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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 -idditional testing and analysis of information . This report in—
corporates observations made during the study with pertinent applicable
information from the literature.

nformation in Chapter I suggests that development of areas under-
lain by permafros t 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 program s which are used to analyze
existing embankments and to design new einbankrnents 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—chang ing 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
applical-’le research findings from the literature. The oldest insulated
embankment which has been continuously subjected to vehicular traffic i~
less than ten years old; thus in—service , long—term durability has not
been proven. Results from different types of laboratory tests have been
used to estimate field performance of insulating materials. The effect
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f moisture intrusion into the insulating materials and resulting changes
In thermal and mechanical properti es is the primary concern . None of the
laborator y tests suitably couples the thermal and moisture regime within
an embankment environment with dynamic loads imposed on it. A new appa—
r;itus is proposed which will perform this function . It will provide quan—
tltat iv ( desi gn data rather than information which can only be used in

qualit ative manner to compare materials. Some insulating materials may
require a permanent moisture harrier around them , but field experience
I S  l i m l t d and barriers used with foamed—in—p lace polyurethane have
no t p e r f o r m e d  a d e q u a t e ly f o r  a p p l i c a t i o n  to permanent  f ac i l i t i e s. The
p r p ~~ td device may also he used to evaluate various moisture barriers.

In Chapter IV the th~ ee computer programs developed for design and
analysis of insulated embankments are applied . The three—layer tech-
ni que illustrates a desi gn procedure for complete protection , i.e. sea-
sonal thaw does not penetrate the In s u l a t i n g  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 app lied on a seasonal basis.

Chapter V reiterates conclusions and recommendations for further
advancing the  s t a t e — o f — t h e — a r t  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
s i m u l a t e  an embankment envirorurient. and w i l l  provide data for evaluating
the durability of various materials. The two—dimensional numerical
p r o c e d u r e  consider ing 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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c HAVFLR I

INTROD(JCTJON

The concept of embankment construct ion incorporating the i-mo insul ing

media above perennially frozen soil has only recently been developed and

utilized in functional roadways and runways. Prior to this study , only

empirica l design procedures had been fonau latcd and laboratory tests de-

veloped for other app] icat ions of insii lat ion were utilized . Laboratory

tests had not been c r i t i c a l l y  analyzed and corr e1a~ed with insulation per-

formance in an embanlonent 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 tes t ing  methods. The purpose of this study was

to extract pertinent data from existing literature , validate it by add i-

tional testing if necessary , and extend 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 li terature is used.

PERMAFJ~OST DISTRIBUTION

Black (1954) estimated that approximately 26% of the land surface

of the ~~rld 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’~

1

— 
•
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2

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.

Permafros t has been def ined in several ways (Stearns , 1966) . In this

report, permafrost is defined as material which has remained below 32° 1

continuously for more than t~o years. A more complete definition of perma-

frost and other terms used in this report are in Appendix A .

Geographical dis t r ibut ion of permafrost is coirunonly divided into two

zones , continuous and discontinuous . If the permafrost is uninterrupted

in lateral and vertical extent , except under large bod ies 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, permafrost is discontinuous. Thawed portions may occur

laterally or vertically to break the continuity of the permafrost. Figure

1, from Stea rns (1966), shows the distribution of permafrost in the Northern

Hemisphere.

Development of the permafrost regions in North Mierica 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 Prudlioc Bay , Alaska , in 1968. Sub-

sequently, oil and gas deposits have been found in the Canadian Archipelago

and the Mc Kenzie Riv er delta area. Other rc~ ion~ in Canada and Alaska are

being explored iw aJ di t iu i .~ ~;drocarbt . ii J4o.~~t .

Oil and ~a~; dc~os i ts  h: iso been d i scovered in nor thern T~uss ia.

Exploration ari d devciu i~:tc nt iii tJ~ese reg ions are continuing . Fi gure 2 ,

- -~~~~-0— - -- —

L - - . -
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Major hydrocarbon deposits and mines in the Far North , courtesy of the
Greenarctic Consortium (1973).



5

courtesy of the Greenarctic Consortium, shows several hydrocarbon deposits

and potential mining sites in the Far North.

TRANSPORTATION FACILITIPS

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 areas 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.

Oil 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 oil and gas resources. Several of these routes, however , will serve

as a base for secondary transportation routes to serve other mineral re-

sources in northern areas. -

R’ffiAN1~~~4T DESI~~

Nearly all ~:egnent :z of r5 id ay~ , air f i -
~ ld:~ , ard i-a i iroads in pcr~a -

frost areas will be constructed on enhanbnents providing some thermal pro-

tection to the pcnnafrust. Portions of pipelines i~ii1 be constructed on
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Table I

SUJRCES OF INIORMAT ION FOR FIGURE 4

Canadian Institute of Guided Ground Transport (1972).

C iisedine (1972) .

Kipling (1972) . -

Pipe Line Industry (1972).

State of Alaska (1972).

Tudor, Kelly and Shannon (1972).

Wolff , Lambert, Johansen, Rhoads , and Solie (j972).

Woodward (1971).
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or built from embankments. One important reason for placing transportation

facilities on embankments is to contain thaw within the embankment or to

reduce thaw into the suhgrade. 
- 

l~nbankments 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, ~~ a2 (1969), describe

and discuss several situations where insufficient embankment thickness

effected problems due to melting of the permafrost.

Inclusion of thermal i arriers within embankments may reduce the re-

quired thicknesses. Two types of thermal barriers are available: (1) heat

sink materials, -~.e. those containing large volumes of water, thereby

having large volumetric latent heats of fusion, and (2) materials of high

thermal resistance, c.t., thermal insulators. The use of thermal barriers

may permit using less granular material, thereby causing less environmental

disturbance.

SYNTh ESIS OF CURRENT KNC~LEDGE

Beskow (1935) reported the original studies with thermal barriers.

In 1946 several test sections %%ere constructed near Fairbanks, Alaska (U.S.

Army Corps of Engineers, 1950). Several types of insulating materials

were used, including cellular glass boards, lightweight concrete , and corn-

pacted branches. The cellular glass boards were nx st effective in reducing

_ _ _ _ _ _  _ _ _ _  — - - —------ - - -

-NJ
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seasonal thaw but were very expensive, due in part to their high instal-

lation cos t caused by their small size. No additional studies on insulated

embankments were reported until Quinn and Lobaez (1962) published data

from some small test sections in Wal tham, 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. ~illiams (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 iiear 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 IID-300 , a composite insulator

incorporating polystyrene beads bound by Portland cement, and another com-

posite incorporatin8 polystyrene beads hound -b~’ sul fur. In a l l  of these

tcst~ an expc~ ient nc al or ~lass-fH-~-r :~at --~g \ . 3 5  placed n t1a~ insula t-

ing material and traffic was imposed on the matting . Construction infor-

matiun and test results are described in &hith , Berg and ~1u1ler (1973),

— - ---—-—--— -——-. - - — - — ———- — -S.—— — ~~~~~~~___  —- —-—
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and Pazsint and Smith (l972a and 1972b). In 1972 the Alyeska Pipeline

Service Company (ALPS) constructed and trafficked “construction pad” test

facilities near Fairbanks , Alaska , and Glennallen , Alaska . Each facil i ty

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 emhankments. 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 incidei~t solar i 
- - 

~n, reflective materials have

not been used either. Reflect ive - g materials beneath the embank-

ment surface have not been cons i~~ :ed for incorporation into embankments.

A su~~~~ iry of other materials  and selected properties is shown in Appendix

B. Considerable data are available on some piopcrtics of the matc iials.

!To-.%-ever , since im ;u l a t in g  t~~t ei-ia ls at~~ not noniully required to carry loads

in building construction , l i t t le informat ion is available concerning their

behavior under dynamic load conditions.

~~~
—

~~~-~~~~- 
- - ---

~~~----- -- -- - - - - -- -- _ _
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Insulating systems, rather than insulating materials alone , are

generally designed in building construction . The insulating systems in-

clude a vapor barr ier where necessary , and materials for abrasion and/or

impact protection. For embanlenent insulation a harrier resistant to

petroleum products may be desirable in some locations.

REQUIREMENTS FOR EMBANK~-fl~.NT INSULATION

Insulated ernbankmcnts 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 un insulated embankments are selected. Other con-

siderations, 
~
.g. political constraints , may be included before the final

desi gn reco~inendation is resolved . -

.~~~ - ~~~~~~~~~~~ - -~ -—-
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0-IAPTER II

THERMAL MJDELS

Generally, the thermal regime in existence prior to construction of

a surface facility will be altered by constructing the facility. In perma-

fros t 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 seas~~al frost depth does not reach the

permafrost table , a talik is formed. If the talik is enlarged in subse-

quent thawing seasons, the facili ty 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.

FUNDANENTAI PRINCI PLES

In the abscnce of sources and sinks , thc m cii t ime rate of ch: ’~~

of internal en~~ r~~v (
~

) ~ t is t e(nlal t!~~ ~~~~ ~‘~‘i~ Fl~iv 1~~ at ii’: i~ st : : :t  of

t imC (i) and at any po int in a given space. T h i s  is the principle of

conservation of ener~’~. The c o n t i n u i t y  c~~u t i on st i t ~cs th i s  princ iple:

14
— - - -—-——‘*, -~—.--— -—~ —- — — — - — - -  — —.~~~ .— -—.— - .—--——--—-—— —-— -— —
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1.- at
The heat flux vector has been found, experimentally, to be propor-

tional to the gradient of temperature (T) . The constant of proportional ity

is defined as the thermal conductivity (k,~) . Thus a second fundamental

heat flow equation can be written :

~ 
•[Jc~j ~~T 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 volu~e conditions , the constant of

proportionality , or slope of the temperature versus internal energy dia

gram, is defined as the vo1~.metric specific heat at constant volume (C) .

For a system which is not undergoing a phase transition, the following

equation is valid:

C ”~~~ 3.

Rewriting equation 3 and placing it and equation 2 into equat ion 1, equation

4 is obtained:

C + V s (
~

(kT] ~ T) 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:

Sa

or

F = Q V 2 T Sb

— - - - -  - - — - - -~~—---~.- ---- - - --- - - — ---- --—-— — - -  - —---
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ishere the thermal diffus ivity (a) - is defined as:

a .~~T . 6.

While equations 1 through 5 ,

“describe the frost penetration problem in a
mathematically correct fashion , exact solutions
can be found only for a small number of idealized
cases, due to the complex conditions of latent
heat transfer and other effects.” Aldrich and
Paynter (1953).

Subsequent sections c~E this chapter discuss e~~irical and approximate

techniques for solving problems including phase change of soil moisture.

ANALYTICAL SOLLT~IONS

Carsiaw and Jaeger (1959) present solutions to many one , two , and

three dimensional heat flow problems . }~~z geneous 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 periodil: surface perturbation at different depths in a two

and three layered soil system. Unidirectional heat flux was considered.

Lachenbruèh (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 .

Neglect ing 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 volui~~ric heat capacity and larger latent 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 .

X1 - J48k’~ F/Li 7.

where: X1 ice thickness, ft

kTi thermal conductivity of ice, Btu/ft hr °F
F freezing index, °F - days

L1 = 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 - A  I48kTN I/L 8.

where: X - thaw depth, ft.

kT 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 (19S3) 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, coniiionly applied to seepage problems,

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. Electrical 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 L~ b (1963) used a small hydraulic analog computer belonging to

USIACRREL to study heat flow through building walls. Luk’yanov (1963)

- -.--.--- ~~~~~~~~~~~.- - -- --~~~~~-- ---- ----—-- _

- 
-
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Table II

flffiJ ~tAL - FWID - ELECTRIC ANALOGIES

MEDIiI4
IT~1 ThE1~1AL FLUID ELECTRIC

A - Variables (1) Heat ii Volume S Charge
density p

+ *(2) Heat flux q Flow q Current
density

(3) Temperature T Head H Toltage e

B - Principles :

Continuity (1) ~~ + + - 0 + 0
Conductivity (2) ~ -k~T -k~H -

Capacitance (3) dii CdT dS -— AdH dV - 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

IXie 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 t~~ dimensional problems have been obtained. tkisinberre (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

geanetries are difficult to simulate unless small element sizes are employed.

T1~ 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 t~~ dimensional problems.

Botmdaries in complex geometries can be more closely sinsilated u~sing finite

element procedures. For multi-dimensional flow problems the finite element

procedure is frequently more efficient , t..e. requires less computer time,

than the finite difference technique.

_ _  - - - ~~~~ -- - ----——--- ---- --—  —

—a
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Table III is a s~minary 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 ?kDonnell-Douglas finite difference program allow non-layered , non-

1ui~ geneous 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 distribut ion is

specified . Only one of the programs assumes an initial unifo rm 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 therma l 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 ; i.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.

P1~M~)SED ? 4T)DEL

ideally 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 prob lem s involving simul taneous heat and mass

transfer are considered. Further complications are introduced when move-

able boundaries to consider thaw consolidation and/or frost heaving are

introduced . Additional ly , several parameters are dependent on the thermal

and/or moisture regimes. IAie to these complications , the proposed model

deviates from a mathematically exact one in that empirical and semi-

empirical methods and approximation techniques, t.e. numerical methods,

are employed. -

The basic difference between most numerical methods strmarized in the

preceding section and the one proposed in this sect ion is that the proposed

rTEdel co~iibines hcat and mass flux and allows heaving and/or consolidation.

Frost heaving and th~n~ c.onsolidation are visible results of mass tlu.x ;

changes in the subsurface therma l regime due to mass flux are less obvious.

~dthou~,h the author ~e1ie~es that t~~ *i~ed ii&x~~1 is a significant

~~ ro~ cincilt o ~ I L  - - . t  exist  i ~~ ones , no Ins t .ii ~~~~. ~ at t r i but ing mass ii ux to

di f fer ~’ncr~ ~- t ’t ~ ‘un th -i~ dert hs cur t ut ~~j from cnndu : t jun rmn -J ”l s and meisu red
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thaw depths have been docwented . There are several reasons for the lack

of docunentation , but the three most important are (1) lack of instninenta-

tion to adequately monitor in-situ moisture conditions over a period of

ti~ne ; (2) application of closed-form solutions witich provide only maxiimxn

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 b? a significant factor in many situations .

(bUy mass flux in the liquid phase is considered in the proposed

model. Harlan (1972) and Jtnnikis (1967) state that mass t ransport in the

vapor phase is considerably less than moisture movement in the liquid phase

via capillaries and fi Lii 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 .

C~i1y the constitutive equations for the propo sed model are presented

in thi s dissertation . Relatively few attempts have been made to couple

heat and mass transport in porous media . Due to the interdependence and/or

non-line ar i ty  of several parameters , deve1oj~nent of an operationa l computer

program h - i l l  be a t ime - consuming and perplexing process. Development of

the program was beyond the scope of this study .

Preced ing portions of this chapter provide sources of informat ion

concerning the thermal properties and heat f lux aspects of the proposed

model. Various met!- mdc have been used by d i f k c r e n t  authors .

Freeze (I’Th ~- r ~~- - - ~-n~ ed a stm~ arv of “~ r~ j lah le  n’ i” -erical solut ions

to one-dimensiona l , ver t ical , un~-.atur~1tL d , unsteady tiow problems” and 

- -  I- - :~~-:T~ ~~~~~~~ -

. 

- - -  -
_ _ _  - -
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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 most 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-ri gid , 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:

3T aT 3T a2i a2T
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where p = density, lb/cu ft

c specific heat, Btu/lb °F

T -~~ temperature, °F

r~~~time , hr

n porosity, dimensionless

V~~, Vz 
- fluid velocities in the x and z directions,

respect ively, ft/hr

kTx, kTz - therma l conductivities in the x and z directions,

respectively, Btu/ft hr °F

&~uation 10 is the two-dimesional continuity equation describing moisture

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

sinks .

+ = —  . 10.
ax az at
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•~~~4 i + h g 11.

= total head , ft

= pore water pressure, ft

hg = gravitational head, ft

w = moisture content, %

T = time, hr

~~ 
and 

~~ 
are coeff icients of permeability in the x and z

direction s respectively, ft/hr

One-dimensional conolidation theory was developed from equation 10

by Ter :aghi (Tay lor , 1948), and Dc 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 durin g 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

prograrming. The complications will arise primarily from interdependence

and/or non-linearity of several parameters.

Further development of the proposed numerica l model is not within the

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

finite differencing technique is used to i11u~trat~ t i ic  capabil i ty  of
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nunerical 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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GIAPTER III

ThL1~Vt)IN~ JLATING MATERIALS

The thermoinsulating material used in a specified embankment may be

chosen by opt imizing 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 thermoinsulating material, other prime

cost considerations are: placement rate, membrane costs, sub base prepara-

tion, backfill precautions, and forming for the insulating layer. Incor-

poration of thermoinsulating materials into embanlcments may permit savings

of other materials, reduced environmental damage, and reduced construction

time. The life cycle cost; t.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 materials listed in Table IV have been

used in insulated einhankments. Con~j osite materials have been manufactured

from those listed in AppendiA B; for example, item 3 in Table IV used a

higher .~trcngth i ut c r i a l  u~~cI a lo~er str ength n~iTeria1 for load distri-

bution . Ut her  te chn iqiie~ for - r n - t  hen in~ he in~n n 1 at ing layer include

29
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- Table IV

Insulat ing materials used in embankment construction .

1. Cell concrete.

2. Cellular glass blocks.

3. Composi te - polystyrene beads with cement binder and molded poly-

styrene boards . -

4. Expanded clay - unbound and bound with bitumen or cement.

S. Expanded shale - unbound and bound with bitumen or cement.

6. Insulating asphalt.

7. Mineral ~~ol.

8. Polystyrene - molded boards and extruded boards .

9. Polyurethane - boards and spray-in-place.

10. Polystyrene beads with cement binder.

11. Polystyrene beads with sulfur binder.

12. Su~fur - spray- in-place.

13. Wood - chips , logs, and bark.

. 1 -

- - -— ~--- -~~~~~~~~~~ —- - —--- — - - --—~~~---—-- --——-- ~~~~
---- ——- —
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incorporating the material into a paper , plastic, 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

embanlcments. 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, bitunen, or cement can

be used with other loose-fill materials to provide insulating layers suit-

able for incorporation into embanlanents. 
-

“me-way” insulators are attractive for entan]cmënts 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 fu,~iction 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 simm er 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 en~bankments.
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RHFL)LOGICAL 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,

‘..e~. the unconfined compressive strength, is defined at some arbitrary

deformation for cellular plastics. For embankment materials the deforma-

tion is normally 5% or 10% strain based on the original thickness. ASThI

Standard D 1621-64, “Compressive 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, e..t aL (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 r~1aster 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 therr’ral 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 mater ia l s .  Uc also states that the ~tren~th prorcrt ies of the

extruded po ly styrLne .aic considerably dl1fc x L;~t £roz~ ~ osc of the moLicd
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Density-compressive strength relationships for polyurethane and molded
polysty rene.
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material . At a given density the extruded materials normally have higher

ccmpressive 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 laboratory 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 funct ion 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 o~
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 c~’c1es .

Representative results of all four si~udies are shown in Figure 9.

(kie material , 2.1 lb/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 loud cycles little addition-

al permanent deformation occurred through three million load cycles.
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Williams used a 10 psi stress and his results indicated that the deforma-

tion aft er one million load cycles was slightly greater than that observed

by Saetersda l after a similar minber of cycles. The deflection observed

by Knight after one million load cycles was approximately three times

greater than 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 max imum stress increases , the permallent deflect ion

also increases after a given number of load cycles.

Various types of loading tests have also been conducted on full scale

field test sect ions. 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 ‘plastic material and trafficking was conducted ininediately on

the polypropylene. They report that the equation developed by the U .S.

Army Corps of Engineers for estimat ing 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 corcern 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 , e.t a! (l~~’~ present resul t s  o~ repeti ’~1ve p la te  ioa~ ing

tests on insulated and unm su~~t &- d t t ~st sec t ions in SwHen . Their da

are strriari:ed in Ta~’1e V. The ins~i1~i~ed : t ~~ I~. showeJ g~~~t er pcr ..~r~vnt

deformation than did the un insu la ted  sections j f t c r  a similar n~znber of

loading cycles. Their “crack index” , J c f i : ~cd in Table V , t c~~ ined prior

to conducting the dynamic lo:idhig tests also indicated that Jc-~ ra-Jdt Ion

of the insulated sections had progressed nore ra~ i~1ly than degradation of

the uninsulated sections.

The Ma ine State Hig hway Comission (1965) and Schneider (1969) con-

ducted Benkelman beam studies at various times of the year on insulateJ

and uninsulated roadways. In the Maine studies the thickness of pavement

and ba se above the insulating layer varied . Table VI contains a summary

of these data taken prior to opening the roadway to t raf f ic . Prior to

spring thaw deflections in the uninsulated section ranged from 0.011 tc

about 0.017 inches. Deflections of the insulated pavement w i t h  appro~ i-

mately 29 inches of pavement and base above the insulation were appr~ i-

mately equivalent to those in the uninsulated section. The insulated

section with only 21 inches of pavement and base above the insu1ating layer

de flected approximately 0.003 to 0.004 inches more than the other t~~

sections . Dur ing spring breakup deflections in the uninsul -i tcd secti n

nearly doubled , while those from the insulated sect ions increact-J oni”

slightly . Discussing these same test sections three years later , Bigelow

(1968) stated ,

“Visual inspection of the r~i’.’r~’en~ indic~te 1 th it there
are now more cracks in all three sections of th is  project
than were found in prev ious ~ears , hut t here are fewer
cracks ii~ ~~ in ~-~Lt eJ  s~et i cns t han in th e un in sul ated
section.”

- -.~~-,-- —.— --~~~~~— - - -‘- - ---- - __________
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Variables u~ the study reported by Schneider (1969) included thick-

ness of ~) avtnent  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 slight ly  greater than those in the contro l section . In the test

section containing the hi gher density molded polystyrene boards covered by

12 inches of pavement and base , the surface deflection was less than 20 %

greater than that of the contro l section . When 22 inches of pavement and

base were used over this material , the deflections were roughly equivalent

to those in the un insulated contro l Section. In the test sectioiis contain-

ing polystyrene beads bound by cement , the deflect ions were greater than

those observed in the adjacent contro l section . No granular base was used

in either of these two sections , and in the higher density section

(section 10) the bitum inous pavement was placed iiaiiediately on the insu-

lating layer .

The US Amy Engineer Waterways Experiment Station (WES) has recently

installed insulated test sections and subjected tile ! to simulated heavy

airc r~i It loadings - a ~± ins~;1 , 1~)~~) . Test i i i~ was i C~ L!1t ly coi;j li ted and

results are unavailable. Figures 10 and 11, from Uutchinson (1972) , illus-

trate tI .~ sections ~~ lL.a l ‘..e i~~ t , st L J .  fl~e Styrupour r e f er iL d  to in ti1c

I IguIes is conIpus~~ 01 U - - T. )  L i.a ~~~~~~~~ I ’~~~.~~~i 0> . u r L k a n J  LL TILJ1 t; ext ruu~ i

‘I3 I v ~ t . r ( ’ r 1 &  f l T i t ( ’~ I l l s  s.. er ~~ -T) ’ ( I .

- - - --— --- - - - ~~~~~~~~~ -- - - - ~~~~~~-



41

Ta b le VI I
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In insulated e~:~~jlrl ~cnts pavc~ cut Ini lu re  can be cor.t i-ol led b~ proper

desi gn. Either the in5ulat ing layer can -be placcd at su f f i c ien t ly  deep

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

America nost of the pnvcd roadways and runways over permafrost arc in A askn .

This may change r adical ly  in the future , however , and Baker (1971) s t at c s ,

“Al though for many years the traveling puhl ic accepted
gravel roads , it is now apparent tha t with the influx
of people who are fami l ia r  with asphalt or concrete ronds
an oven greater demand is bcinc~ expressed to i:npcove
existui~ i coj  SU r t ~t cC5 . i~ 1i s nust he acccptec :LIlu con:;c —
quently,  it na y not be tco f;~r in the future when all the
trunk roads in the Yukon will be paved jus t as they now
are in the State of Alaska .”

1~~ RMAL PROPERTIES

Most important of the thermal propert i~ s of candidate ant er ia ls  for

ernbanhnc-nt construction is the thermal conductivity. A low thermal con-

ductivity is de s i rable .  Ferr igno (ld6~ ) stated that the insulatin g effi-

ciency depends U~ Ofl ninny factors , including : the structure , envircun ont

thickness , aging history , and composition of the material.

Apprb>:iraate therma l 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 . T’ne values

shown for po lyurethan e are the “aged ” value s for the material . For a time

after manufacture (several days to several months , depending upon the

environr~cnta] condit ion s  and types o ’ “skins ” or. tho surf :1cc’ s~

c~ndtIc~~j vj t ’~ ~f “~ 1~ r-tb :nos lr ~~~~~2 an- . ~ T r r: ~~ (~~O~~fl)  ~~~~~~~~~~

‘‘It is not tue 1e5~ et t 110 ~‘J ~ - l - c s i l r rcn t n r ) U ’ ’  N ~i.e
cel l ~~~~~~~~~~~ - - ~~i,• - 

-

gase ; i to tnL t~...:., ~.j th ]~~~~ ~~~~~ L lU L i i  i~~~ J O
fluorocarbon , th~ t LUJUSO S the ( i r i l t  in K - fac tor .~’ 
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The drift continues until  the partial pressures of gases in the cehs and

in the atmosphere are at equilibrium . Ferrigno (1963) shows data indicating

that a one-inch sample of urethane kept in a 1400 j : envi ronment 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 plac ing the material between

impervious membranes such as high-density plastic or metal skins. Fer:igno

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 therma l conductivity and densi ty 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 arid 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 thermal 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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therma l conductivi ty nniy occur at the freezing point of mois ture  ‘.~i t h i n

the structure of the mater ia l .  The thermal conduct ivitv of polyuretftwes

differs froni the others because het i -cen  approxi rna t o ly  +4 0° F and 40° F ,

the thermal conduct iv i ty  increases sligh t l y .

The quant i ty  of moisture in an insu la t ing  mater ia l  may have a sign i-

ficant influence on i t s  thermal conduct iv i ty .  Fi gure 15 ill ust rates the

increase in thermal conductivity due to moisture ahsorp t ion for polyure-

thane , nolded poly~~yrcne , UlnIl cxtri kh’d polystyren e .  Equations relating

vohnnetric moisture content and therma l conduct iv i ty  for the polyurethan e

and extruded polystyrene materials were presented by Levy (1966). Both

were l inear relationshi ps and lines obtained from the equations are sho~ii

in Figure 15. Lines obtaincd by Saetersdal for molded polystyrene and

Levy for extruded polystyrene are the- same . Joy (1957) present s similar

data for three other insula t ing  mater ia ls ,  lie does not indicate , however ,

what mater ia ls  he tested. lie shows curves s imilar  to those in Figure 15

for the three samples , above freezing and below freezing . In general , the

thermal conductivity va lues below freezin g are slightly hi gher than those

above freezing . Data in Figure 13 illustrate a significant increase in

therma l conductivity of a cement, sand , and polystyrene bead mixture ~chen

placed in a humid environment .

Figure 16 i l lus t ra tes  the change in thenn~il conductivity versus years

of service for Dow Chemical Company ’s Styrofoam EU , an extruded polystyrene .

Data indicate that the thermal conductivity may be increasing very slowly

with age . It  should be no t ed , howe ver , tnat  in nearly all laboratory and

field studies conducted to date , Styrofoam ~1I has absorbed considerably

less ncisture than any of the other insulating materials. This point will 

- - - - - - - - - - - - - - - -- -  _ _— -  -- --
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be discussed more thoroughly in subsequent port ions 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 t ime, in spite of the asphalt coatings
used before and after insulation placement.”

He stated that the thermal conductivity of the ure thane layers apparently

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

ENVIRONMENTAL EFFECTS

tbst materials listed ,in Appendix B are inert 1o the chemicals and

bacteria normally found in soil water. Asstxning 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 dangerous

environmental effect is that of moisture absorption by the insulating

material.

lvbst insulating materials absorb moisture unless protected by an

impervious membrane. Some materials, however, absorb significantly greater

amounts of moisture than do others. The most import an t result of moisture

intrusion into the insulating material is increased thermal conduct ivity.

Figure 15 illustrated the effect of increased moisture on the thermal con-

ductivity for three materials. Relatively small volumes of moisture in-

crease the thermal conductivity significantly in these cellular plastic

materials. Ti~ additional points concerning Figure 15 must be stressed.
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(1) Although the vo lumes of moisture absorbed and the volumetric moisture

contents are relatively small , moisture contents on a dry wei~,ht basis are

large due to the low density of the materials. (2) The initial thermal

conductivity L f  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 therma l conductivity for moist polyurethane may be lower

than that for moist  molded polystyrene. SimiThr ly ,  the thermal conductivity

of moist polyurethane wi l l  be lower than that of moist extruded polystyrene

up to some particular moisture content which can be computed .

Other potentially dangerous problems of moisture wi th in  the insulating

layer are those of rupture of the cell walls or cell separation during

freezing. Cell walls in most l ig htweight plast ic materials are sufficiently

elastic to allow the expansion of water upon freezing without rupturing.

In more rigid ruterials such as cellular glass or cell concrete , cell walls

may be ruptured by frec:e-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 Wieseiquist (1967) stnimarized results of laboratory freeze-

thaw cycles conducted at USACR1~EL. Materials included in these studies

are listed in Table VIII. Each tc~ t ~~-c-c ir~en w~s five inches square by

two inches thick. Two specimens of each material were included in the

tests. One sample of cid n-~tcria1 ~~ is  r emov ed a~ t t ’r  15 f rcc:c- thaw cycles

~ifli t fice-ze- ~~~~~~~~ t~~~-t~ -;:~~
- tc~ . A :~ .~~~J ~~ t ~~~. ~/ Cle~ . For the frcc:c-

thaw cyclin~ - - - t s  ni~~~ spec ir -n~; ~:cre ~l~ L cJ in each tray with 1/ 16 to

— -  — - - -- - -~ r~~~- --- — -- -- - — - -— — .-- -
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1/8 inch of ‘~~ it ~~- r surrounding each specimen . The sides of the large tray .m

were insulated to es tanl i sh  one-dimensiona l frec :ing and thawing of the

samples. ~kixi::aua boat flow wa~ perpendicular to the 5” x 5” faces of the

samples. Usually the tra ys con ta in ing  the s~ir~ples were placed in a cold

room at ~10~ F in the morning and removed that afternoon. The trays were

then lef t  in the laboratory environment at about 700 F overnight. After

the spec imen had undergone the desired na bor of frc o :~- -t h a ~ cycle s , it

was renoved , the edc , es trirr~eJ , an d sect joriod i:~t~ ~~-rns i - :i t ely 1/4 inch

thick p ieces . The volumetric no is ture  content of each p iece wa s then

dete rmined. Figure 1 i l lustrates sectioning of the samples , and Table IX

shows the moisture distribution within the samples upon completion of the

freeze-thaw studies. Moistur e content s for the outer surfaces are not

shown in Table IX .  The amount of moisture in these areas is  controlled by

the surface character is t ics  rather than the structure of the material.

[eta fron the interior of the samples as shown in Table IX are fe l t  to be

rDrr ind~cat ive of the perfo rmance of the materials. Armalite arid Foanglas

performed much or -c ~u a r l y  -than othe-~ samples in this study . One of the

aamb,la :- sa~i~iles fractured prior to reaching 50 frcc:e-thaw cycles and

af te r  only 15 fi ec-z e-t I aw cycles the moisture  content on the upper surface

was very hi ,h , indicating t h a t  several of the  cell walls had been ruptured ,

al1ow in~ i.~ s~ t : e  ta h~t i i . d c  iato th~ Ic. ~- :-cis t a~~ J~str 1 tL.~ through

the Ar m a l i t e  was more un i fon i i  hut very ~uhstan t i i i .  The vo lumet r ic  moisture

-
- - t en t  of the u~ a ic  c c .~ La aas Lu Lati. _ i y igh. i .e

ccntLI~t of t L i ~ :. .~~~ L 1  ~~I ~~c. ~~~~~~~~ ~~~~~~~~~~~~~~ L~~~~L f l  L ~~.d .

thaw cyc I cs. ~~ a -~ al t h e  ‘i~ -.rc  10 !: o r ecnr ~~~ .~r , 1 ‘ :il ~ Sor L I
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Ta ble IX

M O IS TU 4E O I S T R I 3 J T I ’ i~4 A F T E R  Fi~E L Z~~— T H A W  T E S T S  -

IA R O k M O R Y  tE ST R E SU L TS
F I~ JM KA PI A l A N ) W I E S A L O U I S I I I 9 6 7 )

M A T E R IA l  . NUMP~~R V U L U H IT R IC  M O I S T I J R ~ C U N T E N T ,  PER CENT
OF S E C T I O N  NUMBER

C Y C L E S  2 3 4 5 6 7 8 AVE

A R M A L I T E  15 10.1 15 .4 13.3 9 .8  9.4 11.8 13.8 11.9
30 3 7 . 1  3 6 . 5  31.0 26 .1  2 3 . 0  26 .5  39 .8  31 .5

FOAM G IAS 15 ‘.8 .1  36.6  4 . 4  I . E  1.3 0 .4  0.5 13 .2
30 SAMPL E FlACTUP .E0 PRIOR TO 30 CYCLES

HONE YFOAM 15 0.4 0.2 0.2 0.1 0.1 0.2 0.2 0.2
30 2.6 1.0 0.7 0.6 0.4 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 HO— I 15 0.1 0.1 0.0 0.0 0.0 0.1 0.0 11.0
30 1.3 0.4 0.2 0.2 0.1 0.1 11.7 2.0

STYROFOAM HO—2 15 0.1 0.1 0.1 0.1 0.1 . 0.1 0.1 0.1
30 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1

UR E THA N E 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

MOTE— SPEC I MEN S F C T I O N E D  AS SHOWN IN FIGURE 17.

_ _ _ _ _  _ _ _
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significant amounts of moisture although it appears that the Styrofoam I-ID-i

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 warmed 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 suiiii~arizes 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 lb/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 freeze- thaw t e at s  were ccnductcd at the University of

Alaska in conjunction with this work. Materials used in the first ser ies
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and results obtained are shown in Append ix 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 dr ip rack at room temperature for

approximately 30 minutes . They were then placed in a deep- freeze at about

00 F overnight.  The next morning they were removed from the deep-freeze,

allowed to sit in the room temperature environment for approximately 30

minut es , reweighed , and then immersed in the water bath again. This pro-

cedure was cont inued 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 t~.o 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

samples, and second , an alcohol-water mixture (0.5% by weight ethyl alcohol)

was used. Alcohol was ad4ed 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 thuperature.

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 lb/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, ~~~ had the samples

absorbed more of the alcohol-water mixture during the freeze-thaw cycling ,

cell walls may have separated or individua l beads may have been defo rmed ,

causing a loss of compressive strength. To evaluate this possibility

another series of tests is suggested . Samples of similar density and corn-

position should be use~1. Sa~-ples shnuld be i1lo~:ed to drain for various

time periods prior to being placed in the freezer. For example, one spec i-

men may be placed in the frc-ezcr allow ing no drainage and another af te r
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two to three minutes of dra inage , etc. Individual Specimens should undergo

the same procedure duriu~; each cycle to properly evaluate the desired

e f f e c t  S.

Scvei’a l laboratory t e st s  have a lso  been conducted to detennine the

amount of moisture aH~e-rpt~on in various insulating mater ia ls .  Powell and

Robinson (19 1) studied t h e  e t  fect of moisture on the tucnuul efficiency

of insulated f l a t  roofs.  A few cellular p la stic mate r ials ucre used in

their IIIV (’C1 l I lt  ion ; hiowevei’ , most of their data ~.ere obtained for li ght-

weight concrete materiuls. 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 embanl~ ents.

Severa l tests for detennining the moisture absorption and the water

vapor permeability of ifisulatin f rraterials are available. The following

standards arc from the -\ner ican Society for Te~t iri~ and Materials (l~7l):

Standurd 0 .S42-69 , “~ iter Absorption of Rigid Cellular !‘lastics” ; Standard

C 2’2-53 (reapproved l9’O), uiter Absorption of Core Mater ia l s  for Struc-

tura l Sandwich Constructions ” ; and Standard C 355-64 , ‘Thater Vapor Trans -

mission of Thick ‘htcriaL- ”. The American Association of State h i ghway

O f f i c i a l s  (MSI IO) specif icat ion ~1 230-70 , “Standard Specificat ion for Lx-

t ruded Insulation Board (Polystyrene)” , suggests using •-\S1~ Standard

C 272-S~ for ter-~iniu~ thf,- uo j sture ahs o i ;~t ien of this material. They

recomend using a sli ghtly diffc rent procedure in drying the sample prior

to we i gh i ng ,  however.

The stdndard tests ar~ for a du~~ t j~~~. i i  o f 2 to  f6  i cur s ; howeve r ,

many invcst  i~ ~~~~ r feel that the ar~ unt 0 1 the mois ture  absorbed during

this short period of t ~ne is not indic.xt ive of t h e  ~ ~rtormancc of the

_ _ _  - —
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material dur ing a long period of embedment in an embankment . S~~e materials

have been soaked for up to 18 months. Table XI contains information from

Kaplar and Wieseiquist (1967), Orama (1972), and Sactersdal (1971) .  Data

are shown for up to 150 days of immersion. The testing procedures varied

somewhat as Kaplar and Wieseiquist reported the boards in their studies

were covered with approximately 1/4 inch of %.later 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 corkboard samples of

Kaplar and Wieseiquist 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 sampl e density. The poly-

urethane samples used by Saetersdal and Kaplar and Wieselquist also absorbed

relatively large volumes of m oisture. 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 Chomical 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 FIT 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.

Asstaning that the moisture content versus time curve is composed of

* linear segment succeeded by a non-linear segment as’the maximum moisture
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content is approached , c.& ~., a shape similar to that of a stress-stra in

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

lb/cu ft corkboard tested by Kapi.ar and Wieseiquist. It reached a maxin.in

value after cxd y 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 flailways molded polystyrene boards must be cast at the desired thick-

ness. Properties of molded polystyrene boards manufactured by this tech-

nique are much more uniform .

Xaplar and Wieselquist (1967) showed the moisture distribution within

several samples after iii.~nersion 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 higji; however,

the interior contained considerably less moisture than the exterior portion.

The Scoreboard and Styrofoam 111)-i contained interior moisture contents of

less than 0.5% by volume. I:k..te to the smooth texture of its surface, the

Scoreboard absorbed only approximately 1% by volume near its surface. This

was considerably less thaii the surface moisture content of any other sw;tple.

Iffects of increasing the pressure head on the quantity of moisture

absorbed by various mater ials was repor ted by Kapl ar and ~cicselquist (1967).

SaJI4 ICS of the saj~ o saterials used in their fxce:e-t11 ~is~ tests iei c included

in this study . Gauge ~ressumes of 0 and 15 i s i we re used . ?‘-~ isture con-

