrost is defined as material which has remained below 32° F
continuously for more than two years. A more complete definition of perma-
frost and other temms used in this report are in Appendix A.

Geographical distribution of permafrost is commonly divided into two
zones, continuous and discontinuous. If the permafrost is uninterrupted
in lateral and vertical extent, except under large bodies of water, it is
continuous permafrost. Widely scattered thawed areas may exist. When the
occurrence of unfrozen islands, layers, or strips becomes the rule rather
than the exception, permaf;ost is discontinuous. Thawed portions may occur
laterally or vertically to break the continuity of the permafrost. Figure
1, from Stearns(1966), shows the distribution of permafrost in the Northern
Hemisphere.

Development of the permafrost regions in North America has been
sporadic. Initial growth was due to development of gold deposits in the
late nineteenth and early twentieth centuries. Construction of the Distant
Early Warning System (DEW Line) was accomplished during the late 1950's.
Vast oil reserves were discovered near Prudhoe Bay, Alaska, in 1968. Sub-
sequently, oil and gas deposits have been found in the Canadian Archipelago
and the McKenzie River delta arca. Other regions in Canada and Alaska are
being explored for additionai .ydrocarbon deposits.

0il and gﬁs deposits ha - 11so been dfscovcrcd in northern Russia.

Exploration and development in these regions are continuing. Figure 2,
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Figure 2
Major hydrocarbon deposits and mines in the Far North, courtesy of the

Greenarctic Consortium (1973).
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courtesy of the Greenarctic Consortium, shows several hydrocarbon deposits

and potential mining sites in the Far North.

TRANSPORTATION FACILITIES

The existing transportation network, from the Arctic Institute of
North America (1969), is shown in Figure 3. Few roads and railroads exist
and primary transportation routes are via sea and river. Aircraft also
play an important role in Far North transportation. To transport oil and
gas, and other minerals, from the northern arcas to existing markets it
will be necessary to develop additional transportation facilities. Many
of the recently proposed roads, railroads, and pipelines for the North
American arctic and subarctic are shown in Figure 4. Some routes are alter-
nates; however, others have been studied by different groups, each recom-
mending slightly different alignment. Due to the scale of this map the
alignments are approximate.

0il and gas deposits in North America will be developed primarily for
economic and political reasons. Government and industry funding may be
used. Initially, the transportation routes will be established to serve
the o0il and gas resources. 3everal of these routes, however, will serve
as a base for secondary transportation routes to serve other mineral re-

sources in northern arcas.

EMBANKMENT DESIGN

Nearly all segments of roadways, airficlds, and railroads in perma-
frost areas will be constructed on embankments providing some thermal pro-

tection to the permafrost. Portions of pipelines will be constructed on




o 2 o w0 - o
7 -

\ 1
il i ¢ 'BHEMYA [ ememteeleA /-/ R /)
| 4 o o b - \ ,l
: DUTCH uanaosu‘o""“ ! [ 97 £ 8 o o
A;'? ; " wpgmomvqu [ ™
/ " , Iy e
b ; g } /‘ - K8 AOIVUSYOKM "‘
¢ ] r # -
has KODIAK é( "P‘“A e s oA /l/“'y,” e Lo : et R
\'\ & :J' PR o Hy R (e Y F "
' i e g AR MAGADAN * 2 : ( >
rn'QCE RUPERT o HOME @ Y% - et s 4 a
) { Vil 2 .. 3 . 4 >
Q ﬁKAGWAV. Algska fﬂ P "lﬂyy DE I#ﬁgvﬂ\ < *s Y’b) fr
i, ITEHOR o fAIRBAHKS s * S AMYS SCHMIDT Jomat™ muomam’{ J
o i g RO o
P o R
& rrORT((S} JokN /% »-.'Bmaow 3 ‘ﬁ;‘q‘..‘i- O\ 5
f ACE o7 Mocxentie 7 oo™} R ol '
EOMONTON'6e? mvER«""" g T Ty "X ,J-";""'\ N \
T SM H Eoa I8 N . s o ?
\ WATERWAY S ‘,et{‘" e o 5 ;,.;", ._-25§.L...o e 4 b
< L 3 \ -
¢ ""bf.m!"g ) y N\
- ' ] ey A v
i o).
\ s '._Nonowg( \' , ¢ '
; & S R 2| e g/
\ =) i NOVOSIBIRSK
| N g T T
/ . '1"‘5.'.‘.""‘ i 7
LERT g - mxsouv Y | 3 } J
e RUBOLPH ¢, ¢ 'L,.,‘ j_“'“‘f\ JT o
7 A\ s —~ ISUAND X. £ g
ol WY § /s é L) ANORD | . ' . > I
\) C ] predesuER :,/ ' ‘ W K 7|
NP mR(cmno., -9 rﬂﬂ o . ‘ !
< % \‘ ' EGE DESMINDE, ) ' e
-~ ug,r?ckwu.s <y SSBNDRESTREMFOR e ‘s |
4 SEPr GOQIH K \
. 'Bwn“, . £ BAY ., '\ Hﬁsrfkswn »
o x»ﬂ N ‘\ N“RSSARSSU‘ \\NGHAGQSAUK . \s ¥ 1
e L~ JULIANEH e&, >~ 47
& T % {"—’
" )
—— S 1 ‘Ga\ﬂl\\mv g
/ L% ¥
A RAILROADS P ..~.., ¢ | e W / -
ws RIVER ROUTES " oy \ : e i
o X i il : N Aagy,
.==SEA ROUTES ) ; P )
/ / ' . \) /|
®MAIN AIRPORTS g : ~ 7 /|
/ g[l . J g / |
- | 0
. i 250 - 7
V4 - Y e 5 ' ]

ARCTIC INSTITUTE OF MORTH AMSSCA

Figure 3
Present transportation routes in the arctic, trom Sater (1969).




*suoLbad 3504jewdad ueILABWY YIJON UL SSLIL[LOBJ UOLIBIUIOdSURL] PIsS0OdOLd

<05

SPOOIIOY +—tts
SpOOYy —— — sduledig-—---
1094 UONE2 J1uNmO||9A OI
Bediuuimzz 13A14 4N0IY Gf
uosdwoyy |2 uosdwiS 4404 vl
407 uuAnpz  eulwiaddo) ¢
UOJUDWPI G| SHAIM UDWION 2§
A11D wnivoun g NIANUT ||
914104d 9puDI9 2| SBUBUIY punwy O

opouUDD
YiDIOOW G
ZIpPIDA 6 ANQON &
piomes g 19ye8 ¢
$3U0QJI04 £ moui0g 2

Aog eoypnid 9

1Ay 4807 |
owso(v

p -ndL4




o e .. e g

Table I
SOURCES OF INFORMATION FOR FIGURE 4

Canadian Institute of Guided Ground Transport (1972).
Cansedine (1972).

Kipling (1972).

Pipe Line Industry (1972).

State of Alaska (1972).

Tudor, Kelly and Shannon (1972). .
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Woodward (1971).




or built from embankments. One important reason for placing transportation
facilities on embankments ig to contain thaw within the embankment or to
reduce thaw into the subgrade.' Embankments designed for thermal protection
are usually essential over soils which are saturated or oversaturated with
ice. Exceptions may occur when conditions allow pre-thawing and consoli-
dation of the ice rich soils. Embankments are unnecessary, or much thinner
ones can be used, where the subgrade soils are unsaturated, coarse-grained
materials or competent rock. The embankment thickness necessary for thermal
protection of the subgrade varies geographically and is also influenced by
the use and design life of the facility. Ferrians, et al (1969), describe
and discuss several situations where insufficientlembankment thickness
effected problems due to melting of the permafrost.

Inclusion of thermal barriers within embankments may reduce the re-
quired thicknesses. Two types of thermal barriers‘are available: (1) heat
sink materials, Z.e. those containing large volumes of water, thereby
having large volumetric latent heats of fusion, and (2) materials of high
thermal resistance, {.e¢., themmal insulators. The use of themmal barriers
may permit using less granular material, thereby causing less environmental

disturbance.

SYNTHESIS OF CURRENT KNOWLEDGE

Beskow (1935) reported the original studies with thermal barriers.
In 1946 several test sections were constructed near Fairbanks, Alaska (U.S.
Army Corps of Ingineers, 1950). Several types of insulating materials
were used, including cellular glass boards, lightweight concrete, and com-

pacted branches. The cellular glass boards were most effective in reducing
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seasonal thaw but were very expensive, due in part to their high instal-
lation cost caused by their.small size. No additional studies on insulated
embankments were reported until Quinn and Lobacz (1962) published data

from some small test sections in Waltham, Massachusetts.

Young (1965), and Oosterbaan and Leonards (1965) discussed perfor-
mance of test sections in seasonal frost zones of Canada and Michigan.
Extruded polystyrene boards were used in both of these studies. Develop-
ment continued, using these materials, in both highway and railroad embank-
ments. Williams (1968 and 1971) and Berg (1972) provide more detailed
summaries of insulated embankments.

In 1969 three projects employing insulating layers were constructed
on permafrost in Alaska. The Alaska Department of Highways (Esch, 1973)
constructed test sections near Chitina, incorporating boards of Styrofoam
HI, an extruded polystyrene. The same material was also used at Kotzebue,
Alaska, where a portion of the runway was insulated. Knight and Condo
(1971) report that various plank materials and different grades of poly-
urethane developed by ARCO Chemical Company were installed near Prudhoe
Bay, Alaska. More recently, several 'expedient road'" test sections incor-
porating insulating layers have been constructed near Fairbanks, Alaska,
by USACRREL. Insulating materials used include: foamed-in-place poly-
urethane, foamed-in-place sulfur, Styrofoam HD-300, a composite insulator
incorporating polystyrene beads bound by Portland cement, and another com-
posite incorporating polystyrene beads bound by sulfur. In all of these
tests an oxpcd?cnt mctal or glass-fiber matting was placed on the insulat-
ing material and traffic was imposed on the matting. Construction infor-

mation and test results are described in Smith, Berg and Muller (1973),

. PP P,
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and Pazsint and Smith (1972a and 1972b). 1In 1972 the Alyeska Pipeline
Service Company (ALPS) consfructed and trafficked "construction pad' test
facilities near Fairbanks, Alaska, and Glennallen, Alaska. Each facility
was comprised of eighteen test sections. Seven of the sections in each
facility contained an insulating layer. Various types and thicknesses of
insulation were used (Alaska Construction and Oil, 1972, and Langan, 1972).
Johnston (1972) reported two installations using Styrofoam were constructed
near Inuvik, Canada.

Most insulating materials currently used.in building construction may
have application for incorporation into embankments. Malloy (1969) lists
five major categories of insulation: (1) flake, (2) fibrous, (3) granular,
(4) cellular, and (5) reflective. A particular insulating system may be
a hybrid of several types.'

Insulating materials may be available in one or more of six general
forms. They are loose fills, blankets or batts, flexible stock, reflective
materials, aerated or lightweight concretes, and rigid or semi-rigid boards
and slabs. Flexible stock has not been considered for use in embankments.
And with the exception of a few light-colored pavement surfaces to reflect
larger quantities of incident solar 1 w, reflective materials have
not been used either. Reflective * .. g materials beneath the embank-
ment surface have not been consiccred for incorporation into embankments.

A sumary of other materials and selected properties is shown in Appendix

B. Considerable data are available on some pfopcrtics of the materials.
However, since insulating materials arc not normally required to carry loads
in building construction, little information is available concerning their

behavior under dynamic load conditions.

PSS S PR,
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Insulating systems, rather than insulating nmaterials alone, are
generally designed in building construction. The insulating systems in-
clude a vapor barrier where necessary, and materials for abrasion and/or
impact protection. For embankment insulation a barrier resistant to

petroleum products may be desirable in some locations.

REQUIREMENTS FOR FMBANKMENT INSULATION

Insulated embankments are one of several alternate designs, rather
than a panacea for all embankments., A schematic illustration of the recom-
mended design procedure is shown in Figure 5.

A systematic procedure is employed to select the final design, Figure
5. First, construction constraints are established. They are normally
levied by the funding agency and include geometric criteria, thermal and
structural loads, environmental constraints, and longevity of the facility.
Next, a survey and cataloguing of available material is accomplished. Then
several design procedures, which may also be directed by the funding agency,
are applied to establish congruous uninsulated cross sections. Thermal
and structural design methods must be applied simultaneously in developing
suitable insulated cross sections. An iterative process, using the materi-
als available in various combinations, is used to establish the cross
sections. A cost estimate of each cross section is determined and optimum
designs of insulated and uninsulated embankments are selected. Other con-
siderations, e¢.g. political constraints, may be included before the final

design recommendation is resolved.

o e e
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CHAPTER 1I
THERMAL MODELS

Generally, the thermal regime in existence prior to construction of
a surface facility will be altered by constructing the facility. In perma-
frost areas it is frequently necessary to estimate the extent of this
change. Fluctuations in the permafrost table are of primary interest and
if the in-situ soils contain large quantities of ice, estimates of changes
in the permafrost table are of utmost importance. Computations of thaw
depths into the original soil are usually necessary. Surface subsidence
can then be estimated from these depths and the known ice volume in the
soil. Calculation of frost _eretration is also important as it represents
frost heaving potential. If the seasonal frost depth does not reach the
permafrost table, a talik is formed. If the talik is enlarged in subse-
quent thawing seasons, the facility may be unstable for several years.

In this chapter techniques which may be used to estimate seasonal
thaw and seasonal frost depths are reviewed and a two-dimensional numeri-
cal method which considers simultaneous heat and mass flux, and consoli-
dation or heave, is proposed. The proposed method more closely represents

most embankment environments than presently used techniques.

FUNDAMENTAL PRINCIPLES

In the absence of sources and sinks, the local time rate of change
of internal energy (1) must equal the net heat flux (ﬁ\ at any instant of
time (1) and at any point in a given space. This is the principle of
conservation of encfgy. The continuity equation states this principle:

14
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By 9d=0 £

The heat flux vector has been found, experimentally, to be propor-
tional to the gradient of temperature (T). The constant of proportionality
is defined as the thermal conductivity (kTJ. Thus a second fundamental
heat flow equation can be written:

q=-[k) VT 2,
where [kT] is a tensor of thermal conductivity data.

Experimental data also illustrate that the internal energy is depen-
dent on temperature. Under constant volume conditions, the constant of
.proportionality, or slope of the temperature versus internal energy dia-
gram, is defined as the volumetric specific heat at constant volume (C).
For a system which is not undergoing a phase transition, the following

equation is valid:
= 3
c 3T 3.
Rewriting equation 3 and placing it and equation 2 into equation 1, equation
4 is obtained:
oT ¥ =

CF+V(ngVﬂ 0 4,
If the thermal conductivity is constant throughout the region, {.e. if the
region is homogeneous and isotropic, and if no portion of the region is at

the phase transition temperature, equation 4 can be rewritten in differ-

ential form:

T, 2
C = kT vér Sa
or
M.y . 5b

T
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where the thermal diffusivity (a) is defined as:

o= %? : 6.

While equations 1 through 5,
"describe the frost penetration problem in a
mathematically correct fashion, exact solutjons
can be found only for a small number of idealized
cases, due to the camplex conditions of latent
heat transfer and other effects.' Aldrich and
Paynter (1953). i
Subsequent sections of this chapter discuss empirical and approximate

techniques for solving problems including phase change of soil moisture.

ANALYTICAL SOLUTIONS

Carslaw and Jaeger (1959) present solutions to many one, two, and
three dimensional heat flow problems. Homogeneous isotropic materials are
used in most solutions; however, some solutions are presented for layered
systems. Lachenbruch (1959) developed a technique for predicting the
damping of a periodi: surface perturbation at different depths in a two
and three layered soil system. Unidirectional heat flux was considered.
Lachenbruch (1957) developed a method for estimating the three dimensional
thermal regime in a homogeneous isotropic soil beneath a heated structure.
None of these techniques considers phase change of the soil moisture.
Neglecting the effects of latent heat of fusion (abbreviated to latent
heat in the remainder of this report) of the soil moisture normally does
not cause substantial error in location of frost depths provided the soils
are low-moisture content materials. Differences between actual and com-
puted thaw depths increase rapidly with increasing moisture content due to
the increased volumetric heat capacity and larger latént heat of the

wetter soil.
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Several empirical and semi-empirical equations have been developed
which consider latent heat. The Stephen Equation, equation 7, was origi-
nally developed for calculating the thickness of ice.on a.calm body of
water, which was isothermal at the freezing temperature.

Xi = J48krj F/Lj 7.

where: X; = ice thickness, ft

i
kp; = thermal conductivity of ice, Btu/ft hr °F
F = freezing index, °F - days
Lj = volumetric latent heat of fusion of ice, Btu/cu ft
The Stephen equation has been modified by many individuals and agencies,
and many similar equations have been developed. Some of the equations use
slightly different functions or slightly different initial conditions from
the original Stephen model. The most widely used equation for estimating
seasonal frost and seasonal thaw depths is the modified Berggren equation
developed by Aldrich and Pavnter (1953). Application of this equation has
been very widespread in North America. Sanger (1963) discusses many of the
variables and parameters influencing the modified Berggren equation,and the
Departments of the Army and Air Force (1966) suggest using this technique
to estimate seasonal thaw depths in arctic and subarctic regions. Aitken
and Berg (1968) developed a computer program for calculating frost and thaw
depths in layered systems using the modified Berggren equation, equation 8.
X=X 8k NI/L 8.
where: X = thaw depth, ft. .
kr = average thermal conductivity, Btu/ft hr °F

N = an empirical constant relating air and surface

thawing indexes, dimensionless
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I = air thawing index, °F - days

L = latent heat, Btu/cu ft

A = a coefficient which considers the effect of temperature
changes within the soil mass. It is a function of the
thawing (or freezing) index, the mean annual temperature,
and the thermal properties of the soils.

An equation very similar to the Stephen Equation is currently used
in the USSR to calculate the ''standard' depth of freezing for foundation
design purposes (Porkhaev and Zhukov, 1971). Many other_closed form
analytical techniques are also used in the USSR, as evidenced by Luk'yanov
(1963) and Kudryavtsev (1971). Aldrich and Paynter (1953) show other

equations which have been used in the USSR and elsewhere.

GRAPHICAL AND ANALOG METHODS

Graphical methods have also been used to calculate frost and thaw
depths. The flow net technique, commonly applied to seepage probiems,
can be used to estimate steady-state temperature conditions. Brown (1963)
presents another graphical procedure.

Analog techniques are also used to estimate frost and thaw depths.
Table II shows thermal, fluid, and electric analogies. FElectrical analog
computers are available and are relatively low cost and reasonably simple
to use. The primary disadvantages of these machines are that re-programing
is normally necessary for each problem and complex geometries are difficult
to simulate adequately. Hydraulic analog computers are also available.
Hawk and Lamb (1963) used a small hydraulic analog computer belonging to
USACRREL to study heat flow through building walls. Luk'yanov (1963)




Table 1I

THERMAL - FLUID - ELECTRIC ANALOGIES

MEDIUM
I THERMAL FLUID ELECTRIC
A - Variables (1) Heat | Volume S Charge.
density o
2) Heat flux q | Flow d |current 1
" density
3 Temperature T |Head H [Voltage e
B - Principles: :
i au .* = as . = a . =
Continu1t)i @ [s£+¥d=0 =+ Uld=0 Le¥f=0
Conductivity  (2) | q = -k¥r § = -xu ] = -oVe
Capacitance (3) !du = CdT dS = AdH “pdV = Cde
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discussed a large hydraulic analog computer used in the USSR. The primary
disadvantages of these computers are their complex 'plumbing systems'' and
the necessity to reconstruct them for each problem. However, at any instant

of time they exhibit graphically the temperature distribution.

NUMERICAL TECHNIQUES

Due to greater availability of electronic digital computers, their
application to numerical solutions to the continuity equation, equation 1,
has increased. Numerical procedures are approximations to the partial
differential equation; however, they are normally much more accurate in
transient heat flow problems than the analytical techniques previously
available. Computer programs have been written with sufficient flexibili-
ty to allow input ‘of various boundary and initial conditions. Solutions
to one and two dimensional problems have been obtained. Dusinberre (1961)
discussed the general finite difference methods available for solving heat
flow problems. With this technique explicit and implicit procedures have
been applied. Since rectangular elements are normally used, complex
geometries are difficult to simulate unless small element sizes are employed.
The finite element technique has been developed more recently (Zienkiewicz,
1967 and 1971). Elements of various shapes can be used with this technique;
however, the triangular shape is normally ‘used in two dimensional problems.
Boundaries in complex geometries can be more closely simulated using finite
element procedures. For multi-dimensional flow problems the finite element
procedure is frequently more efficient, 4.¢. requires less computer time,
than the finite difference technique.
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Table III is a summary of numerical methods which have been applied
to heat transfer problems in soil/water systems. Twenty computer programs
are currently available. Others undoubtedly have been developed but simi-

lar information concerning them has not been published. Three finite ele-

ment programs and 17 finite difference programs are available. The explicit

procedure has been used in ten of the finite difference programs and five
have used the implicit procedure. Solutions to one dimensional problems
can be obtained from all but one of the programs and radial or two dimen-
sional solutions can be obtained from nearly one-half of them. None of the
programs has been written to solve three dimensional problems directly.
All of the programs have been written to accept homogeneous soil systems
and most allow layered systems. Only the three finite element programs
and the McDonnell-Douglas finite difference progra:ﬁ allow non-layered, non-
homogeneous soils. Dow Chemical Company's finite element program will
accept anisotropic materials. Several types of upper boundary conditions
have been used and nearly all of the programs allow more than one type.
Normally a constant temperature is used for the lower boundary condition;
however, some programs allow a variable temperature or heat flux at the
lower boundary. In most programs the initial temperature distribution is
specified. Only one of the programs assumes an initial uniform tempera-
ture distribution. All except one of the programs include consideration
of latent heat and several allow for unfrozen moisture near the freezing
front. All except one of the computer programs permit the thermal con-
‘ductivity and volumetric heat capacity to vary with temperature. In
several of the programs, however, these two properties vary with the state

of the soil moisture rather than temperature; 4{.e., they are functions
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of whether the material is frozen or thawed. Heat transfer by conduction
is used in all programs and two allow for mass flux. Types of solutions
or types of output varied considerably and all of the programs provide

more than one type of information.

PROPOSED MODEL

1deally mathematically exact analytical equations could be derived
to predict the time-dependent thermal and moisture regimes in embankments.
However, the mathematics become complex and cumbersome when non-homogeneous,
anisotropic, two-dimensional problems involving simultaneous heat and mass
transfer are considered. Further complications are introduced when move-
able boundaries to consider thaw consolidation and/or frost heaving are
introduced. Additionally, several parameters are dependent on the thermal
and/or moisture regimes. Due to these complications, the proposed model
deviates from a mathematically exact one in that empirical and semi-
empirical methods and approximation techniques, <.e. numerical methods,
are employed.

The basic difference between most numerical methods summarized in the
preceding section and the one proposed in this section is that the proposed
model combines heat and mass flux and allows heaving and/or consolidation.
Frost heaving and thaw consolidation are visible results of mass flux;
changes in the subsurface thermal regime due to mass flux are less obvious.
Although the author believes that the proposed model is a significant
improvement over most existing ones, no instances attributing mass tlux to

differences between thaw depths computed from conduction models and measured
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thaw depths have been dodménted. There are several reasons for the lack
of documentation, but the three most important are (1) lack of instrumenta-
tion to adequately monitor in-situ moisture conditions over a period of
time; (2) application of closed-form solutions wihich provide only maximum
seasonal thaw depths, {.e. thermal properties can be "refined" to provide
the desired correlation between calculated and measured data; and (3)
moisture migration may not be a significant factor in many situations.

Only mass flux in the liquid phase is considered in the proposed
model. Harlan (1972) and Jumikis (1967) state that mass transport in the
vapor phase is considerably less than moisture movement in the liquid phase
via capillaries and film flow. Heat transfer by radiation is not considered
due to the relatively small temperature gradient normally present in soils.
The void spaces are also generally small, thus radiating surfaces have
small temperature differentials between them.

Only the constitutive equations for the proposed model are presented
in this dissertation. Relatively few attempts have been made to couple
heat and mass transport in.porous media. Due to the interdependence and/or
non-linearity of several parameters, development of an operational computer
program will be a time-consuming and perplexing process. Development of
the program was beyond the scope of this study.

Preceding portions of this chapter provide sources of information
concerning the thermal properties and heat flux aspects of the proposed
model. Various methods have been used by different authors.

Freeze (1967) presented a summary of "Available numerical solutions

to one-dimensional, vertical, unsaturated, unsteady flow problems' and
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Jumikis (1967), Harlan (1972), and Hoekstra (1972) investigated moisture
movement during the freezing process. The thermodynamic free energy con-
cept discussed in detail by Knight (1967) and Low, Anderson, and Hoekstra
(1966 and 1967) may be the ﬁost simple method of estimating the unfrozen
moisture content and latent heat in this ephemeral system,

Equation 9 is similar to that presented in Bird, Stewart, and Lightfoot
(1960) except that the porosity has been added and the viscous dissipation
components have been neglected. It is valid for a non-rigid, non-
homogeneous, anisotropic porous medium with no sources or sinks. It is
the two-dimensional equation in terms of the transport properties in a

porous medium:

aT 3T 3T 3*T 32T
pe [z + nlvx 33 * V2 3] = g 337 * Ky 557 i
where p = density, 1lb/cu ft

¢ = specific heat, Btu/lb °F

T = temperature, °F

T = time, hr

n = porosity, dimensionless

Vyxs Vz = fluid velocities in the x and z directions,
respectively, ft/hr
kryx» kpz = thermal conductivities in the x and z directions,
respectively, Btu/ft hr °F
Bquation 10 is the two-dimesional continuity equation describing moisture

movement in an anisotropic, heterogeneous porous media with no sources or

sinks.
ad ad
3kyx 30 g 3ky, 32 & EZ_ : 10
9x 9z T
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o=y + hg 1Y

total head, ft

©
"

Y = pore water pressure, ft

gravitational head, ft

=
o
"

w = moisture content, %

T = time, hr

k@x and k¢z are coefficients of permeability in the x and z
directions respectively, ft/hr

One-dimensional conolidation theory was developed from equation 10
by Terzaghi (Taylor, 1948), and De Wiest (1965) developed a three-
dimensional equation for estimating one-dimensional consolidation of an
aquifer. The possibility that thaw consolidation may deviate considerably
from the classical one-dimensional consolidation theory was discussed by
Aldrich and Paynter (1953). Morgenstern and Nixon (1971) and Crory (1973)
developed analytical methods for estimating thaw consolidation in soils.
Moisture movement and frost heaving during freezing periods must also be
considered in the proposed model. Work by Jumikis {1967), Harlan (1972),
and Hoekstra (1972) was previously discussed.

Although the equations presented above are readily adaptable to
numerical methods, practical considerations will complicate coupling and
programming. The complications will arise primarily from interdependence
and/or non-linearity of several parameters.

Further development of the proposed numerical model is not within the

objectives of this investigation. However, in Chapter IV a one-dimensional

finite differencing technique is uscd to illustrate the capability of

Y
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numerical methods for design applications. Several of the simplifying

assumptions necessitated for the design examples therein could be more

satisfactorily considered by developing and applying the proposed model.
Figure 6 illustrates the boundary conditions, initial conditions, and

constitutive equations for the proposed model.
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(HAPTER 11
THERMOINSULATING MATERIALS

The thermoinsulating material used in a specified embankment may be
chosen by optimizing several parameters, including:
1. Thermal conductivity (retention of low values
desirable).
2. Strength (retention of high values desirable).
3. Property degradation (minimal reduction due to
environmental conditions desirable).
4. Economics (low cost desirable).
In addition to the cost of the themoinsulating material, other prime
cost considerations are: placement rate, membrane costs, sub base prepara-
: tion, backfill precautions, and forming for the insulating layer. Incor-
t ‘ poration of thermoinsulating materials into embankments ﬁmy permit savings
| of other materials, reduced envirormental damage, and reduced construction
1 time. The life cycle cost, 4.e. initial cost plus maintenance costs, etc.,
of an insulated embankment may be less than that of an uninsulated
; embankment .

The list of thermoinsulating materials in Appendix B contains more
than 60 items. However, only the 13 mater.ials listed in Table IV have been
used in insulated embankments. Composite materials have been manufactured
from those listed in Appendix B; for example, item 3 in Table IV used a
higher strength naterial over a lower strength material for load distri-

bution. Other techniques for strengthening the insulating layer include
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Table IV

Insulating materials used in embankment construction.

Cell concrete.
Cellular glass blocks.

Composite - polystyrene beads with cement binder and molded poly-

-

styrene boards.
Expanded clay - unbound and bound with bitumen or cement.
Expanded shale - unbound and bound with bitumen or cement.
Insulating asphalt. |
Mineral wool.

Polystyrene - molded boards and éxtruded boards.
Polyurethane - boards and spray-in-place.

Polystyrene beads with cement binder.

Polystyrene beads with sulfur binder.

Sul! fur - spray-in-place.

Wood - chips, logs, and bark.

T
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incorporating the material into a paper, plastig, or metal honeycomb.
Fiber reinforcement may also be incorporated into the insulating material
for added strength. Reichard (1972) discusses the physical properties of
honeycomb materials which have been used in building construction. Kritz
and Wechsler (1967) discussed the use of honeycomb materials for roadway
embankments. Cement and sulfur have been mixed with polystyrene beads to
make a relatively high strength, low thermal conductivity material, and
both bitumen and cement have been added to expanded clay materials to in-
crease their strength. It is possible that sulfur, bitumen, or cement can
be used with other loose-fill materials to provide insulating layers suit-
able for incorporation into embankments.

"One-way'' insulators are attractive for embankments where subgrade
temperatures are slightly below 32° F. The heat pipe principle could be
used. Two types are available. The first type operates by convection and
its function is due to natural convection caused by density differences
between warmer and colder zones in the working fluid. The second type is
a two-phase system and operates by vaporization and condensation of the
working fluid. Heat pipes function only when their upper surface is colder
than their lower surface, and no valves are necessary for their operation.
The heat pipes would not operate during the summer months but during the
winter months they would remove additional heat from beneath the insulating
layer. The geometric arrangement of the heat pipes would be controlled by
their heat removal rate and also by the quantity of heat to be removed.

This is a new concept and has not been tested in embankments.
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RHEOLOGICAL STUDIES

Rheological studies of insulating materials can be categorized into
two groups depending on the mode of failure. The more rigid brittle
materials fail by fracture in unconfined compression, whereas failure,
4.e. the unconfined compressive strength, is defined at some arbitrary
deformation for cellular plastics. For embankment materials the deforma-
tion is nommally 5% or 10% strain based on the original thickness. ASTM
Standard D 1621-64, ”Compreésive Strength of Rigid Cellular Plastics",
states that the compressive strength should be determined at 10% deforma-
tion unless a maximum load occurs before that time. Figure 7 shows the
variation of compressive strength with density for molded polystyrene and
polyurethane. Figure 8 shows compressive strength versus density of
selected higher density materials which can be used for embankment insu-
lation. Ferrigno (1963) and Mark, et af (1965), contain information on
other lightweight plastic materials. Data in Figure 7 indicate that the
compressive strength of polystyrene and polyurethane vary widely at a
given density. In discussing the two-component polyurethane materials used
in a test road near Prudhoe Bay, Alaska, Knight and Condo (1971) state,

"A typical polyol master batch may have as many as
15 additives to develop the special properties desired.
By changing the base material of the polyol, the strength,
closed cell content, and thermal properties can be greatly
varied."
Ferrigno (1963) suggests that the variation in compressive strength of
the molded polystyrene materials is caused by the manufacturing processes

of the materials. He also states that the strength properties of the

extruded polystyrcne.are considerably differcent from those of the molded
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material. At a given density the extruded materials normally have higher
compressive strengths than the molded ones.

The behavior of thermoinsulating materials when subjected to repeti-
tive dynamic loading is of interest if the material will be used in embank-
ments subjected to vehicular traffic. Williams (1968), Weil (1969),
Saetersdal (1971), and Knight (1972) describe laborgtory devices for con-
ducting tests of this type. They also reported test results. Williams
and Saetersdal used pistons moving vertically in applying loads to the
samples. Equipment used by Saetersdal produced a step function and Williams
stated that his device could apply either a step function or a sinusoidal
stress function to the top of the sample. The device described by Weil
consisted of a lever whose vertical movement was controlled by an off-
centered circular cam, and the device used by Knight applied a hydraulic
load to the surface of a simulated granular embankment containing the
insulating materials. Williams (1968) noted that results of laboratory
studies do not necessarily reflect the behavior of a material in actual
roadways. His laboratory results indicated that short loading cycles of
the same magnitude as longer loading pulses resulted in greater permanent
deformation. He also stated that the application of a confining pressure
increased the deformation after a given number of load cycles.

Representative results of all four studies are shown in Figure 9.

One material, 2.1 1b/cu ft extruded polystyrene, was used in three of the
tests. Saetersdal applied an 8.5 psi stress to the samples, and his data
indicated that after approximately one million load cycles little addition-

al permanent deformation occurred through three million load cycles.
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Deformation from cyclic loading, laboratory studies.




Williams used a 10 psi stress and his results indicated that the deforma-
tion after one million load cycles was slightly greater than that observed
by Saetersdal after a similar number of cycles. The deflection observed
by Knight after one million load cycles was approximately three times
greater thxﬁ that observed by Saetersdal. Knight used a 22.5 psi peak
load which is approximately equivalent to 1/2 of the compressive strength
of the material. The peak stress applied in tests reported by Saetersdal
was less than 1/3 of the compressive strength of the material. These data
indicate that as the maximum stress increases, the permanent deflection
also increases after a given number of load cycles.

Various types of loading tests have also been conducted on full scale
field test sections. Joseph, Jackson, and Rosser (1971) reported the use
of thick cellular plastic layers as load distributing media over low-load
bearing capacity soils. A polypropylene membrane was placed over the
cellular blastic material and trafficking was conducted immediately on
the polypropylene. They report that the equation developed by the U.S.
Army Corps of Engineers for estimating the thickness of flexible pavements
can be used to estimate the thickness of cellular plastic material over a
weak subgrade. The insulating potential of the cellular plastic materials
was not of concern in these tests. Smith, Berg, and Muller (1973) discuss
somewhat similar tests conducted near Fairbanks, Alaska. Insulating materi-
als were used to reduce thaw into ice-rich subgrade soils and metal or
glass-fiber matting was placed on the insulating layers. Vehicular traffic

was imposed on the matting.




Andersson, et al (1972) present results of repetitive plate loading
tests 6n insulated and uninsulated test sections in Sweden. Their data
are sumarized in Table V. The insulated sections showed greater permanent
deformation than did the uninsulated sections after a similar number of
loading cycles. Their "crack index', defined in Table V, determined prior
to conducting the dynamic loading tests also indicated that degradation
of the insulated séctions had progressed more rapidly than degradation of
the uninsulated sections.

The Maine State Highway Commission (1965) and Schneider (1969) con-
ducted Benkelman beam studies at various times of the year on insulated
and uninsulated roadways. In the Maine studies the thickness of pavement
and base above the insulating layer varied. Table VI contains a summary
of these data taken prior to opening the roadway to traffic. Prior to
spring thaw deflections in the uninsulated section ranged from 0.011 to
about 0.017 inches. Deflections of the insulated pavement with approxi-
mately 29 inches of pavement and base above the insulation were approxi-
mately equivalent to those in the uninsulated section. The insulated
section with only 21 inches of pavement and base above the insulating layer
deflected approximately 0.003 to 0.004 inches more than the other two
sections. During spring breakup deflections in the uninsulated section
nearly doubled, while those from the insulated sections increased only
slightly. Discussing these same test sections three years later, Bigelow
(1968) stated,

"Visual inspection of the pavement indicated that there
are now more cracks in all three sections of this project
than were found in previous vears, but there are fewer

cracks in the insulated sections than in the uninsulated
section."
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Table V

PERMANENT PAVEMENT DEFLECTLIN DUE 17 2FPFTITIVE LOANENG
FROM ANDEKSSUN, ORJUM AND RINGSTRUM(1972)

TEST CRACK . NUM3ER OF LOAD CYCLES

SECTION INDEX 5 10 100 10u0 5000 8000
. . = DEFLECYIUN, INCHES

«03 «00 .09 o lh .

2 0 « 04 « 05 .11 .20 .:3 :’lo;
3 2 05 «05 12 «22 «59 63
4 4 «09 .11 .18 35 “04 -
5 - « 04 .10 .20 «306 «51 57

NOTES THF CYCLIC STRESS ~AS APORNX[MATFLY B7 PS1,
THE CRACK [TNOEX SCALE WAS O TU 5 wiTr AN 1INCRACKED) PAVEMENT EQUAL
TO 0 AND A PAVEM=NT C IMPLETCLY US3130YIN 3y CRACKS EJyAL TJ 5.
THE LOADINS CuBvFE HAD CSSENTIALLY A TUIANGULAR 3Pt AND THE
LOADING RATZ wal & CPCLES PER MINITE,
CRACK [NDEX DEYFRMINED PRINR TU REPETITIVE LIJANING TEST.

PAVEMENT CROSS SECTIUNS®e (THICKNESS [N INCHES)

TEST ASPHALTIC AITUMEY  GRAVEL INSULATING LAYER
SECTINN CONCRETE BOUND AASE THICKNE SS TYPE
PAVEMEN] GRAVEL
1 1.6 0.0 9.9 0.0 UNINSULATEN
2 1.6 4.7 3.9 0.0 UNINSULATED
3 1.6 4.7 3.9 1.6 EXTRUOED PUOLYSTYRENE
- 1.6 4.7 3.9 3.1 EXTRUNCO PULYSTYRENE
5 1.6 LT 3.9 1.9 EXPANDED CLAY
Table VI

AVERAGE REAXELMAN vFAM DCFLECTIINS ON DIFFERENT DATES
FRiIM MAINE STAT: ilorarY COMMISSION(1905)

DATE OF 1681 ' AVFRAGE DENKELMAN DEFLECTIONIINGHES)
TESTS SECTION TRAVFL LANE PASSING LANE
oures ThNER INNER OUTcR
WHEEL PATH WHEEL PATH wWHEEL PATH WHEEL PATH
11-10-64 A <018 016 .018 <017
L1-10-64% L} D16 «0le 016 018
L1-10-64 C Do <015 <015 015
03-04~-65 A <020 <013 <018 .0la
23-04-65 L] 011 008 <013 <013
03-04-65 C <012 011 011 <012
03-11-65 A <019 «017 019 «017
03-11-65 L} 016 «016 U156 016
03-11-65 4 016 .013 «015 <019
04-07-65 A 021 «020 «022 021
04-0T7-565 L] 020 e 022 022
C4e-07-65 C <020 «J25 «029 037
04+-20~65 A «921 18 +021 «019
04-20-65% L] «J19 «019 «Cl8 «020
04-20+-0u5 C «020 02 <025 031
0%-05-65 A 025 221 «021 «022
05-06-45 L} 021 «020 +020 «023
05-06-55 C «02% 024 <028 «036
06-03-65 A 021 «023 020 022
Qe-03-45% a 022 «021 «020 <021
06-03-65 «D21 +019 <023 <027
NOTES BDAD NOV DPEN TO TRAFFIC UNTIL FALL OF 1965.
EACH VALUF IS AN AVERAGE OF 12 TO 16 TEST POGINTS.

PAVEMENT CROSS SECTINGes CIRICRNESS IN INCHES)
TEsY RITUMTLOUS  ASPALT GRAvViL GRAVEL  SAKD  INSULATING LAYER
SECTION CONCPETRE STanjLizen SuRFALY AASE RASE THICK= TYPE

PAVEMINT LR

B 3.0 4.0 1.0 1.0 6.0 1.9 EXTRUDFD

L] 3.0 4.0 1.0 15.0 oe@ ° 1.9 PULYSTYRENE

c 3.0 4,0 1.9 17.0 L 2.0 UNTHSULATED

- — SRS
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Variables in the study reported by Schneider (1969) included thick-
ness of pavement and base above the insulation, density of the insulation,
and height of insulation. Results are summarized in Table VII. The test
sections containing the low-density, molded polystyrene boards under only
12 inches of pavement and base, showed deflections nearly double those
from the control section. When this same insulating material was covered
with approximately 22 inches of pavement and base, the surface deflections
were only slightly greater than those in the control section. In the test
section containing the higher density molded polystyrene boards covered by
12 inches of pavement and base, the surface deflection was less than 20%
greater than that of the control section. When 22 inches of pavement and
base were used over this material, the deflections were roughly equivalent
to those in the uninsulated control section. In the test sections contain-
ing polystyrene beads bound by cement, the deflections were greater than
those observed in the adjacent control section. No granular base was used
in either of these two sections, and in the higher density section
(section 10) the bituminous pavement was placed immediately on the insu-
lating layer.

The US Army Engineer Waterways Experiment Station (WES) has recently
installed insulated test sections and subjected them to simulated heavy
aircraft loadings (Hutchinson, 1972). Tcéting was recently completed and
results are unavailable. Figures 10 and 11, from Hutchinson (1972), illus-
trate the sections which were tested. The Styropour referrcd to in the
figures is composed of polystyreic Leads bouid by Portland Cement; extruded

polystyrene materials were used.
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DEFLFCTION

DATE
TESTED

JULY ‘67
OCY 67
FEB '68

THICKNFESS NF LAYERS
BITUMINOYS PAVFMENT
DRY=-BOUNN MACADAM
GRANULAQ MATERJAL
ABOVE INSULATION
INSULATINSG LAYER
GRUANUL AR MATERIAL
BFLOW INSIHLATION
TYPE OF INSULATION
DENSITY NF THC [INS-
ULATING LAYER (PCF)

Table VII

OF TNSULATCD AND UNINSULATED BITUMINOUS PAVEMENTS
FROM SCHNEIDER(1969)

PEPCENT NF ODEFLECTIGN IN CONTROL SECTVION
TEST SECTIGN NIMBER
1 2 3 4 5 6 U 8 9 10

100 186 149 9 112 109 92 100 129 180
100 215 175 107 120 128 100 100 140 182
100 186 145 197 118 126 103 100 145 248

IN THE TEST SECTIDNS [ INCHES)
3¢9 3.9 IV 349 a9 3.9 3.9 2.8 2.8 2.8
5. 59 529 5.9 5.9 5.9 5.9 5.1 3.9 0.0
12.8 2.0 5.9 11.8 2.0 5.9 11.8 15.8 0.0 0.0
0. 1.0 1.0 1.0 1.0 1.0 1.0 0. 3.2 4.7
= 9.8 5.9 0.0 9.8 5.9 0.0 = 0.0 0.0
MOLDED POLYSTYRENE BOARDS POLYSTYRENE
READS IN PC
= 1.3 1.3 1.3 3.8 3.8 3.8 - 31.8 35.0
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Flexible insulated pavement test sections at WES, from Hutchinson

e s S s S




2% Sawed Joints
D —

(o} e k)
| I |
-
6k 15" PCC
- Transition f——————4¢gatl2'-6"=50'-0" —m————— "]
@ " " .
5 2 Formed Joints
(= 12r ~ A =
. - ; ) g 3"
£ sl 6"'Cement Stab. & 9 PS 120psi | PS 120psi
o Lean Clay _,‘ :‘y_r:;ff)o:':,
(&) - = e folls & ool
24 PS 35‘,:” 4()();)SI
1 Subgrade - Clay Gravel
30

(PS)Polystyrene

Figure 11

Rigid insulated pavemant test sections at WES, from Hutchinson (1972).
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In insulated embaniments pavement failure can be controlled by proper
design. Either the insulating layer can.be placed at & sufficiently dcep

embedment or the asphalt pavement thickness can be increased. In North

America most of the paved roadways and runways over permafrost are in Alaska.

This may change radically in the future, however, and Baker (1971) states,

"Although for many years the traveling public accepted
gravel roads, it is now apparent that with the influx

of people who are familiar with asphalt or concrete roads
an even greater demand is being expressed to improve
existing road surfaces. This must be accepted and conse-
quently, it may not be too far in the future when all the
trunk roads in the Yukon will be paved just as they now
are in the State of Alaska."

THERMAL PROPERTIES

Most important of the thermal properties of candidate materials for
embankment construction is the thermal conductivity. A low thermal con-
ductivity is desirable. Ferrigno (1963) stated that the insulating effi-
ciency depends upon many factors, including: the structure, envircnment,
thickness, aging history, and composition of the material.

Approximate thermal conductivity values are listed for all of the
materials in Appendix B. Figure 12 illustrates the effect of density on
the thermal conductivity of polystyrene and polyurethane foams. The values
shown for polyurethane are the ''aged" values for the material. For a time
after manufacture (several days to several months, depending upon the
environmental conditions and types of "skins" on the surfaces) ths thermal
conductivity of polvurethanes increases. [Inndrock (1969) states,

"It is not the loss of the ilucrocarton through the
cell wallle, Lot 2othor S @ D lesicn ©f Glaosgheric

gases inte the fcam, with resultant dilution of
fluorocarbon, that causes tie drift in K-factor.
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The drift continues until the partial pressures of gases in the cells and
in the atmosphere are at equilibrium. Ferrigno (1963) shows data indicating
that a one-inch sample of urethane kept in a 140° F environment reached
its '"'aged'" thermal conductivity value in approximately 120 days. A lower
temperature in the environment surrounding the sample would have increased
the time required to reach the ''aged" condition. The aging process of
urethane foams can be essentially eliminated by placing the material between
impervious membranes such as high-density plastic or metal skins. Ferrigno
also indicates that the formulation of the polymer and the method of manu-
facture of the material also influence its aging characteristics. Most
other insulating materials do not exhibit this prolonged aging process.
Relationships between thermal conductivity and density for higher-
density materials are shown in Figure 13. Two curves are shown for the
cement, sand, and polystyrene bead material. The lower curve is for use
in low-humidity conditions and the upper curve is suggested for use when
high-humidity conditions are encountered. The behavior of this material
is probably typical of lightweight cement and asphalt-bound materials. They
tend to have a rather porous structure and when subjected to humid condi-
tions, the voids tend to fill with moisture and thus the themmal conductivity
increases. The magnitude of this increase is dependent upon the structure
of the material.
The thermal conductivity of insulating materials normally decreases
with decreasing temperature. Figure 14 illustrates this behavior for
several materials. Data from this figure are for dry materials;‘however,

if the materials contain substantial amounts of moisture, an increase in
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Figure 14
Temperature-thermal conductivity relationships for insulating materials,
from Landrock (1969).
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thermal conductivity may occur at the freezing point of moisture within
the structure of the material. The thermal conductivity of polyurethanes
differs from the others because between approximately +40° F and -40° F,
the thermal conductivity increases slightly.