~~~ s of the Foa 1Il~ 1as , I loney foain , Scoreboard , and Urethane increased with
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increasing pressure, and that of Styrofoam CB was essentially unaffected

by the increased pressure. Th.. Armalite , Styrofoam UD- l , and Styrofoam

HD- 2 absorbed less moisture at the higher pressure. The change in Amalite

was nu.ch 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 ininersed under approximately 1/4 inch of water

and the other was placed in a sealed vessel and submerged under apprcxi-

mately the same head; a 15 psi air pressure was applied inside the vessel.

Kaplar and Wieseiquist (1967) also reported the moisture distribution

within several samples after being embedded in a wet soil for up to 34

months. The following descript ion of their apparatus was given :

“A sheet metal tank 44 inches by 32 inches by 18 inches
was const ructed to contain the moist si l t .  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
f ine f i l t e r  layer. This was designed so tha t a continuous
supply -~f water would be available at the bottom of the
tan l’. in contact w i t h  the silt to ma in ta in  a moist cond it ion
by c a p i l l . t r i t y .  The tank ’~.as equipped on the s ide with a
S-gallon water supply feeding to a constant-water-level
contro l Ics-Ice which ma intained th~ water level in the
tank at ibout 6 inches from the bottom or two inches into
the silt. ”

Saxnple.A used in t}:~s study Icre t1’I L’S inches h ide by 12 -inches long by

two inches thic iC . T1IC were or i en t s ’~ ‘.- ;t l c lI  that the long dimension was in

the vertical, plane and approx imately 1/2 inch of s i l t  covered the upper 

—- - —----- -. - _ _ _
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0 2.03 2 . 58 L I I  3 . 3 ~, 2 .R ~ 2 . 0 6 1 .5 4  2.39
15 1.”’ 1.96 t .fl 2.01 1.95 1.34 1.57 1.84

Ff l A ~~-; I  55  0 0 . -fl 11 . 0 1 0 .11 1.01  3 . 0?  0.01 0.07 0.01
15 o . oi 0. )) 0 . 0 )  0.01 0 . 0 1 1.00 0. 79 1 .11

H O N E Y F O 6 M  .3 1. 1 7  F .P. 0 .1 ,  3 .0 - ,  0 . 05  1.1’ 0 . ) ?  0 .05
15 0 . 3 7  0 . 06  0 .06 0 . 03  0. 0 ? 0 . 0 0  0 . 03  0 . 0 7

S C O 8 E B O A 9 O  0 (1.02 0 . 02  0 . 0’  0 .02  0 . 0 2  0 .0?  0 . 0 3  0 .02
15 0 . 0 4  0. 03 0 . 0 2  0 .03  0 . 0 ?  0 .02  0. )’. 0 . 0 3

5 1 Y Q 1 j 1  ‘ )S M C9  0 0 . 0 4  0 . 3 3  0 .35  0 . 0 4  (1.05 3 .05  0 . 0 4  0 .05
15 0 . 0 5  0 . 0 5  0 . 06  0 .04  0 .05  0.14 0 .34  0 . 0 5

$1Y~~’!I-(F ~~. H,~ - I 0 0. 4 3 0 .12  0. -)~ 0 . 0 ?  0 .0?  1.0? 1.32  0.02
15  0 . 0 2  0 . 0 1  0.11 0 .01  0 . 0 1  0 .02  0 .02  0 .01

S I Y O O T ( 13M H 3 — 7  0 0 . 07  - 1 . 1 3  0 . 1 1  0 . 1 2  0 . 1 1  1. 0 9  0 .05 0 .09
15 ~~~~ 0. 1? 0 .99  0 . 10  0 .00 9 . 38  0. 06 0. 08

UR F T ” -5 -I c 200 0 1 .2 5 0 . 2?  0 . 7 1  0 . ? )  0 . ? )  0 .70  0 .2 1  0 . 2 1
15 7 . 1 4  0• 13 0 . 4 1  0 . 7 7  3.24 1.23 0.51 0.67

N~~T F —  SP~~C I M I ’ t  S E C T !  16110 A S  5 H J~~t ’~ IN F !GUQ r 17.
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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 terminated

aft er 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 Foainglas 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 Arinalite had a 1.6%

by volume moisture content t,y the end of 34 months, and the Urethane had

an average moisture content of 4.6% after 34 months. ~bisture distribution

within the Urethane and within the Annalite 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

Xaplar and Wieseiquist. 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 ~hich field moisture contents at future times can be

estimated.
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L i b l e  X I I I
M~. IS  I U~~1 0 1 S T  .~ I ‘i UT I -~ A T I  -~ I -‘i i  ML • I I ~. ..1 I SOIL

I M~~~ 1 T . ) ~) y — ! -  ‘. T A F ’- f l  IS
E R  -‘ A r L  ‘ ‘ - , - .. I I ~ I 0.)) ~- ! ( 1 ) ) ~ T I

M A T E R I A L  ELAPSE ) ) V ’ T L U M t E R ( C  R J ! S T L I R [  C W . T ) ’ 4 T , PE R C E N T
II M I S E C T I O N  6UM’IER

MONTH S 2 3 4 5 6 7 0 AVE

A 4 M A L I T I  6 1.0 0.~ 0 .6  0 .6  0 .6  0 . 7  0 .8  0 .?
1 4  2 . 7  1 .2  0 . 6  0 . 4  0.1 0.7 1.6 1 .1
34 2.4 1.3 1.0 0.9 1.2 1.5 2.6 1.6

F O A M O L A S  6 0.0 0.0 0.0 0.0 0.0 0 .0  0 .0  0 .0
18 1.0 0.0 0.0 0.0 0 . 0  0.0 0.0 3 .0
34 0 . 1  0 . 1  0 . 1  0 . 1  0.1 0 . 1  0 .1  0.1

H Q N ( Y F O ~,M 6 0 . 1  0 . 1  0 .1  0 .1  0 .1  0 . 1  0 .1  0 .1
18 0 . 2  0 . 1  0 . 1  0 . 1  0 . 1  0 .1  0 . 2  0 .1
34 1, .?  0 .1  0 .6  0 .6  0 .6  0 . 7  1.0  0 .8

S C 0 R E R O A R O  6 0 . 1  0 . 1  0.1 0 . 1  0 .1  0 . 1  0 . 1  0.1
18 0 .2  0 .2  0 .2  0 .2  0 . 2  0 .2  0 .2 0.2
34 0 . 2  0 .2  0 . 1  0 . 1  0 . 1  0 .1  0 . 1  0 .1

S T Y R O F O A M  CS 6 0 . 1  0 . 1  0 . 1  0 . 1  0 . 1  0 . 1  0 .1  3 .1
16 0 . 1  0 . 1  0 . 1  0 . 1  0 .1  0 . 1  0 .1  0 .1
34 0 . 3  0 .2  0 .2  0.1 0.2 0.2 0.3 0.2

S T Y R O F O A M  00- 1  6 0 .0  0 . 0  0 .0  0.0 0 .0  0 . 0  0 .0  0.0
18 0 . 2  0 .2  0 .2  0 . 2  0 . 2  0 .2  0 . 1  0.2
34 0 . 3  0 .2  0 .2  0 .2  0 . 2  0 . 3  0 . 3  0 .2

S T Y R O F O A M  00—2 6 0 .2  0 .2  0 . 2  0 . 2  0 .2  0 . 2  0 .2  0 .2
18 0 . 1  0 . 1  0 . 1  0 . 0  0 . 1  0 . 1  0 .1  0 .1
34 0 .2  0 .2  0 .2  0 .2  0 . 2  0 .2  0 .2  0 .2

L J R ( T H t , N E  203 6 2 . 6  1 .8  1 . 4  1 .?  1 .3  1. 2 . 1  1 .7
18 5 . 2  2 . 3  2 . 2  2 .2  1 .4  1.6 5 . 1  2 .9
34 5.8 4.1 3.9  3 . 8  3 . 8  4 . 1  6. ’. 4 . 6

N O T E —  S P E C I M E N  S E C I T O N L O  AS 501)86 IN F I G U R E  17.
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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

~aterial 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 emban]onents. 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 polystyrenes. 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 existed 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
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Tab le X I V

M O I S T U R E  A B S O ’ E ’ T V ) ’ ) IN3FR F I E L D  Cf l ND I I !ONS
I (G OT 8(1 GOT P1 111 M 4 TI P 1 *1 S

8 r E F I ’ NI F Y F A S 5 1 1 ( 9  M A r r ~~IA 1  D E N S I T Y  ‘I ( M I ’ E P VDI ( 1 ” F T ’ I C  M 1T S I I I R E
I~~S 1 A . . I A T  I PN  161/ CU 11 I f  C O N T E N T .  P E R C F M T

5 4M P ( F  S M A T .  6 1 1 6 1 .  A V E .