The quantity of moisture in an insulating material may have a signi-

ficant influence on its themmal conductivity. Figure 15 illustrates the
increase in thermal conductivity due to moisture absorption for polyure-

thane, molded polystyrene, and extruded polystyrene. Equations relating

= -

volumetric moisture content and thermal conductivity for the polyurethane
and extruded polystyrene materials were presented by Levy (1966). Both
were linear relationships and lines obtained from the equations are shown J
in Figure 15. Lines obtaincd by Saetersdal for molded polystyrene and
Levy for extruded polystyrene are the same. Joy (1957) presents similar
data for three other insulating materials. He does not indicate, however,
what materials he tested. He shows curves similar to those in Figure 15 )
for the three samples, above freezing and below freezing. In general, the
thermal conductivity values below freezing are slightly higher than those
above freezing. Data in Figure 13 illustrate a significant increase in
thermal conductivity of a cement, sand, and polystyrene bead mixture when
placed in a hunid environment.

Figure 16 illustrates the change in thermal conductivity versus years
of service for Dow Chemical Company's Styrofoam HI, an extruded polystyrene.
Data indicate that the thermal conductivity may be increasing very slowly
with age. It should be noted, however, that in nearly all laboratory and
field studies conducged to date, Styrofoam I has absorbed considerably

less moisture than any of the other insulating materials. This point will
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Thermal conductivity vs. years of service for highway installations using
Styrofoam HI, from Mackey (1973).
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be discussed more thoroughly in subsequent portions of this chapter. One
would therefore expect that the rate of increase in thermal conductivity
of Styrofoam HI is less than that of other materials unless they are pro-
tected with an impervious membrane. Discussing test sections after three
years of service near Anchorage, Alaska, Esch (1971) stated,
"Thermal analysis indicates a tendency toward increases
in thermal conductivity of the foamed-in-place urethane
insulation layer with time, in spite of the asphalt coatings
used before and after insulation placement.'

He stated that the thermal conductivity of the urethane layers apparently

increased by at least 10-20% during the first three years of use.

ENVIRONMENTAL EFFECTS

Most materials listed ,in Appendix B are inert to the chemicals and
bacteria normally found in soil water. Assuming that the thermal insu-
lating layer has been designed for adequate strength or is buried at suffi-
cient depth to sustain the loadings imposed, the most potentially dangeious
environmental effect is that of moisture absorption by the insulating
material.

Most insulating materials absorb moisture unless protected by an
impervious membrane. Some materials, however, absorb significantly greater
amounts of moisture than do others. The most important result of moisture
intrusion into the insulating material is increased thermal conductivity.
Figure 15 illustrated the effect of increased moisture on the thefmal con-
ductivity for three materials. Relatively small volumes of moisture in-
crease the thermal conductivity significantly in these cellular plastic

materials. Two additional points concerning Figure 15 must be stressed.
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(1) Although the volumes of moisture absorbed and the volumetric moisture
contents are relatively small, moisture contents on a dry weight basis are
large due to the low density of the materials. (2) The initial thermal
conductivity of polyurethane is considerably lower than those for extruded
polystyrene or molded polystyrene. Thus, although data from Levy indicate

a much steeper curve for polyurethane than Saetersdal determined for molded
polystyrene, the thermal conductivity for moist polyurethane may be lower
than that for moist molded polystyrene. Similarly, the thermal conductivity
of moist polyurethane will be lower than that of moist extruded polystyrene
up to some particular moisture content which can be computed.

Other potentially dangerous problems of moisture within the insulating
layer are those of rupture of the cell walls or cell separation during
freezing. Cell walls in most lightweight plastic materials are sufficiently
elastic to allow the expansion of water upon freezing without rupturing.

In more rigid materials such as cellular glass or cell concrete, cell walls
may be ruptured by freeze-thaw cycles. Rupture of the cell walls may cause
a decrease in the compressive strength and an increase in the thermal con-
ductivity of the material.

Kaplar and Wieselquist (1967) summarized results of laboratory freeze-
thaw cycles conducted at USACRREL. Materials included in these studies
are listed in Table VIII. Each test specimen was five inches square by
two inches thick. Two specimens of each material were included in the
tests. One sample of each material was removed after 15 freeze-thaw cycles
and the freeze-thaw tests were teruinated alter 30 c¢ycles. For the freeze-

thaw cycling tests nine specimens were placed in each tray with 1/16 to
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Table VIII

MATERIAL SIMIRCES, TYPFS AND NFENSITIES
FRUM KAPLAR AND WIESELQUIST(1967)

TRANF NAME MANJFACTURER TYPF AVFRAGE DENSITY, LA/CU FY

g FREEJF~THAW(L) [ Y4RENED

SAMPLES SAMPLES
ARMALITE ARMSTAONG MILDED PS 0.89 0,84
FOAMGLAS OAENS-CIRNING CELL JLA® GLASS 8.66 9.26
HONE YFNAM SEAVICF PRNN, FXTRUNED PS 1.68 1.64
SCORFROARD DNW “HiM, CN. FXT2U0EN PS 2.51 2.54
STYROFNAM CB DOW CHE'4, CO, FXTRIUNED PS 1.94 2.04
STYROFNAM HD-1 DNW CHFM, CN. ExTRUNED PS 2.91 2.88
STYROFNAM HND=-2 D4 CHFM, CO. EXT2UNED PS Lob2 4.45
URETHANE 200 UNION ASARESTNS  URETHANE ROARD 2.24 2.25

NOTE (1) NDENSITIES ARE RFPRAESENTATIVE OF MATERTALS USED IN 7-DAY
TESTS 10 DETERMINF FFFECTS OF PRESSURE ALSO.
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1/8 inch of water surrounding each specimen. The sides of the large trays
were insulated to establish one-dimensional freezing and thawing of the
samples. Maximum heat flow was perpendicular to the 5'" x 5" faces of the
samples. Usually the trays containing the samples were placed in a cold
room at -10° F in the morning and removed that afternoon. ‘The trays were
then left in the laboratory environment at about 70° F overnight. After
the specimen had undergone the desired number of freeze-thaw cycles, it
was removed, the edges trimmed, and sectioned into approximately 1/4 inch
thick pieces. The volumetric moisture content of each piece was then
determined. Figure 17 illustrates sectioning of the samples, and Table IX
shows the moisture distribution within the samples upon completion of the
freeze-thaw studies. Moisture contents for the outer surfaces are not
shown in Table IX. The amount of moisture in these areas is controlled by
the surface characteristics rather than the structure of the material.

Data from the interior of the samples as shown in Table IX are felt to be
more indicative of the performance of the materials. Armalite and Foamglas
performed much more poorly -than other samples in this study. One of the
Foamglas samples fractured prior to reaching 30 freeze-thaw cycles and
after only 15 freeze-thaw cycles the moisture content on the upper surface
was very high, indicating that several of the cell walls had been ruptured,

allowing moisture to intrude into the saiple. Moisture distribution through

the Armalite was more uniform but very substantial. The volumetric moisture
content of the urethanc samples was also relatively high. The moisture

. o, — : $ Ll - ’ § N, ) = i~ ——
content of this naterial incroascd CuLildiucClady LClhelll Lo adic oV 1ICcce

thaw cycles. None of the Stvrofoam or Scorchoard materials absorbed
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Table IX

MOISTURE OISTRIBUTION AFTER FRELZE-THAW TESTS
LARORATORY TEST RESULTS
FRUM KAPLAR AND WIESELQUIST(1967)

MATERIAL - NUMBER VOLUMETRIC MOISTURE CUNTENT, PERCENT
f OF SECTION NUMBER

CYCLES 2 3 4 5 6 7 8 AVE
ARMAL ITE 15 10.1 15.4 13.3 S.8 9.4 11.8 13.8 11.9
30 37.1 36.5 31.0 26.7 23.0 26.5 39.8 31.5
FOAMGLAS 15 48.1 36.6 4.4 1.1 1.3 0.4 0.5 13.2

30 SAMPLE FRACTURED PRIOR TO 30 CYCLES
HONEYFOAM 15 0.6 0.2 0.2 0.1 0.1 0.2 0.2 0.2
30 2.6 1.0 0.7 0.6 0.6 0.7 6.4 1.8
SCOREBOARD 15 0.1 0.1 0.1 0.1 0.1 0.3 0.1 0.1
30 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
STYROFOAM CB 15 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
30 0.3 0.2 0.2 0.1 0.1 0.1 0.2 0.2
STYROFOAM HD-1 15 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.0
30 1.3 0.4 0.2 0.2 0.1 0.1 11.7 2.0
STYROFOAM HD-2 15 0.1 0.1 0.1 0.1 0.1 . 0.l 0.1 0.1
30 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1
URETHANE 200 15 1.3 0.6 0.5 0.4 0.4 0.4 0.5 0.6
30 9.3 4.7 6.7 5.6 4.0 - 6.0 16.5 7.5

NOTE- SPECIMEN SFCTIONED AS SHOWN IN FIGURE 17.

T SR SR - - ——— ———
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significant amounts of moisture although it appears that the Styrofoam HD-1
had developed surficial cracks prior to 30 cycles, as indicated by the
large moisture content near one face. Styrofoam HI was not used in this
study; however, the performance of Scoreboard is probably indicative of
Styrofoam HI.

Williams (1968) described and discussed freeze-thaw studies conducted
by Dow Chemical Company. The apparatus used in these studies is shown in
Figure 18. An attempt was made to simulate a roadway embankment in these
tests. Samples eight inches square by one inch thick were used. Sub-
freezing brine was circulated through the upper plate until the temperature
in the clay subgrade reached 31° F. At this time the brine temperature in
the surface plate was increased and the flow of wammed liquid continued
until a temperature of 34° F was reached in the clay subgrade. Then the
cycle was repeated. One to three days were required for a complete freeze-
thaw cycle, depending on the ambient air temperature.

Figure 19 summarizes results of the freeze-thaw tests by Dow Chemical
Company. Volumetric moisture contents shown in the figure are those for
the entire sample. For similar samples, then, these moisture contents
should be somewhat higher than those in Table IX. Styrofoam HI absorbed
the smallest amounts of moisture, its moisture content being slightly less
than 1.5% by volume after 180 freeze-thaw cycles. The 1 1b/cu ft bead-
board material absorbed the most moisture, being slightly over 10% at 180
cycles. Urethane had absorbed about 5% after 180 freeze-thaw cycles.

Two series of frceze-thaw tests were ccnducted at the University of

Alaska in conjunction with this work. Materials used in the first series
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Freeze-thaw device used by Dow Chemical Company, from Williams (196€).
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Results of freeze-thaw tests conducted by Dow Chemical Company, from

Williams (1968).
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and results obtained are shqwn in Appendix C. Materials and results from
the second series of studies are shown in Appendix D.

Samples four inches square and of various thicknesses were used in
the first series of tests. The thermal conductivity of most materials was
determined prior to the freeze-thaw studies and again after freeze-thaw
cycling had been completed. Each sample was subjected to 20 freeze-thaw
cycles. The following procedure was used: samples were immersed beneath
a 2-inch head of water for approximately six hours. At that time they were
removed from the water and placed in a drip rack at room temperature for
approximately 30 minutes. They were then placed in a deep-freeze at about
0° F overnight. The next morning they were removed from the deep-freeze,
allowed to sit in the room temperature environment for approximately 30
minutes, reweighed, and thén immersed in the water bath again. This pro-
cedure was continued until 20 freeze-thaw cycles had been achieved. Mois-
ture absorption cf these samples is shown in Figure 20 and Table X contains
thermal conductivity data before and after freeze-thaw cycling. The Styro-
foam HI absorbed essentially no moisture and its thermal conductivity did
not change after the freeze-thaw cycles. The other materials absorbed
relatively small amounts of moisture. The thermal conductivity values
before and after the freeze-thaw tests were essentially the same.

Appendix D contains data from the second series of freeze-thaw tests.
Molded polystyrene of various grades and densities was used in this series
of tests and the samples were approximately two inches square by 1.5 inches
thick. The procedure for testing the durability of these materials when

subjected to freeze-thaw cycles was similar to that in series 1 with two
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exceptions. First, thermal conductivity values were not measured for the
sampleg, and second, an alcohol-water mixture (0.5% by weight ethyl alcohol)
was used. Alcohol was added to the water to reduce the surface tension,
thus allowing more rapid and deeper penetration of the mixture into the
samples without significant depression of the freezing temperature.

Moisture absorption by specimens in this test series is shown in
Figure 21. Results from these tests were similar.to those from the first
series of tests; £.e., the moisture content of most samples generally
increased with increasing number of freeze-thaw cycles. The material
having an average density of 1.52 1b/cu ft absorbed the largest quantities
of the alcohol-water mixture. It also had the largest beads and, probably,
the largest voids between adjacent beads.

As part of the tests in series 2, specimens were tested to determine
their unconfined compressive strength. Similar specimens were tested with
no freeze-thaw cycles and after being subjected to 20 freeze-thaw cycles.
Results of tests on one set of similar samples are shown in Figure 22. No
decrease in compressive strength after 20 freeze-thaw cycles is noted. This
behavior was common to all six sets of similar samples.

Had the freeze-thaw testing been more severe, {.e. had the samples
absorbed more of the alcohol-water mixture during the freeze-thaw cycling,
cell walls may have separated or individual beads may have been deformed,
causing a loss of compressive strength. To evaluate this possibility
anothér series of tests is suggested. Samples of similar density and com-
position should be used. Sarples should be allowed to drain for various
time periods prior to being placed in the freezer. For example, one speci-

men may be placed in the freezer allowing no drainage and another after
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two to three minutes of drainage, etc. Individual specimens should undergo
the same procedure during each cycle to properly evaluate the desired
effects.

Several laboratory tests have aiso been conducted to determine the
amount of moisture absorption in various insulating materials. Powell and
Robinson (1971) studied the effect of moisture on the thermal efficiency
of insulated flat roofs. A few cellular plastic materials were used in
their investigation; however, most of their data were obtained for light-
weight concrete materials. An interesting concept discussed by Powell and
Robinson is that of a "self-drying" roof insulation. It is unlikely,
however, that this concept could be applied to insulated embankments.

Several tests for determining the moisture absorption and the water
vapor permcability of insuiating materials are available. The following
standards are from the American Society for Testing and Materials (1971):
Standard D 2842-69, '"Water Absorption of Rigid Cellular Plastics'; Standard
C 272-53 (reapproved 1970), ''Water Absorption of Core Materials for Struc-
tural Sandwich Constructions'; and Standard C 355-64, 'Water Vapor Trans-
mission of Thick Materials'. The American Association of State Highway
Officials (AASHO) specification M 230-70, "Standard Specification for Ex-
truded Insulation Board (Polystyrenc)', suggests using ASTM Standard
C 272-53 for determmining the moisture absorption of this material. They
reconmend using a slightly different procedure in drying the sample prior
to weighing, however.

The standard tests arc for a duration of 23 to 26 hours; however,
many investigators feel that the amount of the moisture absorbed during

this short period of time is not indicative of the performance of the
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material during a long period of embedment in an embankment. Some materials
have been soaked for up to 18 months. Table XI contains information from
Kaplar and Wieselquist (1967), Orama (1972), and Sactersdal (1971). Data
are shown for up to 150 days of immersion. The testing procedures varied
somewhat as Kaplar and Wieselquist reported the boards in their studies
were covered with approximately 1/4 inch of water and the system was iso-
thermal. Both Orama and Saetersdal applied a temperature gradient across
the sample, thereby increasing the driving potential of moisture through
the insulation. Extruded polystyrene boards absorbed the smallest quanti-
ties of moisture in all three series of tests and the cofkboard samples of
Kaplar and Wieselquist absorbed the most moisture after 100 days. The

~ amount of moisture absorbed by the molded polystyrene samples varied con-
siderably and appears to be independent of the sample density. The poly-
urethane samples used by Saetersdal and Kaplar and Wieselquist also absorbed
relatively large volumes of moisture. After 100 days of immersion, both
materials contained more than 5% moisture by volume. Williams (1968) re-
ported that a sample of urethane in tests conducted by Dow Chemical Company
had absorbed approximately 2% moisture by volume after 95 days of immersion.
These variations may be due to differences in formulation or differences
in the manufacturing process, as discussed previously.

Williams (1968) also included samples of Styrofoam HI and two densi-
ties of molded polystyrene in his tests. The Styrofoam HI, an extruded
polystyrene, absorbed the smallest amount of water in his tests and a molded
polystyrene sample of 1.5 pounds per cubic foot density absorbed the most.

Assuming that the moisture content versus time curve is composed of

a linear segment succeeded by a non-linear segment as'the maximum moisture
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MATERIAL

MOLDED
POLYSTYRENE
CELLULAR
GLASS
EXTRUDED
POLYSTYRENE
EXTRUDEDN
POUL YSTYRENE
POL YURE THANE

CORK BOARD

CORK BOARD

MOIST

" DENSITY
LB/CU FT

1.0
9.2
2
2.9
2.2
16.3

14.7

NUTE SAMPLES WER
EDGF EFFECT .

174 IKCH QF
HORTZUNTAL P
MOLDED 2.5
POLYSTYRENE
MULDED 245
POLYSTYRENE
MOLDED 2.0
POL YSTYRENF
MOLDED 3.1
POLYSTYRENE
MOLDED 2.5
POLYSTYRENE
MUOLOED 2.5
POL YSTYRENE
EXTRUDED 2e9
POL YSTYRENE
EXTRUGED 265

PULYSTYRENE

NUTE SAYPLES wr R

BUI

THICKNE S

WERE PLACED

Ot

THE SAMPL

FROY 49F 10

POLYURETHANE
MOLDI D
PULYSTYRENE
MOLD
POLYSTYRENE
MOLDED
POLYSTYRENE
EXTRUND
POLYSTYRENE
ExXYRUNCD
POLYSTYRENE

5 X

1.8

NUTE FI*ST TiRel
2. 1L B7CH &7
UIMLE MO Ded

LENGTH A Wt

THICR AN SS whA
OPPOSITFE FA
RILATIVE HuUM

Table XI

URE ABSORPTIUN IN INSULATING MATERIALS
LABDRATORY TEST RESULTS

REFERENCE ELAPSED TIME, DAYS

10 25 50 75 100 150
VOLUMETKIC MUISTURE CONTENT
PERCENT
KAPLAP AND 4.5 5.1 5,6 6.0 6.3 7.1
WIESELQUIST(196T)
KAPLAX AND 0.4 0.7 1.1 1.5
WIESELAUIST(196T7)
KAPLAR AND 0.7 0.8 0.9 1.0 1.0 1.1
AIFESELQUIST(196T)
KAPLA® AND 1.4 1.8 2.2 2.4 2.5 2.9
WIESELQUIST(1967)
KAPLAR AND 2.4 3.4 4.3 5.0 5.6 Te.1
WIESFLQUIST(1967)
KAPLAR AND 5.8 9.0 14.6 14.2 13.8
WIESELQUIST(196T)
KAPLAR AND Se4 T3 10.5 11.2 11.9

WIESELQUIST(196T)
E 61N X 12IN X 2IN THICK. €EDGES WERE TAPED TO MINIMIZE
SAMOLES ORALNED 2 MINUTES PRIOR T WEIGHING. ABOUT
WATFR 0OVER RUARDS. THE 6X12 SUKFAZES nERE IN THE
LARLE e NO TEMPERATURE GRADIENT [MPOSED UN SAMPLES.

ORAMA(1972) 1.1 1.5 2.2 2.9 3.6 4.5
ORAMAL19T72) 1.5 2.1 3.2 3.9 4.2 4.8
ORAMA(1972) 1.0 l.4 2.5 2.9 3.5 4.9
ORAMA(19T72) 1.7 2.1 3.0 3.7 4.4 5.3
ORAMA(1972) 0.6 1.1 1.5 1.8 2.0 2.5
ORAMA(1972) 1.2 1.8 2.6 3.5 4.4 6.1
ORAMAL1972) Q0.4 0.5 0.7 0.7 0.7 0.9
QRAMALL1ST72) 0.3 0.4 0.4 0.5 0.5 0.8

g€ 2IN THICK, NO LENGTH ANO WIDTH DIMENSIONS WERE GIVEN

S wAS MINIMUM JIMENSIUN AS INDICATED 1N FIGURES. SAMPLES

IN FOGE IN wATER, WATFX TEMPERATURES UN OPPISITE SICES
ES OIFrERED BY  14F TO LleF wlTH THE CULD SIDE VARYING
80F .

SAETERSDAL(LI9TL) 0.5 1.3 2.6 3.8 5.1
SAE TERSOALULYTL) 1.2 3.0 6.0 9.0 12.0
SAETERSOALILZTL) 0.4 l.1 2.2 3.3 4.4
SALTERSDAL(1971) 0.0 1.6 3.2 4.8 6.4
SAETERSDALLLITL) 0.1 0.2 0.4 0.5 0.7
SAETERSDALILI9TL) 0.0 0.1 0.2 0.4 0.5

SAAPLES 21N THICK AND LAST THREE ABOUT &14 THICK. THE

WOEDY POLYSTYRENE wAS MU DL AT THE 2INCH THICKNESS, THE

PLHLYSTYRENE SAMPLLES wiekE CUT FRM THILKER MATERIAL,. NO
PTH DIMEASTONG wERE GIVEN nUT FIGURPES INDICATED THAT

5 MINITMUM DEMESRSTUNG SAVMPLES wERE PLACED DN EUGES

Fo meHE KEPT AT Tt AVERATURES OF 59F AND 77F., THE

LOLTY Ut BUTH STDES wAS 100 PERCENT.
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content is approached, <{.e., a shape similar to that of a stress-strain
curve for an elasto-plastic material, nearly all of the materials in
Table XI are still in the linear range. Using these data it is not possi-
ble to estimate the ultimate moisture content. One exception is the 16.3
1b/cu ft corkboard tested by Kaplar and Wieselquist. It reached a maximum
value after only 50 days of soaking.

Hartmark (1971) stated that the properties of molded polystyrene
boards cut from larger blocks are quite variable. Therefore, for Norwegian
State Railways molded polystyrene boards must be cast at the desired thick-
ness. Properties of molded polystyrene boards manufactufed by this tech-
nique are much more uniform.