W ! L L T ’ M ~~( 1 9 6 8 I  1 .1  DI) 1.9 1 — — 4 . 2
O R A M R ( j ’ ) 7 2 )  1.5 PU — 3 1.1 0.7 0.9
E S’ )-E( 10!.3) 0.7 P0 2 . 1  - 3 3 . 7  1.9 2 . 7
SA r Tf ss{ )A L(1971) 1,0 U PS 2.8 1 — — 4 .5
S A F T ’ 3 1 L I 1 9 7 1 1  1 . 4  MI ’ S  2 .5  I — — 2 3 . 0
SIJTFRS[ ) ’)I(1971) 3.0 ~PS 1.9 6 20.0 4.0 11 .0
HA ” TP.4 ” ,<11 9 7 1) 1.0 UPS — 19 — — 1.3
f 4 l ” I ~’ (1 ~)71) 2.0 UPS — 30 — — 2.0
HAP 1M4- ’~~I I 0 1 l )  3.0 U PS — 43 — — 3 . 0
E S ~( T ” ’ ~~ ’ ( 1 0 7 1 )  4 .0  UPS — 40 — — 2 .5
H A~ TMA )) K( 19 7 1) 5.0 UPS — 16 — — 3 . 7
(4 A T Y M ~~r 4 I ! 9 7 1 )  6 . 0  ~p5 — 6 — — 3.7
w ill Is’~S (I 968I I.? UPS 1.2 1 — — 0 .4
( 3 P A M 4 ( 1 3 7 ? )  0.5 MI’S 2 . 5  2 2.1 0.7 1.4
O P A M A U 4 T 7 )  0.7 UPS 2.5 2 0.2 0.1 0.2
P T S M A ( i 0 7 7 )  0.8 UPS 2.5 I — - 0.0

0.9 UPS 2 . 5  7 2.2 0.0 0.9
1.5 UPS 2.5 5 0.5 0.1 0.3

, i R ~~ ’~~~I l 1 7 2 )  1. ’. ~ P5 2 .5  .3 1 .7 0 . 1  0.9
(TRA I A ( 1 9 T ? I  1. 9 UP S 2 . 5  9 1.9 0.0 0.3
0P 4M 5 1 1 9 7 7 )  2.5 U P S 2.5 13 2.3 0.0 0.9
OQA M A ( 1 9 7 2 1  2.9 UPS 2.5 1 — — 0.8
( U S A M A ) 1 0 7 ? )  1.4 M I’S 2.2 8 1.4 0.3 0.7
O R A U A ( I - 1 7 2 1  I. ’. UPS 1.9 2 1.1 0.9 1.0
ORAM.5(1 )72 ) 0.9 MP5 2 .8  8 1 .2 0.1 0.4
I 1 P & M A ( 1 ’ 1 7)  0 .5  UP5 2 .5  4 1.1 0.2 0.4

0.4 IPS 2.5 1 — — 0.0
fl~-’~~”~~ I 1 0 7 2 )  1. 1. FPS 2.5 1 — — 0 .1
I ) 9 Y - 4 ~~ f ) 4 7 7 (  2.9 F PS ‘.5 I — — 0.4
f l P F t i 4 A ( 1 1 7 7 )  4 . 3  T I ’ S  2 . 5  1 — — 0.8

4 . II F P S  2 . 5  1 — — 1.2
I)~~~~~I 1072 ) 5 .3 7.5 1 — — 0.9
$E.~ T F P S ’ I % L ( I 9 7 II 1. 5 FT’ S 2.5 3 2.8 1.1 1.8
5 9 I . T 1 P S 1 P , I  ( 1 0 1 1 )  3 . f) r P 5  2 .5  2 1 . 4  0 .9  1 .2
5~~’r~ ç - • ,1 (1 0 7 1 )  (.0 FT ’ S 2.0 4 1.8 1.’) 1.4
[SC ) I ’  •) 1. 1 Fr’ S 2 .2  3 0 . 7  0 .5  0 .6
W I L L ) ’  ‘ - 1 ) 3 ’ - ’ )  0. 5 F r ’ S  7 . 5 1 — — 0.2
W i l l !  ~ ‘ .(I 4 4 ) )  ‘~~. II’S 2.5 3 0.9 1.2 0.5

1.5 E PS 2.5 2 0.6 0.3 0.4
‘.0  TI’ S 2 . 4  7 . 0.7 0.4 0.5

W I L l  ! - ~~ S ( 1 ) ~,3 l  / . 1 [ P S  2 .5  2 0.1 0 .5  0 . 6
W i IL I 5 I ~~ I I ‘‘~3 )  3.9 F I’4 2 .5  3 1.4 0.7 1.0
W I ( L I ~ .~~ . I I - ’ I 3 I  3.’) FT ’S 2.5 1.7 0.9 1.2
W ! I I I~~ ’ ’~T 1 ’ .~~3 )  4 . 1 II’ S 2 . 5  2 I. E. 0. 0 1 . 2
. e I L L l ~~~~, l I - ’ ,0I 4 . 4 ( P ~~ 2 . 5 2 j . 6 1. ’ I .’ .
W I L L  I 5 ” . ( 1  ~0IS ) . ~ .1  [ I ’ S  2 . 5  2 1 .8  3 . 8  1 . 3

6101 S PH — P )L S I ’ ’  T I
- 6 1 ) 1 3 ’ ) P 1 Y S T v r I ~~’

( P5  — r T T ~, I , r r P I ) 1 v S T y ’ I L .Ir
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Tab’e’ XV
MOI STURE A B S O R P T I O N  UNDER 8 ( 1 1 ( 1  CONDIT IONS

V A R I f l U S  T Y P E S  OF I N S U L A T I N G  M A T E R I A L S

•A DATA ~*0M ORANA(197 Z ( II

T IME £ I ’ T F R  I XC I L S I I ) R  E X C E L S I O R  E X C E L S I O R  E X T R ’ ” E D  E X T R U D E D  E X P A N D E D  M I N E R A L
COM SIRI )CT1OPW 4 1 )  4 2 1  4 3 )  P ,STYsLN E P,STYR(NE CLAY WOOL

Y E A R S  4 4 )  ( 5 )  (6 )  ( 7 4

0. — — — — — — —
0.5 — , — 15. — 0.0 7. —

2.5 — 12. 12. 1.4 0.8 9. —

4.0 9. 19. 11. 1.4 1.2 12. 2$.
5.0 13. 19. 8. 1.4 0.~ 7. —

NOTES II) P L A S T I C  MEM BR ANE OVER
(2 )  P L A S T IC MLM KR A NL  OVER —
4 3 )  P L A S T I C  M EUSRAN E OVER AND UNDER
( 4 )  P L A S T I C  M[U61KAN E OVER
( 5 )  P40 M FM B I4ANE
IA) PLASTIC M [M3RANE OV E R AND UNDER
(T I  P L A S T I C  M E M A 9 * N F  OV ER AND UNDER
THIS T E ST R OAD C0NS1P ~UC TED IN 1966.
MO I S TU R E  C O N TE N T S  AR E  V OLUME PER CENTAGE S

SR D A T A  FROM L I N E L I ( 1 9 5 3 1  4611) BA NF T EL L )  AND C S E R G E I ( 1 9 6 6 )  •I
TIME AFTER C E L L U L A R  C E L L U L A R  C ELLULAR ZONO L ITE
CO IISTR 1JCT ION GLA SS C ON CR E TE CUN CRITE CON CRETE

YEARS Ii ) 12) (3)

0. — — — —
7. 0. 20. 35. . 47.

20. 3.7 22. 22. 47.

NOTES 41) A918A08 DEN S ITY AP PRI )XIN A TE LY 20 LB /CU FE . 1 P 4  1953 AND 1966.
2) A V E R A G E  01615.199 A P P R O A I I * T E I - Y 38 L A / C U  F T . I N  1953 AND
A P P R O A T M A T E L Y  43 18/Cl) FT IN 1966.

4 3 )  A V F A A ( . E D E N S I T Y  A P P R O X I M A T E L Y  27 LB /CU FT .
T E S T  S E l l  IUNS W E R E  C O N S T R O C T E D  IN 1946.
NONE OF Til L SA MP L E S E X H I R I T E D  VISI B L E I)[T[RI OR&TIUiI WHEN SAMPL ED

IN 1q 53. S E V E R A L  C R A C K S  w [~~E V I S I N L E  IN flil C E L L U L A R  G L A S S  IN
1966. M U I S T U PE CON! ) ITS l I A R  THE SUI’IACE OF THE C E L L U L A R
G L A S S  R A . G F 0  FI1OM 10 T I) 161 P [ T C E I I T BY VC1UME A ND FRO M t) TO 1
PE R C EN T NY V ) l li’l I IN Til l - IN (ER IU.T OF Il-It 9101)1 5 IN 1966. P40
VI SIb L E DE0RE1 )A T ION OF T i ) ’ C E L LULAR C O N C R E T E  W A S  EVIDENT IN
1966. 

— —  - - -- — - --
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mineral wool are considerably hi gher than most of the cellular  plastic

materials in Table XIV.

Again referring to Table XV, data from Linell (1953) arid Banfield and

Csergei (1966) indicate the lightweight concretes have absorbed consider-

able volumes of moisture. Samples of all the materials removed in 1953

showed no visible deterioration. When excavated in 1966, 20 years af ter

construction , the outer layer of the cellular glass material had accumu-

lated moisture and the cells s.cre 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 f rom Tables XIV and XV with data obtained from

laboratory studies , it is obvious that none of the laboratory tests

adequately predicts the perfo rmance 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 env i ronment and

most were used only to evaluate the possible relative performance of

various materials.

Data from Oraina in Table XV indicate that simply placing a moisture

barrier above the insulating layer does not adequately protect the insu-

lating material from moisture . The extruded polystyrene material , ~‘.hen so

t reated , ac tua l ly  absorbed more moisture tl.an the material in a similar

section s~hich had no moisture barrier. ihe excelsior section , wh ich had

~ moisture b;rrrier on i) ot ~1 s i l es  , exh tu i te c t  a continua l iiec rease ia 11) 015—

t~n I 
- ; - t~nt ; ~~.o rca~ t~ sar’~ rat~ r i , :l  , i,it~i .1 ~‘j i :t~ r~ barr ier  ~~ the

-~~~~ ~~~~-—~~~~~
-. - - - - ------ .- ‘ 

_ ---.. 
-~~~~~~~~ - -- - - - --~~~- - - - -~~~~~~~~ - - - - -- -~~~~~ --
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~~~-
-
~~~ i surfa e, has a~-p~~~n~ iy ir~cre~i:e I over the s.~ r -e t i n e  period . Volu-

metric moisture contents in the expaiidc~ clay material having a vapor

barrier on both sides of the layer have fluc tuated somewhat .

Kni ght and Condo (l9~ l) described the use of a special wax material

to coat polyurethane materials installed near Prudhoe Bay , Alaska . Esch

(1969) stated tha t an asphalt coating was applied prior to and sub sequent

to placing a polyurethan e layer near Anchorage , Alaska . Data from Table

XIV indicate that the asphalt coating was not effective because moisture

penetrated into the polyurethane. Additional ~sork 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 Urethan e 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 prelim inary coating of petroleum-

based material could be applied to the suh grade prior to placement of the

polyurethane (Figure 25). Under contract with the US Army Cold Regions

Research and Fngineering Laboratory , the ARCO Chemical Company used the

machine to construct a test section near Fairbanks , Alaska . The upper

surface was pain ted and a f lexible glass-fiber m att ing was placed directly

on the insulat ing layer. Traf f ic  was applied directly on the flexible

surfacing material . Similar 1 ests were discussed in the section,

“Rheolog ical Studies” .

— .— ——— -— _______ —: :—-— - - —-—— —.— . —.-- -.- ———— —-—— — - —.-— - —
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Figu re  24
Prototype apparatus for applying polyurethane insulation to embankments .
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Figure 25
Application of subbase seal coat prior to plac ing polyurethane insulat ion .
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PROPOSED LABORATORY TEST &PPAPAThS

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 temperature

difference across the sample because strength normally decreases with

increasing temperature in cellular plastics.

A question arises concern ing the desirability of free:e-thaw cycles

in the apparatus . Although fi c’c~:e-thaw cycling has not been shoi~n to

affect the strength of cellular plastic materials to any great extent ,

some materials such as cellular glass or lightwei~ ht concrete may be

affected . By in ,p osing dvnar~ wading on the i n su l at i n g  materials with

the over ly ing irat r ials alw ays in th ~~ t ian ci state , rna x iniaa degradation

should occur wider a giver tur~ber 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 ~vuld

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.

0

L ~~~~~~~~~~~~

- 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



CHAPTER IV

THERNAL 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 physical 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

amplitude of the sinusoidal temperature variation at the interface of the

86
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Ta bl e X VI
PR OD T P T I E S  OF U S T F R I A L S  USEr) IN T H r R M A L  CA L C U I A T I nN S

~ fl D1 r~~ v I~~~~I I ~~f l S T I I~~r TII rRMM . V~’L I! M(T~~tc L Ps E F N T  HF*T
NJM OI R W E I C . I 4 T  C( r I T [ I ~T C~)ND j C T l V I T y  H E A T  C A P A C I T Y  OF FUSION

IRICU F T  I ) ‘Y  WI  R T U I ’ T  H~ F B T IJ / C U  F T  F ST U~ CtI  FT

135. 7. 1.98 30. 1360.
2 120. S. 1 .24 25 . 864.
3 110. 8. 1 .10 26. 1267.
4 100. 15. 0 .76 28.  2160.
5 SC. . 100. 0 .82 53. 8064.
6 55.  10.  0 .16 66  15.15 792.
7 35.  5.  0 .0 3 3 3  8.33  252.
8 2. 0. 0.0175 1. 0.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____________________ 

I
.1_ i - - - -~~~~ -~~-~~~~-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Grovel Base

Ic1 C,

InsulatIng Layer

Ic2 C2 d2

Subbase Material
Ic3 C5 d3 — .a

A.Surfoce Temperature Amplitude
F~Tsmperature Amplitude at Enterface

F igure 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 amplit~xIe 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.

Assuning 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

anbankments 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 redi.~e 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 lb/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 Harti an (1969) the iiiean thawing indexes are:

Fairbanks, 3000 °F-days and Barrow, 500 °F-days. The gravel base has the

following properties: ‘~ 
= 1.96 Btu/ft hr °F, and L = 1360 Btu/cu ft. Then,

L 
— 

l3u~J -l448K 48 ~1~~ T

* . -- ~~~~~~~~~~~~~~~~~~~~~~~ ~~--~~~~~~~~ _ _ _ _ _ _ _
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Mean
Annual
Temp.

~ Temp

Layer 3

Ds pth

FIgure 28
Relat ionsnip between surfdc e teui~erature a~plituJ~ (~~) an(± *

tet iperature ampHtuue at the interfd ce ~et~ieen 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)/l0 = 57 °F-days

And the adjusted thawing indexes are:

Fairbanks: 3000-57 = 2943 °F-days
Barrow: 500-57 = 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

eig~a 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 wr itten , 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 lb/cu ft granular material (code number 1 material in Table

XVI) was used above the insulating layer and the 100 lb/cu ft material

(code number 4 material) was used below the insulatin g layer. The volu-

metric heat capac ity for the different therma l conductiyity values was

_____ - - - _____ ______ — - —

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  -5- .
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Table XVI I

ri’ . .~~1 to ro~ ‘ia ” i f l h i S  T Y P V S  (iF I N S U 1 A T I 0 ~4S
A’,rl FM43 5•p( -i~ 33 T~I !CKN1SS( S

1 M14 • K T TIlt UMSI I~ 1 S ) t . It t o N  i ‘-q~~~~~~s c .  I~ l~~ -lE S
O F P T H C ( o 9 0 .  0 .5  1. ’) 2 . 0  3 . )  ..) 5 .0 6 .0  7 .0  9 .0  9 .0  10. 11.  12 .
F T  8 1)) PFR F/S 446 )10. 9 IM E N S I I J N 3 F S S

I F T  H~ F)

1.5 0.0125 .711 .53 3 .3)1 .299 .740 . 2 ) 3  .112 .151 .134 .121 .1)0
0.01 15 . 7 4 5  . 4 4 )  . 4 74 . 3 7 5  . 103  .762 .?~~7 .200 .17 9 . 3 6 ’  .143 .136
0.025) .31’ .1 )  .54 1 . 4 5 3  • ~‘ ) 3  . 4 3 3  .2543 . 2 6 6  .740 .219 . 2~~’) . 1 8 5  . 1 72
0.04)’ . I S L  • 4~~~) . 5 7 ’  .5~~ 1 .~~~) 0  . 46 3  . 4 ) . ? . 49 0 . 4’. P  .3?). .2 98 .2 18 .260
0.fl~~

13 .~~ 9’ .8 4 3  . 7~~O . 73 4)  . ? 1  . 6 3 0  .554 .653 .‘,13 .4~3 )  . 46 / . 4 3 9  .417
0.1635 .914 .5 9 0 .  • 4i 5~ .823 .79.) .159 .73) .70? .674. .652 .630 .6)8 .588

S. 0.012’. .633 . 500 . 35 ’ )  .27 8  .2 7 6  . 1 9 1  . 1~~~ . 145  . 1 3 0  . 1 ) 7  .137 .098 .090
0.0115 .563 ~~6 . ’ .;29 .144 .‘87 .746 . 2 1 5  .~~91 .177 .155 .143 .132 .122
0.0250 .55 .61 8 .‘.01 .413 . 15’) .113 .27 13 ./50 . 25  .207 .111 .177 .163
0.04)1 . 7 3 ’  . ., 7 ’j .59) . c z t  .‘,‘; . 4 ) 9 .33). .34) .~~?? .793 . 27 3 .2 6 )  . 2 4 5
0.0833 . 7 3 1  .7 3 2 .679 .601 .500 .554 .520 .491 .,34 .440 .4 13 .393 .380
0.13 66 .775 . 7 6 )  .712 . 73 5  .679 .655 .632 .61! .590 .‘.7L .55~ .53 6 .520

10. 0.012 5 .581 .4)4 . ‘ lO  . ‘‘3 .197 .167 .1St- .1?’) .115 .104 .095 .038 .081
0.0175 .5)1 • ~ ‘. ‘ . • 1 ’?  - o )  • 245 • 212 • 187 . 151 • 151 .131 • 1 ‘. • 11 7  • 109
0.0750 .53’. • 4 ) 3  .4)4 .365 .30) .?6~ .238 .2 ) 5 .196 .181 .167 .156 .14
0.04)7 .‘5~ .‘‘ .4 6~- . 4 3 4  • ~1R .14~~ • ‘I I .79~ .272 .2 44 .233 .224 .211
0.08)3 .5?’. .594 .‘‘.4 .4°2 .465 .44’) .417 . 3) 7  • ~~8 .360 .345 .330 .316
O .I6~~6 .584 .574 .556 .43 9 .523 .597 .492 .478 .465 .4)2 .440 .42a .41?

•* *  pp rp~~p 9 ) t ç  1F co il 1A ~~1RS •‘.
) 9ANIJL A R 133 SF — 0’ ~c T v . i  ~ cF ‘~/C’I FT • 4 03  S T O J # E  C f 1 N T F N T . 7  PFQCFFI T SY ! ) QY WE I GH T

1 4 3 0  M 4 t  r r I s l r)* l~ I I V )  1 Y . 1  .981 1) 3 /c  1 H P  F , VUt JM F T Q  IC IV 81
r A p 4 ~~i T 1~~3o.1’~~ Io / r u  F T  F .

Si t  I c 1IP l iAS F — OFHS I T V =  I 0 3 ~ 5 / C o O  Fl,  ‘ 1 ) !  S T L I 4 C  C0’9TIP9 T~~15 P FR C E M T  3Y ORY WT. .
T4l r0~~3u r.n S o r . I C T I v I T Y . i . 7 5 3 1 l / F T  HR F , V 1( IM~~T~~IC HF A T
C 5 p 1 r I 1 y ~~7) .~~o r ) / r I o F T  F .

c o l E —  71)1 V0~~I l M r T I(~ ‘ F 6 1  r A P A C I T Y  OF *LI. INSUI_ A T IF4o ~ M A T E R I S L S  W A S
A SSII M F O TO ()JAI 1.0 rlT ,/r.tJ F T  F .
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assumed to be constan t 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-

la ting layer increases, the thickness of insulation required to provide

equivalent protection decreases. Increasing the gravel layer from 1.5 ft

to S 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

conductivi ty; ~t .c.,  if the thermal conductivity is doub led , 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 thicknes s of insulation is

nearly quadrupled.

Figures 32 through 37 show F! A ratios for various combi nations of

materials from Table XVI. curt (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 pe rmit t ing no thaw penetration beneath the insulating layer . For

example , assume available materials have properties 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 cuiidiuiations of grave l and insulation s~h ich will

perm i t  no thaw beiieatio the .iii~u1ation are o b t a i i u d  by ci~~:~t ruct ing a 13011-

zontal line from F/A (‘.45. Thus approxio~ate1v 2-1/2 i nches of
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(0 )  F/A:0.6
O~2O - ( .)  F /A=O.3

Li~0 
Gravel Thickness7”
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Insulation Thickness , inches

Figure 31
Relationships between thermal conductivity of insulation , F/A ratios ,
gravel base thi ckness and insulation thickness. 
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— MATERIALS USED IN THIS ANALISIS.
Tl’PE DENSITY MOISTURE CONTENT

GRAVEL 135. 7
INSULATION 2. 0

SUB BASE 100. 15:

3TJ~~~. II~ 4LRTI0~ THIOU~ 33
+ 0.5 !P~~~3

• 1.0 INC4~ 3

~.0 DC~S
£ 3.0 DA0~E3

— 6.0 iNO~3

x 1.0 —

(n
(1)

0. ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.2

0 02 011 06 08 10

~~~ GRAVEL TH ICKNESS , FT x~

Figure 32
F/A ratios for en;bankments incorporating code number 1 , 8 and 4 materials .
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— MATE RiALS USED IN THIS ANALYSIS .
TYPE DENSITY MOISTURE CONT ENT

GRA VEL • 120. 5
INSULATION 2. 0

• 

— 

SUB BASE 100. 
• 

15.

~~~~~ IN~.LRTi 0I~ THIOG€5$

- + 0.5 INU~~3
1.0 DC€~

(5 ~.0 IN~ U

* 3.0 IPcIIES
— 0.0 INDC~

x 1.0 —

Cr)
U-i

0.2

0~0 0 02 014 06 . 08 1~

o~ GRAVEL THICKNESS, FT o

Figure  33
F/A ratios for enibar,kments incorporating code number 2, 8 and 4 materia ls.

L_ _ _ _  
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— MATE RIALS USED IN THIS ANALYS IS
GFIAV 

DENSITY MOISTURE CONTENT

INSULA~~ON 
11g.

SUB BASE 100. 15.

51113(5. D13LLR7I0~ 7HI0QE~S
+ 0.5 DL~*5

1.0 IPL~E5
(5 ~.U II&)~ S

— 
A 3 0  IPIO~ 5

IC

~
( 1.0 —

(n(n
Lu

o~ GRAVEL THICKNESS, FT o

Figure  34
F/A ratios for e:nbankments incorporating code number 3, 8 and 4 materia ls.

• — •. • • ,

~~~~•



100

— MATE RIA LS USED IN THIS A NALYS IS,
lIFE DENS ITY MOISTURE CONTENT

GRAV EL 120. 5
INSULATION 2. 0.