Kaplar and Wieselquist (1967) showed the moisture distribution within
several samples after immersion for 18 months. Some of their results are
reproduced in Figure 23. The moisture distribution within the Armalite
was relatively uniform and varied between approximately 8.5% and 7% by
volume. The moisture content in the urethane was also quite high; however,
the interior contained considerably less moisture than the exterior portion.
The Scoreboard and Styrofoam HD-1 contained interior moisture contents of
less than 0.5% by volume. Due to the smooth texture of its surface, the
Scoreboard absorbed only approximately 1% by volume near its surface. This
was considerably less than the surface moisture content of any other sample.

Fffects of increasing the pressure head on the quantity of moisture
absorbed by various materials was reported by Kaplar and Wieselquist (1967).
Samples of the same materials used in their freeze-thaw tests were included
in this study. Gauge pressures of 0 and 15 psi were used. Moisture con-

tents of the Foamglas, Honeyfoam, Scoreboard, and Urethane increased with
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increasing pressure, and that of Styrofoam CB was essentially unaffected
by the increased pressure. Tho Armalite, Styrofoam HD-1, and Styrofoam
HD-2 absorbed less moisture at the higher pressure. The change in Amalite
was much greater than in the two Styrofoam samples, however. The decreases
in moisture content may have been caused by compression of the sample under
the higher pressures, thus reducing the size and amount of voids in the
material. This rendered the samples more impervious to moisture. The
volumetric moisture contents shown in Table XII for these tests are con-
siderably lower than those shown in previous tables because the duration
of these tests was only seven days. For these tests two specimens of each
material were used. One was immersed under approximately 1/4 inch of water
and the other was placed in a sealed vessel and subherged under approxi-
mately the same head; a 15 psi air pressure was applied inside the vessel.
Kaplar and Wieselquist (1967) also reported the moisture distribution

within several samples after being embedded in a wet soil for up to 34
months. The following description of their apparatus was given:

"A sheet metal tank 44 inches by 32 inches by 18 inches

was constructed to contain the moist silt. A two-inch

gravel layer was placed on the bottom with a one-inch

thick coarse filter layer, topped with a one-inch fine

filter layer. The moist soil was placed on top of the

fine filter layer. This was designed so that a continuous

supply of water would be available at the bottom of the

tank in contact with the silt to maintain a moist condition

by capillarity. The tank was equipped on the side with a

5-gallon water supply feeding to a constant-water-level

control Jevice which maintained the water level in the

tank at ibout 6 inches from the bottom or two inches into

the silt."
Samples used in this study were fives inches wide by 12 .inches long by

two inches thick. They were oriented such that the long dimension was in

the vertical plane and approximately 1/2 inch of silt covered the upper
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MATERITAL

ARMALITF
FOAMGLAS
HONEYFOAM
SCNREBOARD
STYRNFOAM C8
STYROFOAM HD-1
STYROF(IAM HD-2

URETHANE 200

NOTE- SPECIMEN

MAISTURE
EQv

GASE

PRFS.,

PSI 2
0 2.03
15 1.65
n 0.01
15 0.01
J 0.07
15 0.07
0 0.02
15 0.04
0 0.04
15 0.05
0 0.63
1S 0.02
0 0.07
15 0.95
0 0.25
15 2.14

Table XII

»

LA

DIES R EEAET BN

AFTER T7-0AY
W AT IRY TEST RRESULTS
Py

ALESFLQIISTILINT)

VIOLUMETRIC

3

2.58
1«95
0.01
0.0
0,06
0.06
0.02
0.73
0.03
0.05
0.922
0.01
0.19
0.12
0.22
N.93

4

318
1.93
0.01
0.00
0.0
0.06
0.02
0.02
0.05
0.05
0.02
0.901
J.11
0.09
0.21
0.41

PRFSSURE TESTS

MOISTURE COMTENT, PRECE

SECTION
5

3.36
2.01
0.01
0.02
0. 04
0.03
0.02
0.03
0.04%
0.04
0.02
0.01
0.12
0.10
0.29
0.217

NUIMBER
6

2.87
1.95
0.02
0.01
0.05
0.07
0.02
0.02
0.05
0.05
0.02
0.01
0.11
0.09
0.22
2.2%

SECTIINED AS SHJAN IN FIGURF 17,

2.06
1.384
0.01
0.00
006
0.03
0.02
0.02
J.N5
0.04
7.02
0.02
0.09
0.08
0.20
223

NT
8

1.54
1.57
0.02
0.79
0.27
0.03
0.02
0.0%
0.04
0.04
2.922
0.02
0.05
0.04
0.21
0.51

AVE

2.39
1.84
0.01
N.11
0.05
2.07
0.02
0.03
0.05
2.05
0.02
0.01
0.09
0.08
0.21
2.67
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end of the samples. The lower ends of the samples were then approximately
1/2 inch below the water level maintained in the reservoir. Samples of

the same type used in the freeze-thaw studies were used in this study and
their average densities are shown in Table VIII. Three specimens of each
type were included and one specimen of each material was removed after six
months, another was removed after 18 months, and the test was tenminated
after 34 months and the remaining samples removed. Upon removing the
samples from the moist soil, a one-inch thick strip was cut from each end
and each side. The remainder of the sample was sectioned as discussed in
the freeze-thaw tests. The interior moisture distribution of these samples
is shown in Table XIII. Data for 6-, 18-, and 34-months are shown for each
material. The Foamglas absorbed only 0.1% by volume after 34 months. The
Styrofoam and Scoreboard samples had average moisture contents of approxi-
mately 0.2% by volume, or less, after 34 months. The Armalite had a 1.6%
by volume moisture content by the end of 34 months, and the Urethane had
an average moisture content of 4.6% after 34 months. Moisture distribution
within the Urethane and within the Armalite was relatively uniform.

In the tests described above, the Styrofoam (extruded polystyrene)
materials normally absorbed less moisture than the others. The Foamglas
also absorbed a small quantity of water except in the freeze-thaw tests of
Kaplar and Wieselquist. Although the tests described above may provide an
indication of the relative moisture absorption in laboratory studies, they
may not be valid for field installations. None of the above methods pro-
vides data from which field moisture contents at future times can be

estimated.
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Table XIII
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After reviewing procedures and results from the laboratory studies
discussed above, two vital questions arise: (1) '"Do any of the laboratory
tests provide data sufficient to predict the performance of the insulating
material in an actual embankment?' and (2) 'Which test or tests are the
best indicators?'" Answers to these questions can only be obtained by com-
paring laboratory and field data. Tables XIV and XV contain data from
field studies, Table XIV for lightweight plastic materials and Table XV
for various other types of insulating materials.

Results from the field studies are similar to those obtained in the
laboratory in that for a given material the moisture content tends to
increase with time. Materials which performed most suitably in the labora-
tory also performed most suitably in actual embankments. Extruded poly-
styrene boards absorbed the smallest amount of moisture and many of the
molded polystyrene materials also absorbed relatively low amounts of water
in field studies. Two molded polystyrene materials reported by Saetersdal
(1971) absorbed very large amounts of moisture, however. The polyurethane
materials also generally tended to absorb much more moisture than the
extruded polystyfenes. Results from the field studies showed a wide vari-
ation similar to those observed in the laboratory, and were undoubtedly
caused by the same factors such as fabrication process and materials used.
In addition to these variables, insulating materials in the field studies
also exiﬁted in different micro-environments. Data in Table XV indicate
that the extruded polystyrene material with a plastic membrane over it
absorbed slightly more moisture than the same material which had no exter-

nal protection. Moisture contents of the excelsior, expanded clay, and

e A — 5 — e o T TR e



Table XIV

MOISTURE ARSORPTINN UNIER FTELD CONNDITIONS
LIGHTWE IGHT PLASTIC MATFRIALS

RFFERENCE YEARS AFTFR  MATP2TAL NDENSTITY MUMPER VOLUMFETRIC MITSTRE
L INSTALLATION LH/CU FT OF CONTENT, PERCFNT
SAMPLES MAX . MIN. AVE.

WILLTAMS(1968) 1.7 PU 1.9 1 = = 4.2
DRAMA(1972) 1.5 PU - 3 1.1 0.7 0.9
ESCHI1949) 0.7 Py 2.1 © 3 3.7 1.9 2.7
SACTERSDALIL9TL) 1.0 MPS 2.8 1 - - 4.5
SAETERDALLL9T7]) 15 MPS 2.5 1 - - 23.0
SAETFRSDAL(1971) 3.0 ups 1.9 (3 20.0 4.0 11.0
HARTMARK(]1971) 1.0 MPS = 19 = = 1.3
HARTMARK(1971) 2.9 MPS - 30 ~ - 2.0
HARTMA2K (1971) 3.0 MPS - 43 - - 3.0
HARTMAPC (19T1) 4.n MPS - 40 - - 2.5
HARTMARK(19T1) 5,0 MPS - 16 - - 3.7
HAPTMARK(1971) 6.0 MpS - 6 - - 3.7
WILLIAMS(1968) 1.7 MPS 1.2 ¥ - - 0.4
NRAMA(19T72) 0.5 MPS 2e5 2 2.1 0.7 1.4
ORAMA(19372) 0.7 MPS 2.5 2 0.2 0.1 0.2
ORAMA(1672) 0.8 MPS 2.5 1 - = 0.0
ORAMA(1372) 0.9 MPS 2.5 T 242 0.0 0.9
ORAMA(1272) 1.5 MPS 2.5 5 0.5 0.l 0.3
ORAMA(1972) 1.5 s 2.5 3 1.7 0.1 0.9
ORAMA(1972) 1.9 MPS 2.5 9 1.9 0.0 0.3
0RAMA(1972) 2.5 MPS 2.5 13 2.3 0.0 0.9
ORAMA(19T72) 2.9 MPS 2.5 1 - - 0.8
ORAMA(1972) 1.4 MPS 2.2 8 1.4 0.3 0.7
ORAMA (1972} 1.5 MPS 1.9 2 1.1 0.9 1.0
ORAMA(1972) 0.3 MPS 2.5 8 1.2 0.1 0.4
ORAMA(1GT2) 0.5 MpS 2.5 4 l.1 0.2 0.4
ORAMA(1972) 0.4 ERS 2.5 1 = - a.0
ORAMA(1972) 9.6 FPS 2.5 1 - - 0.1
ORAMA(19T2) 2.8 FPS 2.5 i = - 0.4
ORAMA(1972) 4.3 EPS 2.5 1 - - 0.8
ORAMA(]1772) 4.0 EPS 2.5 1 - - 1.2
ORAMA(1972) 5.3 £PS 2.5 1 - - 0.9
SAFTERSNALILNIGTL) eS EPS 2.5 3 2.8 1.1 1.8
SAETERSOHALILATL) 3.0 EPS 2.5 T 1.4 0.9 1.2
SAFTEOSOHAL119T71) 1.0 £R'S 2.0 4 1.8 1.9 1.4
ESCH11959) 0.7 £PsS 2.2 3 0.7 0.5 0.6
WILLTAMS(19A9) 0.5 EPS 2.9 1 - - 0.2
WItLTAYS(1953) N.8 EPS 245 3 0.9 2.2 0.5
WILLTAMS(1963) Ls5 EPS 2.5 2 0.6 0.3 0.4
WILLTAYS(1948) 2.0 EPs 2.5 ? 0.7 0.4 0.6
WMILLIAYS(1953) 2.1 EPS 2.5 2 0.7 0.5 0.6
WILLIANSI1G963) 2.8 =43 2.5 3 1.4 0.7 1.0
WILLTAMS(1963) 3.0 FPS 2.5 5 le7 0.9 1.2
WILLEA4S(]1G53) 4.0 EPS 245 2 1.6 0.9 1.2
WILL TA45(195%) hot EPS 2.5 2 1.6 1.2 1.4

w0 EPS 2.5 2 1.8 2.8 1.3

WILL TAMS(196R) 7 b

NOTES PIl = POLYU? ETHANE
MP§ = MILDEN OLLYSTYPFINE
EPS - FXT2HOCY POLYSTYRCENF

T - ——— - e —————————
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Table XV

MOISTURE ABSORPTYIUN UNDER FIELD CONDIVJONS
VARIOUS TYPES OF INSULAYING MATERIALS

®e DATA FROM ORAMA(LIGT2) ee
TIME AFTER EXCELSINR EXCELSIOR EXCELSIOR EXVRUDED EXTRUDED EXPANDED MINERAL

CONSTRUCTION (1) (2) 13) PsSTYRLNE P,STYRENE  CLAY WOoL
YEARS (%) (s) (6) (mn
°. - - - - - - -
0.5 - - 15. - 0.0 T. -
2.5 - 12. 12. 1.6 0.8 9. -
4.0 0. 19. 11. 1.4 1.2 12. 28.
5.0 13, 19. 8. 1.4 0.9 Te -
NOTES (1) PLASTIC MEMBRANE DVER

(2) PLASTIC MEMARANE OVER i

(3) PLASTIC MEMDRANE OVER AND UNDER

(&) PLASTIC MOMHRANE OVER

(S) ND MEMBRANE

(6) PLASTIC MEM3SRANE OVER AND UNDER

(T7) PLASTIC MEMBIANE OVCR AND UNDER

THIS TEST ROAD CONSTRUCTED IN 1966,
MOISTURE CONTENTS ARE VOLUME PERCENTAGES

(L T L A A R R A e A R L A T A A A T 2 LY ]

#¢ DATA FROM LINELL(1953) AND BANFIELD AND CSERGEI(1966) es
YIME AFTER CELLULAR CELLULAR CELLULAR ZONOLITE

"CONSTRUCTION GLASS CONCRETE CUNCRETE CONCRETE
YEARS (1 (2) (3)
0. = - o =
Te 0. 20. 35. . 4T,
20. 3.7 22. 22. 47.

© NOTES (1) AVERAGE DENSITY APPROXIMATELY 20 LB/CU FT.IN 1953 AND 1966.
(2) AVERAGE DENSITY APPROXIMATELY 38 LB/CU FT.IN 1953 AND
APPROXTMATELY 43 LB/CU FT IN L1966,
(3) AVERAGE NENSITY APPJOXIMATELY 27 LB/CU FT.

TEST SECTIUNS WERE CONSTRUCTED IN 1946,

NONE OF THE SAMPLES EXHIBITED VISIBLFE DETERIORATION WHEN SAMPLED
IN 1953, .SEVERAL CRACKS WERE VISIBLE® IN THE CELLULAR GLASS IN
1966, MOISTURE CONTENTS NEAR THt SURFACE OF THE CELLULAR
GLASS RANGFD FROM 10 TO 18 PERCENT BY VCLUME AND FRUM 0 TO L
PERCENT BY VOLUME IN THE [NTERIUR OF THE BLUCKS IN 1966. NO
VISIBLE DEGREDATION OF THE CELLULAR CONCRETE WAS EVIDENT IN
1966.

T I AT S E T
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mineral wool are considerably higher than most of the cellular plastic
materials in Table XIV.

Again referring to Table XV, data from Linell (1953) and Banfield and
Csergei (1966) indicate the lightweight concretes have absorbed consider-
able volunes of moisture. Samples of all the materials removed in 1953
showed no visible deterioration. When excavated in 1966, 20 years after
construction, the outer layer of the cellular glass material had accumu-
lated moisture and the cells were very weak due to partial destruction by
entrapped water during freezing and thawing. The lightweight concretes had
been relatively unaffected by the freeze-thaw cycles although they had
considerably more moisture than the cellular glass.

After comparing data from Tables XIV and‘XV with data obtained from
laboratory studies, it is obvious that none of the laboratory tests
adequately predicts the performance of a candidate material in an actual
embankment. It must be noted, however, that very few of the laboratory
tests were actually designed to simulate an embankment environment and
most were used only to evaluate the possible relative performance of
various materials.

Data from Orama in Table X& indicate that simply placing a moisture
barrier above the insulating layer does not adequately protect the insu-
lating material from moisture. The extrudcd polystyrene material, when so
treated, actually absorbed more moisturec than the material in a similar
section which had no moisture barrier. The excelsior section, which had
a moisture barrier on both sides, exhibited a continual decrease in mois-

ture content; whereas the sare material, with a moisture barrier on the
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upper surface, has apparently increased over the same time period. Volu-
metric moisture contents in the expanded clay material having a vapor
barrier on both sides of the layer have fluctuated somewhat.

'Knight and Condo (1971) described the use of a special wax material
to coat polyurethane materials installed near Prudhoe Bay, Alaska. Esch
(1969) stated that an asphalt coating was applied prior to and subsequent
to placing a polyurethane layer near Anchorage, Alaska. Data from Table
XIV indicate that the asphalt coating was not effective because moisture
penetrated into the polyurethane. Additional work must be accomplished to
determine the most adequate and economical moisture barrier material to
use with insulating materials which absorb excessive amounts of moisture
when unprotected.

The Atlantic-Richfield Company designed and constructed a prototype
apparatus for applying Urethane insulation to roadway embankments (this
machine is now owned by Bechtel Incorporated). The apparatus is shown in
Figure 24. It was constructed so that a preliminary coating of petroleum-
based material could be applied to the subgrade prior to placement of the
polyurethane (Figure 25). Under contract with the US Army Cold Regions
Research and Engineering Laboratory, the ARCO Chemical Company used the
machine to construct a test section near Fairbanks, Alaska. The upper
surface was painted and a flexible glass-fiber matting was placed directly
on the insulating layer. Traffic was applied directly on the flexible
surfacing material. Similar tests were discussed in the section,

""Rheological Studies'.
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Figure 24
Prototype apparatus for applying polyurethane insulation to embankments.
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Figure 25
Application of subbase seal coat prior to placing polyurethane insulation.
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PROPOSED LABORATORY TEST APPARATUS

A laboratory test which more closely simulates a prototype embankment
can be designed by 'borrowing' concepts from the devices used in the dy-
namic loading tests reported by Knight (1972) and the freeze-thaw appar-
atus discussed by Williams (1968). A sketch of the proposed apparatus is
shown in Figure 26. The insulation samples are embedded in a simulated
embankment with moisture available beneath the insulating materials and a
temperature gradient imposed across the simulated embankment. Since the
amount of moisture intrusion into a sample is dependent upon time and the
temperature gradient across the sample, various field conditions could be
modeled. It would also be possible to test the effectiveness and longevity
of various membranes in this apparatus.

Theoretically, samples can be forced to absorb moisture more rapidly
by increasing the temperature gradient across the material. This in turn
increases the vapor pressure gradient across the material. Depending on
the materials under test, there may be an upper limit to the tenmperature
difference across the sample because strength normally decreases with
increasing temperature in cellular plastics.

A question arises concerning the desirability of freeze-thaw cycles
in the apparatus. Although freeze-thaw cycling has not been shown to
affect the strength of cellular plastic materials to any great extent,
some materials such as cellular glass or lightweight concrete may be
affected, By imposing dynamic loading on the insulating materials with
the overlying materials always in the thawed state, nmaximum degradation

should occur under a given number of loading cycles because the
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"reinforcing" effect of frozen material above the insulation is not allowed.
This apparatus would more closely approach the conditions in an actual field
installation than any previous test apparatus. The proposed device would

be capable of imposing repeated dynamic loads and maintaining either a
cyclic temperature variation within the apparatus or a constant temperature
distribution across the specimens. The free-water table could be simulated

by providing a source of moisture beneath the insulating material.




CHAPTER IV
THERMAL DESIGN

All of the computational techniques discussed in Chapter II can be
applied to the thermal design of insulated embankments on permafrost.
Three widely dissimilar one-dimensional techniques will be used in this
chapter. The primary advantages and disadvantages of each method are
described subsequently.

Pertinent physical and thermal properties of materials used for the
computations in this chapter are summarized in Table XVI. In selecting
materials for the computations, primary emphasis was placed on choosing a
wide, but realistic, range of thermal properties. The particular combi-
nations of thermal and phy;ical properties may not be encountered in an

actual embankment.

LACHENBRUCH 3-LAYER METHOD

Lachenbruch (1959) applied the heat conduction theory and developed
equations for a multi-layer heat flow procedure. As the title implies, a
3-layer system was considered. Figure 27 illustrates the profile used in
the 3-layer technique. For this discussion the upper layer is gravel, the
second layer insulation, and the third layer may be either a sub-base or
a subgrade material.

A sinusoidal temperature variation is applied at the surface and the

anplitude of the sinusoidal temperature variation at the interface of the

86
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PROPERTIES OF MATFRIALS USEN IN THERYAL CALCULATIONS

Table XVI

conre nRY 41T MATSTHRR
NJUMBER WETCHT CONTENT
LA/CU k1 { DY WT
1 135. T.
2 120. Se
3 110. 8.
4 100. 15.
5 56. 100.
6 55. 10.
7 35. 5.
8 2. 0.
T

THERMAL

CONDUCTIVITY
ATU/ET HR F

1.98
1.24
1.10
0.76
0.82
0.1666
0.03833
0.0175

VOLIIMETRIC
HEAT CAPACITY
BTU/CU FT F

30.
25.
26.
28.
53.
15.15
8.33
1.

1360,
864,
1267.
2160.
8064.
792.
252.
0.

LATENT HEAT
OF FUSION
ATU/CU FT
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Figure 27

Conditions for the Lachenbruch 3-layer problem.
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second and third layers is calculated. As shown in Figure 28, the tempera-
ture amplitude at the interface between the second and third layers is

defined as "F'. The surface temperature amplitude is defined as "A". The
equation developed by Lachenbruch is applied to determine the ratio of F/A.

Assuming that no thaw penetration beneath the insulating layer will
be permitted, the magnitude of F is simply the difference between the mean
annual temperature and the freezing point of the soil moisture, normally
assumed to equal 32° F. This method, then, can be used to design insulated
embankments for ''complete protection', that is, allowing no thaw penetra-
tion beneath the insulating layer.

As stated in Chapter II, this procedure does not consider effects of
latent heat of the soil moisture. It is possible, however, to reduce the
surface thawing index to consider the effects of latent heat indirectly.
After the thawing index has been adjusted, it can be converted into an
equivalent sine wave by using the mean annual temperature (Figure 29).

The following example illustrates the procedure for using Figure 30
to estimate the reduction in surface thawing index due to latent heat in
the gravel. Assume 2.0 feet of 135 1b/cu ft gravel base (code number 1
material in Table XVI) overlay the insulating layer and the corrections to
be applied to air thawing indexes at Barrow, Alaska, and Fairbanks, Alaska,
are desired. From Johnson and Hartman (1969) the mean thawing indexes are:
Fairbanks, 3000 °F-days and Barrow, 500 °F-days. The gravel base has the
following properties: X = 1.98 Btu/ft hr °F, and L = 1360 Btu/cu ft. Then,

_l.". = _._...1_300 - 14 k4
45 48 (1.93) .-
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temperature amplituae at the interface between layers 2 and 3 (F).
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From Figure 30, 2.0 ft of material with L/48K = 10 provides an F
value of 40 °F-days. For the material in this example the F value is:
(40)(14.3)/10 = 57 °F-days
And the adjusted thawing indexes are:

Fairbanks: 3000-57
Barrow: 500-57

2943 °F-days
443 °F-days

The correction at Barrow is more important than the correction for Fairbanks
due to the relative sizes of the mean thawing index and the correction.
The correction will increase with added gravel thickness, as illustrated
in Figure 30.

Several different 3-layer cross-sections can be constructed from the
eight materials listed in Table XVI. In the subsequent studies the first
three materials are used as granular base materials above the insulation;
the fourth and fifth materials are those below the insulating layer and
the last three materials are insulating media.

A computer program was written, in FORTRAN IV language, to solve the
equation for the 3-layer model developed by Lachenbruch. The program is
listed in Appendix E. It was used to develop data discussed in the re-
mainder of this section.

Table XVII illustrates the effects of changing the thermal conduc-
tivity of the insulating layer and the influence of different thicknesses
of base material over the insulating layer. For the computations in Table
XVII the 135 1b/cu ft granular haterial (code number 1 material in Table
XVI) was used above the insulating layer and the 100 1b/cu ft material
(code number 4 material) was used below the insulating laYer. The volu-

metric heat capacity for the different thermal conductiyvity values was

e ——r —r PR




EMA KT THF RMAY

DEPTH  COND.
FT BTU PER
(FT HR F)

1.5 0.0125
0.017%
0.0250
0.0417
0.08132
0.1666

5. 0.012%
0.0175%
0.0250
0.0417
0.0833
0.1664%

10. 0.0125
0.0175
2.0250
0.0417
0.0R23
0.1666

6% PRNPERTICS OF SNIL

GRANUL AR RASE

SILY SURRASF

Table XVII

F/A RATIO FNE yvaAC[NyS TYPES OF INSULATIONS
AND EMARAYNKMENT THICKNESSES

0.5

o kY
<766
9312
358
<8956
<915

<6113
<561
654
«732
<161
o116

+483
311
«534
955
<574
<584

1.2

«563
« 649
PR
. 195
« 858
896

« 509
«562
.618
<079
« 132
761

L4604
.46
.433
o523
« 556
«574

2.0

«391
<475
« 561
617
« 7190
.858

«359
«429
«501
«591
<679
o 132

. 300
«362
o404
465
«523
«556

INSULATION THICKNESS, [NCHES

3.0 4.0 5.0
F/A RATIO,

«298 240 .22)
«375 303 .262
463 L3911 .338
«9538 519 +4h3
« 730 576 630
«823 .79) 759

«278 226 .191
«344 J2BT 246
«418 359 .313
«521 4464 419
«6N1 4590 .554
« 705 679 655

#2328 <197 167
«290 4245 212
«345 302 L2606
418 4378 4345
<492 465 ,440
«539 .523 .507

LAVFRS *#s
- NEYSTITY=)A5. 0 /C!) FT,
THFMAL

CAPACITY=30.09TY/CU FT F.

- DENSTITY=}NOLB/CY FT,
THE 2 MAL

CAPACITY=23.2RTU/Cl FT F,
NOTE= THE VOLUMETWIC HEAT CAPACITY OF ALL
ASSIUMEN TO ENYAL 1.0 ATY/CY FT Fo

M1 STURE

HIISTURE

6.0 7.0 8.0 9.0 10.
OIMENSTUNLESS

«172 151 o134 121 .110
227 200 179 162 148
e298 256 260 218 200
«417 .3830 348 321 ,298
«588 551 .913 4897 .462
«730 702 676 .652 .630

«165 145 139 117 .107
«21l5 191 172 156 143
«278 4250 4226 207 L191
«381 <347 o322 .293 .273
«520 4491 464 .44D .419
0632 4611 .590 571 .553

o146 4129 .115 104 .095
«187 .167 151 .133 .124
«238 215 196 .1B1 .l167
«217 4293 272 .254 238
«4lT <397 <378 360 345
+492 L4778 L465 .452 440

INSULATING MATERIALS WAS

11.

136
<185
.278
+439
+608

.098
<132
177
<260
.398
536

.038
117
156
224
.330
<423

12.

<172
«260
<417
.588

.0%0
«122
<165
«245
.380
520

.081
«109
165
211
<316
<417

CONTFNT=7 PERCENT 3Y NRY WEIGHT
CONDICTIVITY=1,933TU/FT HR F, VOLUMETRIC HEAT

CONTENT=15 PERCENT AY NRY WT,.,
CONNDUCTIVITY=0,763TU/FT HR Fy VOLUMETRIC HEAT
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assumed to be constant and equal to 1.0 Btu/cu ft °F. Thus, for a
particular embankment thickness, changes in the F/A ratio are influenced
only by the thermal conductivity and thickness of the insulating layer.

Figure 31 contains data from Table XVII and illustrates relation-
ships between the thermal conductivity, gravel base thickness, F/A ratios,
and the insulation thickness. As the embankment thickness above the insu-
lating layer increases, the thickness of insulation required to provide
equivalent protection decreases. Increasing the gravel layer from 1.5 ft
to 5 ft thick reduces the insulation requirements more at. the higher F/A
ratio than at the lower value. For a given gravel thickness and a given
F/A ratio, the insulation thickness is directly proportional to the thermal
conductivity; <.e., if the thermal conductivity is doubled, the required
insulation thickness is also doubled. When the F/A ratio is reduced from
0.6 to 0.3, a decrease of 50%, the required thickness of insulation is
nearly quadrupled.

Figures 32 through 37 show F/ A ratios for various combinations of
materials from Table XVI. Zurt (1970) developed similar curves for other
combinations of materials. Data in these figures, or similarly construct-
ed ones, may be used to determine the thermal design of insulated embank-
ments permitting no thaw penetration beneath the insulating layer. For
example, assume available materials have propcrtios similar to those in
Figure 34 and the site where the embankment is to be constructed has an
F/A ratio of 0.45. Then cowbinations of gravel and insulation which will
permit no thaw beneath the insulation are obtaincd by constructing a hori-

zontal line from F/A = 0.45. Thus approximately 2-1/2 inches of

S ——
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| MATERIALS USED IN THIS ANALYSIS,

TYPE DENSITY  MOISTURE CONTENT
GRAVEL 135, Te .
INSULATIGN 2. 0.
SuB BASE 100. 15.

STHBOL INSUWATIEN THICKNESS
0.5 INCHES

+

o 1.0 INCHES

) 2.0 INOES

A 3.0 INCHES
== X 6.0 INCES

o —
(e ¢] o

o
(@)}

I l
/ .

xx F/R RATIO, DIMENSIONLESS xx

e b -
0.2 = x —
| | 1
S5 02 ou 06 - i :
xx ORAVEL THICKNESS, FT xx
Figure 32

F/A ratios for embankments incorporating code number 1, 8 and 4 materials.
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= MHTEHIRL? gEED IN THIS ANALYSIS,

DENSITY ~ MOISTURE CONTENT

GRAVEL . 120. S
INSULATION 2. . 0.
SUB - BASE 100. 1S.

STHBAL INSULATIBN THICKNESS
0.5 INCHES

‘

@ 1.0 INGHES
= 2.0 INCHES
a 3.0 INCHES
- 6.0 INCHES

X

X 1.0 -
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xx ORAVEL THICKNESS, FT xx

Figure 33

F/A ratios for emb

ankments incorporating code number 2, 8 and 4 materials.
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L MATERIALS USED IN THIS ANALYSIS,

TYPE DENSITY  MOISTURE CONTENT
GRAVEL 110. 8.
INSULATION 48 Q.
SUB BASE 100. 15.
SniBaL INSULATION THICKNESS
+ 0.5 INOES
L] 1.0 IMYES
() 2.0 INCHES
A 3.0 INCHES
(R x 6.0 [MCHEY

o
ny
/

xx F/A RATIO, DIMENSIONLESS xx

0.0 | | I | | L
g 02 o4 06 08 10
xx GRAVEL THICKNESS, FT xx
E}gu::t?gs for embankments incorporating code number 3, & and 4 materials.
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| MATERIALS USED IN THIS ANALYSIS,
! TYPE DENSITY MOISTURE CONTENT
GRAVEL 120. S.
INSULATION c. 0.
SUB BRSE S6. 100.
b 8 INSULATIEN THIOOESS
. 0.5 INCES
) 1.0 INGES
P 2.0 INGES
A 3.0 INDHES
| x 6.0 INOES >
| X
“ X 1.0 |-
/p)
)
- (]
;l 2" 0.8 oy
| i D
i —
! /9]
| 2
| 5= 0.6
: =)
i -
o 0.4 .
|| -
| ] a
| ac .
Fania \
| O 0.2
| < M’(
F L
' X | | ! | ! l
x 0.0 5 ou 06 G5 10

02
¥x GRAVEL THICKNESS, FT xx

Figure 35 . A
F/A ratios for embankments incorporating code nuiiber 2, 8 and 5 materials.
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MATERIALS USED IN THIS ANALYSIS,

TIPE DENSITY ~ MOISTURE CONTENT
GRAVEL 120. S.
INSULATION 3S. S.
SuUB BASE 100. 5.

bl 8 INSULAT[BY THICKNESS

o 1.0 INOHES
a 3.0 INCHEY
x 6.0 INOEY
» 12.0 INCHES
- 2.0 INGEY
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Figure 36
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F/A ratios for embankments incorporating code number 2, 7 and 4 materials.
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| MATERIALS USED IN THIS ANALYSIS,
TYPE DENSITY  MOISTURE CONTENT
GRAVEL 1el. e
INSULATICGN 393, 10.
SUB BARSE 100. 15.

INSULATION THICQESS
1.0 INCHES
3.0 INCHES
6.0 INCHES
12.0 INCHES
2.0 INCES

onxlbag

o —
e o] o

o
(o2}

o
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S
n
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| l I 1 l |
0 02 oy 06 08 10

»» GRAVEL THICKNESS, FT xx

x* F/R RATIO, DIMENSIONLESS xx

o
o

Fiqure 37

F/A ratios for embankments incorpbrating code nu.ber 2, 6 and 4 materials.
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insulation and no gravel could be used. Two feet of gravel over two inches
of insulation would also be adequate, as would seven feet of gravel and
one inch of insulation, or nine feet of gravel and one-half inch of insu-
lation. If structural requirements necessitated a minimum of two feet of
gravel over the insulation, then two feet of gravel and two inches of insu-
lation would provide an adequate design.

The most economical design could be ascertained by using suitable
combinations of gravel and insulation thicknesses. Suitable combinations
of the two materials are points on the horizontal line from F/A = 0.45.

The insulation thickness required for the example given above could
be reduced by considering the latent heat of the gravel. The procedure
to be used in the refinement was discussed previously in this section and
necessitates using Figure 30.

Figures 32 through 37 also illustrate several other important features
of insulated embankments. Data in these figures and in Table XVII illus-
trate the decreasing effect of greater insulation thicknesses. For example,
referring to the 2-foot gravel thickness in Figure 32, the reduction in
F/A ratio is nearly as great when increasing from 0.5 inches to 1.0 inches
of insulation as when increasing from 3.0 inches to 6.0 inches of
insulation.

Since each set of curves in Figures 32 through 37 are distinct from
the others, a set of design curves will normally be required for each
combination of three materials. The computer program listed in Appendix
E can be used to develop data for the curves. Figures 32, 33, and 34

illustrate the effect of changing properties of the gravel base. Figures
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33 and 35 illustrate the effect of changing the sub-base material, and
Figures 33, 36, and 37 illustrate effects of different insulating layers.
One should note that the insulation thicknesses in Figures 32, 33, 34,
and 35 are 0.5, 1.0, 2.0, 3.0, and 6.0 inches; but in Figures 36 and 37,
insulation thicknesses are 1.0, 3.0, 6.0, 12.0, and 24.0 inches. Figures
33 and 36 illustrate that 24 inches of the 35 1lb/cu ft (code number 7)
insulating layer are not as effective as 6 inches of 2 1b/cu ft (code
nuner 8) material. Similarly, Figures 33 and 37 show that 24 inches of
the 55 1b/cu ft (code number 6) material are less effective than 3 inches
of the 2 1b/cu ft (code number 8) material.

In sumary, the 3-layer method can be used to determine insulation
thicknesses required for complete protection of the sub-base; <.e., for
situations allowing no thaw penetration beneath the insulation. And the
procedure for estimating the effect of latent heat of the gravel base can
be applied to reduce the required insulation thickness. The importance of
the latent heat correction increases as the thawing index decreases and/or

as the thickness of granular material above the insulating layer increases.

MODIFIED BERGGREN EQUATION

The modified Berggren equation éan be used for the thermal design of
insulated embankments on permafrost. The form for a homogenecous s5cil was
presented in Chapter II (equation 8). Since embankments are normally
layered systems, a second form was developed (Departments of the Army and
Air Force, 1966). In this form, the degrec-days required to penctrate

individual layers are accumulated until the summation equals the thawing

—a
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index. The sum of the thicknesses of all the thawed layers is the thaw

depth. The degree-days necessary to penetrate each layer are determined

from:

L d
F, = 7%‘X¥ (IR + ;DJ 12.
n

where IR is the total thermal resistance of the layers above the nth

layer
and Rn is the thermal resistance of the nth layér. The other parameters
were defined in Chapter II. Computer programs have been written to deter-
mine thaw depths in layered systems using the modified Berggren equation
(Aitken and Berg, 1968, and McDougall and Berg, 1970).

Unlike the Lachenbruch method discussed in the previous section, the
modified Berggren equation should not be used to determine insulation
thicknesses required to completely eliminate thaw penetration beneath the
insulating layer. The primary reason for this is that insulating materials
are normally assumed to have a negligible moisture content. Thus, these
materials have no latent heat. From equation 12 it is seen that the number
of degree-days required to penetrate a layer having zero latent heat is
also zero. Therefore, no degree-days are accumulated in penetrating the
insulating layer and an infinite insulation thickness would be required to
prevent thaw penetration beneath it.

Data from Chapter III indicate that all of the materials used as insu-
lators in embankments absorbed moisture. By including the moisture con-
tent of the insulating layer, the modified Berggren equation can be used

to estimate insulation thicknesses for complete subgrade protection.
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A question that immediately arises is: How accurately can thaw depths
in insulated embankments be computed using the modified Berggren equation?
Unfortunately, no information is available from insulated embankments
where thaw penetration has penetrated only a few inches beneath the insu-
lation. However, data from seasonal frost areas indicate that the modified
Berggren equation may reliably estimate thaw depths greater than 8 to 12
inches beneath the insulating layer.

Figures 32 through 35 in the last section illustrate that F/A ratios
less than 0.2 generally can only be achieved with insulation thicknesses
in excess of six inches. These thicknesses are required to eliminate thaw
penetration beneath the insulating layer. As illustrated;by data in the
figures and in Table XVII, increased thicknesses of insulation have a
diminishing effect on the F}A ratio. Therefore, it may be desirable to
allow some thaw penetration beneath the insulating layer in areas where
the F/A ratio is small. For example, at Fairbanks, Alaska, the mean air
thawing index is about 3000 °F-days and the mean annual soil temperature
is approximately 30° F. To prevent thaw beneath the insulating 1;yer, an
F/A ratio of approximately 0.07 would be required. From Table XVII it is
seen that a 10-foot gravel embankment overlaying 12 inches of an insulating
material having a thermal conductivity of 0.0125 Btu/ft hr °F does not
provide sufficient protection to eliminate thaw penectration beneath the
insulating layer. A more economical design would use a thinner insulating
layer and a thinner layer of gravcl over the insulating layer. This design
would permit a limited amount of thaw penetration beneath the insulation.

Figure 38 illustrates thaw depths into insulated and uninsulated

b S
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embankments near Fairbanks, Alaska. Materials used in this analysis are
shown at the top of the figure and their properties can be détermined
from Table XVI. Computations were made for an uninsulated embankment and
embankments incorporating insulation thicknesses of 1, 2, 3, and 6 inches.
Various thawing indexes anticipated to occur in the Fairbanks area were
utilized.

The different thawing indexes were obtained by applying 'N-factors"
to the mean air thawing index. ''N-factors', as explained in Chapter II,
are empirical relationships between air thawing indices and surface thaw-
ing indices. The Departments of the Army and Air Force (1966) provide
suggested ''N-factors' for various surfaces subjected to freezing or thawing
conditions. Table XVIII contains 'N-factors'' suggested by the Army and
Air Force for freezing conditions and for unpaved surfaces under thawing
conditions. Figure 39 illustrates suggested values for pavements during
the thawing season. ''N-factors' of 1.0, 1.5, 2.0, and 2.5 were used to
develop each curve in Figure 38. The air thawing index used in these
calculations was 3160 °F-days and the mean annual soil temperature was
equal to 30° F.

From Table XVIII it is seen that an 'N-factor" of 2.0 is suggested
for gravel surfaces subjected to thawing temp-—3‘ -es., Multiplying the
air thawing index by this value provides a - rface thawing index
in excess of 6000 °F-days. For an uninst ..d embankment, a thaw depth
greater than ten feet deep is calculated and when three inches of insula-
tion are used the thaw depth is decreased to approxirately 5.3 feet, or

about three feet of thaw beneath the insulating layer. The curves in
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Table XVIII

RECOMMENDED N-FACTORS
FROM THE DEPARTMENTS DF THE ARMY AND AIR FORCEL(1966)

SURFACE TYPE N-FACTOR
FREEZING CUNDITIONS
SNUW 1.0
PAVEMENTS FREE UF SNOW AND ICE 0.9
SAND AND GRAVEL 0.9
TURF 0.5
THAWING CONDITIUNS
SAND AND GRAVEL 2.0 3
TURF 1.0
PAVEMENTS — SEE FIGURE 39.

e gy e S — e —————— v ——— —————————— )
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MATERIALS USED IN THIS ANALYSIS,

a IWEE DENSITY MOISTURE CONTENT
GRAVEL 120. B
IMSULATICON €. Q.
SUB BASE 100. 13,
— STMBOL  INSULATIGN THIOONESY
o WINALATED
p 1.0 INOES
a 2.0 INOHES
+ 3.0 INCHES
'S 6.0 INCES
N
2 —

=)
I

xx% THAW DEPTH, FEET xx
I I

” | | 1 % | i
0 1500 3000 us00 6000 7500 3000

SURFACE THAWING INDEX, F-DAYS

Figure 38 )
Calculated thaw depths near Fairbanks, Alaska.
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N-factors for paved surfaces during thawing.

110




111

Figure_38 are for a particular combination of materials and for other
combinations of materials, tﬁe computed thaw depths may be different from
those shown.

Figure 40 is similar to Figure 38, except a wider range of thawing
indexes has been used. Mean air thawing indexes and approximate mean annual
soil temperatures from four different locations in Alaska were used to
construct Figure 40. The thawing indexes and mean annual temperatures are
shown in Table XIX. Linear regression analyses were performed on data for
each insulation thickness and the regression lines are shown in Figure 40.
The equation for each line is also shown on the figure. Thawing indices
less than 1400 °F-days and the corresponding thaw.depths were not used in
the linear regression for the uninsulated embgnkment because the relation-
ship between surface thawiné index and thaw depth is non-linear in this
region.

Referring to the data in Figure 40, it is seen that very little re-
duction in thaw depth is accomplished by insulatiqn thicknesses greater
than approximately one inch when the surface thawing index is less than
about 1400 °F-days. In fact, a few calculated thaw depths increase due
to greater thickness of insulation.

To investigate possible changes in thaw depths in an insulated em-
bankment due to moisture absorption by an insulating layer, five additional
modified Berggren equation solutions were accomplished. Results of this
study are summarized in Table XX. In the first solution a dry, high-
quality, polyurcthane foam was assumed. In subscquent solutions the

effects of increased thermal conductivity and increased moisture content
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TIPE DENSITY  MOISTURE CONTENT

GRAVEL 120. S
INSULATION g 0.
SuB BASE 100. 15.

SYMBOL  INSULATION THICKESY EGURTIDN OF LINE

o UNINSULRTED Y=-3.59-0.000995X

° 1.0 INOHES Ye-1.98-0, 00DOGHX
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Calculated thaw depths for various thawing indexes and various thicknesses

of insulation.
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Table XIX

STATIONS USEN IN MODIFIFN BERGGREN FQUATION SOLUTIONS
FOR FIGURF 40,

STATION MFAN AR MEAN ANNIIAL LENGTH OF
NAME THAWING INDEX SOIL TYEMPERATURF SEASON
F-DAYS F DAYS
BARROW 500. 14, 82.
RETTLES 1440, 17. 110,
FT. Y!KON 2600, 26, 150.
FAIPBANKS 3160. 30. 180.
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Table XX

EXAMPLES OF CHANGES IN THAA DEPTH DUE TO MUISTURE ABSORPTION
BY THE INSULATING LAYER

DRY MOTSTURE THERMAL VOLUMETRIZ HFAT LATENT HEAT THAW
DENSITY. CUNTENT CONOUCTIVITY CAPACITY OF FUSION DEPTH
( DRY wWI BTU/FT HR F BTU/CU FT F 8TU/CU FT FEET

2.0 0. 0.0125 1.0 0. 3.6
2.0 150. 0.0175 2.6 432. 4.0
2.0 240, 0.0217 4.0 690. 4. b
2.0 300. 0.0250 4.9 864. 4.6
2.0 400. 0.0333 6.4 1150. 5.2

NOTE — THE FOLLOWING DATA WERE USED IN ALL COMPUTATIONS AIR THAWING
INDEX=2600. F-DAYS, MEAN ANNUAL SOIL TEMPERATURE=24., F, LENGTH
OF THAWING SEASON=150 DAYS AND N-FACTOR=2.0. CUDE NUMBER 2
MATERIAL(FROM TABLE XVI) WAS ABIVE THE INSULATION AND CUDE NUMBER
4 MATERIAL BENEATH THE INSULATION,
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were evaluated. The relationship between changes in moisture content and
changes in thermal conductivity illustrated in Figure 15 was used for these
computations. It should be noted that the moisture contents shown in
Figure 15 are on a volumetric basis and those shown in Table XX are on a
dry-weight basis.

Comparing the first solution in Table XX with the fourth solution,
it is found that the thaw depth has increased approximately 28% due to a
100% increase in the thermal conductivity of the insulation layer. Assuming
two dry insulating materials with one material having a thermal conductiv-
ity twice as great as the other, thaw depths in otherwise identical em-
bankments would differ by about 41% (1 - V2). The latent heat effects of
the wet insulation reduced the change from 41% tof28%. Data in Table XX
illustrate that the net result of moisture absorption by the polyurethane
is to increase thaw penetration. Thus, the increased latent heat and in-
creased volumetric heat capacity of the wet insulating layer are more than
offset by the increase in thermal conductivity.of the material. The effect
of moisture absorption by other insulating materials may be evaluatred in

a similar manner.

FINITE DIFFERENCE TECHNIQUE

Numerical methods can also be used to design insulated embankments
on permafrost. Several of the programs described in Table III were
developed for this purpose. The finite difference technique described
by Berg and McDougall (1971) was used for the analyses presented herein.

The basic computer program was written by Berg and Aitken at USACRREL
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prior to the author's studies at the University of Alaska. Since the
University of Alaska digital computer has a much greater capacity than the
one owned by USACRREL, the original computer program was considerably ex-
panded and improved during the present studies. Several features were
added which could not be accomplished on the USACRREL machine.

The primary advantage of using a numerical technique is that the time
dependency of seasonal thaw depths and subsurface temperature fluctuations
can be calculated. The long term behavior of a facility can also be evalu-
ated with this technique. The modified Berggren equation and the 3-layer
method described previously are generally applied only for a mean or design
thawing season, and only the maximum thaw depth for that particular season
is computed. The most important disadvantage of numerical techniques is
that much larger digital coﬁputcrs are generally necessary than for closed
form solutions.