SUB BASE 56. 100.

511135. IN~ .&RTl5 ~ THIDO€53

+ 0.S INOt 3

- t .0 ~~~~~
~.0 IM~t3

* 3.0 IN0~ 3
— 6.0 DO~ 3 

—

H

~ 1.0 
—

(n
Ct)
Lii
-J
z O.8 —

x~ GRAVEL THJ fl~~~r55 FT x~

Figure 35
F/A rat i os for en~bankments incor porating code nu~ ber 2 , 8 and 5 materials.

— - — —~ -•- • -~~ - 

____  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ -- -
.
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— MATERIALS USED IN THIS AN’1LTSIS,
TYPE DENSITY MO ISTURE CONTENT

INSULRr ICN 3

311S5. II0&LRTI5~ TI4ICI Q~~~
1.0 INDES

* 3.0 IND~~3 -
— 6.0 I1C~~3

• 12.0 II’CW3

~4 0  IND()

% 1.0 —

0.2

~~0.0 0 02 
I

o GRAVEL THIC KNESS , FT o

FIgure 36
F/A ratios for embankments incorporating code number 2 , 7 and 4 materials. 

~— - - - 
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— MATERIALS USED IN THIS PNPLYSIS

GRAVEL 
DENSITY MOISTURE CONTENT

INSULATION 55. 10
SUB BASE 100. 15.

51$8& !PGU.PTI5I TI~(CjQ~ $5
1.0 INU~~3

— 
- 

3.0 INQ-* 3
IC 6.0 INOf3

• (2.0 INcI~~3

~Q 0 X N O ts

~i( 1.0 
—

cr 0 2  —

IL

0.0 I I I I
0 02 011 06 08 10

o GRAVEL THICKNESS. FT ~o

Fi qure 37 • .

F/A ratios for emban kments incor pora ting code nu ber 2. 6 and 4 m a t ei i a ls .

-
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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 embankrnents . 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 Figeres 32 through 37 are distinct from

the others, a set of design curves will normally be required for each

combination of three materials. The coriputer program listed in Appendix

E can be used to develop data for the curves. I i~ ures 32 , 33 , and 34

illustrate the effect of changing properties of the gravel base. Figures 

—-~~~~-

_______________________________ - -— - 
• — :...._ ‘-
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33 and 35 i l lustrate  the effect  of changing the sub-base material , and

Figures 33, 36 , and 37 illustrate effects of different insulating layer~; .

One should note that the insulation thicknesses in Figures 32, 33, 34,

and 35 are 0.5 , 1.0 , ~.0 , 3.0 , and 6.0 inches; but in Figures 36 and 37,

insulation thicknesses arc 1.0, 3.0, 6.0, 12.0, and 24.0 inches. Figure s

33 and 36 illustrate that 24 inches of the 35 lb/cu ft (code number 7)

insulating layer are not as effective as 6 inches of 2 lb/cu ft (code

numer 8) material . Sim i larly , Figures 33 and 37 show that 24 inches of

the 55 lb/cu ft (code number 6) material are less effectiye than 3 inches

of the 2 lb/cu ft (code number 8) material.

In suninary , the 3-layer method can be used to determine insulation

thicknesses required for complete protection of the sub-base ; £.€., for

situations allowing no thaw penetration beneath the insulation. And the

procedure for estimating th-~ effect of latent heat of the gravel base can

be applied to reduce the required insulation thickness. The importance of

the la tent heat correction increases as the thawing index decreases and/or

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

M)DIFIED BERGGREN Eiq~1ATION

The modified Berggren equation can be used for the thermal design of

insulated embankrients on rcrmafrost. The form for a homogeneous s~~i was

pre sented in thapter II (equation 8).  Since emban1~ments are normally

laye red systems , a second fo rm ~.as d~-~~-1oped (lk.-p artments of the Army and

A i r  Force , 1966) . In tni:-; ~~~~ t h e  ~k b rLe- days IL -~ u ir cd to penetrat e

individua l layers are accumulated wit i l  the sinm~at ion equals the thaw ing
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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
~~~2~~x~~~

(zR
~~~

_) 12.

where 1R is the total thermal resistance of the layers above the ~th layer

and is the thermal resistance of the nth layer. The other parameters

were defined in Chapter II .  Canputer 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 neglig ible 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 !ndicate that all of the materials used as insu-

lators in embankments absorbed moisture. By including the moisture con-

tent of the insulating layer , the modifi ed Berggren equation can be used

to estimate insulation thicknesses for complete subgrade protection.

~~--.-_~~~~ w~~~ -,_- -—-- i — ~~
- - — -—  -- - - - -  --- --—- - - _ _ - - --

- —- - - ----- ~ — -
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A question that imediately arises is: How accurately can thaw depths

in insulated embankments be computed using the modified Berggren equation?

Unfortimately , no information is available from insulated emnban~aiients

where thaw penetration has penetrated only a few inches beneath the insu-

lation. h owever , 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 throughi 35 in the last section illustrate that P/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

dimin ishing effect on the F/A ratio . Therefore, it may be desirabl e to

allow some thaw penetration beneath the insulating layer in areas where

the h/A ratio is small. For example , at Fairbanks , Alaska , the mean air

thawing index is about 3000 °F-days and the mean annua l soil temperature

is approx imately 30° F. To prevent thaw beneath the insulating layer , 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 inche s of an insulat ing

material having a thermal conductivity of 0.0125 Btu/ft hr °F does not

provide sufficient protec t ion to e l  i i J n a t e  t i s i ~: penetiation beneath the

insulating layer. A more economical design would use a thinne r insulating

layer and a thinner layer of gxavel o~er th e insulating l~yer . This dc:~ign

would pen~i t a 1 unI t  t~d ajj x un l of t i i ~iW peliet rat 1 ( 1 1 1  I lCl1e ~I Lb the insti l i t  1011.

Fi~~~~ir ~ 3S illu t r1 ~~~’; th:’~. ; t !is ) P ~ O 15 1 1 1 ; l t Ci mi Lfl U)

—v—————— - ———— ‘—.—— - —~ — .-‘ - - — — - — — —~~~~~~~ —— —— —
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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 determined

from Table XVI. Computations were made for an uninsulated embanlonent 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 relat ionsh ips 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 condi tions 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 grave l surfaces subj ected to thawing temp~~~~ -es . Multiplying the

air thawing index by this value provides a ~rface thawing index

in excess of 6000 °F-days. For an uninsi - a embankment, a thaw depth

greater than ten feet deep is calculated and when tin-ce inches of insula-

tion are used the thsw depth is decres~c~ to approxir:itoly 5.3 feet, or

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

- “---- ----- ~~~~~~~ —- ~~~~~——~.- -.-.-‘~~~~~~~~~ - --- - - - _ _- _ _

- -
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Table XV III

R E C J M M E N U ( t )  N - F A C T O R S
FROM IHE D E P A R T M E N T S  IF THE A R M Y A NU A I R  FO RC E U9 o 6 )

S u R F A C E  TYPE N—FACTOR
F R F F 1 I t - ~i, C l - u) ! T I U ) 4 5

S NuIW 1.0
P A V E M E N T S F R E E  OF SNOW A N D  I C E  0.9
SAN E) A~l1) G-~A V E L  0.9
TURF 0.5

T H A W I N G  CON~) !TIU ’~S
S A N D  A N D  G R A V E L  2.0
TURF 1.0
P A V E M E N T S  — SEE FIGU R E 39.

_ _ _ _ _ _ _  - --- —-—- - —--—-- __ -- - -

_______________________________________ - - ~~~.-
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M~TERJPLS tI~E[) IN THIS RNPLYSIS .
— TIFE [il~N SIf1 MJISTUF I E CONTENT

GRAVEL 120. 5.
J N 3 U L R T I O N  2. 0.

SUB BASE 100. 15.

— STM8~ . I$~ -4JTTIftN 1)4100W
I,
0 LI IN0~~
$ e.o Hr~f~
+ 3.0 1~~~(S

• 6.0 1’~ t3

0 —

2 —

o isoo 3000 ~soo 6000 7500 9000
SURFACE THRNING INDEX. F-DAYS

Figure 38 -

Calcula ted thaw depths near Fairbanks , Alaska .
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Figure 38 are for a particular combination of materials and for other

combinations of materials, the 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 . ~4ean 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 embanl ment because the relation-

ship between surface thawin3 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 insulation 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 absorp tion by an insulating layer , five add itional

modified Berggren equation solutions were accomplished. Results of this

study are swm~arized in Table XX. In the first solution a dry, high-

quality, polyurethane foam was assurncd. In subsequent solutions the

effects of increased thermal conductivity and increased moisture content
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MATERIALS USED IN THIS ANALYSIS.
— TYPE DENSIT Y MOISTURE CONTENT

GRAVEL 120. 5.
INSULA TION 2. 0.
SUB BASE 100. 15.

— 31)l8~ . 1W~ 1flTJ~~ THJCTO~~ 3 E~~)HTI1M ~~ L1’(

o L14!N51tPTEO Y.-3.S9--D.TXX~~~j

0 l.a I’0t3 1.-1.98--o. cgI006qx
$ 2.0 Dflt5 T - T . ~~ -Q ot~~~3’)3

+ 3.0 I’~3t5 T. .o2-a.~~,,!89Z

• 6.0 ~~~~~ V—T.3Q-0jX1O~7$X

0 —  -

0I—

LU — a
Li.. 0 a 

:~~~~~~

a

a
LU • 0D a

0 a
c r 8 —

0 .
I—

0

x 1 o — 1,

II

12 I I I
0 1500 3000 ~soo 6000 7500 9000

SURFACE THAN ING INDEX, F—DAYS

FIgure 40
Calcula ted thaw depths for various thawing indexes and various thicknesses
of insula tion .
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Table XIX

STAT Tr IMS ~~SEO IN Mfl f lJr lF n BE R~ r.R1N EQ UATIO N SOLU TIONS
FOR F I(~U’F 40.

S T A T I O N  MEA N A I R  M E A N  A N N I A L  LENG TH OF
M A N E  THAWIN G IN DEX SOIL  T E M P E RA T U R E  SEA SON

F—D AYS P DAYS

B A R R O w  500. 14. $2.
R E T T I E S  144g . 1?. LE O.
F T .  V IHEON 2600. 26. ISO.
F A I P R A N K S  3 160. 30. iSO.

4 
_ _______  — ______  --._ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -——--- - —— —--  —,--~~~~ - ~~~~-_-P’.— - _________________
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Table XX

E X A M P L E S  OF C HANr ,E5  I- ~ 1H5.4 D E PT H  DUE TO M u I S I U R E  A B S O R P T I O N
BY THE I N S U L A T I N G  L A Y E R

DRY MO I S T t J R F  T I F R M A L  Vfl L I P M E T R I Z  H F A Y  L A T E N T  HEAT T H A W
D E N S I T Y -  C i ~~T I NT C. Y.I 1 I I ~~ I T Y  1 4 P . \ C 1 I Y  ( IF  F U S I O N  OEPII -4

I D R Y  .1 M 1 J / F I  HR F BTU/ Cu FT F B I U/CU El F E E T

2.0  0. 0 . 0 12 5  1.0 0. 3 .6
2.0 150. 0 .0 115  2.6 432 .  4.0
2.0 240 . 0 . 02 1 7  4 .0  690.  4.4
2 .0  300. 0 .02 50  4.9 864. 4.6
2 .0  400.  0 . 0 3 3 3  6.4 I I S O .  5 .2

NOTE — THE F O L L O W I N G  D A T A  W E R E  USED IF4 ALL C O M P I J T A T I O ’ IS A I R  T H A W I N G
IN DEX ~~26OO. F — D A YS , M E A N  AN ~~J A L SOIL T~~M P~. I(A1URE.24. F , LENGTH
OF I H A W I NG  S F A S ~V~~~)50  ( J A Y S  A F.D N—FAC TOR.2.O . CJ D E  NUMBER 2
M A T E R I A L I F R O M  T A ~~Lf X V I )  W A S  A~~)V C THE I N S U L A T I O N  AND CU~~E NUMB ER
4 M A T E R I A L  B E N E A T H  TH E I N S U L A T I O N .

-.
-- - - -
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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 - /7) . The latent heat effects of

the wet insulation reduced the change from 41% to 28%. 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 evaluated in

a similar manner . -

FINITE DIFFERENC E TECHNIQUE

Numerical methods can also be used to design insulated embankinents

on permafrost. Several of the programs described in Table III were

developed for this purpose. The finite difference technique described

by Berg and ~!ct~ u~al1 (19~’l) wa s used for the analyses presented herein .

The basic computer program was written by Berg and Aitk~~ at USACRREL
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prior to the author ’s studies at the University of Alaska. Since the

Universi ty of Alaska d ig ital computer has a much greater capacity than the

one owned by USACP.REL, the original computer program was considerably ex-

panded and improved durin g the present studies. Several fea tures were

added which could not be accomplished on the USACPSREL machine.

The primary advantage of using a nim~erical 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 computers are generally necessary than for closed

form solutions.

Figure 41 is a comparison of calculated and measured subsurface

temperatures in an insulate1 roadway near Prudhoe Bay , Alaska . The solid

lines are calculated temperatures and the symbols are nieasured 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 OU calculated t haw dep ths.

Measured thaw depths are also shown in the figure. These data are for an

uninsulated roads~ay L : L  i i~~i u ~t i i ~~~ i iaiIb~thi~~, ~~~~~~ The sinusoidal

temperature vurI~ILiun appi1c~ at the :~ U 1 1a ~~c i(dJ ~ tj ~~~n~~ uidcx equiv~-

lent to tH th - ~~ i r ’ ~ : C r - ’ - ’  ~ c-~ ~r~-” ~ ~~~~~~~~~~~ - ‘i~~fa:~ t ’  —p ~~
-
~~ i~- 

—~~~~~~ ———--—~—~~--——-- - - — - — . —  -
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FIgure 41
Co~~arison of calculated and measured temperatures In the Prudhoe insulatedroad , from Con do , McGrogan and Burt (1971).
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Correlation between measured and computed thaw depths is good and the

difference between thaw depths computed using hourly tine intervals and

thor 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

approx imately 20 feet below the 1969 peat surface had increased approxi-

mately 1° F (to 310 F). Since warm permafrost, c.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 ~hitina are used to estimate

the lonp 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 f t 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 surf ace was assumed to rema in

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 sur face freezing index was 4700 °F-days.

Prior to making the computations for a t~-.enty-yca r per iod , prelimi-

na ry calculations wer e made for one year. C~:putcd and measured tempera-

tures were compared and thc soil thenr~i1 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 innobile and poss i l - l e  surface subsidence

was neglected , ~L.1L. , the conip licatu~ , ef fects of tlL ~ns consolidation were

not considered . Figure 43 i l lustrates the level of the per 1ria frost table

with time . The ma x in ur i depth of seasonal frost is also shown in the

figure . Although this l ine  is continuous in the fi gure , it should be

understood that the pocitio:: of the seasonal frost front is mobile and

fluctuates  on an annual cycle. Seasona l frost completely melts by late

summer. 
-

Using the same SOIl properties and the same ini tial and boundary

cond it ions , the long term effects of an uninsulated section having the

same properties as the insulated section were computed. Results of these

computat ions are also sho~oi in Figure 43. Considerably more permafros t

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 degradat ion 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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CHAPTE R V

CONCIJJS IONS ,-\~.T) H 
(~~ ~-ll~Ni -\TIONS

Several hundred m i l e s  of ne~ transportation neb.orks have been pro-

posed for l)en~~fr0st reg ions in North America . Insulating layers within

the ci i ihai i k nx ’ i i t  :-; have Lcuii considered in severa l of the proposals. Incor-

porat ing in - u l a t i i i g  i y ~’rs into the eml)ankme nts  may frequently reduce tic:

cml ) n~~c -ii t  t h i c L i a  ss , t i c  reLy reduc in~ the i~~- j i i  ic::~cnts fcr backfill

material and poss ibly  rcduc i I i ~ the overall cost and environmental ef i  cct-;

of the piH (ct

The concept of cnt i rely ci i:nina t in~ cca ;on;I1 thau penetration hencath

Insu l a t in~., laye rs a i ) i ) c ’ ; i I - c  p r a c t i ca l  in ii’cas sheec the pc~~aircc t tei :i . i a  -

tur es  a re r e l a t iv e ly  (:01(1 and the -es~c n - i l  ~au n -. n c  in d exe s  arc r c1:~1 iv e ly

small , as typical  of the Alask:iii  ~or t 1 Slo pe.

I t  may he economical ly undesi rabl e  to ci i~:inatc permafrost degrada-

tion beneath cnh:u L~’ii t ~ - in d i  .-~cont nuuic ;  or warm permafrost areas .  I los —

ever , ti e’ magnitude and 1 ; l t L -  oi p er m a f r o s t  J e c - r a ( I a t i o n  and resultan t

surface ~ii l c ;  i deuce c:ui be reduced and cont roll ed by incorporating insulating

layers i n to  the c’r biin~~- - r t  . In test sect ions constructed lie rir Chit i a - i ,

Alaska , uisulated emliaid , n~-n t s  have  alloced less p eii ini  ru st  deg uad ;u t  ion s th

cons I -IL - x a L l ~ i c  s ~ur~~~c suhs iJ~~ cc t i c ~ the Jj~ ceiit uiuii .-ulaLed test

Sections (Lsch , 1973). The embankment used a t Chit m a  is a paved roaJ -., - ,’ .

i lL  : •n Wi5 L~~A i  ~ Ui 1 tL~~~- i tU IL  it ~~ t c~~ of ca - tiii ~tiuu ;-.a~ i l i ) IUAI-

~ tcI , ~~ I ill Le~ucL r ~~~ ~ ~~~~~~~~ ille r ccll . ~~L L t  ~-n W t1~L L - - t

122

-4-



____________________________________ _________ - -  

123

sections) the mean annua l soil temperature in nearly all loc~itions beneath

the roadway had increased to approxi~aa tely 310 1’. ‘I de evestual equ i l ib r ium

state of these test sections remains to be determined .

Inclusion of a fl one-way insulator” 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-i..ay insulating system remain to be determined .

Several methods can be used for the therma l design of in sulated en

bankments on permafrost. Advantages and disadvantages of the three methods

used in this Study were discussed in thapter 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 uninsulated embanlaients on high ice

content permafrost has been comnon .

All insulating materials used in embankmcnts have absorbed moisture .

However , some have absorbed considerably more moisture t han others. The

extruded polystyrene insula tion has generally absorbed less moisture than

other insulating mater ia ls .

The absorption of moisture by an insulating layer increases its

therma l conductivity and permits greater thaw depths beneath the insulating

l ay e r.

Various types of f ield-instal led mem branes have been used on poly-

urethane n .ater ials  to minimize moisture absorption ; however , success has

F) eea l irn i ted . Other tyn es  o~ m a t e r i a l s  have h~en su’ c c z f t ~i 1v  enclc~ed in

p l a s t i c  m~~1~ra;~ :s . ‘IL use of pi n t ic ~ i i  inc O~ O i iy  one side i’ tIi’~

- - -~~~--- - -__ —- ---
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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 evalua te moisture

absorption by insulating materials can be used to provide quantitative

data on the amount of moisture absorption by the mater ial 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 materia ls 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 been 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 mater ials 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 rat io of the working stress to the

unconfined compressive strength of the rater ini . As this ratio approaches

unity, the fatigue life decieases.
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Specific recommendat ions for fu ture research are :

1. Develop a two-dimensional numerical method which combines effects of

heat and mass transport and consolida t ion and/or heaving.

2. Construct the proposed laboratory device and study the effects of

cyclic loading and temperature gradient on thermal arid physical degrada tion

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. - -

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——- - — ______________— ___________ -__________ -



LiTERATURE CITED

1. Aitken, G. Is ., and R. L. Berg . (1968) Digital solution of the mnodi-
fied Bcrggrcn L~~U d t i O f l  to calculate depths of f~eez,e or thaw inmulti-layered systems, USACPJ~EL Special Report 122 , 18 p .

2. Alaska Construction and Oil Report. (1972) ALPS conducts extensive
tests on gravel work-pad sections . Vol. 13, No. 10 , October l97~ ,
pp 54 U~ 56.

3. Aldrich , H. P., J r . ,  and H. H. Paynter. (1953) Analytical s tud i e s  of
freezin g and thawin g of soils, ACFEL Techn ical Repor t 42, 103 p.

4. American Association of State Highway Officials , 1965. (1966) A~p2j i-
cy on geometric design of rural highways. A\~’d iO , Washington, DC.

5. American Society for Testing Materials. (1971) ASN Standards, 1971.
Parts 11, 14 , and 26. ASThI , Philadelphia , Pennsylvania.

6. Andersson , 0.,  B. Orbom , and C. Ringstrom. (1972) The bearing capacity
of pavements with frost retarding layers. A test road study.
Proceedings of the Third International Conference on the Struc-
tural Design of Asphalt_Pavements , i~~m~~ El1oy, Inc ., Ann Arbor ,
Michigan. pp 3-16 .

7. Baker, K. J. (1971) Yukon roads. Proceedings of the Arctic Trans-
portation Conference, Ministry of Transport and the Department of
Indian Affairs and Northern Development. Vol. 2 , pp 189-195.

8. Banfield , A. F. ,  and H. Csergei. (1966 ’ Resul t-s of sampling insula-
ting layers in runway test sectiom . USACRREL Technical Note ,
unpublished. . -

9. Berg , R. L. (1972) The use of insulat ing materials in highway con-
struction in the United States . Frost I Jord Nr 6 , pp 19-23.

10. Berg , R. L . ,  and C. W. Aitken. (1973) Some passive methods of con-
trolling geocryological conditions in roadway construction. :~re-pared for the Second international Confer ence on Permafro st .
Yakutsk , USSR. -

11. Berg , R. L . ,  and J. C. McDougall. (1971) A finite differenc ing pro-
gram for computing subsurface soil temperatures. USACRREL Tech-
nical Note.

1 2 .  Reskow , C. (i9~fl ~oi1 frpe~~rr~ ~“r1 fr r ~’t k”-~’ine - d t l i s~~ec i -1 i
application to roads and rn i.lrrads. ~-edish Geoioc~ica1 ~oc~ c-t y ,
Serie s 6 , No. 3Th , ht h Yearbook , N o. 3. Trans l ated  by J.
Ost c - lHx d (1~ 4 7) .

126



127

13. Bigelow, N. (1968) Insulation of subgrade - Third year summary .
- Materials and Research Technical Paper 68-IR. Maine State Hi gh-

way Commission , Macerial and Research Div ision and Planning
Division , Agusta , Maine. 51 p.

14. Bird , R. B . ,  W. E . Stewart , and E. N . Lightfoot. (1960) Transport
Phenomena. John Wiley and Sons , New York , N.Y.

15. Black , R. F. (1954) Permafrost - a review. Bulletin, Geological
Society of America, Vol. 65 , p. 839 .

16. Brown, W. G. (1963) Graphical determination of temperature under
heated or cooled areas on the ground surf ace . Division of
Building Research Paper No. 163. Na tional Research Council -

Canada . 38 p.

17. Burt , G. R. (1970) Preservation of perma frost under roadways util i:-
ing man-made insulations. MSCE Thesis, University of Alaska,
College, Alaska . -

18. Canadian Institute of Guided Ground Transport. (1972) Railway to the
Arctic. Queen’s University, Kingston , Ontario .