Figure 41 is a comparison of calculated and measured subsurface
temperatures in an insulated roadway near Prudhoe Bay, Alaska. The solid
lines are calculated temperatures and the symbols are measured temperatures
at equivalent depths. Correlation between measured and calculated data
is very good.

Figure 42 illustrates the effects of two different time increments
and two different upper boundary conditions on calculated thaw depths.
Measured thaw depths are also shown in the figure. These data are for an
uninsulated roadway ecmbankient near Fairbanks, Alaska. The sinusoidal
tenperature varidaiion applied at the surtace nad a thawing index equiva-

lent to the thawing index computed from mensured surface termperatures.
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Figure 41

Comparison of calculated and measured temperatures in thé Prudhoe'insulated
road, from Condo, McGrogan and Burt (1971).
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Correlation between measured and computed thaw depths is good and the
difference between thaw depths computed usirg hourly time intervals and
tho® using daily time increments is generally quite small. Calculated
seasonal thaw progression using the sinusoidal surface temperature vari-
ation is similar to that computed using measured surface temperatures.

Esch (1973) described insulated roadway test sections constructed by
the Alaska Department of Highways near Chitina, Alaska. The test sections
were installed in 1969 and by the end of 1972 subsurface temperatures
approximately 20 feet below the 1969 peat surface had increased approxi-
mately 1° F (to 31° F). Since warmm permafrost, 4{.e. permafrost with
temperatures about 29° F or greater, occurs in many locations in Alaska,
the long term behavior of an insulated embankment on permafrost is of
considerable interest. The test sections at Chitina are used to estimate
the long term effects and computations were made for a twenty-year period.
The soil profile consisted of the following materials: 0.08 ft of 'chips
and oil" pavement, 0.5 ft of crushed rock, 4.75 ft of gravel, 0.33 ft of
Styrofoam HI insulation, 1.5 ft of sand, 22 ft of silty peat, and the
material beneath the peat was assumed to be ice-rich silt. The tempera-
ture at a depth of 60 ft below the pavement surface was assumed to remain
at a constant 31.9° F for the entire period. A sinusoidal surface tempera-
ture variation was applied. The surface thawing index was 5180 °F-days
and the surface freezing index was 4700 °F-days.

Prior to making the computations for a twenty-year period, prelimi-
nary calculations were made for one ycar. Computed and measured tempera-
tures were compared and the soil thermal properties were refined until

good agreement was reached.
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For the computations of long term behavior, moisture released upon
thawing of the peat was assumed immobile and possible surface subsidence
was neglected, <.e¢., the complicating effects of thaw consolidation were
not considered. Figure 43 illustrates thc level of the permafrost table
with time. The maximun depth of seasonal frost is also shown in the
figure. Although this line is continuous in the figure, it should be
understood that the positio: of the seasonal frost front is mobile and
fluctuates on an annual cycle. Seasonal frost completely melts by late
summer.

Using the same soil properties and the same initial and boundary
conditions, the long term effects of an uninsulated section having the
same properties as the insulated section were computed. Results of these
computations are also shown in Figure 43, Considerably more permafrost
degradation would have occurred under an uninsulated section than is esti-
mated to occur under the insulated section. ;

From this relatively simple approach it appears that significantly
less permafrost degradation and associated surface subsidence will occur
during the 20-year lifetime of an insulated roadway embankment than would

be expected to occur in a similar uninsulated embankment.
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Long term behavior of insulated and uninsulated test sections near
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

Several hundred miles of new transportation networks have been pro-
posed for permafrost regions in North America. Insulating layers within
the embankments have been considered in several of the proposals. Incor-
porating insulating layers into the embankments may frequently reduce the
embankment thickness, thereby reducing the requirements for backfill
material and possibly reducing the overall cost and environmental effeccts
of the project.

The concept of entirely eliminating seasonal thaw penetration beneath
insulating layers appears practical in areas where the pemmafrost tempera-
tures are relatively cold and the seasonal thawing indexes are relatively
small, as typical of the Alaskan North Slope.

It may be economically undesirable to eliminate permafrost degrada-
tion beneath embankments in discontinuous or warm permafrost areas. How-
ever, the magnitude and rate of permafrost degradation and resultant
surface subsidence can be reduced and controlled by incorporating insulating
layers into the embankment. In test sections constructed near Chitina,
Alaska, insulated embankments have allowed less permafrost degradation with
considerably less surface subsidence than the adjacent uninsulated test
sections (Esch, 1973). The embankment used at Chitina is a paved roadway.
The mean annual soil tcuperature at thie tine of construction was appiroxi-

nately 30° F and in Ccetober 1972 (3 years arter construction of the test
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sections) the mean annual soil temperature in nearly all locations beneath
the roadway had increased to approximately 31° F. The eventual equilibrium
state of these test sections remains to be determined.

Inclusion of a '"one-way insu}ator" into the embankment may permit
sufficient winter heat removal beneath the insulating layer to maintain
the original warm permafrost temperatures. The efficiency and economy of
a one-way insulating system remain to be determined.

Several methods can be used for the thermal design of insulated em-
bankments on permafrost. Advantages and disadvantages of the three methods
used in this study were discussed in Chapter IV. All three methods assumed
one-dimensional heat flux. A two-dimensional numerical procedure is neces-
sary to estimate edge effects and to evaluate various toe of slope designs.
To date, failure of side slopes of uninsulatcd embankments on high ice
content permafrost has been common.

All insulating materials used in embankments have absorbed moisture.
However, some have absorbed considerably more moisture than others. The
extruded polystyrene insulation has generally absorbed less moisture than
other insulating materials.

The absorption of moisture by an insulating layer increases its
thermal conductivity and permits greater thaw depths beneath the insulating
layer. .

Various types of field-installed membranes have been used on poly-
urethane materials to minimize moisture absorption; however, success has
been limited. Other types nf materials have bzen successfully enclosed in

plastic menbranes. Th2 use of a plastic wonbrane on ouly one side ot the
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insulating layer has been more detrimental than having no membrane at all.
Membranes other than plastic may be used in the future and the durability
of moisture-proofing membranes must be evaluated.

None of the laboratory tests currently used to evaluate moisture
absorption by insulating materials can be used to provide quantitative
data on the amount of moisture absorption by the material under field
conditions. A laboratory test apparatus which may provide the desired
data was proposed in Chapter III. The proposed laboratory test device
combines the effects of cyclic loading and moisture/vapor drive due to a
temperature gradient. Using this device, various insulating materials and
encapsulating membranes to minimize moisture absorption can be evaluated.
It will be possible to duplicate actual field conditions more closely with
this device than with laboratory testing devices currently used.

In seasonal frost areas, surface deflections are normally greater
for insulated roadways than for similarly constructed uninsulated roadways
except during spring breakup. No conclusive evidence suggesting that
these larger deflections decrease pavement life has beén presented.

Freeze-thaw cycles may have detrimental effects on some materials.
Materials expected to be most greatly affected are those with relatively
rigid cell walls or a rigid matrix and/or those materials absorbing a
relatively large amount of moisture.

The number of load repetitions to failure or the fatigue life of an
insulating layer is dependent upon the ratio of the working stress to the
unconfined compressive strength of the material. As this ratio approaches

unity, the fatigue life decieases.
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Specific recommendations for future rescarch are:
1. Develop a two-dimensional numerical method which combines effects of
heat and mass transport and consolidation and/or heaving.
2. Construct the proposed laboratory device and study the effects of
cyclic loading and temperature gradient on thermal and physical degradation
of thermoinsulating materials.
3. Evaluate various types of moisture barriers for durability and economic
advantage.
4. Investigate the mechanism of moisture absorption by various thermo-
insulating materials with the primary objective being to establish rapid

laboratory tests for estimating the moisture regime within the material

after installation in an embankment.
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Appendix A
Selected Definitions

Cell concrete - lightweight Portland cement concrete. The light weight
is accomplished by entraining large volumes of air.

Cellular glass - a lightweight expanded glass. Foamglas manufactured by
Pittsburgh-Corning is an example. &

Embankment - a bank normally composed of several types of material includ-
ing granular or fine-grained soils, rubble, moisture barriers, thermo-
insulating layers and pavements. It may be used as a dam or to support
a roadway, railroad, or runway.

Expanded clay - a lightweight aggregate manufactured by heating clay parti-
cles to a high temperature, causing expansion. Expanded shale is
manufactured by a similar process.

Extruded polystyrene - the polystyrene resin is extruded through a dye to
the desired thickness. The process causes a smooth skin of very low
permeability. Dow Chemical Company presently holds patents on the
process. Examples of this material are Styrofoam HI and Styrofoam
HD-300.

Insulating asphalt - a material composed of an asphalt binder and light-
weight aggregates.

Moisture absorption - addition of moisture to a specimen by any means. The
transport mechanism may be diffusion or Darcian-type flow.

Moisture barrier - a material which is used to reduce or eliminate the
passage of moisture. Wax, paint, asphalt, and polyethylene have
been used for this purpose.

Molded polystyrene - normally manufactured from expandable polystyrene
beads. In the U.S. the expansion process is normally accomplished
in a stream-injection mold. An example of this material is Sinclair-
Koppers' Dylite.

Permafrost - In the U,S. this term normally. refers to materials whose
temperature remains below 32° F continuously for more than two years.
Some individuals in the U.S. and the majority of persons in some other
countries add that if pore water is present, a sufficiently high per-
centage must be frozen to cement the mineral and/or organic particles.
An abbreviation for permanently frozen ground.

Polyurethane foam - an expanded cellular product produced by a catalyzed
reaction of polyisocynates with polyhydroxy compounds.
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APPENDIX C

s s8ePEENERES

sestseseesess  BFRG AND XNIGHT

FREFZE THAW STUOIES OF INSULATIONS ses

#es  SERIES 1 ese

*ee

PROCEDURE

CONDITIONFD T CONSTANT WEIGHT IN S0C OVEN

WEIGHT WITHIN 30 MINUTES OF REMOVAL FROM OVEN

LOFT It RIOM ENVIRCAMONY 1 TO 3 HOURS

SUAMERGFD 6 HOURS UHDFR & [NCH HEAD AND TEMP NATA TAKEN
REMUVED FROM AATH AND PLACED ON DRIP RACK FOR 30 MINUTES
WETGHT DATAINeD AND NOTES MADC

PLACEN IN FREEZER FOR 16 HOURS PLUS--TEMP DATA TAKEN
REMOVED FP.OM FREEZER TO 30 MINUTES IN KOOM ENVIRONMENT
WE IGHT GATAINS0O AND NOTES MADE

REPEAT STEPS 4 THRU 9 THE DESIRED NUMBER OF CYCLES

AFTER COMPLETING STEP 9 OF CYCLES DESIRED RINSE 1 MINUTE IN
DISTILLED WATER AND PLACE ON DRIP RACK FOR 30 MINUTES

SAMPLE WEIGHT OBTAINED AND NITES MADE PRIOR TO PLACING IN S0C OVEN
STEPS 1 AND 2 REPEATED PRIOR TO FINAL EVALUATION

FREEZL THAW
SAMPLE
SAMPLE
SAMPLE
SAMPLE
SAMPLE
SAMPLE
SAMPLE
SAMPLE
SAMPLE

——
O OV®NCWEIWN~

-
wnN

SAMPLES TESTED THIS SERIES

NUMBER WEIGHT DENSITY L W T . voL COMMENTS
CXSSAMPLES$E S ¢DRYSSXSINRY S0 ss ¢ GEOMETRY®* 8486  SsUTHER NOTESees
720804.00029 193.51 30.18 3.85X3.36X1.65 401 ALL FACES SANDED
T20804.00034 217.28 28.58 4.,07x3.98X1.79 475 ALL FACES SANDED
720804,00037 244.78 28.27 3.,99X3.93x3.38 863 ALL FC SD CONC DwW
720804,0004]) 245.93 28.65 4.,00Xx3.95%X3.32 858 ALL FC SD CONC UP
720830.2TPDV 14.02 3.29 4.07¢X4%.07X0.98 266 ALL FACES SANDED
720830.37PRV i7.06 4,02 4,.02X4.03X1.00 265 ALL FACES SANDEQO
720830.4TPAY 16.53 3.95 3.96X4.02X1.01 262 ALL FACES SANDEO
720906.00001 13.72 2.15 4.07x4.04X1.48 398 ALL FACES SANDED
720906.00007 10.47 2.63 3,99X4.07X0.93 248 ALL FACES SANDED

WEIGHTS [N GRAYMS, ORY DENSITY [N LB/CU FT, DIMENSIONS [N INCHES
AND VOLUME [N CUBIC CENTIMFTERS, TEMPERATUPFS 4N FAHRENHEIT DEGREES.
SAMPLES SUBMERGED IN TAP WATER AT ROOM TEMPERATURE,

NOTES-

A A 2 R AR d A A R A A R A A A T T R T R R R P R L Lty

-

$23SAMPLE®»» PRSP ESSPPP42 00408 SAMPLESSEE 0438058300008 200
NUMBER DESCRIPTION
720804.02029 CEMENT POLYSTYRENE BEAD MIXTURE
720804.00024 CEMENT POLYSTYRENE BEAD MIXTURE
720804.00037 CEMENT PS BEAD MIXTURE ¢ MOLDED PS(LAMINATE)
720804.00041 CEMENT PS BEAD MIXTURE ¢ MOLDED PS(LAMINATE)
720830.2TPDV  POL YURE THANE
720830.3TPBV  POLYURE THANE
720830.4TPAV  PULYU® E THANE
720906.00001 EXTRUJED POLYSTYRENE
720906.00007 EXTRUDED POLYSTYRENE FROM AK. DEPT. HWYS,
—" e C— s -
P :
PRECEDLNG PAGE NOT FLLMED
e B e ™
S — T
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DATE TIME TEMPERATURES WEIGHT
YRMINY,HAMM BATH FPZR RONM StIsMR

720921.0740 193.51
720921.0741 3 217.28
720921.0742 244 .98
720921.0743 245.93
720921.0744 14.02
720921.0745 17.06
720921.0746 16.58
T720921.0747 13.72
T720921.01753 10.47

720921.0903 66.0
723721.1551 64.0
720921.1634
720921.1635
720921.1637
T20921.1639
T20321.1626
T720921.1625
720921.1632
720921.1628
720921.1630
720921.1650 0.0
720922.0817 63.0 4.0

LR R A L R A R R R A ] ONE

720922.0947 202.37
720922.2948 224.48
720922.0948 262.87
720922.0949 268.54
720922.0950 14.92
7120922.0951 18.56
720922.0952 16.79
720922.0953 13.74
722922.0953 10.47

720922.0955 64.0
120722.1545 64.0 5.0
720922.1625
720922.1625
T120922.1625
720722.1626
T2072¢.1626
720922.1627
720722.1628
720922.1628
120922.1629
720722.1630 5.0
720723.1320 ~2.0
720925.0750 $9.0 ~1.0 64.0

144

REFOR F1 CALCS OR NOTES SAMPLE
FREZE CY NUMBER

720804.00029
720804.00034
720804.00037
720801.00041
720830.27PDV
720830.3TPBV
720830.4TPAV
720906.00001
720906.00007

SAMPLES SUBMERGED

SAMPLES TO DRAIN RACK

206.45 720804.00029
230.20 720804.00034
268.82 720804.20037
274.26 720804.00041
17.17 720830.27PDV
20.00 720830.3TPBY
19.15 720830.4TPAV
14.88 720906.00001
11.45 ~ 720906.00007
SAMPLES TO FREEZER T .

OIREMVD SAMPLES FRM FRZR

CYCLE COMPLETE $##384360408420208840040030%

720804.00029

720804.00034

720804.00037

720804.00041

720830.2TPDV

72083),271P8BY

720830.4TPAV

720906.00001

720906.00007

PLACED IN SUBMERG TANK
SAMPLES T0D DRAIN RACK

205.93 “ 720804.00029
228.61 720804.00034
266.90 720804.00037
270.45 720804.00041
15.32 720830.27POV
19.42 720830.3TPBYV
17.54 T720830.4TPAY
14.21 720906.00001
10.72 720906.00007

SAMPLFS 10 FREEZER
CHECKED SAMPLCS [N FRIR
O2REMVD SAMPLES FRM FRZR

BOE -+ © 210 ol —t e EEOL Lk
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DATE TIME
YRMIDY HR MM

720925.0820
720925.0820
720925.0821
720925.0821
120925.0822
120925.0823
722925.0823
720925.0824
720925.0825
720925.0845
72092541445
720925.1521
T20925.1522
7120925.1522
720925.1523
720925.1523
T720925.1524
720925.1525
720925.1525
720925.1526
720925.1530
120926.3745

LRI R R A A R R A R R 2

720926.0750
720926.921750
720926.0751
720926.0751
720926.01751
T20926.0751
720926.0752
7120926.01753
720926.0753
72092640914
720926.1530
720926.1603
720926.1603
72092641604
720926.1605
720926.1607
720926.1607
T720926.1607
720926.1608
72092641609
720926.1510
T720927.0904

TEMPFRATURES
BATH FRZR RiIDA4

62.0 66.0
63.0 67.0
2.0

3.0 70.0

62.3
64.0 10.0 69.0

Tw0

WE TGHT
SUAMR

203.61
225.664
262.53
266.32
14.29
18.30
17.33
13.80
10.50

THREE

204.97
227.71
265.65%
261.82
14.73
19.01
17.03
13.78
10.49

CYCLES COMPLETE

BEFOR FT
FREZE CY

CALCS DR NDTES

SAMPLES SUBMERGED
SAMPLES TO DRIP RACK
206.31
229.37 3
268.59
264,77
15.37
19.82
17.71
13.88
10.68
SAMPLES TO FREEZER
03REMVD SAMPLES FRM FRIR

CYCLES COMPLETE

SAMPLES . SUBMERGED
SAMPLES TO DRIP RACK
207.38
232.50
269.95
263.87
15.41
19.65
17.50
13.78
10.52
SAMPLES TO FREEZER
04SAMPLES FROM FREEZER

FEEFEEEBESR0EEETEREEEEREITSRS

SAMPLE
NUMBER

7120804.00029
720804.00034
120804.00037
7120804.00041
720830.2TPDV
T720832.3TPAY
T20830.4TPAV
720906.00001
720906.00007

720804.00029
720804.00034
T720804.00037
720804.00041
720830.27TPDV
720830.37PBY
720830,.,4TPAY
720906.00001
T20906.00007

BEEESRECCSERSB 00000 RERS

720804.00029
120804.00034
720804.00037
720804.00041
720830.2TPDV
720830.3TPBY
T20030.4TPAY
720906.00001
720906.00007

720804.00029
720804.00034
720804.00037
T20804.00041
720830.2TPDV
720830.37PRY
T20830.4TPAV
720906.00001
720906.00007
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IR R R R A R A

DATE TIMF
YAMONY (HRMM

720927.1012
720927.1013
720927.1014
720927.1014
720927.1015
7203927.1015
720927.1016
720927.1016
720927.1016
71209271.1020
120927.1640
720927.1725
712092€.0755

I R R R R R R R AR R R A A A Y

720928.0755
720922.0756
720928.0756
720928.0756
720928.0757
720928.0757
720928.0757
720928.0758
720926.0758
720928.0830
720928.1525
720928.1603
720923.1603
720928.1604
720328.1604
720923.1605
720928.1605
720928.1605
720928.1606
720923.1606
720923.1608
720929.9830

TEMPERATURSFS

FOUR

wWEIGHT

AATH FRZ RNOM SUBMR

68,0

67.0
68.0

'205.49
228.12
265.22
259.91

14.42
18.26
16.95
13.75
10.48

9.0 72.0
7.0 74.0

FIVE

206.178
229.72
267.82
262.04
14.63
19.05
17.18
13.78
10.50

4.0

AR R A R R A A A R A R A R Y ] SIx

DAYE TYIME
YRMODY JHRMM

720929.0832
720929.0835
720929.)836
720929.0836
720929.0837
720929.0837
720929.0838
720929.n838
720929.0838
720929.0910
720929.1532
720929.1607
720929.1608
720929.1609
720929.1609
720929.1609
720929.1610
720929.1610
720729.1610
720929.1611
720929.1612
721002.0758

TEMPFRATURES WEIGHT
BATH FRZR ROUM SUHMA
207.42
230.48
269.85
262.10
14.71
19.25
iT.02
13.79
63.0 10.50
68,0
63.0 4.0 71.0
3.0
7.0 72.0

CYCLES COMPLETE
REFOR FT CALCS OR NOTES
FREZE CY

SAMPLES SUBMERGED
SAMPLFS TOD DRIP RACK
SAMRLES YO FREEZER

O5RFMVD SAMPLES FRM FRZR

CYCLES COMPLETE

SAMPLES SUBMERGED
SAMPLES YD DRIP RACK

208.53
231.96
272.48
264.72
15.41
19.91
17.64
13.82
10.60 %

05SAMPLES TO FREEZER

REMVD SAMPLES FRM FRZR

CYCLES COMPLETE

BEFOR FT
FREZE Cv

CALCS OR NOTES

SAMPLES SUBMERGED

SAMPLES TO DRIP RACK

209.70
232,61
274.60
265.56
15.88
20.30
17.78
13.90
10.60

SAMPLES TD FREEZER

QTREMOVED FROM

FREEZER

P98 00420000000t bbsstse

SAMPLE
KNUMBER

720804.00029
720804,00034
720804.,00037
720804.00041
720830,27PDV
T720830.371P8YV
720830.4TPAV
720906.00001
720906.00007

SENBERO LS EFRS AR ISR EES S

720804.00029
720804.00034
7T20804.00037
T720804.00041
720830.27POV
720830.3TP8V
720830.4TPAV
720906.00001
720906.00007

T20804.00029
720804.00034
720804.00037
720804.00041
720830.27PDV
720830.37PBY
720830.4TPAYV
720906.00001
720906.00007

SERSEEF PPN SEERE NS EOEEROTS

SAMPLE
NUMBER

720804.00029
720804.00034
720804.00037
720804.00041
720830.2TPDV
720830.3TPBV
T20830.4TPAV
720906.00001
720906.00007

720804.00029
720804.00034
720804.00037
T20804.00041
720830.2TPDV
720830.37PBY
T720830.4TPAV
720906.00001
720906 .00007
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SN PSS LRS00 ST RSSIEESES

DATE TIME
YRMODY HRMM

721002.0758
721002.0759
721002.0759
721002.0800
721002.0800
721002.0801
721002.0801
721092.0801
721002.0802
721002.0806
721002.0834

721002.0835
721002.0836
721002.0837
721002.0837
721002.0838
721002.0838
721002.0839
721002.0839
721002.0840
T721002.0840
T721002.1512
721003.075%0
721003.0803
721003.02304
721003.0805
721003.0806
T21003.0807
721003.0808
721003.0809
721003.0810
721003,.0811
721003.0813