19. Carroll , C., H. Schenk , Jr. ,  and W. Williams. (1966) Digital simu-
lation of heat flo~ in soils. ASCE Journal of the Soil Mechanics
and Foundation Division, Vol. 92 , No. SM4 , pp 31-49.

20. Cars iaw, H. S.,  and J. C. Jaeger. (1959) Conduction of heat in solids,
Oxford Univer sity Press , London , England . Second Edi tion.

21. Chevron Research Company. (1973) Personal correspondence with Dr.
R. W. Campbell.

22. Chr istison , J. T., and K. 0. Anderson. (1972) The response of asphalt
pavements to low temperature climatic environments. Proceedings
of the Third International Conference on the Structural I)csign of
Asphalt Pavements. Cushing-Malloy, Inc., Ann Arbor , Michi gan ,
pp 41-52 .

23. Chwang , A. T. (1967) Temperature distribution in freezing and thaw-
ing ground. Un iversit y of Saskatchewan , MS Thesis, Saska toon ,
Saskatchewan . 88 P.

24. Condo , A. C . ,  J. F. McGrogan, and C. R. Burt. (1971) Insulated gravel
emban k~icnts for arctic road conatriicticn . I~i~cr Number SPE 3378
presented at the Alaska Section Regional ~-leet ing of the Society
of Petrolett’~ Fngineers of $F~ .. c~~r:~~ . .\1a*~ , ~‘ay 5- ’, 1971.

.5 . Consedine, R. L. (1972) Road building pioneers - 1972 : contrac tors
l ice iii ~~~u~’ prob1n~s un n c i t L c rn ~:i1 -a m oad project. Engineer—
in~~and Contract Lsord , V~ i . 85 , N o. 9 , pp b O — 6 4 .  

- -. - --~~~ - -_ _ _  _ _



- 

- 
128

26 . Crory, F. B. (1973) Settlement associated with the thawing of perma-
frost. Prepared for the Second International Conference on
Permafrost. Yakutsk , USSR.

21. Dale , J. M.,  and A. C. Ludwig. (1967) Preparation of low density
sulfur foam . USACPPEL Technical Report 206. US Army Cold Regions
Research and Eng ineering Laboratory , Hanover , N .H . 14 p.

28. Dempsey , B. J ., and M. R. Thompson. (1969) A heat-transfer model for
calculating frost action and temperature related effects in
multi-layered pavement systems. Illinois cooperative highway
research program, Project IIIR-40 l , Department of Civil Engineer-S
ing , University of Illinois, Urbana, Illinois.

29. Departments of the Army and Air Force. (1966) Arctic and subarctic
construction: calculation methods for determination of depths of
freeze and thaw in soils. Technical Manual TM 5-852-6. Depart-
ment of the Air Force Manual AFM 88-19, Chap. 6.

30. De Wiest, R. J. (1965) Geohydrology. John Wiley ~ Sons, Inc., New
York , N.Y. 366 pp.

31. Doherty , P. C. (1970) Hot Pipe. US Geological Survey computer con-
tribution No. 4. Menlo Park , California .

32 . Dow Chemical Company. (1972) Personal correspondence with G. A.
MacKey, 1972.

33. Thisinberre , C. M. (1961) Heat transfer calculations by finite
differences, International Textbook Company, Scranton , Penn .

34. The Engineering Equipment Users Association. (1965) Thermal insu-
lation of industrial buildings. EEUA Handbook No. 14. Constable
and Company , Ltd., London , England .

35. Esch, D. C. (1969) Subgrade insulation for frost heave control -

construction , instrumentation , and first year summary . State of
Alaska, Department of Highways, Materials Division, College ,
Alaska. 38 pp.

36. Esch, D. C. (1971) Sub grnde insulatfon for frost heave control ,
si.minary of second and third winter’s perfo rmance . State of
Alaska , Department of Highways , Materials Division, Juneau ,
Alaska. 27 pp.

37. Esch, D. C. (1973) Control of permafrost degradation beneath a road-
~ay by subgrade insulation. Prepared for Second In terna tiona l
Conference on Permafrost. Yakutsk, USSR.



129

38. Esso Production Research . (1970) Personal conituinication with Dr.
Harold R. Peyton in October 1972.

39 . Ferrians , 0. J., Jr. , R. Kachadoorian, and C. W. Greene. (1969)
“Permafrost and Related Engineering Problems in Alaska” ,
Geological Survey Professional Paper 678.

40. Ferrigno , T. H. (1963) ~4~gid Plastics Foams. Reinhold Publishing
Corp., New York, N.Y~~ 276 p.

41. Freeze , R. A. (1967) The continuity between groundwater flow systems
and flow in the unsaturated zone. Reprinted from Proceedings of
Hydrology Symposium No. 6, Soil Moisture. Department of Energy,
Mines and Resource’~, Calgary, Alberta.

42 . Goodrich , L. C. (1972) Personal communication with G. H. Johnston,
1972.

43. Greenarctic Consortium. (1973) Personal communication. This figure
was on the front cover of the October 1972 issue of the Arctic
and Northern Development Digest.

44 . Harlan , R. L. (1972) Ground conditioning and the groundwater response
to winter conditions. International Symposia on the Role of snow
and ice in hydroidgy , Symposium on properties and processes .
Banff , Alberta.

45 . Hartmark , U. (1972) Kontroll av skumpolysteren (PS) for isolasjon
mot frost in jord . (Control of polystyrene materials for frost
insulation.) Frost I Jord, No. 2, February 1971. Committee on
frost action in soils. Oslo, Norway. pp 61-64.

46. Flashemi , H. T.,, and C. M. Sliepcevich. (1965) Solution of the two-
dimensional transient temperature dis tribution in a melting or
solidif ying object. Report to USACP.REL for Grant No. DA-ANG-
27-021-65-G12. University of Oklahoma Research Institute,
Norman , Oklahoma .

47 . Hawk , R . ,  and W. Lamb . (1963) Hydraulic analog study of periodic
heat fl ow in typical building walls. USACRREL Technical Report 135.

48 . Heavy Construction News. (1970) “Oil and gas explorations spur road-
building plans.” Heavy Constructicn News, December 14, 1970 .
Maclean-Hunter Ltd., Toronto, Canada. pp 1 ~ 28.

49 . Ho , D. M. (1969) Prediction of frost penetration into a soil-water
sySter - . Ph.D t~~ si s , Purdu e :~iv~~~it’- , l a f a y e t t e , Indiana .

50. Eloekstra , P. (1972) The physics of water and ice in soil. USACRRE L
~-~ nogiap~ 11—1)2 , Draft.



130

51. Hutchinson, R. 1. (1972) Presentation at “An in fo rma l symposium on
the use of insulation in airfield and highway pavements.”
USACRREL , Hanover , N .H. (No proceedings published.)

52. ffwang , C. 1., D. W . Murray,  and E. W. Brooker. (1972) A thermal
analysis for structures on permafrost. Canadian Geotechnical
Journal, \rol 9 , pp 33-46.

53. Jennings , 1~. IL , and S. R. Lewis. (1968) Air conditioning and
Refrigeration, fourth edition. international Textbook Company ,
&ranton, Pennsylvania.

54. Johnson , P. R., and C. !~. Hartman. (1969) “Environmental Atlas of
Alas ka. ” Institute of Arctic Environmental Engineering and insti-
tute of Water Resources, University of Alaska , Collig -~, A1asl~-a .

55. Johnston , C. 1!. (1972) Personal con-uBunication. -

56. Joseph , A. IL , R. D . Jackson , and 1. B. Rosser , i l l .  ( 197fl Evalu-
ation of foamed plastics for use as structural support ‘~ C layers
in pavements and foundations. Miscellaneous paper S-71- 24.
US Army Eng ineer waterways Experiment Sta t ion , Vi ckshurg , Miss.
76 p .

57. Joy, F. AC . (1957) Thennal conduct ivi~y of in~-u1at ion cor~ta in in~,
moi  ture . A~ 1~1 Spec 111 Techn ica l t u b !  ~c;it ion ~--o . 217 .
on Thermal Conduc t ivity Neasu r~rnents ;u d _ Appl icat ions  o~ T & r m a l
Insulations. 7~id~ rican ~~cT~ty T T ~c-~ ing Mater~ a~~~~fl~i1aJin1 1 hia ,
Penn . pp 65-79 .

58. Jumikis , A. R. (1967) Amount of soil moi~;ture transferred in a thermo-
osmotic process of f reez ing  as a funct ion  of porosity of soils.
IN Hi ghway Research Record No. 209. 111th, Washington , DC. pp 86-92.

59. Kap lar , C. W . ,  and K. Wiesc iquist .  ( 1967) S~ mtary report of labora-
tory studies pe r formed under Project SP-15 and SP-48 , ~hterialsin Cold Cl imates .  tJSACRRLL Interna ] Report I t , US Army Cold
Reg ions Research and Iiig ineering Laboratory , h anover, NJ!. 270 p.

60. Kersten , ~1. S. (1949) Lahoratory research for the determination of
the then:~;d pr oj ’2 rt i ~ s of s o i l s .  . ‘CF J .L ‘t echnical. flc;;ort 23.

61. Kipling , B. (1972) The MacKenzie River hi gh~’~ y : part of a “staggering ’
plan . En~ iriec ring and Contract Record , \ c I .  85 , No. 6 , p. 23.

62. Kni ght , C. A. ( 1967) The f rcez in c~ of supercooled li qu ids. Van

~ trand Ca., Inc . ,

63. Kn i gh t , C. R. ( 1 ’) 72)  Prc - ent at ~ nn at ‘‘\n infc-rnia l svisposium on the
use of iic u lation in a i r :  a~-Lc ~a i  ~~~~~ pa~c!n. n~ -i .‘‘ USAJhI ,i.
Hanover , NJ!. (No pruccLJ1i)gs pubi i s i ic d .)



131

64. Knight, C. R., and A. C. Condo. (1971) Design and evaluation of
insulated and un insulated roadway emban1~ ents for the arc tic.
Proceedings of the Symposium on Cold Regions Engineering, Alaska
Section CE an Department of Civil Engineering , University of
Alaska . J. L. Burdick, editor. pp 195-227.

65. Kritz , M. A. ,  and A. E. Wechsler. (1967) Surface characteristics;
effect on therma l reg ime , Phase II .  USACRREL Technical Report
189 . US Arrriy Cold Reg ions Research and Engineering Laboratory,
Hanover , N.H . 40 p.

66. Kudryavtsev , V. A. (1971) New method of determining the depth of
seasona l freezing of soils. Osnovaniya, Fundamenty i Mekhanika
Gruntov, No. 6, November , pp 35-36. Translated by Consultants
Bureau , Plenum Publishing Corp., New York , N .Y.  (1972)

67. Lachenbruch, A . El. (1957) Three-dimensional heat conduction in
permafrost beneath heated buildings. US Geological Survey
Bulletin 1052-B.

68. Lachenbruch, A . H. (1959) Periodic heat flow in stratified medium
with appl ication to permafrost problems . Geological Survey
Bulletin 1083-A.

69. Landrock, A. H. (1969) Polyurethane foams; technology, properties ,
and applica tions. PLASTEC Report 37. Pla stics Technical Evalu-
ation Center , Picatinny Arsenal , Dover , N.J. 246 p.

70. Langan , M. C. (1972) Test pads provide pipeline construction data.
Alaska Industry, October 1972, pp 41-42 , 61, 63-64.

71. Levy, M. M. (1966) Moisture, vapor transmission arid its effect  on
thermal efficiency. of foam plastics. Journal of Cellular Plastics,
Vol . 2 , No. 1, pp 37-45 .

72 . Linell , K. A. (1953) Offic e memorandum to F. F. Kitze; subject -

insulating layers in the runway test sections, sub area No . 2 .
[~ ted 30 June 1953.

73. Low , P. F., D. M. Anderson, and P . Floekstra . (1966) Some thermo-
dynamic relationships for soil s ~t or below the freezing çoin t ,
part I - freezing point depression and heat capacity. USACRREL
Research Report 222 , US Army Cold Reg ions Research and Engineer-
ing Laboratory , Hanover , N.H. 15 p.

74. Low, P. F., D. M. Anderson , and P. Uoekstra. (1967) Some themo-
dynanic i-elatica~’)uips for s- iJ.; at or L~lc~ :~~~~ . ~rc-~:i~’.g point,
part 2 - ef~ccta of temperature and ;‘r~ssurc on unfrozen soilwater. USACRREL Research Rei’ort 222. US Amy Cold Regions
Research and Lng ineering Laboz i tory , Hanover ,. N.H. S p.

- —- --—- —-— -- -—



132

75. Luikov , A. V. (1966) Heat and mass tran sfer in cap illary-porous
bodies , M insk , USSR (1961). Translated by 1’ . W. B. h arrison ,
Pergamon Press Ltd., London , Engl and .

76. Luk’yanov , ~
‘ . S. (1963) Computation of the depth of freezing and

thawing in soils. Proceed~~~s of the Int e r na t io n aL Con ference
on Permafrost. Academy of Sciences - Na t ion~ FResea rch Counc il
Publicat [~ iTho. 1287. Washington, DC. PP 2S1-285.

77. Mackey , C. A. (1973) Personal correspondence.

78. Maine State Highway Commission . (1965) Subgrade insulation -

Benkelman deflections. Soil Mechanics gen es Technica l Paper
65-2. Ma ine State Highway Coninission , Soils and Planning
Div isi on , Agusta , ‘~iine . 62 p.

79. Malloy, S. F. (1969) Therma l insulation . Van Nostrand Reinhold
Company. New York , N.Y.

80. Mark , LI. F., N. -G. Gaylord, and N. M. Bikales (editors) (1965)
~~çyc1opedia of Polymer Science and Technology. Vol. 3. John
Wiley and Sons, Inc. New York, N.Y. PP 80-129.

81. ~cDonnel1-Doug1as . (1971) Personal correspondence with Mr. E. D.
Waters , 1972.

82. ~tIkugal1 , J. C., and R. L. Berg. (1971) Digital solution of the
modified Berggren equation to calculate depths of freeze or thaw
in multilayered systems.

83. Meyer , G. II., II. II. Keller , and E. J. Couch. (1972) Thermal model
for roads , airstrips , and building foundations in permafrost
regions . The Journal of Canadian Petroleum Technology, April-
Jtme , pp 13-25. 

-

84. Mohan , A. (1972) Thermal analysis and rate of frost penetration into
soil-water systems by finite element method . Research proposal
from Purdue University submitted to USACRREL.

85. Morgenstern , N . R. , and J. F. Nixon . (1971) One-dimens ional cenisoli-
dation of tiui:ing soils. Canadian Ccotcchnical Journal, Vol. 8,
pp 558-565.

86. Nakano, Y., and J. Brown . (1971) Effect of a zone of finite width
on the thermal reg i~ c of soils. t~ater Le ;ourees Rcscarcli , Vol . 7 ,
No. 5, pp 1226-1233.

87. Oostertcian , ~- . 1 ., ~ I C. \ . L’ ’-Hu (s. (~(g 5) The u:-e of an in~u—
hit inn Li~’ei I a a t  ( n T l a t _  f i  - t  r i~~n in  ~ ~tnaw P~I~’( ’ ’( n t s .
Hi ghway ge~-~e i  ren boa ii kecord NO . 1 UI . , •~:u - Ii i ii gt uri , I

— — —  — _a —~~~ ——— — _ _—,~~ ._ -a__-— - --_ - - ‘  - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— - -- —— - — -- —— - -

_ _ _  - - - - - f - - -- - - -
.
- —



133

i-~8. flrar;i , IL ( 1~ ” )  ‘Th- ei- -~1enin ~ ~ 
liii Lu ~~~~~i r  nch 11yg f~ I t

(Ilierma l Insulation in the Finish t I ig Ia ~- iys and Airpor ts)
E~~~t I J ~~j, ~~~

,. 6 , ~~~~ l~~~ . Coii uiii tt ee on fiost a~ t ion
in ~~ils. Oslo , Norway. pp 5-17.

8). P a l ’ k i n , Yu. S. (1971) Algorithmization of calculations of the
Ui c cond i t  i u i ia  of tEe fouiidat ions of 1 i i i  id jugs and

st ructures . Uauu~~u~ ya , I-un d~ nen~~j Mekh anik a Gntntov , No. 6,
November , pp ~ 1 -~~~~~~~. 

-l ian shiteJThy Consultants lliii}cau, Plenum
Publishing Corp.,  New York , N.Y. 1972.

90. Pazsint , 9. A . ,  and N. Smith. (1972 a) Insulat ing and load support-
ing propert ic. of sulfu r foam for expedient road- in cold
regions . Draft technical report. US Army Cold Regions Research
and Engineering Laboratory , Hanover , N .H .

91. Pazs int , D. A., and N. Smith. (1972 b) Laboratory development of a
sulfur/ foamed polystyrene insulation composite. USACRRE L
leJiii ical Note , unpublished . US Army Cold Regions Research and
Engineei ilIg laboratory , Hanover , N .H . 8 p .

92. Perlite Institute , Inc . (1966) Perlite concrete aggregate. catalog
No. P1-66 . International Association of Perlite Miners and
Processors, New York , N.Y. 4 p.

93. Pipe Line Industry. (1972) The “big ones” are in sight for Far
North construction. Vol. 37, No. 2, pp 23-25. Gulf Publishing
Company, h ouston , Texas .

94. Porkhaev , G . V., and V. F. Zhukov. (1971) Standa rd depth of freezing
of soils for foundation engineering purposes. Osnovaniya,
Fundanienty i Hekhanika Gruntov, No. 6, November , pp 33-34.
Translated by Plenimi Publishing Corp., Consul tan ts Bureau , New
York , N.Y. 1972.

95. Powell, F. J., and U. B. Robinson. (1971) The effect of moisture on
the heat transfer performance of insulated flat-roof construc-
tions. Building Science Series No. 37, National Bureau of
Standards , Washing ton , DC. 78 p.

96. Quinn, W. F., and E. F. Lobacz . (1962) Frost penetration beneath
concrete slabs maintained free of snow.and ice , with and without
insulation . Highway Research Board Bulletin No. 331. HRB ,
Wa shing ton , DC.

97. Rady-Pentek , A. (1972) Styropor concrete a new building material.
P1C1 Technical Paper. American Concrete Institute , Detroit ,
Michigan . 17 ~~ .

— ——— — - ——S -~fl ~- - . .  - -~ e. -. . - .  — - — - - - . —



134

98. Reichard , 1. IV. (1 972) Paper honeycomb -~wo~ ich i .wel s as I ightwe i
structural cCmpoiient s. Building Sc l en ee  ~er ie s , No. ~3 ,
National B-jreau of St ~uidards , ~ a liington , i X . 7 p.

99. ~~etcrsdal , R. (l~71) Vu n!leisolasjons ~~teriaier 1 vego verhv fri ir igen
(Insulation materials in road construct ion). 1 i~~~t I - m i  I , No . 3 ,
July 1971. Cornittei on frost action in soils. Os l o , N n w a v .
pp 29-42.

100. Sanger , F. J. (1963) De~;rce-davs and ~ a t conduct ion in soils.
Proceed i ngs of th e Inte rn at iona l_ Conference on Permafrost .
Naiional Ac~~kr ;:y ~T~~c~ience- - Nu t~T~n al  Oc~-scarc~i Loui icil 1’ub l i  -
cat i on No. 1287. Washington , lX~. pp 2 53 -2 62 .

101. Sater , J. P . , coordinat or.  (I~ 69) The_ A r c t i c H s i n  , revise d e d i t  ion .
The Arc t i c  I n s t i t u t e  of North America , l~ ngtbn , 1X1 . ~~37~ j .

102. Schne i .ler , W . (1969) Erfahrungen an Versuch ssfrecken mit darmschich-
ten aus schaumk unstoffen (Styropor-hartsclia ump lat ten und t v ropor-
leichtbeton) [Experience gained from experimental sect ions laid
with insulating courses of foamed plastics (Styropo~ expanded
polystyrene boards and Styropor lightweight concrete)]. St rasse
und Unterfrun d IV , Vol. 74. l’ran slated by JPRS f or USACRREL , 1970.

103. SelIon , L. B. (l97~) ~Styrofoam insulation against frost penetration .
Uighi’.’ay Focus. Vol . 2 , No. 2, pp 64-70.

104. Sinclair-Koppers. (1972) Advertising brochurç for IJycon.

105. Smith, N., R. L. Berg , and L. Muller . (1973) The use of polyurethane
foam plastics in the construction of expedient roads on perma-
frost in Central Alaska . Prepared for the Second International
Conference on Permafrost. Yaku tsk , USSR.

106. State of Ala-~I:a. (1972) Alaska planning map . Prepared by the
Department of Highways , Planning and Research Division in cooper-
ation with the US I)epartment of Transportation , f ederal Highway
A~~inistration .

107. 5 t e i ~rns S. R. (l~66) “Permafrost (Perennially Frozen Ground).”
Coid Regions Science and Engineering ~onocraph 1- 4 2 , ~N . ’~( ’hhl l . ,
h anover , N . H .

108. Taylor , D. W . (1948) Fundamentals of soil mechanics. John Wil ey ~Sons , Inc . , w Y ox k  . -
~ . V .  760 p .

109. Tsyto~-ich , N. , ‘- - (i9~~ ) flsr ~ ~ni ia I f~- i i - .~
-
~ : L I i t ~~ na . er : ly hh grunta idl

(Base s and fo-~ i ~at i~ :s on 1roz~n s~ i I . ‘1 ~d , N uk S.S. S.R. ,
Moscow . Trari~ 1-ited by I f ig hway Rcse;irch Foard , Spccial 1-leport 58,
1960.



13S

110. T ~~r . ~ liv , ~‘-~nr~n. fl9’ ) .-~la~Iz trans~~rt~ti on corridor s tudy .
u~o1~~~tcd ic r  the US Department of Transportation and the State

- I AL~.sJ- ~~~. -1 vols

ill . US \;-~y Corps of Engineers. (1950) Comprehensive report on investi-
gation of military construction in arctic and subarctic regions,
l94 5 -1~~:S. :CTT L Tedmical  Itcpn rt 28 , ru in report and Appen. III.

IU .  %~ei~ , fl . 11969) Versuche ueber die Auwendung von 1.’aermedaenuiischich -
ten im Strassenbau (Tests on the use of thermal insulating layers
in road construction). Strasse und Unterground IV, Vol. 74.
Translated by JPRS for U~~~ REL, 1970.

113. Ici lu iani s , i~. G. (1968) Development and use of pl astic foam insula-
t ion to prc-,- ent frost action damage to highways - A si.muiary of
Experience in the United States . Presented at the International
Conference on h igh way Insulation. h~urzhurg , Germany .

1 1 4 . 1~i l1 ia ms , IV . G. (197 1) Development and use of plastic foam insula-
tion to ;u-cvent  frost action damage to transportation facilities.
Imc ee d in g s  of the Syrm .iosium on Cold Re~ ions En g ineeri.~~~ Alaska
Section ASCE and Department of Civil Engineering, Un iversity of
Al cska . J. L . Burdick , editor. pp 227- 276.

:15. Will iamson , R. II. (1972) Effects j f environment on pavement tejlpera-
tures . Proceedings of the Third International Conference on the
Structural Design e{~ Asphalt Pavements. Cushing-Malloy , Inc .
Anii~~ bor , ~1TEhigan. PP 144-158.

l l t - . ~u 1 tf , 1.  N . ,  C. Lainbert , N . I. Johansen , E. M. Rhoads , and R. J. Solie.
(1972) pti 1m~ i transportation systems to serve the mineral indus-
t i-v north ol t~t Yukon Pasin in Alaska. ~-I ineral Industry ResearchLalulatory Report No. 9 (draft) , for the US Bureau of Mines.
Un iv e r s i t y  ot~ Alaska , Fa irbanks , Alaska .