67.0
67.0

TEMPERATURES

BATH FRZR ROOM

72.0
72.0

70.0

8.0

721003.1613 66.0 11.0 74.0
T721004.0800 65.0 -4.0 72.5

L T B A T ———

SEVEN CYCLES

WEIGHT BEFOR FT

SUBMR

207.36
230.49
269,52
261.175
14.64
18.90
16.94
13.79
10.50

207.05
230.00
268.41
261.21
14.48
18.52

13.79
10.50

FRELE

204.96
227 .48
260.32
257.47
14.10
17.08
16.64
13.75
10.49

COMPLETE BEE0 0000000040088 00000000 8
CALCS OR NOTES SANPLE
cy NUMBER

720804.00029

WEIGHTS IMMEDIATELY 720804.00034

AFTER REMOVAL 720804.00037
T720804.00041
720830.2TPDV
720830.3TPBYV
T20830.4TPAY
720906.00001
720906.00007

SAMPLES TO ROOM ATMOS

SAMPLES REWE IGHED
720804.00029
720804.00034
720804.00037
720804.00041
T720830.2TPDV
720830.3TPBY
T20830.4TPAY
720906.00001
720906.00007

SAMPLES SURMERGED

SAMPLES TO DRIP RACK

SAMFLES SAT IN RM ALL NITE

WEIGHT BEFORE FRIR 720804.00029

WEIGHT BEFORE FRZR T720804.00034

WEIGHT BEFORE FRZR 720804.00037

WEIGHT BFEFORE FRZR 720804.00041

WO IGHT RFEFORE FRZR 720830.27PDV

WEIGHT BREFORE FRZR 720830.3TPBV

WEIGHT BEFORE FRZR T720830.4TPAV

WEIGHT BREFDRE FRZR 720906.00001

WEIGHT AEFORE FRZR 720906.00007

SAMPLES TO FREEZER
TEMPERATURE CHECK
OBREMVD SAMPLES FRM FRZIR
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(AL R A R R A L A R A A A A A A

DATE TIME
YRMODY HIRMM

721004.0801
P21004.04321
72103%.0302
721004,0802
721004.9803
721004.0803
721004.0903
721004.0304
721004,0804

TEMPERATURES
AATH FRZR ROOJM

721004.0825 65.0 ~2.0
721004.1435 65.0 ~4.0

721004.1505

65.0

721005.0800 65.0

I R IR A R R A R A R R R R R R R R Y

721005.0800
721005.0301
721005.0802
721005.0302
721005.0803
721005.0803
721005.0304
721005.0304
721005.0305

721025.2833 65.0

721005.1449 b6.5 -

721005.1517 67.0
721006.0758 6€6.0

8.0
0.0

9.0
3.0
0.5
5.0

73.0
14.9
T4.9
72.5

12.5
74.5
75.0
73.0

EIGHT CYCLES COMPLETE

WE [GHT BEFOR FT
FREZE CY

SUAMR

205.53
228.30
260.96
258.00
14.20
17.20
16.74
13.78
10.50

NINE

208.09
230.81
269.30
265.16
14.87
18.85
17.41
13.80
10.52

(R R R R A A R A R R TEN

721006.1017
721006.1018
721006.1019
721006.1019
721000.1020
72100641920
721006.1021
72100641021
721006.1022
T21004.10G29
721016416217
T2100€.1707
721009.0758

66.0
6640
66.0
66.0

73.0
73.0
73.0
12.0

207.18

©230.18

269,62
262.98
14,22
17.41
16.78
13.78
10.50

CALCS OR NOTES

SAMPLES SUBMERGED
SAMPLES T0O DRIP RACK

O09SAMPLES TO FREEZER

CYCLES COMPLETE

REMVD SAMPLES FRM FRZIR

3.5IN CRACK LENGTH

SAMPLES SUBMERGED
SAMPLES 1O DRIP RACK

10SAMPLES TO FREEZER

CYCLES COMPLETE

REMVD SAMPLES FRM FRZR

SAMPLES SUIMERGED
SAMPLES TO DRIP RACK
SAMPLES TO FRFEZER

LIREMVD SAMPLES FRM FPZR

AR A A A R R R A A R ]

SAMPLE
NUMBER

720804.00029
720804.00034
T20804.00037
720804.00041
720830.27PDV
720830.371PBV
720830.4TPAV
720906.00901
720906.00007

(22 2 S e R e R R R R R S R Y

720804.00029
720804.00034
720804.00037
720804.00041

' 720830.27P0V

72C830.3TPBV
720830.4TPAYV
720906.,00001
720906.00007

SEEFET BSR4 0056055205580 8

720604.00029
720804.00034
720804.00037
720804.00041
720830.27TPDV
720830.37PBV
720830.4TPAV
720906.00001
720906.00007
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EA R A A A R R R R A R R A R A A

DATE TIME

721009.0202
721009.27802
721009.0803
721009.0303
721009.0803
721009.3804
721009.0825
721009.2805
721009.0805
721009.7838
721029.1502
T721009.1545
721010.2725

LR S R R A R

721010.0750
721010.0750
721010.0750
721012.0751
T21010.0751
T21010.0752
721010,3752
721010.0752
721010.0752
721010.0755
721010.1353
721010.1430
721011.0808

LA A R R R R A R A A R R L

721011.0817
T21011.0820
721011.0820
721011.0820
7216011.0321
721011.0821
721011.0321
721011.0822
721011.0822

TEMPLRATURES
YRMODY . HRMM AATH FRZR RONM

66.0
66.0
64.0

66.0
66.5

4.0 73.0
9.0 73.0
=3.0 72.9

8.0 72.9
4.9 74.0

66.5 -3.0 T74.0

64,2

721011.0955 67.0

T21011.1521
T21011.1520
721012.9805

68.0
68.0
68.0

3.5 73.0

0 73.5
0 75.0
0 75.5
0 73.2

ELEVEN CYCLES COMPLETE ¢¢¢8sssssss000esttssotsnsss

WEIGHT REFOR FT

SURMR

207.87
230.98
269.85
266.11
14.32
17.68
16.88
13.79
10.51

CALCS OR NOTES SAMPLE
NUMBER

720804.00029
720804.00034
720804.00037
720804.00041
720830.27TPDV
720830.3TPBV
720830,4TPAV
720906.00001
720906.00007

SAMPLES SUBMERGED

SAMPLES TO DRIP RACK

SAMPLES TO FREFZER

SAMPLES FROM FREEZER

TWELVE CYCLES COMPLETE L R R R R 2]

208.79
232.08
272.30
265.75
14.39
18.36
16.90
13.80
10.50

720804.00029
720804.00034
720804.00037
720804.00041
720830.2TPDV
7208303.3TPBV
720830.4TPAV
720906.00001
720906.00007

SAMPLES SUBMERGED

SAMPLES TO ORIP RACK

SAMPLES TO FREEZER

SAMPLES FROM FREEZER

THIRTEEN CYCLES COMPLETE #¢4588c48ss¢sse2080880ss

209.18
232,71
273.02
265.59
14.94
19.03
11«11
13.80
10.5%50

720804.00029
120804.00034
720804.00037
5 720804.00041
720830,2TPDV
720830.37PBV
720830.4TPAV
720906.00001
720906.00007
SAMPLES SUBMERGED
SAMPLES T0O DRIP RACK
SAMPLES TU FRCEZER
SAMPLES FROM FREEZER
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LA R A R L ]

DATE TIME
YRMONY, HO MM

121012.0307
721012.2807
721212.2807
721012.0808
721012.0808
T721012.0809
721012.0809
721012.0810
721012.0819
721012.0845
721012.1526
T21012.1557
721013.0800

LR R A R R S R R

721013.2803
721013.0803
721013.0804
721213.0304%
721013.030¢
721013.0804
721013.03925
721013,0305
721013.030%
721013.0333

TEMPERATURES

BATH FRZR

68.0 2
68.5 3
68.5 11
67.5 9

RUOM

74.0
76.9
76.0
12.0

721012.1515 68.0 -3.0 76.0

721013.1615
721014.0710

SEPERIERSENELREEINRREERERTESE

721014.0740
T21014.1340

63.0 6.0
64.0 5.0

76.9
73.90

721014.1415 68.0 =1.0 75.9

721016.01758

54.0 73.0
68.5 3.0 75.0
68.0 9.0 -73.0

FOURTEEN CYCLES COMPLETE

WETGHT
SUAMR

209.25
232.85
272.62
265.74
14.42
18.72
16.90
13.80
10.52

FIFTEEN CYCLES COMPLETE

209.87
233,48
2715.55
26T.47
15.29
18,96
17.25
13.80
10.56

SIXTEEN CYCLES COMPLETE

BEFOR FT
FREZE CY

SAMPLES
SAMPLES
SAMPLES
SAMPLES

SAMPLES
SAMPLES
SAMPLES
SAMPLES

SAMPLES
SAMPLES
SAMPLES
SAMPLES

CALCS OR NOTES

SUBMERGED
TO DRIP RACK
TO FREEZER
FROM FREEZER

SUBMERGED
TO DRIP RACK
TO FREEZER
FROM FREEZER

SUBMERGED
TO DRIP RACK
TO FREEZER
FROM FREEZER

LA AR R R R R R RS R Y

SAMPLE
NUMBER

72080%.00029
720804.00034
720804.00037
T20804.00041
720830.2TPDV
720830.37PBYV
720830.4TPAY
720906.00001
720906.00007

(A AR S R A R R R R R R R S P S ]

720804.00029
T720804.00034
720804.060037
720804.00041
720830.27TPDV
720830.37PBYV
T720830.4TPAV
720905.00001
720906.00007

SEEERRESE RN PERERTESIERRERDS
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LA AL AR R A A R A A R A A

DATF TIME
YRUDDY JHAIMY

721016.0824
7210146.0324
721016.082¢4
721016.,0824
721016.0825
721016.0825
721015.,0825
7210146.0826
721014.0826
T21016.0844
T21016.1448
72101¢€.1530
72101 7.0950

IR R R R R R A A A R R R R R R R R

721017.1022
T21017. 1705
121017.182%
721018.0815

AR R R A R R L I R R ]

721018.0817
721018.0818
721013.0818
721018.0819
721018.0319
T72101R.0820
72:1018.08321
721018.0821
721018.0822
721018.0351
721013.1625
721018.16%3
721019.0935

LA A R R A R R A

721019.0940
721019.2940
721019.0941
721019.0941
721019.0942
721019.0942
T21019.0943
721019.0943
T721019.0943
T21019.1150

LA AR A A A R R R R R S R A R R 2

721020.0900
721020.0903
721020.0704
721020.0908
721020.9907
721020.0907
721020.0908
721020.0908
721020.0908
721020.9909

TEMPFRATURES
BATH FRZ2x 2074

68.0 8
69.0 3
69.0 2
10.0 3

70,0 -1.0 76.0
71.0 -1.9 77.0
71.0 10,0 77.0
69.0 5.0 72.0

69.0 4.0 73.0
69.0 4.0 76.0
69.0 9.0 76.0
68.0 2.0 73.0

721220.9910 67.0 8.0 72.0
L R L L A I R L e g

SAMPLES FPM 50C OVEN

721024.1130
721024.1230
72102441231
721024.1231
T21024.1232
121024.1232
T21024.1232
T2102%.123)
721024.1233
T21024.1234

Wi IGHT

TR

209.78
233.80
274.01
266.12
14.50
18.41
16.91
13.80
10.52

210.20
234.32
276.10
267.14
14.40
18.40
16.90
13.82
10.50

THWENTY CYCLES COMPLETE

210.72
235.40
279.43
269.13
15.19
19.71
17.52
13.82
10.60

206.96
230,60
265.22
260.84
14.08
17.00
16.62
13.78
10.50

203.60
227.23
259.13

14.06
16.93
16.60
13.78
10.50

BEFOR FT

FREZE CY
SAMPLES
SANPLES
SAMPLES
SAMPLES

EIGHTEEN CYCLES COMPLETE

SAMPLES
SAMPLES
SAMPLES
SAMPLES

NINETEEN CYCLES COMPLETE

SAMPLES

SAMPLES

SAMPLES.
20SAMPLES

CALCS OR NOTES

SUBMERGED
10 DRIP RACK
10 FREEZER
FROM FREEZER

SUBMERGED
TO DRIP RACK
TO FREEZER
FROM FREEZER

SUBMERGED
TO DRIP RACK
TO FREEZER
FROM FREEZER

SLVENTELEN CYCLES COMPLETES#0 485200 0s0tssstssssritee

SAMPLE
NUMBER

720804.00029
720804.00U034
720804.00037
T20804.00041
7120830.271PDV
720830.37TPBYV
T20830.4TPAV
720906.00001
720905.00007

L A e R A ]

FEXFRLA IR0 IOV ENO RSN

720804.00029
720804.00034
720804.00037
720804.00041
720830.27TPDV
720830.37TPBYV
720830.4TPAV
720905.00001
720906.00007

PSRRI B LS LS PSSR SIBEESS

SAMPLES Y0 DRIP RACK

SAMPLES IN DRIP RACK

SAMPLES IN DRIP RACK

ADD DRY WEIGHTS

SAMPLES YO 50C DVEN

720804.00029
720804.00034
720804.00037
720804.00041
720830.2TPDV
720830.3TP8V
T720830.4TPAY
720906.00001
720906.00007

T R A R Rt )

720804.00029
720804.00034
720804.00037
720804.00041
720830.2TPDV
720830.37TPBYV
T20830.4TPAY
720906.00001
720906.00007

720804.00029
720804.00034
720804.00037
720804.00041
720830.2TPDYV
720832.3TPAV
T20830.4TPAV
720906.00001
T720906.00007
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FREEZE THAwW
SAMPLE
SAMPLE
cCAw l*
SAMPLE
SAMPLE
SAMPLE
SAMPLE
SAVPLE
SAMPLE
REPLAT

PVEDWN -

——
-0 0w~

SAMPLE

-
w N

APPERDIX D

LA AR AR AR RS L E]

®¢¢  FREEZE YHAW STUDIES OF

BERG AND KNIGHT

RN RBRINNNS

INSULATIONS ses

*58 SERIER 2 #oe

PROCEDURE

CONDITIONED TO CONSTANT WEIGHT

WLICHT WITHIN
LEFY I8 ROV §

SUSHERGID & HI49S UNDER 2

IN 50C OVEN

30 MINUTES OF REMOVAL FROM OVEN

SVIRCNMENT L TN

3 HOVURS

REMOVED FROM A4TH ANWD PLA

wWEIGHT OBRTAINE

N AND NJTFS

THCH HEAD AND

CED UN DRIP RACK FOR 30 MINUTES

MANE

TEMP DATA TAKEN

PLACLO IN FREEZER FOR 16 HOURS PLUS--TEMP DATA TAKEN

REMOVED FROM FRFEZER TO 30 MINUTES

AF IGHT 0BT AINTD

STEPS & THRU 9 THE DESIRED
AFTER COYPLETING STiP 9 OF CYCLES DESIRED
DISTILLED WATER AND PLACE
WEIGHT MNBTAINED AND NITES MAD
STEPS 1 AND 2 REPEATED PRIOR TO FINAL EVALUATION

SAMPLES TESTED THIS SERIES

COSSAMPLES S

NUMBER WEIGHT
720929.00059 1.5057
720929.03060 1.3310
720929.00114 Le 19597
720629.00116 2701
120929.00117 1.2338
720929.00099 241562
720929.00100 2.2609
7120929.00101 2.1669
720529.00040 3.6007
720929.00041 3.6708
7120929.00042 3.7071
720929.00048 4.9393
7120929.00049 4.9149
720929.00050 4.5610
720929.0001¢ 2.3570
720929.00015 2.4110
720929.00017 2.41736
720929.00018 2.3303
720929.00019 2.3658
720929.00020 2.3168
720929.00032 1.9797
720929.00023 2.6330
720929.00034 246219

NOTE S- ALL SAMPLES
BOARDS. WEIGHTS I[N G2AMS,
IN INCHES ANN VOLUME

FARENHELIT DFGREES.
ETHYL ALCOMHOL - WATER SOLUTION.

AND KRITES

DENSITY
1.04
1.92
0.75
C.33
0.83
l.42
1.4
1.39
2.28
2.31
2.27
3.08
3.006
2.99
1.48
1.45
1.49
1.42
1.49
1.51
1.22
1.70
1.65

MADE

SEENLYEEESINRYSSE2 482 s GFOMETRY S e s

L W T
2.11%1.86X1.40
1.95%X1.88X1.42
2.02%2.08X1.40
2.00X1.95X1.50
1.99X2.01X1.48
1.99%2.02X1.44
2.01X2.01X1.48
1.99%2.01%1.48
2.03%2.00%x1.48
2.0142.02X1.49
2.02X2.05X1.50
2.04X2.00X1.49
2.02X2.02%1.50
1.99X2.00X1.46
2.00%2.07X1.46
2.07%2.05X1.49
2.05X2.05%1.50
2.09%2.05X1.49
2.00%2.02X1.50
1.98X2.00X1.51
2.08%2.05X1.45
2.02%2.01X1.46
2.03%X2.04X1.46

IN ROOM ENVIRONMENT

NUMHBER OF CYCLES

RINSE 1 MINJTE IN
ON DRIP RACK FOR 30 MINUTES

PRIDR TO PLACING IN 50C OVEN

**0THER NOTESe*s

vOL COMMENTS

90 ALL FACES
85 ALL FACES
96 ALL FACES
96 ALL FACES
97 ALL FACES
95 ALL FACES
98 /ALL FACES
97 ALL FACES
98 ALL FACES
99 ALL FACES
102 ALL FACES
100 ALL FACES
100 ALL FACFS
95 ALL FACES
99 ALL FACES
104 ALL FACES
103 ALL FACFS
105 ALL FACES
99 ALL FACES
98 ALL FACES
101 ALL FACES
ST ALL FACES
99 ALL FACES

DIMENSION

TEMPERATURES IN

SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANDED
SANNED
SANDED
SANDED

IN THIS TEST SERIES WERE CUT FROM MULDED POLYSTYRENE
DRY DENSITY IN LB/CU FT,
IN CUBIC CFENTIMETERS.

S

SAMPLES SUBMERGED IN 0.5 PERCENT BY WEIGHT




DATE TIMF
YRMOD Y o HR MM

721129.1450
121128.1455

721205.1202

TEMPERATURES
RATH FRZR ROOM SUBMR

17. 2. 15.

SPECIFIC GRAVITY OF ALCUHOL-WATER MIXTURE
79 PEKCENT

MIXTURE 15 107 G OF

WEIGHT BEFOR FT

CALCS DR NOTES

FREZE CY

SAMPLES Tn FRFEZER

ETHYL

SPECIFIC GRAVITY OF A-wW MIX 0.797 AT T73F

0.995 AT 1T7F
ALCOHOL AND 15,000G WATER

SAMPLE
NUMBER

T21207.1002 12.0 0.0 75.0 LKEMUVED FROM FREEZER
S 1 CYCLE COMPLETE S#$3643 0428004540008 0¢08088¢
721207.1012 1.5159 720929.00059
721207.1013 1.4015 720929.00060
T21207.1014 1.1787 720929.00L14
721207.1014 1.2914 720929.00116
721207.1015 1.3059 720929.00117
721207.1015 2.1709 120929.00099
721207.1016 2.2748 720929.00100
721207.1017 2.1810 720929.00101
721207.1018 3.6210 720929.00040
721207.1019 3.6892 720929.00041
721207.1020 3.7309 720929.00042
721207.1021 4.9343 720929.00048
721207.1021 4.9355 720929.00049
721207.1022 4.6033 720929.00050
721207.1022 2.3691 720929.00014
721207.1023 2.4233 720929.00015
721207.1024 2.4874 720929.00017
721207.1024 2.3928 720929.00018
721207.1025 2.3760 . 720929.00019
721207.1026 2.3860 720929.00020
721207.1027 1.9936 7120929.00032
721207.1028 2.6464 720929.00033
721207.1029 2.6315 720929.00034
721207.1120 SAMPLES SUBMERGED WITH
721207.1120 ) TWO INCH HEAD <
721207.1615 72.0 B8.0 76,0 SAMPLES TO DRIP RACK
721207.1647 72.0 0.0 76.0 SAMPLES TO FREEZER
721208.0003 73.0 4.0 73.0 2SAMPLES FRUM FREEZER
LA AR R A R R A R R R Y] 2 CYCLES COMPLETE SEEPEREREEEEE RN SRR IBB RO RRES
DATE TIMF TEMPERATURES WEIGHT BEFOR FT CALCS OR NOTES SAMPLE
YRMODY.HIMM AATH FRZR RUOM SUBMR FREZE CY NUMBER
721208.0833 1.6914 720929.00059
721208.0834 1.5332 720929.00060
721208.0936 1.2966 720929.00114
721208.0837 1.3809 720929.00116
721208.0837 l.4123 720929.00117
721208.0838 2.3262 720929.00099
721208.0838 2.4711 720929.00100
721208.0839 2.2943 720929.00101
721208.0840 3.7156 720929.00040
T21208.0841 3.7013 720929.00041
721208.0842 3.7602 720929.00042
T21208.0842 4.9302 720929.00048
721208.0843 4.9420 720929.00049
721208.0844 4.5885 . 720929.02050
T21208.0845 2.5440 720929.00014
721208.0346 2.5703 720929.00015
721208.0847 2.6394 720929.00017
721208,0847 2.5916 720929.00018
7121208.0848 2.4496 720929.00019
721208.0348 2.4355 720929.00020
721208.0849 2.0072 720929.00032
721208.0850 3.0060 720929.00033
721208.0851 2.8536 720929.00034
721208.0858 SAMPLES SUBMERGED
72120841510 73.0 0.0 75.5 SAMPLES TO DRIP RACK
72120841555 73.0 2.0 76.0 SAMPLES 10 FREEZER
721209.0939 72.0 8.0 72.0 3SAMPLES FROM FREEZER
- - R e 13
it e lip,

(&3}

w

e
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EEIRR 4220000020000 00000080

3 CYCLES COUMPLETE

BEFOR FT

SAMPLES
SAMPLES
SAMPLES
4SAMPLES

CYCLES COMPLETE

REFOR FT
FREZE CY

DATE TIME TEMPERATURE S WEIGHT
YRMODY.HRMM BATH FRZR RNNM SIIEMR  FREZE CY
T212059.1016 1.6038
121209.1016 1.4022
721209.1017 1.1829
721209.1017 1.3140
721209.1018 1.3356
721209.1018 2.2369
721209.1018 2.3287
721209.1020 2.2046
721209.1020 3.6215
721209.1020 3.6939
721209.1020 3.7384
721209.1020 4.9273
721209.1023 4.9355
721209.1023 4.5785
721209.1024 2.4248
721209.1024 2.4739
T721209.1024 2.5289
721209.1026 2.4974
721209.1026 2.4129
721209.1027 2.4064
721209.1027 1.9873
T21209.1027 3.1075
721209.1029 2.7600
721209.1030 1.5513
721209.1030 1.3986
721209.1037 72.0 0.0 74.0
721209.1615 72.0 -2.0 74.0
721209.1650 72.0 0.0 74.0
721210.1000 Ol T3:0
SEEFAEESEEEREIRNESEREERIEEOS &
DATE TIME TEMPERATURES WEIGHT
YRMODY.HAMM BATH FRZR ROOM SUBMP
721210.1025 1.5391
721210.1028 1.4403
721210.1030 1.2233
721210.1033 1.3460
721210.1033 1.3415
721210.1000 2.3172
721210.1000 2.3683
721210.1000 2.2261
721210.1000 3.6329
721210.1000 3.7179
721210.1000 3.7680
721210.1010 4.9264
721210.1011 4.9317
721210.1012 4.5785
721210.1012 2.4532
721210.101% 2.5019
721210.1015 2.5797
121210.1015 2.5505
721210.1015% 2.4499
721210.1018 2.4930
721210.1020 1.9876
721210.1022 3.1580
721210.1025 2.7925