117 . Woodward , 1-1. W. (1971) N orthern road program . Proceedings of the
M c t i c  ~ran .~port O . . n C o r i ference , Ministry of Transport and the
t ) cp I r t a~eJit  ci  h i d ian Ai t a i  i s  and Northern Development . Vol. 2 ,
Ph 151-180.

118. o~~ig, R. 9. (1965) Ex cri~enta l foamed plastic base course.
Highway Research Board Record No. 101. URB, lVashington , DC.

119. L i e n k ~ e~sic : , 0. C. ( l t ~b 7) The f in i te  elemen t method in structural
and contimnnii mechanics. McGraw-fill Publishing Co., Ltd.,
I~ ndóh. 272 p.

120. £~erikiewicz , 0. C. (1971) The f i n i t e  e lem ent  method in engineering
‘-

~~ - o i ~ -~ i~ l PJr H~~ n o. , i t J .  , un Ion . 521 p.



Append ix A

Selected I~ finitions

Cell concrete - lightLeight Pcrt!and cement concrete. The light weight
is accomplished by eñtraining large volunes of air.

Cellular glass - a lightweigh~t expanded glass. Foaniglas 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 ~avements. It may be used as a dam or to support
a roadway , railroad , or runway.

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

Ex truied polystyrene - the polystyrene resin is extruded through a dye to
the des ired thickness. The process causes a smooth skin of very low
permeab ility. Dow Chemical Company presently holds patents on the
process. Examples of this material are Styro foam Eli and Styrofoam
I-ID- 300.

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

~1oisture absorption - addition of moisture to a specimen by any means. The
transport mechanism may be diffusion or Darcian-type flow.

Mo isture barrier - a material which is used to reduce or eliminate the
passage of moisture. Wax, paint , aspha lt , 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 t~&o years .
Some individuals in the U.S. and the majority of per sons in some other
countries add that if pore water is present , a suff iciently high per-
centage mus t 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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APPE NDIX C

•4 ) * 4SI $LI4 ***  BEN). A Nt) ‘(N IGHT ~~~~~~~~~~~~~~~~~~

*4) 4) F R E E Z E T H A W  S T ) J I E S  OF I N S U L A T I O N S  •“
‘*4 )  S € 6 V I E S  1

E R E I7 [  Il-lAW P43O C EO1IRE
I S A M P L E  C(11II)flIfl’~Ftl T I )  C P IS TA I I  W3 - IG I ’ $ t IN SOC OVEN
2 S A M P L E  W F I G ’ I T  . I I T I 4 I N  30 M I N - I l E S  ‘TIF R E M O V A L  FROM DVEN
3 c 4 M P 3 ~~ L E E  I ’  ~ Nv I L I ) ’ \ 4 -  ‘ I T 1 T i  3 ~-4C IR S
A S A M P L E  S’INW F RGII ) 4, H ) ’1R5  I ’ 4 4 ~~ 4-~~ I1..C~4 HEA D  AN D l I M P  I IATA  TA K E N
S S-Xt ’ -’LE R E M I  V E I l  F,40M 9 4 T H  ~I~~4 )  P L * CE1 )  4)1.) D R I P  R A C K  FUR 33 M I N U T E S
6 SA M P l E  WE It.4-4T PIT A I~)L I) AE.I ) N o T ES M A O C
7 SP.MPI E P L A C I O  IN F R E E Z E R  FOR 16 3)0139 ’, P L U S — — T E M P  D A T A  T A K E N
$ SAM P LE R E M O V E D  FROM F R F E ! E R  TO 30 M I N U T E S  IN KC)OM ENVI RONMENT
9 S A M P L E  .1 IGEI T C~9I .I I N C O  AND N UT ( S  MADE

10 R E P E A T  S T E P S  4. T~-4RU 9 THE DES 1 P 4 0 3  N’J 14 13EP OF C Y C L E S
IL A F T E R  C n ’ 4 P I F T I 1 . 4 ’  S T E P  q (iF C Y C L E S  0 S I R ( O  R I N S E  MINUTE IN

0 1 5 1  I L L E I )  W A l l - -I ~ ND PLAC E ON ( (R IP  RACK FUR 30 MINIJTE S
12 SAMPLE W E IG HT ‘~ B T A I ’ C E J  AN)) N - l I E S  MADE P R I O R  TO P L A C I N G  IN SOC O V EN
13 S T E P S  1 AND 2 R E P E A T E ’ )  P R I O R  TO F I N A L  E V A L U A T I O N

S A M P L E S  TES T ED T H I S  S E R I E S

NUMBE R W E I G H T  D E N S I T Y  I, W I • VOL C OM M ENE S
**S SA M P L E  *4) (* * DNY ~~* * S * P R Y* ’ S* S * * l GEO MF ~Ry*e**.* •S EITHC R N D T F S 4 ) ’ S
770804 .00029  1 9 3 . 5 1  3 0 . 18  . 8 5 E 3 . O E X L . 6 5  401 Al L FA C E S  SAN D E D
7 2 3 5 0 4 .0 0 0 3 4  2 1 7 . 2 8  2 8 . 5 3  4 . 0 1 63 .  98 l1 .  19 44 7 5  A L L  F A C E S  SAMt)E D
7 20 80 4 .0 0 0 3 7  74 4 -~~ )3 2 3 . 2 7  3 . 9 9 X 3 . 9 3 4 3 . 3 9  869 ALL FC SO CON C OW
72090 4 . 0 0 0 43  24 5 . 93 2 3 . 0 5  4 . 0 0 X 3 . 9 5 X 3 . l2 85 B AL l. FC SD CON C UP
7 2 3 8 3 0 . ? T P O V  A 4 . O ~ 3 .29  4 . O 1 ( 4 . 0 7 X 0 . 9 d  2 E4 ,  A LL  F -A C E S SA1.# ) EO
7 2 0 8 3 0 . 3 T P L 4 v  17 .06  4 . 0 2  4 . 0 2 X 4 . 3 ) X I . O O  265 A L L F A C E S  SA ND ED
7 2 0 6 3 0 . 4 T P A V  1 6 . 5 - 3  3 . 95  3 . 9 6 6 4 . 0 2 X 1 . 9 1  26’  ALL F C E S  SA N O L O
720906 .000 01  1 3 . 7 2  2 . 15  4 . 0 7 64 . 04 X 1 . 4 8  399  ALL F A C E S  S4NOEO
720906.00007 10 .47  2 . 6 3  3 . 9 9 X 4 . 0 7 X O . 9 3  248  ALL F A C E S  SA NDE’ )

N O T E S —  WEIGHTS (N G R A M S .  ~)RY DENSI TY (N LBICU it , D IM EN S I O N S  IN INCHES
AND VOL UME (N ( ‘ i JAIC C E N T I M F T F R S .  T E M P E R A T I , P F S  IN FAHR ENH IT  DEGREES.
SAMPLES SU B MER G ED IN T A P  W A T E R  AT  ROOM 1EMPFRA TU RE .

•* * SAM PL E***  • * * ** ** * ** * ** A * * I* ** S A M PL  E*** *• ’$•  * * * ** *******
NUMBER D E S C R I P T I O N

720504 .03029  C EMENT P O L Y S T Y R E N E  BEAD M I X T U R E
7 20 5 0 4 .0 0074  C E M E N T  P O L Y S t Y R E N E  BEAD M I X T U R E
720804 .00037  C E M E N T  ~ S BEE) M I X T U R E  + POL DED P S I L A M I N A T I )
72 08 0 4 . 03 0 4 1  C E M E N T  PS B E A D  M I X T U R E  • MOLDED P S 3 L A M I M A T E )
72 0 B 3 0 .2 I PDV  PDL Y I ) R E T H$ N E
7 2 0 8 3 0 .3 I P B V  Pr3 LY U R EIHA NF
720833.4IPAV POLYU °EIHAN E
720906.00001 E X T R U J ED P O L Y S T Y R E N E
120906.00007 E X T R U V OE D P O L Y S T Y R E N E  FROM AK . DEPT. HWY$.

flt~~ PA~~ NO~ -
~~ 

- 

—~~~~~~~~~~~~~~~~~~~~~
_V
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D A TE  T I M )  I F M P E R A ( ! I I E S  W E I G H T  IIE FOR FT C A L E S  DR N O T E S  SA MPLE
Y R ’ l I ’ y . l’~~M B A T H  F P Z R  9~~f l’4 S - ’ - ” M  F R E Z E  Cy NUM B ER

7 2 ’ 9 ? I . 0 7 4 4 3  193.51 12080 4.00029
7? H4 .’ 1.0741 - 2 1 7 .2 5  120 804 .0 0 0 3 4
720921 .07 42 244.98 723304 .00037
7,’ i L ’ I . 0 7 43  245 . 93 7 2 0 8 0 1 . 0004 1
720-321.0 1 44 14.02 720830.2IPDV
7 2 09 2 1 . ) 14 5  1 7 . 0 6  1 20 3 3 0 . 3 T P B V
1 20 9 2 1 . 0 7 6 6  16 .58  7 2j 1 1 1 0 . 4 T P A V
7 2 0 9 2 1 . 0 7 4 7  1 3. 72  720 90 6 .0 0 3 0 1
72)921.0753 10.47 720906.00307
720 921.0903 66.0 SA M P L E S  SU X M E N G F D
72)-i ? t . 1 5 5 1  64.0 S A M P L E S  TO D R A I N  R A t K
7 2 0 9 2 1 . 16 3 4  206.45 12 090 4 .0 0 0 2 9
7 2 0 9 2 1 . 1 6 3 6  230 .20  710804 .03034
120921.1631 268.82 72,4804.03031
720921.163 9 274.26 170804.00041
720321.1626 IT.!? 720830 .2TPDV
72 092 1.1-525 20.00 720830.3T PBV
120921.1632 19.15 720830.4T P A V
72392 I.L 628 14.88 120906.00001
7?)9’1.1630 11.45 72090b.00007
7?0921.1650 0.0 SA M P L E S  TO F R E E Z E R  

-

720922.0817 63.0 4.0 O t R E M V O  S A M P L E S  FRM  F R Z R

**...., a.....,. *,s..s,S..... C’) ) C Y C L E  C OM P L E T E  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

720922.0947 202.37 120804 .00029
120927.3948 224.48 120804.00034
720922.0 948 262.57 720804.00037
72 0927.0949 268.54 - 72080’..00041
724)9)2.0950 14.92 720830.2IPDV
7?097’.ORSl 18.56 720833.3TPBV
12 0922 .0952 16.19 720830 .4 TP A V

7 ? J012.0953 13.74 720904~.O0001
720922.O ’)53 10.47 120906.00007
720922.0 955 64.0 P1 ACED IN S I JA M 1R G TANK
1?u I22.1545 64.0 5.0 SAMP L E S  TI) D R A I N  R A C K
7709??.1625 205.93 . 120804.30029
720977.1675 228.61 723804.00034
771~~l2 .I 625 266.90 720804.00037
72 )02 4 .1 626 270.45 120804 .0004 1
7,’,J 7i,.1626 15.32 720830 .2TPDV

120922.1627 19.42 720830.ITPBV
17 .5 4 72083O. 6T P AV

1?0’(’? .1628 14.21 720906.00001

72 0)22.1629 10.72 720906.00007

7707??.163’) s.o SA M PL E S  TO F R E E Z E R
770)2 9.1320 —2.0 CEI~~C K E f l  s 6 M P t ~~ s IN FRI R

7,?)925.0750 S9.0 — 1.0 64.0 0?REMV ’) S A M P L E S  E R M  F R Z R

- _ _ _  _ _
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•..e*.øeøe$...••*..sA.*a**. 1. CY C L E S  (OMP 1E TE $ S * 4 )* * * * * *• Q* *• I$ * ø * *S * *4 )* S *

r’AT( TI M E T E M P E R A T U R E S  W E I G H T  R E E d S  FT C A ICS OR N O TES SAMPLE
- ~L)DY .Il~~’-N I IAIH r N ? - )  44 - S UOMS F R E Z L  CY Nu MBE R

720926.0820 203.61 170804.00029
7?’’925.08?0 225 . 6 4  720804.00034
720925.0971 262.53 720804.00031
120925.0821 266.32 120804.00041
7 2 0 9 2 5 . 0 9 2 2  14 .29  7 2 0 8 3 0 . 2 T P D V
720925 .0823 18.30 72 0833.3TPRV
729925 .0823 17.33 720830 .4TPAV
7 2 0 9 2 5 . 0 8 2 4  13 .80  120906.00001
72 0925 .0875 10.50 720906.00007
72092 5.0845 62.0 66.) SAMPLES SUBMERGED
12 0925.1445 63.0 67.0 SAMP L E S  TO D R I P  RACK
72092~~.1521 206.31 720804.00029
120925 .1522 229.37 - 

720804.00034
170925 .1522 265.59 720804.00037
120925 .1523 264.11 720804.00041
120925.1523 15 .37 720830.ZTPDV

V 720925.1524 19.52 120830.3TPBV
12)925.1 525 37 .71 720830.4 T P A V
720925.1525 13.88 720906.03001
72092 5.1526 10.68 720906.00007
720925 .1530 2.0 S A M P L E S  TO F R E E Z E R
720926.3745 3.0 70.0 039)TM V D SA M P L E S  *-RM ERZ R

V * * •S * * * * * * * * * S e * S * *s * * * S * S*  T ’ ~~EE C Y C L E S  C O M P L E T E  *..s*,*..ee.*ea...*S.*.$AA

720926.0750 204.97 720804.00029
120926.0750 221 .17 120804.00034
720926.075 1 265.63 720804.00037
720926.075 1 261.82 720804.00041
1 ,’99 ?~ .O1S1 14.73 720830 .2TPDV
720926 .0751 19.01 720830.3tP8V
720926.0752 17.03 720033.ATPAV
72092 6.0753 13.78 120906.00001
720926.0753 10.49 120906.00007
72092o.091 4 62.3 S A M P L F S . S U B M E R G E D
12 092 6 .153) 644.0 10.0 69.0 SAMP L E S  30 DRIP RACK
720 921 - . 1603 207.38 720804.00029
720920.1603 233 .50 120804.00034
12)926.1604 269.95 720804.00031
120926.1605 263 .81 720804.00041
72302 6.1607 13.41 720830.2TPDV
720926.1607 19.65 ?20830.3TPRV
72002 6.1607 17.50 720833.4IPAV
720926.1608 13.78 720906.00001
720926.1609 10.52 720906.0000?
12092 6.1510 9.0 SA M P L E S  TO F R E E Z E R
120921.0904 7.0 O4SA M P L E S  F R O M  F R E E Z E R

— — V  ~~ ~~~~~~~~~~~~~~~~~~~~~~ — — — - - -—V-— -~~~~~~~~-—- V— V———— ’— ----- - V— - —-—————--
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•S ø * • *S 4 ) . S* * *S * • S . * .  A S  **~~~** F Q uIR C Y c L E S  C O M P L E T E  **.S**S*4)**S*.AS4)SSAI***A*

D A T E  T I M E  T F M P F l 4 4 T - J R r S  W E  T O T  9( F I ) 9  r T CAI CS OR N O T E S  SAMPLE
( - . 4 - Y .HRMM ‘ 4 4 T H  F Q ! 1  40) ’ )~ , , ) - , ‘4 44 F R E Z E  CV NUM BE R

7 20 92 7 .1) 12  - 2 0 5 . 49 7 2 0 8 0 4 . 0 3 0 2 9
7 2 0 9 2 7 . 1 0 1 3  27 8 . 1 2  7 208 0 4 .00034
7 2 ’ ) ? 1 . 1 0 1 4  2 6 5 . 7 2  7 2 0804 . 0 0 0 3 1
7 2 0 92 7 . 10 14  25 9 .9 1  7 2 0 8 0 4.0 0 0 41
7 2 3 9 2 1 . 10 1 5  14 . 4 2  720830.2TPDV
72 0321 .l015 18.26 7208)).3TPBV
720927.1016 16.99 12083 0 .4TPAV
720)27.10I6 13 .15 720906.00001
720921.1016 10.48 720906.00001
72 117 1 . 1 0 70  S4M P) ES Su )~44E RG(D
120927 .1640 SAPP LFS TO) DRIP  R A C K
72)921.1775 9.0 72.0 SA M B 1 I S  TO F R E E Z E R
1 2 )-3ZF.0155 68.0 7.0 14.0 O S R E N V O  S A M P L E S  E R R  P1429

• * * $ S S S * * * S ~~S * * S * 4 ) S S * * * S * , *  F IVE C Y C L E S  C O M P L E T E  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7 2 0 3 2 8 . 0 7 5 5  2 0 6 . 7 8  720804.00029
7 2 0 9 2 2 . 3 7 5 6  2 2 9 . 72 120804 .00034
7 2 0 9 2 8 . 0 7 5 6  7 6 7 .8 2  7 2 0 8 0 4 .0 0 0 37
7 2 0 9 2 8 . 0 1 5 6  262 .04  72 0 8 3 4 . 03 0 4 1
7 7 9 9 2 8 . 07 5 1  14 .63  7 2 0 8 3 0 . 2 T P DV
720928.0751 19.05 720833 .3TPBV
720)28.0751 17 .18 720833.4 TPAV
72092 8.0758 13.18 120906.00001
120921 . . 0758  10 .50  720906.00007 V

123)29 .0830 07.0 SA M P L E S  S U B M E R G E D
1~~) 9Z 8 . L 5 Z 5  68.0 74.0 S-A1)PLES TO D R I P  R A C K
721929 .1603 208 .53 720804.00029
720029 .1603 231 .96 720804.00034
77)028 .1604 272.48 720804.00037
720)28 .1 604 264.72 720804.00041
720923.1605 16 .41 720830.2TPDV
72092 9.1605 19 .91 72U830.31 P8V
1200 28 .160 % 17.64 120830.4TP*V
720928.1606 13.82 720906.00001
120929.1606 10.60 720906.00007
720929.1608 1.0 O S S A M P L E S  TO ER IE7ES
720929.3830 3.0 7 4. 0 F IN V D  S A M P L E S  Fl- N FR ZR

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S I X  CYCLES CO M P L E T E  ****•4)•*****~~ *S*øSe****4)S.eS

DATE  T I M E  T F M P r R N T J R [ S  W E I GHT BEF OR FT CA ICS OR NOTES SAMPLE
YRMJD Y. HRMM 91T14 ER!. ) R 1 u ) M  51 1’ 4M4 FRE ZE CV NUMBER

720929.0832 - 207.42 720804.00029
120929.0835 230.48 720804.00034
720929. 3836 269.8S 720804.00037
720929.0836 262.10 720804.00041
720929.0837 14.71 720830.2TPDV
720929 .0837 19.25 120830.3TPBV
720929.0838 17.02 ?ZOB3O .4TPAV
7 2 0 9 29 . 08 3 8  13 .79  120906.00001
720979.0838 69.0 10.30 720906.00007
7 2 0 9 2 9 . 0 9 I0  69 .0 S A M P L E S  SUBMERGED
720929.1312 63.0 4.0 71.0 SA M P L E S  TO DR IP RACK
720929.160? 209.10 720804.00029
720929.1601 232.61 720804.00034
120929.1609 274.60 720804.00037
720929.1609 263.36 720804.00041
720929.1609 15.8$ 720830.ZTPDV
120929.1610 20.30 ?20830.3TPBV
720929.1830 37.7$ 720630.4TPAV
720929.1610 13.90 720906.00001
720929 .IoII 10.60 720906.00007
720929.1612 3.0 SAMPLES TO FREEZER
721002.3758 1.0 72.3 O7 R E M OV FD  FROM F R E E Z E R
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I S S A  *$***S*S.S  A A • R S S * A * S S S *  SEVEN CYCLE S COMPL E TI ***S***.s *S**. .SS***.$ . . .*

D A T E  T I M E  T E M P E R A T U R E S  W E I F . H T  B EFOR FT C A L C S  OR NOTES SAMPLE
V RM O OY .HRM M  BATH FR !R ROOM SUB MR E R E ZE CY NUMSE R

72 100? .0755 - 207.36 720804.00029
721002 .0759 230.49 WEIGHTS IMMEDIATELY 720804.00034
721002 .0759 260.52 AF T E R  R E M O V A L  720$04.00037
721002.0800 261.75 720504.00041
721002.0800 14.64 72O830 .2TPOV
721002.0801 10.90 720830.37P5v
721002.0801 16.94 720030.4TPAV
771032.0301 13.79 720906.00001
7210fl .0502 10.50 720906.00007
721002.0806 67.0 72.0 SAM PLES TO ROOM ATM O S
7’1002.0834 67.0 72.0 SAMPLES REWE tONED

721002.0835 207.05 720804.00029
721002.0836 230.00 720804.00034
721002.0837 268.41 720804.00037
121002 .0837 261.21 720804.00041
721002 .0838 14.40 720830.2IPDV
721002.0838 15.32 720830.3TPBv
721002.0839 120833.4TPAV
721002.0839 13.79 720906.00001
t2I002 .0840 10.50 720906.0000?
721002.03 40 SAMP lES SIJR MERGEI)
771002 .1i12 SA MPLES TO DRIP  R A C K
7 2 1 0 0 3 . 0 7 5 0  70.0 SA M F I T S  S A T  IN RN Al t. M I T E
7 2 1 0 0 9 . 0 8 0 3  204 .96  W E I G H T  B E F O R E  F R Z R  720504.00029
7 210 03 .0 80 4  2 2 7 . 4 8  W E I G H T  B E F O R E  I R I S  720804.00034
721003.0603 260.32 WE I G H T  B E F O R E  FR ZR 720804.00037
721003 .0806 237.47 WE I G H T  BE FORE FP Z R 720804.00041
721009.0807 14.10 W r I GHT BE F O R E  FRZR 720830 .2TPDV
7210)3.0508 17.08 b.FIGHT B t F O RE FR ZR 720830.3TPBV
721003.0809 16.64 WE I GH T  BEFORE FRZ R 720830.4TPAV
721003 .0810 13.75 W E I G H T  B E F O R E  F RZ R  720906.00001
721003.OSII 10.49 A E I G H T  B E F O R E  F R Z R  720906.00007
721003 .0813 0.0 SAM P L E S  TO FREE ZER
721003.1 613 66.0 11 .0 74.0 T E M P E R A T U R E  CHECK
721034.0830 65.0 -4.0 72.5 O8R IMV O SA MPLES FRM FRZR

- -~~~~---“-- ~~~~~~~~~~~~~~~ --.-- -V--- —~~~~~ —~~~~~ - ----—- —- - - ----- - - -- .__
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S S . S S* $ . * S , .S S S S $ . . . . . I S S* S  F I ~~~T C Y C L E S  C U M P L E T E  , S S A A . , . . . . , $ $ . $ A , $ A S* *, . e S ,

D A T E  T I M E  T I M P E R S T U R E S  W E I G H T  SEP09 FT CAI C S OR NOTES SAMPLE
YR MO’)Y .4I) ~~M RAT E d  1929 4’}JM SURM S F PE ZF CY NUMBER

72 10 0 4 . 0 8 0 1  2 0 5 . 5 3  720004 .00029
229.30 720804.00034

12100. . 3302 - 260.96 120804 .00037
721004.0802 258.00 720804.00041
721006 .0903 14.20 7?O830 .2TPDV
72100 4.0803 17.20 720830.3TPBV
771004.0903 16.74 720833 .4TPAV
12 1034 .030 4 13 .78 72O906.0O~~01
7210 04.0904 10.50 720906.00007
72103~..)325 65.0 —2.0 13.0 S A M P L E S  S ) IBMF R GE D
721304 .1435 65.0 — 4.0 74.9 SA M P L E S  TO DR I P  RAC K
12130 4.1,05 65.0 8.0 74. ’) O 9 S A M P I.VE S TO F R E E Z E S
721 005.0900 65 .0 0.0 72.5 RE HVD S A M P L E S  FRN FRZR

A * S A A * $ * S * # * * *S ,* * * *S * * * *S S  N I N E  C YCLES COMPLET E A * ** I * A * ** s * * * * *$ e S* * *S* 6 * *S .