721210.1040
721210.1720
721211.0823

7.0 72.0
71.0 7.0 72.0

FAEIERERERNSHES LSRR EORSISETOS

CALCS OR NOTES

SUBMERGED
TO DRIP RACK
TO FREEZER
FROM FREEZER

SAMPLE
NUMBER

720929.00059
720929.00060
720929.00114
720929.00116
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00014
720929.00015
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720429.00033
120929.00034
720929.00059
720929.00060

SEEAEIESESIEVIEEEIEEFRTREDOOS

CALCS OR NOTES

SAMPLES SUBMERGED

SAMPLES TO RACK € FREEZER

SSAMPLES FROM FREEZER

SAMPLE
NUMRER

720929.00059
720929.00060
720929.00114
720929.00116
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00014
720929.00015
720929,00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
720929.00034
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L T T 5
DATE TIME TEMPERATURES WEIGHT
YRMODY .HRMM BATH FRZR ROOM SUBMR
721211.0930 *1.5856
721211.0931 1.4189
721211.0930 1.2037
721211.0929 1.3355
721211.0928 1.3198
721211.0928 2.3412
721211.0927 2.3669
T21211.0929 2.3130
721211.0925 3.6641
T21211.0925 3.7479
T721211.0926 3.7630
721211.0915 4.9266
721211.0915 4.9387
T21211.0916 4.5868
721211.0924 2.4565
721211.0924 2.5510
T21211.0923 2.5619
721211.0923 2.5102
721211.0921 2.4372
T721211.0921 2.48317
721211.0917 2.0077
121211.0920 3.1176
721211.0918 2.9005
721211.1000
72)1211.1605 73.0 0.0 75.5
721211.1640 73.0 10.0 75.5
721212.0812 72.0 0.0 73.0
SIS EELESRILIEEIRISLOIONEOIEORISE 6
DATF TIME TEMPERATURFS WFIGHMT
YRMONY . HRMM BATH FRZR QUJM SUBMR
T21212.0844 1.5353
T21212.0844 1.4205
721212.0345 1.2139
721212.0845 1.3796
721212.0846 1.3673
77°1212.0857 2.2549
721212.0858 2.3187
T21212.0858 2.2490
721212.0855 3.6170
721212.0856 3,6879
721212.0857 3.7365
721212.0852 4.9249
721212.0854 4.9275
721212.0855 4.5765
T721212.0848 2.4919
T21212.0348 2.5225
721212.0849 2.5743
T21212.0849 2.5108
721212.0850 2.4308
121212.0851 2.2038
121212.0851 1.9880
1¢1212.0852 3.0062
721212.0852 2.8207

121212.0903

1212121256 12.0

721212.1523

T21213.0807 72.0 5.0 73.0

LA R R T R ST

721213.0855 72.0

721213.1508
7121213.1544
721214.0750

1.0 73.0
2.0 7.0 75.0
12.0 S.0 75.0
1.0 3.0 72.0

CYCLES COMPLETE

REFOR FT
FREZE CY

S48 IEEBEE B0 SRR SN NS LS

CALCS OR NOTES

SAMPLES SUBMERGED

SAMPLES 10 DRIP RACK

SAMPLES TO FREEZER

6SAMPLES FROM FREEZER

CYCLES COMPLETE

8FFOR FT
FREZE CY

SAMPLES
SAMPLES
SAMPLES
TSAMPLES

7 CYCLES COMPLETE

SAMPLES
SAMPLES
SAMPLES
BSAMPLES

G —

SAMPLE
NUMBER

720929.00059
720929.00060
720929.00114
720929.00116
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00014
720929.00015
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
720929.00034

AR R A A A 2R A A A AT A R R

CALCS OR NOTES

SUBMERGED
T0 DRIP KACK
10 FREEZER
FROM FREEZER

SAMPLE
NUMSBER

720929.00059
720929.00060
720929.00114
720929.00116
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00014
720929.00015
720929.00017
720929.00018
720929.00019
T720929.00020
720929.00032
720929.00033
720929.00034

LAR AL A L L A R T R Y )

SURMERGED
T0 DRIP RACK
70 FREEZER
FROM FREEZER
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R R R R R R R R R

8 CYCLES COMPLETE

DAYE TIME TEMPERATURES WETGHT REFOR FT CALCS OR NOTES
YRMOOY , HRMM BATH FRZR RUUM SUBMR FREZE CY
T721214.0830 1.5345
121214.0831 1.4318
721214.0832 1.1799
721214.0833 1.3376
T21214.0834 1.3200
721214.0835 2.2048
721214.0335 2.3678
721214.0836 2.2496
721214.0836 3.6157
721214.0836 3.6859
721214.0838 3.7276
721214.0838 4.9245
721214.0839 4.9248
721214.0840 4.5761
721214,0841 2.4242
721214.0842 2.4755
121214.0842 2.5309
721214.084)3 2.4578
721214.0344 2.39175
721214.0844 2.4036
T21214.0346 1.9862
721214.0845 3.0864
721214.0847 2.8270
721214.0355 72,0 -1.0 73.0 SP GRe. 0.996
721214.1525 72.0 0.0 75.0 SAMPLES TO DRIP RACK
721214.1601 72,0 2.0 75.0 SAMPLES 10 FREEZER

721215.0902

R R S R A R R A R R R R A A

721215.0955
T21215.1555
T21215.1635
721216.1010

LR L R A R R R

DATE TIME
YRAMODY dHRMN

T21216.1044
72121641044
721216.1045
121216,1045
721216,1046
72121641046
72121641047
721216,1047
T21216.1048
72121641049
T721216.1050
7121216.1052
721216.1053
721216.1054%
721216,105%
721216.1055
T21216.1955
721216.,1056
721216,1056
721216,1058
121216.1058
721216,1059
721216.1100
721216.1101
721216,1102
7121216.1102
121216.1102
T21216.1102
121216,1108
721216.1612
T21216,1638
T21218.0812

LR R R L R R )

721218,0854

721218.1532 75.0

T21218.1613
721219.08086

T1.5 7.0 75.
4.0 8.0 77.
74.0 10.0 77.

0.0 T4.

TEMPERATURFS
RATH FRZK RO04

REMOVED FRUM
PEMOVEN FROM
REMOVED FROM
REMOVEN FROM

73.0 0.0 77.5

73.0 8.0 74.0

3.0 77.0

9SAMPLES

9 CYCLES COMPLETE

0. SAMPLES
0 SAMPLES
0 SAMPLES
0 LOSAMPLES

FROM FREEZER

e R A R g

SAMPLE
NUMSER

720929.00059
720929.00060
720929.00114
720929.00116
720929.00117
720929.00099
720929.00109
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00014
720929.00015
720929.00017

720929.00018

720929.00019
720929.00020
720929.00032
720929.00033

720929.00034

EEEPERE ARSI ERSEES LGSR ENEESESE

SUBMERGED
TO NDRIP RACK
Y0 FREEZER
FROM FREEZER

10 CYCLES COMPLETE

WEIGHT BEFOR FTY
SUBMK  FREZE CY

1.5400

1.4351

1.1824

1.3363

1.3229

2.2007

2.3181

2.2071

3.6202

3.6856

3.7304

4.9264

4.9266

4.5782

2.4146

2.4799

2.5163

2.4631

2.4154

2.4077

1.9868

3.0086

2.8321

1.5300
CYCLING TO PERMIT COMPRESSION
CYCLING TN PERMIT COMPRESSION
CYCLING TO PERMIT CUMPRESSION
CYCLING TO PERMIT CUMPRESSION

CALCS OR NOTES

TEST
TEST
TEST
TEST

SAMPLES SUBMERGED

SAMPLES TO DRIP RACK

SAMPLES TO FREEZER

L1SAMPLES FROM FREEZER

11 CYCLES COMPLETE

SAMFLES SURMERGED

SAMPLES TO DRIP RACK

SAMPLES TO FREELZER

125AMPLES FROM FREEZER

SEEEHCIEIEPEIIEISSERESEIEEERS

SAMPLE
NUMBER

720929.00059
720929.00060
720929.00114
720929.00116
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00014
720929.00015
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
720929.00034
720929.00059
720929.00059
720929.00116
720929.00014
720929.00015

LA A AR A A A A S A R A e )

o}
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L R T T T

DATE TIME
YRMONY , plapM

721219.0850
721219.1600
T21219.16438
721220.0808

TEMPERATURES
RATH FRIR M

74.0 2.0 77.0
74.0 2.0 77.0
73.0 -1.0 75.0

HWE IGHT

SUHMR

L R e R 13

721220.0904
721220.1614
T721220.1648
721221.0802

73.0
74.0

LA R T A A AR R A R R A A R L 14

721221.0901
721221.0910
721221.0910
721221.0911
721221.0911
721221.0912
721221.0912
721221.0913
121221.0915
721221.0915
721221.0920
T21221.0922
721221.0922
721221.0924
7121221.0924
T21221.0928
721221.0929
721221.0930
721221.0931
T21221.0944
721221.15%2
721221.1623
721223.0910

75.0 -4.0 77.0
75.0 12.0 77.0
0.0 712.0

1.4251
1.1782
1.3180
2.1719
2.2910
2.1837
3.6130
3.6828
3.7252
4.9236
4.9247
4.5760
2.5060
2.4545
2.4063
2.3968

"1.9847

2.9900
2.8330

BEEFEISBABVESISRIEERRERISEND R 15

DATE TIMF
YRMIDY JHRAMM

721223.0929
721223.0935
7121223.0935
121223.0936
721223.0937
721223.0938
121223.0938
7121223.0939
721223.0940
121223.0941
121223.0942
121223.0943
7121223.0944%
721223.0940
121223.0934
7121223.0933
721223.0933
721223.0932
721223.0932
721223.0948
121223.1610
721223.1645
721228.1000

TEMPERATURES

BATH FRIR RUIM

71.0 5.0 72.0
2.0 0.0 76.0

72.0 2.0 74.0

WEIGHT
SUNBMR

1.4607
1.2290
1.3799
2.1997
2.3600
2.2176
3.6282
3.7010
3.7414
4.9382
4.9467
4.5894
2.6440
2.6744
2.5072
2.50717
1.9999
3.1094
2.9266

LA AR R AR R R L A R A R R R R R ] 16

T21228.1048

T721228.1625 72.0 -2.0 76.0

721228.1655

721229.0900 72.0 =-1.0 73.0

CYCLES COMPLETE

CEEBEERENEERE VS FSEBITNEOENES

BEFOR FT CALCS OR NOTES SAMPLE
FREZE CY NUMBER
SAMPLES SUBMERGED
SAMPLES TO DORIP RACK
SAMPLES TO FRFEZER
13SAMPLES FROM FREEZER

CYCLES COMPLETE

SAMPLES
SAMPLES
SAMPLES
14SAMPLES

CYCLES COMPLETE

SAMPLES

SAMPLES.

SAMPLES
15SAMPLES

CYCLES CUMPLETE

REFOR FT
FREZE CY

SAMPLES
SAMPLES
SAMPLES
16SAMPLES

CYCLES COMPLETE

SAMPLES
SAMPLES
SAMPLES
LT7SAMPLES

CALCS OR NOTES

L T e R ey

SUBMERGED
10 DRIP RACK
T0 FREEZER
FROM FREEZER

LR A R R e R A Y

720929.00060
720929.00114
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720329.00042
720929.00048
720929.00049
720929.00050
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
720929.00034

SUBMERGED

TO DRIP RACK

10 FREEZER

FROM FREEZER

LA R R A R L L R A R R )

SAMPLE
NUMBER

720929.00060
720929.00114
720929.00117
720929.00099
720929.00100
720329.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
720929.00034

SUBMERGED

T0 DRIP RACK

10 FREEZER

FROM FREEZER

BEEARBBRC NN ENIRERERREERNR S

SURMERGED

TO DRIP RACK

TO FREEZER

FROM FREEZER .
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LR AR A A R R R T R A 17

DATE TIME TEMPERATURES
YRMODY.HRMM RATH FRZR ROOM

721229.0941
721229.0941
T21229.0942
721229.0943
721229.0943
721229.094%
T21229.0945
T21229.0945
721229.0946
721229.0946
721229.0947
721229.0948
7121229.0948
721229.0948
721229.0950
721229.0950
T21229.0952
721229.0952
721229.0953
T21229.1029
721229.1620 73.0 1.0 76.0
721229.1647 73.0 5.0 T6.0
730102.0812 71.0 6.0 72.0

WE IGHT
SUBMR

1.5024
1.2306
1.3722
2.3106
2.4801
2.3465
3.6230
3.6914
3.7375
4.9300
4.9394
4.6052
2.5870
2.4763
2.4459
2.4670
1.9902
3.1326
2.8962

AR R A A A A A e L 18

730102.0848
730102.1529 72.0 -2.0 75.0
730102.1535
730102.1540

730102.1600 72.0 7.0 75.0°

730103.0800 72.0 2.0 73.0

LA R R R A A A A Al ] 19

DATE TIME TEMPERATURFES
YRMOOY,HRMM BATH FRZR ROOM

730103.0844
730103.0843
730103.0842
730103.0841
730103.0340
730103.0840
730103.0839
730103.0838
730103.0838
730103.0837
730103.0836
730103.0836
730103.0835
730101.0835
730103.0834
730103.0834
730103.0033
730103.0832
730103.0331
730103.0848
730103.1508 72.0 0.0 75.0
730103.1562 72.0 8.0 76.0
730104.0802 72.0 5.0 73.0

WEIGHT
SUBMR

"1.5461

1.2099
1.3482
2.2705
2.5286
2.2953
3.6267
3.7310
3.7330
4.9315
4.9463
4.5823
2.6720
2.6555
2.4936
2.5546
1.9949
3.2556
3.02643

CYCLES COMPLETE

BEFOR FT
FREZE CY

CALCS OR NOTES

SAMPLES SUBMERGED

SAMPLES VO DRIP RACK

SAMPLES TO FREEZER
18SAMPLES FROM FREEZER

CYCLES CCMPLETE

SAMPLES SUBMERGED
SAMPLES TU DRIP RACK
SP.GR 0.998 AT 72F
SP.GR OF DISTILLED H20 0.996 AT 78.5F
SAMPLES TO FREEZER
19SAMPLES FROM FREEZER

CYCLES COMPLETE

BEFOR FT
FREZE CY

CALCS OR NOTES

SAMPLFS SUBMERGED
SAMPLES 0 DR'P RACK
SAMPLES 10 FRIF2ER

20SAMPLES FROUM

TR .

FREETZER

SENSERNNEER NGO ENOERROISEES

SAMPLE
NUMBER

720929.00060
720929.00114
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
T720929.00034

FEBXSERRCENENRNE SRR RS S S0

SEEEEPR SRR R LR LR ESES IO RN B ERS

SAMPLE
NUMBER

72092%.00060
720929.00114
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720729.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00017
720929.00018
720929.00019
720929.00020
120929.00032
7120929.00031
720929.00034
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SELEFCESBE ST R0 8000 08 20

DATE TiMc
YRMODY.HRMM

130104,0839
730104,0840
730104.0841
730104.0842
730104.,0843
730104.0845
730104.0346
730104.0847
T730104.0848
730104.0848
730104.0849
730104, 0850
730104.0851
730104.0851
730104.0852
730104.0853
730104.,0854
730104,0855
730104.0856
730104.0940

TEMPERATURES
BATH fRZ2R ROOM

WEIGHT
SURMA

" 1.5213

1.2281
1.3690
2.2502
2.4358
2.2696
3.6214
3.6900
3.7319
4.9232
4.9509
4.5815
2.6175
2.5216
2.4851
2.4824
1.9899
3.1335
2.9638

CYCLES COMPLETE $4¢80008¢3¢00088480¢308000888

BEFOR FY CALCS DR NOTES SAMPLE
FREZE CY NUMBER

720929.00060
720929.00114
720929.00117
T720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
120929.00034
SAMPLES TO S0C OVEN

LA AR E R R R R A A R A R A R R R R ]

730106.1107
720106.1110
730106.1112
730106.1113
730106.1111
730106.11164
730106.1114
730106.1115
730106.1115
730106.1116
730106.1116
730106.1117
T730106.1118
730106.1118
730106.1119
730106.1109
730106.1108
73)106.1120
T730106.1120
73010641121
730106.1122
73010641123
730106.1123
T730106.1124
730106.1125

1.5010
1.3900
1.1630
1.2708
1.2905
2.1562
2.2620
2.1679
3.5995
3.6680
3.7070
4.9085
4.9081
4.5600
2.3500
2.4048
2.4716
2.3802
2.3645
2.37417
1.9681
2.6341
2.6226

SAMPLES FROM OVEN
720929.00059
720929.00060
720929.00114
120929.00116
720929.00117
720929.00099
720929.00100
720929.00101
720929.00040
720929.00041
720929.00042
720929.00048
720929.00049
720929.00050
720929.00014
720929.00015
720929.00017
720929.00018
720929.00019
720929.00020
720929.00032
720929.00033
720929.00034
SAMPLES RETURNED TO OVEN
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APPENIIX E
CUMPUTER PRLGRAM FOR LACHEN3RUCH THREE-LAYER 4ETHOD

REFERENCE LACHENBRUCHI{1359)

LACHENARICH THREF LAYFR METHCD

PROGRAM wRITTEN IN FORTRAN IV WILL RUN UNDER BUFF40 ALSO.
18 DEC 1972 R. RERG

PRIGRAM COMPUTLS /A VALUES FUR INCREMENTAL THICKNESSES OF
LAYER NUMBER 2(INSULRTING LAYER) OF A THREE-LATER SYSTEM,
THICKNESS CF ULTHER LAYERS ARFAALN CONSTANT,

READ THICKNESS(X), THFERMAL CONDUCTIVITY(T), AND VOLUMETRIC HEAT
CAPACITY(C)
DIMENSIUN X(51.T(51,C(51
13 DO 1 J=1,3
READ(L22)X(J),TLJ)4CLI)
2 FORMAT{3F10.4)

sl sl alalalalaRaNal

-

CALCULATE BETA AND ALPHA VALUES

[aXaNal

Bl=(T(1)sC(L))**0.5
B2=(T1(2)¢C(2))**0.5
B3=(T(3)*C(3))*20.5
Al=T(l)/CL1)
A2=T(2)/C(2)

COMPUTE CONSTANTS FOR EQUATIONS

[aNaNal

C1=83+82
c2=82042.
C3=83¢81
C4=82eB1
C5=C1 ¢ C2 + C3 + C4
C622.95QRT(.0007164/2.)
CT=1./S9RT(AL)
CB8=1./S0RT(A2)
C9=CeeC?
< Clo=Cé6eC8
Cli=x(1)ec9 _ :
Ple4,2C4/CS
P2=(-Cl + C2 - C3 + C4)/CS
PI=(-Cl - €2 + C3 & C4)I/C5
P4=(Cl ~ €2 - C3 * C4)/C5

PRINT HEADING

[aXalal

WRITE(3,5)

5 FORMAT('1'y* INFURMATIUN FUR LACHEN3RUCH 3-LAYER CASE*//)
WRITE(3,90) %

90 FORMAT(® * " J',T1l4'X*¢T21,'7*,731,'C*/)

00 7 J=1,3

WRITE(3,8)X(J),T(J),CLI)

FORMATI' *,15,3F10.4)

™~




c
c READ INCREMENTAL THICKNESS OF LAYER 2 AND NO OF TIMES YO INCREMENT
[
READ(1,3)XINC,L
3 FORMAT(F10.4,15)
WRITE(3,9)XINC,L
9 FORMAT(' *,' [INCREMENTAL THICKNESS=*,F10.4/, 'NUMBER OF INCREMENTS
1=%,15)
Cc
C COMPUTE DAMPING AS THICKNESS OF LAYER 2 INCREASES
€
WRITE(3,91)
91 FORMAT(?® *,"NUM3ER OF*,T15,'F/A RATIO",T732, " INSULATION')
WRITE(3,92)
92 FORMAT(" *," [NCREMENT'",T13,'DIMENSIUNLESS® T30, THICKNESS,y FT*/)
L=+l
DO 10 N=1,L
Cl2=xX(2)%C10
C13=C11 + Cl2
S1=(2,¢P2%EXP(-C13))*COS(CL13)
S2=(2.#P3¢EXP(-CLLII*COSICLIL)
S3=(2.#P4*EXP(-C12))*%COS(CL2)
S4=(2.¢P2¢P3¢EXP(-2,¢C11-C12))*COS(C12)
S5=(2.¢P2¢P4*ExP (~C11-2.%C12))*COS(C1])
S6=(2.%P3ePG*ExP(-C13))¢COSICLLI-C12)
ST=(P2¢P2)$EXP(-2.%Cl3)
SB=(P3¢P3)tExP(-2.¢Cl1)
S9=(P4¢P4) #EXP(-2,%C]12)
S10=1. +S1 ¢ S2 ¢ S3 + S4 + S5 ¢ S6 ¢ ST + S8 + S9
ANS=(EXP(=.5%C13))*PL/ISQRT(S10))
WRITE(3, LLIN,ANSyX( 2]
11 FORMAT(* '4y15,T13,F10.4+T730,F10.4)
10 X(2)=x12) + XINC
€
c’ READ A FLAG 10 DETERMINFE WHETHER ANOTHER PROFILE 1S DESIRED.
C FLAG=0. [F NO ADOITIONAL PRUFILES ARE WANTED.
€
READI1,12)FLAG
12 FORMATI(FLO0.4)
IFIFLAG.NEL.O.)GO TO 13
sTop .
END
EXAMPLF OF INPUT DATA FOR 3-LAYER SOLUTION
8.9 1.01 26.0 Xo T ARD C FD MATFRIAL 1, SOLUTICN 1,
0.06417 0.0125 1.0 Xy VT AND C FOH MATFRIAL 2, SOLMTION 1.
5.0 0.89%5 37.0 Xy T AND C FO MATERTAL 3, SOLUTION 1.
0.0617 12 INCREMENTAL THICKNESS £ NO. OF INCREMENTS
10. < FLAG FOUR ADDITIDNAL SOLUTINN,
i2.0 1.01 2643 Xy T AND C FOR MATFRIAL 1, SOLOLTION 2.
0.0417 0.0125 1.0 Xo T AND C FOR MATYERTAL 2, SOLUTION 2.
5.0 0.R95 3r.0 Xy T AND C FOR MATFRIAL 3, SOLUTION 2.
0.0417 12 INCREMENTAL THICKNFSS & NU. OF INCREMENTS

FLAG FOR LASY SOLUTION.
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