121005.0900 208.09 120804 .00029
7 2 1 O O ~~.9301 230.81 120804.00034
72100~~.99O2 269.30 120804.00037
72100 5.0302 265.16 720604.00041
72I0)5.0303 14.87 3.51’) C R A C K  L E N G T H  120830 .2TPOV
721005 .0803 18.85 72C830 .3T PBV
72103 5 .3304 17.41 720833 .4TPAV
72l005. 3~~O4 13.60 720906.00001
7 2 1 0 0 5 . 0 - 4 C 5  10 .52  720906 .00007
72 l 0 ) ~~.) 1 3 9 65 . 0  4 .0 12.5  S A M P L E S  S U B M E R G E D
721005 .1 469 66.5 —3.0 74.5 S A M P L E S  TOO D R IP RACK
721005.1~~11 67.0 0.6 15.0 I O S A M P L E S  TO F R E E Z E R
721006 .0758 66.0 5.0 13.0 RE MV D  S A M P L E S  FA R  F R Z R

* S . * * . * * A * * * S $ * A * S * *$ * S A * ~~ ** TEN C Y C L E S  C O M P L E T E  •****tA***S**********S*****SA

72I006.1OI7 207.16 720804.00029
721006.1018 230.18 720804 .00034
7210 06 .1019 26-..62 720804.00037
721006.1019 262.98 720804.00041
721000.1020 14.22 72O830.2TPE4 V
721 030 - . 1020 17.41 . 72083 0.3TPBV
721036 .1021 16.78 720830.4 T P A V
7210 )6.1- 321 13 .18 720906.00001
72100 6.1722 10.50 720906.00007
7210u~- . L~~” 68.0 9.0 73.0 SA EP L ES SUOMI POED
72 13)6.1627 68.) 4.0 73.3 S A M P L E S  TO DRIP RACK
1213) 1.1 707 66.0 3.0 73.0 SA M P lE S  TO E R F E 2 E S
72100 9.3759 66.0 5.0 72.0 1 I R E M V 0  SA R D L E S  ER R FPZR



1 41 4

$.S,..*s•$.,..*e ~eS..****~~. ELEV EN  C Y C L E S  CO~~P 1E 1E S S A A S S * S~~~S * S I A • $ S A ASA e * • . * S

D A T E  TT ~~L T E ~4 . i P A T U V R E S  WE 10411 SF 134 11 C A L C S  OR NOTES SAMPLE
Y Q H V 10V .~ V 4 D M  4 9 T H  .57 14  0 0 1 4  SU PMR F R E Z E  CV NUMBER

7 2 1 0 9 9 . 3 9 02  2 0 7 . 8 7  12 08 0 4. 0 00 2 9
721009.9802 230.98 720804.00034
7 2 1 0 3 ’ ? . 0 8 0 3  2 6 9 . 65  7 2 0 3 0 4 . 0 0 0 3 1
721000 .3303 266.11 12060 4.0004 1
721 007 .0803 14.32 - 1208)0.?TPOV
7110 09.3804 17.63 720833.3TP8~
121009.08 35 16.98 120830.4TPA V
721309 .3805 13.79 723906.00001
7210 09.0905 10.51 - - - 7 20906 .00301
721 339.9838 S A M P L E S  SU ITM EQ GEO
721 309 .1502 50 .0 4.0 73.0 SAM P L E S  TO D R I P  RACK V
721009.1545 64 .0 9.0 73.0 SA M P L E S  TO F R E E Z E R
72101 0. )725 64.0 —3.0 72.) SA M P L E S  F R O M  F R E - E Z E R

*4S S*SS **$* * *** * *S $ A* * S * S$S  T W E L V E  CYCLES C O M P L E T E  • *A S * $I$ $ * * *A * $ .S ** *A ****S*

72 10 10 . 0 750  2 0 8 . 7 9  120804 .00029
72101 0.3750 232.08 723304 .0003 4
72 131 0.0750 272.30 1208 04 .00037
12 1 0 1 0 . 375 1  2 6 5 . 7 5  12 0804 . 0 004 1
1 2 I0 1 0 . 0 7 5 1  1 4. 3 9  7 ? 0 3 3 7 . ? I P D V
721 010.0752 18.36 720833.3TP8V
72 1 3 1 0 .3162 16.90 720030.4TPAV
121010 .0752 13.80 720936.03001
721010 .0752 10.50 720906.00001
721010.0755 66.0 8.3 72.0 SAMI’L E S S UBMERGED
7210 10.13 53 66.5 4.0 74.0 S A M P L E S  TO D R I P  RACK
721010.1 430 s L .5— 3 . 0  14.0 SA M P L E S  TO F R E E Z E R
12 101 1. 0803 64.2 3.5 73.0 S A M P L E S  FROM F R E E Z E R

SS $SS.*$*~~ **S**.SSS*.A.*6*$ THISIEEN CYC L FS CO M PL ET E **$* .***S*$S*****SS***SS*

7 2 1 0 1 1 . 00 1 7  209.18 7 2 0 0 0 4 . 0 0 0 2 9
721011.0820 232.71 720804.0003 4
1 2 10 1 1 . 0 820  273 .02  12 0 8 0 4 .0 0 0 3 7

- 721011.0820 265.59 
V - 720804.00041

7 2 1 0 1 1 . 0 9 2 1  14 . 9 4  720833.2TPOV
7 2 1 0 1 1 . 1)92 1 19 .09 1 2 0 8 3 0 . 3 T P 8 6
721011. - )3’l 17.1 1 12 0 4 ) 1 . 4 T PA V
721011 .0822 13. 80 723? )b .0000l
771011 .0922 10.50 720906.00007
721 711.39 53 67.0 5 .)  7 3 . 5  S A M P L E S  S1 )FT M ES G EU
7 2 1 ) 1 1 .1 5 2 1  68.0 9.0 15.0 S S H PL E S  TO D R I P  R A C K
‘2 1011. 152 1) 68.0 0.’) 75.5 SA M P L E S  111 F S E E ? ~~R
121012. )81~i 68.0 6.0 13.7 SV ’)I4 PLES ERfiM F R E L Z E R
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* S O A R S e $ S * * S *$ $ $  .,, .•s5•sSs F O U R T E E N  C Y C L E S  C O M P L E T E  * * * S S e . S~~ S , , S S S~~~.A ,*. .*S*

DA Tt T I M E  T I M P r R A T I J S E S  ~ t 10141  B E F O R  Fl C A ICS OR NOTES SAMPLE
Y P M )r l -y ..40.. 8* ) ”  F~~1R -43 )3 3 SU7 ’ -~~ F S E Z F CY NUMBER

7Z I O I 7 . 0 3 3 7  209.25 720804.00029
7210I?.3307 232.85 720904 .00034
721)12.)8 37 272 .62 720804 .00037
721012 .0808 265 .74 720804.00041
1210I2.0808 14.42 720630 .2TPOV
721 312.0809 18 .72 720333.3TPBV
121012 .0 809 16.90 720830.4TPAV
721012 . 0910 13 .90 120906.00001
721 312 .08l-) 10.52 720906.00007
721012 .0 845 68.0 2.3 74.0 S A M P L E S  S U B M E R G E D
72 1 0 12.1526 61. 5 3.0 76.3 SAM P L E S  TO O R I P  RA C K
12 1 3 1 2 . 1 5 5 1  ~~~~ 11 .0 76.) SA M O L E S  TO F R E E Z E R
7 2 1 0 1 3 . 7300 57.5 9.0 72.0 S A M P L E S  F R O M  151(719

•$*S*5. ,.5**5SS***SSSS.SSS* F I F T E E N  C Y C L E S  C O M P L E T E  *,**..*S.,00.*****s****$s*

72 1013.3 803 20 1.87 720804.00029
72101 9.0903 233 .48 720804.00034
721 31 3 . 7804 275 .55 120604.00037
721 31 3.7804 767.47 720804.00041
12lO1 ~~.U3 04 15 .29 720830.2TPDV
72101 5.0904 19.96 720830.3TPBv
72101! .33’)S 17.25 720830 .4TPAV
721 013. 0105 13.80 720906.00001
12)’13. 7105 10.56 . 720906.00007
121313.3 333 S A M P L E S  SUBME R GED
721013. l 5 1 5  53.0 —3.0 16.0 SA M P L E S  TO PRI ~ RAC. K
72101 3 .1 615 63.0 6.0 76.3 SA M P E E S  TO F R E E Z E R
72t 0I4 .3f 1 0  64.0 5.3 13.0 SAMPLES FROM F R E E Z E R

S * S * s . . $ s S* * s * s S * * S e S $ SS S . *  S I % T E ~~N C Y C L E S  C O M P L E T E  • . . . .s*~~..s.......s...e,..

121014 . 0 7 4 0  64 .0  7 3 . 0  S A M P l E S  SUB MERGE D
1210 I 4.1140 68.5 3.0 75.0 S A M P L E S  TO D R I P  RACK
?2101 4.l4 15 66.0 — 1.0 75.9 SAM P l E S  TO FR EE ZE ’S
7210 1 6.3758 68.0 9.0 73.0 SA M P L E S  1440’S F R E E Z E P
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S L . L N T I E N  C Y C L E S  CO4PLETESS$.S* ..,..a..*e .* .$.SS~~SI

D A T E  T I M E T I E 4 P I R - s 1 - J a l c  ~. 0-41  I I I F O R  F T  C A L C S  OR N O T E S  S A M P L E
V - I .‘~~1 M -- — 7 ’ ’  4 2 1 ~4 S I - ” ’ - c44 11 Cl NUM l E T

721016.082 4 209.76 720804.03029
7 2 1 ) 1 6 . 0 3 2 4  2 3 3 . 93 72 0 8 0 4 . 0~~U 3 4
721 0 1 5.0 824 274.01 720804.00037
7 2 1 0 1 Y . 0 8 71. 2 6 6 . 12  7 2 0 8 04 . 0 0 0 4 1
1 2 1 0 1 - - .0 8.’S 1 4.50 72083 3. 2T POV
721 0 I .0825 18. 41 720 830 .TTP 8V
72I 0I’ .08?5 16 .61 72 0830.RT PA Z
7~~1O 1 1 - .0476 13.80 120906.00001
721 0 1 - -,.0926 10.52 12U9J ~~.0O007
1~i 1)1’ - .0 944 48.0 8 . 0  73.0 S A M P L E S  S U B M E R G E D
7 2 1 0 I 4 . 1 4 4 8  - , 4 .O 3 . 0  16.0 S A - 4 ~~ES 10 D R IP R A C K
7 2 1 - i I t - . 1 7 3 O  6 1 .0 2 . 3  76.- )  S A M P L E S  T O F R E E Z E R
7 21-0 1 7 . 07 5 0  73 . 0 3 . )  7 6 . 3  S A M P L E S  F R O M  F R E E Z E R

s$IS* .e.SSs**ssss* .0.~~S** SS E I O H T E E N  C Y C L E S  C O M ° L L T E  •**sSs•es.*•.*s.sA**..a~~A

72 1 0 1 7 .1022 70 .0 — 1. 3  76.0 SA M P L E S  SUBMERG ED
1 2 1 ) 1 7 . 1 7 C 5  0 1 . 0  - 1 . )  77 .0  S A M P L E S  TOl D R I P  PA C K
l.’10 L 0 . 1 8 2 ’ , 11 . - 1 0.0  11.) SA ”PL E S  TO F R E E Z E R
721018.0915 49.0 5.) 72.0 SA M P L E S  FR OM F R E E Z E R

•**$S S.*SA SØS*S* .S *S$S *$*S* N I N E I E E N  C Y C L E S  C O M P L E T E  ***aS$*t*.*S.*.....S.S*.*

721 019.3817 210.20 720804 .00029
72 1018. 031 8 23 4.32 720804.0)034
12 10 13 .0818 276 .10 720804.00031
721013 .0819 267.14 72080 4.00041
72 101 -9.0319 14.40 7Z0830.2TPDV
721 019 .0370 18.40 720830 .3TPBV
721 )18. 0321 16.90 720830.4TPAV
721018.0871 13.82 120905 .00001
121018.0822 10.50 720906.00007
7210 18.0 951 6 9 . -i 4.0 73.0 SA M P L E S  SUBMERGED
7210 11.14’S 59.0 —4 .3 76.0 SA M P L E S  TO D R I P  RAC K
721 01 4. 1653 69 .0 9.0 76.0 S A M P L E S . TO F R E E Z E R
121 01 ‘.0935 68.0 7.0 73.0 2O SAH P IES FR O M  F R E E Z E R

SS SSSA*$,S.S..SS..Se ** ,iS*S T W E N T Y  C Y C L E S  C O M P L E T E  $*S,SS,,.....S**Se*,**S*S

721019 .0940 210.72 720804.00029
1210I9 .flS -) - 235.43 720104 .0003 4
72 1 0 1 7 .09 41 279.49 120804 .00037
721 019.0941 269.13 720804.00041
121019. 09.2 15.19 720830.2TPDV
721019.0942 19.71 720833.3199V
72101 9.0943 17.52 12083).4TPAV
121019.0943 13.82 720906.00001
721010 .0943 10.60 120906.00007
721019 . 1 I 5 0  - S a M P L E S  10 D R I P  R A C K

72102~J .0900 SA MPLES IN D R I P  R A C K
721020.0933 206.96 720804.03029
7210 ?d.O -)0 4 230.60 720804.00034
721020.0906 265.22 720804.00037
7 2 1 0 27 . 3 9 0 7  260 .84 720804 .00041
721020.0907 14.08 720833.2TPDV
7210’- ) .0908 17.00 720833.3TPBV
72102-0.0908 16.62 720830.4TPAV
721020.0909 13.78 720906.00001
121020.9909 10.30 720906.00001
721 020.0910 61.0 8.0 72.0 SA M P L E S  IN D R I P  RA CK

72102 4 .lI3O S A M P L E S  1PM SOC OVEN
7210 .’,.1230 203.60 720004.00029
72102 4 .1231 227.23 720904.000)4
771074 .12 )1 239.13 720004.00037
72102 4 .1232 ADO DRY W E I G H T S  720904.00041
171024.1232 14.06 720930.2TPDV
72I024 .1232 16.9$ 7209)).3TPBV
72.1024 . 1 2 3 3  16.60 7 2 09 3 0 . 4 T P * V
721024.1233 13.78 720904.00001
721024. 1234 - 10.50 720906.00007

SAMP LE S TO SOC OVEN

_ _ _  _ _  _ _ _  - - - — -~~~---—--- - --- - —-—--- -V -
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/- 1- FL: D I X LI -

• S R S * S *~~e SS S BETG ANI ) R ’.l~~4 IT eS S*Ss*.$...$

•* S  1 9 7  L i E  1 ,48W S~~J : ) I 4 5 (IF I N S U L A T I O N S  0 5*

•‘S S E R I E S  2 ‘*‘
F 1,Ejf T — 4 -7 w P~~O C E 7 J 8 l

1 ‘~-V~~- ’IF f’ ’ O ’ I T !~~~F f l  TI ) ~~I I S T 1 I 1  ,- ‘ I O . 4 T  TN  SOC OV E N
2 ‘~~- ‘~~I F  41  I 1~~1T , 1 T I I N  31) M)~~ J T E S  U I 6 1 ’ I V A L  IP ,~M ‘~ V ) N
3 ~~ ‘ 7  I I 4 ?  7 -

‘ —‘ - 
~~ ~,p V 7 P ~ ~_ I 1’’ 3 1)-IRS

4 4 4  MP ~ 7 9 S t’NJ P 2 0’ ‘. -4~ 60  A Ir ’  1~ ~.1’ D A T A  TA F N
S -- ‘II It • I :  3 4 ) )  ‘~ !‘).IU Y , ’- PL 8Ci 1 IN O IL P 96CR F ~ 3D M I S )  115
7 48 MD( • I — . 7  1) 17 7 I I  ‘7 O’ i 7 9 4 MV  01
7 S A M - ’L E 1’L L 0 IN IL ii I JR lb 411)05 S P L U S — —  IF 0 04 T A  T A K E N
8 4 4 ’ ~ P L F  5 ’~~ V 9 1 1  7 — I l ”  1 1 1 1 f f - )  T I )  3) “ITN ~I T E S  IN I’ - ” E N V I S 0 ) ~~F N T
9 44 1) f -‘ 1 IC 1-4 T 1’?) A I - ,r-) 4’,) O T I S 1)1)-

jO  R E P E A T  4 ’ 7 - P 5  4 T ’ ’ - ’ 0 1 1.41 111 5 9 ’ ) 0 ‘ “M [R  OF C Y C L E S
11 4~ T I  CII”PL FT  Nb 51, P 9 01 CYC E E S 1)141 1 4 7  1) R I N S E  I M I  M i T E  IN

P I S T I L I L I) 647(4 -r I) 1 L A C F  f l4~ f l ITP ?A ~~, FOR 30 M I N U T E S
12 5 1 ’  II -~i I C H T  C - R I  4 ) . , ) -V ’ ,C O J I E S  H ’ . “ P I U S  TO 10 A C I N c .  IN 50C O V E N
13 S T E P S  1 A ND 2 R E P E A T  13 P4(104 TI) F I N A L  E V A L ’ ’ A T  ION

S#~~~L E S T F S T E D 141IS S E R I L S  
-

0 0 5 S A M P L  1 5 * 5  •~~~•f l ” Y * * *~~~~ 04 Y * i S * * * * 5 C [ 0 M 1  T R Y *~~~*** •.OTHER N O TES 0 0 5
p E IG HT D E N S I T Y  L 6 1 VOL C O M M E N T S

77- O~~? . .0UO5 9 1.5)57 1. 11. 2 . 1 1 R I .  ,,~‘1. 40 90 AL L  F A C E S  SA N O E D
72U929.O)C~~O 1 . 3 1 1 0  1.02 1. 45 4 1 . 8 8 X l . ’.2 86 AL L  F A ’ ( S  54.IEO
7.’),30 -00 l 1 4  [.1597 7 .15 2. ’ ,’X 2 .0)~~1.4C- 97, ALL r A C S S-~N O L D
723 N .0D 11~, l . 2 7 - ~1 -). -3 7 2 . i C l t l . 9 0 4 1 . 5 O  9.~ ALL ~6C E S  S . S N 1 F D
T2 i92- ~.O0117 1 . 2 3 3 8  0 . 2 4  1. ’9’ . 0 1” 1 . 4 7 97 A L L  F A C E S  S-IN0E’)
7~~ 0- , ” I . j  I O N ?  z .1462 1. .2 1. )12.02 R1. 4 4 95 AL L  F5C ~~S 5 414010
12 -3929.0)100 2.2609 1. -.4 2 3112’ .0I61. 4 8 98 AL L  F A r E S  54N0f )
7?Yil’J.00101 - 2.1069 1.39 1.0 ,12. -O I R 1 . 4 8  97 A L L  F A C E S  S A N D E D
7 2 0 0 2 ’ l . 030 , 3 . b - Y 7 7 2 .2 8  Z . - 9 4 2 . 0 3 X 1 .4 8  90 A L L  F A C E S  S I INJCJ
720 7?9 .0)OAI 3.6708 2.31 2 . 0 1  ‘ 2 . 0 2 4 1 . 4 ’ J  99 A t  L F A C E S  SINI)EI)
1 ’ ))?l. ’- ,42 3 .7071 2 .27 2. )~~~2.0S*1.50 13 2 A,. L F A C E S  SANDE r )
12 0021 . 7 0 , 1  -..9393 9.08 2.O 442 .OOX1.40 ID0 A L L  FA ’ 7 S S AN D E D
72092 9. 1 1 ) ’ .) -..9l.5 1.06 2.02 *2. -32 U.5O 1 0.) ALL FA C ~~S SAN r ? ED
7 2 ) i f 9 . C - ) ) 5 ’ )  4 .57 ,10 2.99 1.9912 .00X 1.46 96 A LL F A C E S  S A N D E D
720929.00014 2 .3570 1 .4 6  2 . 0 0 9 7 . 0 7 X 1 .4 6  99 A L L  F A C E S  S.INOEI)
720979.00015 2 .4110 1. 45 2.07’2.O5X1 .49 104 A L L  F A C E S  S ANDED
720327 .0)311 2.4717. 1.’.9 2.05 2. o N x 1 . 5 O  103 I I I  FA C E S  S A N D E D
720979.03019 7.3893 1 .42 2 .09’2.J641.49 105 ALL F A C E S  SA N D E D
720929.00019 2 .3658 1.49 2.0012.32X I.S0 99 ALL F A L l S  561)10
72 0929 .O-)Ofl 2 .306 8 1.~~1 L. 9842.O0 *1.5l 90 A L L  F A C E S  S A N D E D
720929.00032 1 .9797 1.22 2 .O9’2 .0541.45 101 ALL F A C E S  SA N ’ I O
720979.000:3 2.6436 1.70 2.32 (2 .31X 1.46 97 AL L  1 1 1 15  SAMU E l )
720929.00034 .6219 1.65 2.03*2 .0441.46 ‘ 7)  A L L  F A C E S  58 11)1 0

‘?l)TIS— A L L  S I 0 P L F 4  I’ . 7 415 T E S T  ~r P I E S  P~~”E C OT 1 8 1 4  P~~f t r~L fl P ) )L Y 5 T Y R F N E
61 ;A ’ 0 ) ~~. 6 10 ,4175 I’? 0”6”’S , 141 f l I M S I l Y  IN L 43/C U FT. D) P I 7 4 S I I T N S
I” INC HE S RN ’? V’lI J MF IN CL7O IC IV F N I I M T I R N .  )F M P I R A T U R E S  T N
F A R E  N - l i  IT OF iOI E I -S.  SA” ’ PL ES  Nl) ’ i ”~i 4 0 ) 1 )  IN 0.4 P E R C E N T  BY WE IGII T
ET .,Y L ALCO h OL — ,~R T 1 R  SOL ) )T IUTI .

_ _ _ _ _ _ _ _ _
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L I E  TUII 1f~~P F R A T U 5 f  S W E I G H T  p (E1)R  F T  C A L C S  DR N O T E S  SAMPLE
Y RMO DY .I$ , ’-’M P A T H  F A i R  1 1 1 1 , 4  4)117414 E K E Z E  Cr NUMBER

1 7 1 1 2” . t 4 ” 0  77. 7. 76. SA M P L E S  It) I P F E 7 I R
u 2 1 1 2 r.1455 S~~1 C I F I C  G 5 - .~~t 1 Y  If  A 1 C I I I I ) I L — 6 6 T F 4  411) - l ItRE 0.695 AT liE

M I ( T 1 ’~~E IS I t t l 0 ‘ - I  1.) PF ’-CF ’I T E T ’ I Y I  AI C ’ ’II U L AlIt) 15.0000. W A T E R
721735.1 20 ? S P E C I F I C  G R A V I T Y  Of A — W  ~ IX 0.997 AT 73F
121207 .1 002 7 . 0  0.0 75.0 IREM I I V 1O  FR OM F R E E Z E R

S * * * . $ S* A * , S S S* * * * . $ 5 5 $ $ 5* * * 5  1 C Y C L E  C O M P L E T E  * * 5 * 5 * * . * * 5 * 5 S* * * *5 * * S * * * *S * S

721207.1012 1.5159 720929.00059
7?1207 .1013 1.4015 720929.00060
721207 .101 4 1 .1787 7 .0929 .0011 4
721207.10 [4 1.2914 720929.00116
7 2 1 20 7 . 10 15  1 .3059 720929 .00 117
7212 07.1015 2.1709 72092 9.00099
721207 .1016 2.2748 720929.00100
721207 .1011 2 .1810 720929.00101
721207 .1D18 3.6210 72092 9.00040
721207 .1019 3.6892 720929.00041
721207 .1020 3.7309 720929.00042
721207 .102 1 4.9343 120929.00048
72120 7 .1021 4.9355 120929.00049
72 I 2 D ~~.1022 4.6033 720929.00)50
72T2O7.1O1 2 2.3691 720929.00014
72 37.1023 2 .4233 720929.001)15
721207 .102 4 2 .4874 720929.00017
72120 1.1024 2.3928 720929.00018
121207 .1025 2.3160 . 720929.0)019
721207 .102 6 2.3360 720929.00020
721707 .1021 1.9936 720929.00032
721207 .1326 2.6464 720929.00033
721707.1929 2.6315 720929.00034
72120 7 .1120 S AM P L E S  SUI JMERGE D W I T H
12 1 2 0 7 . 1 1 2 0  - TWO INCH I- lEAD
12 12 07 .1615 72 .0 8.0 76.0 S A M P L E S  TO DR IP  RACK
7 2 1 7 0 7 . 1 ) 4 7  72.0 0.0 76 .0 S A M P L E S  ITT F R E E Z E R
1 2 1 2 0 8 .0 003  7 3 . 0  4 .0  13.0 2 S A M P L E S  FROM F R E E Z E R

***.s.*.**.**s.*.s..ss*s**ss* 2 C Y C L E S  C O M P L E T E  e $ * * . . * * * * * * S * * A * S * 5 S * S S S * % * *

D A T E  III-’ ) TF M P E R A T U T I I S  W E I GHT B E F I t S  F T  C A L C S  OR NOTES SAMPLE
Y P # 0 O Y . ~ 4~~M M  M A T H  F R i R  ROOM St)RMR F R I l l  CY NUMBER

12110 0.0833 1.6914 - 120929.00059
7212 41.0834 1 .6332 720929.00060
77IlOtJ. 033 6 1.29 46 720929.00114
721208 .0837 1.3603 720929.00116
7 2 1 2 0 8 . 0 8 3 7  1 . 412 3  720 92 9 . 0 01 17
721208.0818 2.3262 720929.00099
721208.0838 2.4711 720929.00100
12120P.0P39 2 .2943 720929.00101
72 12 1 4.0840 3.1166 720929.00040
72120 1 .09 41 3 .7013 720929.00041
721208.08 42 3.1602 720929.00042
121208.03 42 4.9302 720929.00048
711208.0 843 4.9420 720929.00049
121203.08 44 4.5 885 . 720929.0-3050
111208.0844 2.5440 720929.03014
72120 8.0846 2.5703 710929.00015
771208 .08 47 7.6394 720929.00017
711208.0847 2.5916 720929.00018
721208.0848 2.4496 720929.00019
711238.03 48 2 .4955 720929.00020
721208 .9849 ?.0072 770929.00032
12120P .0859 3.0060 72092Q .00033
1?1208.0851 2.8536 720929.00034
IZIl OR. OlIN SAM P I ES S t I R M E R G E D
721 208.1 610 71.0 0.0 76 . 5  S A ” I P L I S  TO D P I P  R A C K
721208.I64~ 13.3 2.0 7”.’) SA’ 1PLES 10 f - R I F l E R
721209.0 939 72.0 8.0 72.0 ISA M P L E S  EK OM F R E E Z E R

- ~~~~~~~~~~ - - -~~~~~~~- V ~~~~ -V~~~~ V    -

_ _ _ _  - -
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 3 C Y C L E S  C O M P L E T E  * 8 5 5* * * *5 * * * *S .* s .*s . . .* * *. .~

DA TE 1142 IIHPE 7A T UIY I 5 . 9  I Ci-i l B E F O R  I - I  CA L C S  OR HO lE S SAMPLE
YPM’t lY ..fQ~~’-q M A Rl-I FRff( 1)’M S ’?t ’ ’-l 5 FRE ZE CY NUMBER

7212 0-0 .1 316 1.6018 720929 .001)69
721209.101 6 1.4022 720929 .00060
7212 09 .101 7 1.1829 720929.00114
7 2 1 2 0 9 . 1 0 17  1 .3 140  720929.001 16
721209.I O IB 1.335 6 720929.00117
121209 .1018 2 .2369 720929.00099
7212)9.1018 2.3287 720979.00100
12120 9.1320 2.2046 720929 .00101
721209 .1020 3.6215 120929 .00040
721209.1020 3.6939 120929.00041
121209.1020 3.7384 720929.00042
721209.1920 4.9213 720929.00048
121209.1023 4.9355 720929.00049
721209 .102 3 4.5745 720929 .00050
721209 .102 4 2.4248 720929.00014
121209 .102 4 2.4739 720929.00015
72120 9. 1024 2.5289 720929.00017
721209 .102 6 2.4974 720929.00018
721209 .0 124 2.4129 720929 .00019
721209.1027 2.4064 720929.00020
72120 9.1021 1.9873 720929.00032
711209 .1027 3.1075 120 929.00033
721209 .1029 2.1600 120929.00034
7212 39 .1030 1 .55 13 120929 .00059
12120 9.1030 1.3986 720929.00060
72120 9.1037 72.0 0.0 74.0 SAM~’LIS SU SMFR&ED -721209 .1615 12.0 —2.0 74.0 SA M P L E S  TO [TRIP RACK
721209 .1 650 12.0 0.0 74.0 S A M P L E S  TO F R E E Z E R
121210 .1000 0.1 73.0 4SAM PL E S F ROM F R E E ZE R

•~~~~~* * * * * 5 * * * * * * * 5 * * * 5 5 * * * 5 0  4 C Y C L E S  C O M P L E T E  •$~~g$ $ 5*5 *5 5 S****$**S*S$****S

DA TE TI M E T E M P E R A T U R E S  W r I G H T  REED S FT CALCS OR NOTES SAM PLE
NUM 9ER11 )) v~~l - - ’ ” H  88TH F R/~ R ” ,M S’JR MP FR Ill CV

72092 9. 0005972 1210 . 1025  1.5391 120929 .000607 2 1 2 1 0 . 1 0 2 8  1 .4 4 0 3  
120929.00114

7 212 10 . 103 0  1.2233 
7 2 092 9 .0 0 1 16

171210.1033 1.3460 
720929.00117

121210 .1033 1 .3415 
120929 .00099

121210.1000 2.3172 
720929.00100

721210 .1000 2.3683 
720929.0010172 12 10 .1 000  2 .2 2 67 120929.00040

7212I ).1000 3.6329 
720929 .00041

72121 0.1000 3.7179 
720929.00042

721210 .1000 3.7680 . 
120929.00048

721210 .1010 4.9264 
720929.00049111210 .1011 4 . 93 17  720929 .0005072 1210 .1012  4.5 185 120929.00014

121210 .1012 2.4532 
720929 .00015

721210.1014 2.5019 
720929,00017121210 .1015 2 .579 7 
720929 .00018

1 2 12 10 . 10 1 5  2 .5505  
720929 .00019

7 2 1 7 1 0 . 10 1 5  2.4499 
720929 .00020121210 .  10 18 2.4930 
120929.00032

721210 .1020 1.9876 120979.000337 21 2 1 0 .10 27  3 . 1580  120929.0003412 12 10.1025 2. 7925
SA MPLES SUB MERGED1212 1 0.1040

72 1210 . 1 720 7.0 72.0 SAMPLES TO RACK C F REEZE R

721211.3823 71.0 7.0 72.0 5SAM PLE S FR0M FREE ZER

— — — - — — - - - pr~~~~_ . _ . _ _ 
~~— - _ .— — — - — - — — - —~~~~~~~ - -
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*S**..S$...*S$ 55*5.5.55*55*5* 5 CYCLES COMPLETE S*I *$ * • *e  Si * *s * * * * * * * * * * * * * * *

D A T E  T I M E  T IM P E R A T U R E S  W E I G H T  BE F OR FT CALCS OR NOTES SAMPLE
Y RMJO Y.HRMM B A T H  FR ZR R OOM SU8MR F R E Z E  CY NUMBER

721211.0930 
- - 1.5856 720929.00059

121211.0931 1.4189 720929.00060
121211.0930 1.2037 720929.00114
721211 .0929 1.3355 720929.00116
121211. 0928 1.3198 720929 .00117
7212 11. 0 928 2.3412 720929.00099
721211.0927 2.3669 720929.0.0100
721211 .0929 2.3130 720929.00101
721211. 0925 3.6641 720929.00040
721211 .0925 3.1479 720929.00041
121211.092 6 3.7630 720929.00042
721211 .091 5 4.9266 . 720929.00048
721211.0915 4.9387 720929.00049
721211 .0916 4.5868 720929.00050
721211.0924 2.4565 720929.00014
721211.0924 2.5510 720929.00015
721211 .0923 2.5619 720929.00017
721211.0923 2.5102 720929.00018
72121 1 .09 2 1  2 .4 3 72  720929 .00019
1212 11 .0921 2 . 4 8 3 7  120929.00020
721 21 1. 09 1 7 2.0071 720929.00032
721211 .0920  3.1116 - 720929.00033
7 2 1 2 1 1 .0 9 1 8  2.9005 120929.00034
72121I.1000 S AM P L E S  SUSM E RG E D
7212I1.1605 73 .0 0.0 75.5 SA M P L E S  TO D R I P  RAC K .
121711.1 6 40 73.0 10.0 75.5 S AM P L E S  TO F R E E Z E R
7212 12 .08 12 72.0 0.0 73.0 6SA MP LE S FR OM FREEZER

5• •*  s$ SsssS** .S***s***.,***$* 6 C Y C L E S  C O M P L E T E  *S5*S55S*5**************5*55*

ElATE TI ME TI 9P I- t ’AT)9’S W E IGHT BEFO R FT CAI CS OR NOT ES SAMPLE
YRP)D Y.H P~~M 4 1 6 T H  1 - f I R  P 79 5’JB#-~ 19121 Cr NUM B ER

72I212 .08 44 
- 

1.5353 120929.00059
721212 .0844 1.4205 720929.00060
721212 .0345 1.2139 720929.01114
721212 .0845 1.3796 720929.00116
721212 .08 46 1 .30.73 720929 .00117
l’t212.0357 2.2549 720929.00099
71 12 12 .0858 2.3187 i20~~29.O0100
121212 .0858 2.2490 720929.00101
12 I21 ? . 3855 3 .6170 720929.00040
721212. 0 856 3.6879 720979.00041

• 12l2 I2.0657 3.1365 120929.00042
721212 .0362 4.9249 720929.00048
121212.0854 4.9275 720929.00049
721212 .0655 4 .6765 720929.00050
12121’ .0848 2.4919 7~~O929.00014
‘21212.09 48 2 .6225 120929 .00015
12121 1.0849 2 .5143 720929.00011
111210. 0849 2 .5108 720929.00018
7212 12.33 50 2.4308 720929 .000I9
12121 1.0851 2.2038 720929.00020
1 1I212.0861 1.9860 720929.00032
7 1 1 2 1 2 . 0 8 5 2  3 .0062 720929 .00033
721212. 0852 2.8207 720929.00034
12 1217. 0 903 S A M P L E S  SU R N E P G E D
1 2 1 2 1 2 . I 2 4 4 72.0  S A M P L E S  10 ORIP R A C K
72 1 212 .1 673 0.0 76.0 S A M P L E S  TO F R E E 7 E R
721213. 0 t 07 72.0 5.0 73.0 7SAM P L ES FROM F R E E Z E R

•~~5 * S * 5 * * * $ 5 S * * * * h * S * 5 Ø e * * *** 7 C Y C L E S  C O M P L E T E  **•*S*$•******SS***S5******5e

72I 2 l 3 . O 8~~5 72 .0 7.0 73 .0- SAM PL ES S U B M E R G E D  -
7 2 1 2 1 3 . I 503 72 .0 7.0 15.0 S A M P L E S  TO I , , t T P  RA CK
7 2 1 1 I 3 . 1 5 44 1 . 0  9.0 75 .1) S A M P L E S  TO F R E E Z E R
7 2 1 2 1 4 . 0 7 50  1 1 .0  9 .0 12 . 0  B S A M P L I S  F P r ) M  F R E E Z E R

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---~~~~~~
_-  -- -- 7



7

••••• .. .•*s. . ie**,~~i** **•i~~*e 8 CY C L E S  C O M P L E T E  **~~S*S~~SS****S.**~ **••*S**SS*

(‘-1 11 T t ~~[ TLMPF D S TU R E S W E I I ” T  P E F U R  F T  CALC S OR N O T E S  SAMPLE
Y A M ) ‘Y .~~~--~~~M 94TH FA/.l 4k~~l~~ 5017441 F F 1 1 1 1  CV HUMMER

7 2 1 2 1 4 .003 3 
- 

1.53 45 720929 .00059

1 Z I Z 1 4 .0~~J l 1.4316 720929.00060
12 ! 2 1 4 .~~932 1 .1799 123929.00114

72 1 2 1 4.3333 1.3316 720929.00116

7 2 1 2 1 4.08)4 1.37 00 720929.00117
121214 .0835 2.2048 720929.00099

17 12 1 4 .0335 2 .3678 120929.00109
72121 4 . 19 36 2.2496 720929.00101
721 2I 4.0836 3 .6151 720929.00040
72 12 )4 .383 6 3.6859 720929.00041

7 2 1 2 1 4.0638 3 .7276 720929.00042
721 2 1 4 .0838 4.9245 720929.00048
7212 1 4.083 9 4.9248 720929.00049
12 12 1 4.08 40 4.576 120929.00050
72 I2 14 .0841 2.4242 720929.00014
7 2 1 2 1 4.08.2 2.4155 720929.00015
7 7 1 2 1 4.0342 2.5309 720929.00017

7 7 1 2 1 4.08 43 2.4578 720929.00018

7 7 1 2 ) 6 .0944 2.3975 720979.00019
7 2 1 7 1 6 .0 844 2.4036 720929 .00020

72 17 1 4.0946 1.9862 723929.00032
721 2 1 4 .3845 3.0864 720929.0)037
721214 .0 947 2.8270 720929.00034
721 21 4.0355 1’.O — 1 . ) 73.0 5P CR. 0.996
7 2 1 2 1 4 . 1 52 5  72.0 0.0 75.0 S AM P L E S  TO D R I P  RACK
72 12 14.1801 72.0 2.0 75.0 SA M P L E S  10 FREE ZER
721215. 0902 9SAM PLE S FROM F R E E ZE R  -

. ,* .* s . . s S* .* *S .* 8 .* * .  . * * *$ 4 5  9 CYCLE S  C O M P L E T E  *******~~* *8* * *~~***•*****~~**~~*

7212 16.0 9~~5 71.5 7.0 75 .0. SA M P L E S  SUBMERGED -

1 2 12 1 6.1666 74.0 8.0 77.0 SA M P L E S  TO DRIP RACK 
-

7 7 1 2 1~~ 1 635 7-..0 1 0.0 77.0 SAM P L E S  TO FIlE-liES
721210..1010 0.0 74.0 LO S A M P L E S  FROM F R E E Z E R

• * • •* • • * *• *  ~ * * * *S ~~* * * $ * 4 * * * * *  10 C Y C L E S  CO M P L E T E  S*S*S*********S***s***I**$***

~~ 7F II ” l  I E U P E R A T I J T F S  w~~!C HT SEEDS F) CALCS 041 NOTES SAMPLE
Y - ) ’-’ C) i~~. -~~ ’- ’  f I L t H  F P Z 4  ~~ 11l I NI O  l - -  IFEZI C V  I~uMl3ER

121 2 1 6.1044 1.5400 120929 .00059
7 112 16.1044 1 .4351 720929.00060
72121 6.1045 1.1824 120929.00114
72 121 6.10 44 1.3363 120929 .00116
12 121 4.10 46 1.3229 720929 .00117
7117 1 6.1046 2.2007 720929.00099
721216.1 0 47 2.3)81 720929.00100
7 ? I 2 1 E .1047 2.2071 720929 .00101
77121 6 .1 048 3.6202 720929.00040
12121 6.1049 3.6856 120929 .00041
72121’- .1 953 3.1304 - 720929.00042
72121 6.1052 4.9264 120929.00046
721211 . I ) N 3  4.9266 720929.00049
72171 6 .1-3 64 4.5762 720929 .00050
72 121 6 .1054 2.41 46 720929 .00014
72 12 1 6.1055 2.4799 120929.00015
72 121 6 .1955 2 .5163 720929.00011
721216 .1056 2.4631 720929.00018
1212 1 6.1066 2 .4154 720979.00319
721211- .106P 2.~~017 12092 9.00020
121 2 16 .1058 1.9868 720929 .00032
12121 6 .1069 3.0086 720929 .00033
711216.I1 00 2 .8321 120929.00034
7 2 1 2 1 6.110 1 1.5300 720929 .00059
1212 1’,.1102 P E P  )V l -  I F RIOI CY CI INC TO P E R M I T  C O M P R E S S I O N  TEST 120929.00059
7 2 1 2 1 6 .11 02 P(M fl V F~1 f- S i t - I  CYC( I~~; TO D F P M I T  C O M P R E S S I O N  TEST 720929.00116
771216 .11 02 R E M O V T  FR O M  CYCLI IIG Ill P I R M I T  C O M P R E S S I O N  TEST 720929.00014
1212L ~~.L I O 2  RE~~OVI t FRtI ’-t C Y C L I N G  TO P E R M I T  CUMP.I E 55105 TEST 720929.00015
1?1216 .11 0 8 SA M P L E S  SttH # E R G E D
72121 b.16I2 73.0 0.0 77.5 S A M P L E S  TO flR 1P RACK
1212 16 .1 638 4 0 4 P )  S TO F R E E Z E R
7212I 8 .0817 73.0 8.0 74.0 1 I S A M P I E S  FROM F R E E Z E R

•*..S*~~.*S***SS * *...****.S.* II C Y C L E S  C O M P L E T E  •s**s*..s..**s.e.*....sss*s*s

121219. 0844 SA M IL E S SU R M E R G E D
1112 18. Ic I’  75.0 3.0 77.0 S A M P L E S  T I) [TRIP PA CK
111217 .l6t) SA M P L E S  TO F R E E Z E R
7Z12I 9.osob I 2 S A M P L A S  FR OM FR I E Z E S

- - - - —-- -— - 7
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•* . .
~~

* .* . . .* a* * *
~~

** .* * . .*
~~

.*s  12 1 V C L E S  C O M P L E T E  •..eS*s*•*s*s* .***.**e**s****

D A T !  T I P I  T i M P ER . %11j 1 1~ . fE IC , ~- T  B I F ) 4 1  F T  C ALCS DR 5 1 1 €  5 SAMPLE

~~~~~~~~~~~~~~ ~~~~~~~ 
- -  ~- : - ~ -~R F~~f ii NUMBER

7212 0.C 85 9 SAM P L E S  SU IM E R G E D
72I2)9.Ic ~ ’) 7-..0 .o 77 .0 SAM PLES TO D R I P  R A C K
72 1 2 1 9.1 €-. -) 7- ..0 2.0 17.13 SA M P L E S  10 F R E E Z E R
72 12 1 J .0808 7 . 0  — 1 . -) 75.0 13 SA M PL E S  F R O M  F R E E ZES

•.**...**S***.**S**.*.*****.* 13 C Y C L E S  COM PLE TI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

72 1220 .0904 73.0 2.0 75.0 S A M P L E S  SU BME8C .ED
7 2 1 2 1  J . i 4 ~~—. 74.0 5.3 77.0 SA M P L E S  10 D R I P  R A C K
7212 70.1 640 9.0 77.0 S A M P L E S  TO F R E E Z E R
721221.0002 1.0 73.0 L 4SA M P L E S  FROM FREEZER

e * $ * * * *i S S * * * * * * * * *~~ * * * * * * * *S  14 C YCLES C OM P L E T E  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

72 1221.0901 1.4251 720 929.00363
121221.0 910 1.1782 720929.00114
12122 1.0 910 1.3180 723929.00117
721221 .0911 2.171 9 723929.00099
7 2 1 2 2 1 .0 9 1 1  2.2910 72 0 3 79 . 0 0 1 0 0
721221 .0912 2.1831 723929 .00101
7212 71 .0912 3 .6130 720929.00940
721221 .09)3 3.6828 720029 .0004)
121221. 0 915 3 .7252 720129.00042
721221 .0915 4.9236 723929.030 48
121221 .0 920 4.9247 720929.00049
72122 1. 0922 4.5760 720929.00050
12 12 2 1 . 0 9 2 2  2.5060 720929.00017
721221.0924 2.4545 120929.000I$
711221.0924 2.4063 120929 .03)19
721221 . 0928 2.3968 120929.00020

~2l?21.O 929 1.9847 720929.00032
7 ’1221.0 930 2.9900 1 0929.00033
7 2 1 2 2 1 . 0 9 3 1  2 .6 3 3 0  720929 .00034
721221.0 944 SA M P L E S  SU FIME R G ED
7 2 1 2 2 1 . 1 5 52 16.0 —4.0 11.0 SA M P L E S .T O  D R I P  R A C K
7212 21.1 623 15.0 12 .0 77.0 SA M P L E S  TO F R E E Z E R
721223 .0010 0.0 12.0 15SA MP~~ES FR O M F R E E j E R

S• * *s • * •4 • •  ~s........s S... ... 15 C Y C L E S  C O M P L E T E  * * * I* S S ,$ ,  5 . 5*  5* 1* 1 5*  5* 1*011

DATE TI ME T E M P E R A T I 4 1~~S W E I G H T  FI FF O R F T C 4LCS OR NOTES SAMPLEY f . )y .I4~’-” ) I . .~~I C R 1 5  I~~~)9  Si 1M4 F R ~~L ( CY SUM OER

7 2 1 2 2 3 . 0 9 2 9  1 .4 6 0 7  720929.00060
7 ’122 3. 0935 1.2293 120929.00114
1 )223 .0935 1.37 99 720929 .00111
121223.0936 2. 1997 723929.00099
121223 .0 937 2.3600 720929.00100

2 .2116 720 929.00101
12 )223.0938 3.6282 720929.00040
1,1223 .3939 3.70)0 720929.00041
12 1223 .0040 3 .7414 720929.00042
71)223.09 41 4.9382 720929.00048
121223 .09 42 4.9467 • 720929.00049
1 21723 .0943 4.5894 720929.00050
721223. )-~4’, 2.6440 720929.00017

~ 2I 7’3.0940 2.6744 770929.00018
71122 3 .093 4 2.5077 120929.00019
1 2 1 2 1 1 . 933 2 .5071 720929.00320

~2 T213. 0933 1.9999 720929.00032
3.1094 120929.30033

721223.0932 2.9266 720929.00034
72 )270 .094 8 71.0 5.0 72.0 S A M P L E S  Su BM E RGED
1 7 1 2 2 3 .  1610 12.0 0.0 76.0 SA M P L E S  TO D R I P  RACK
721223 .1645 SA M P L E S  TO F R E E Z E S
721278. 10 10 72.0 2. 19 14.0 I6SA M P L F S  FROM F R E E Z E R

•.~~..eø~~~**S..•*•. **~~..*s**. 16 L Y C ES C O M P L E T E  • * * * * *$ * * * * *S S . ,* *$ * * *i * *S* S *

721228.1 048 S A M P L E S  S UR M I P G E O
72)226.1 625 72 .0 — 2.0 14 .0 SA M P L E S  TO DRIP R A C K .
7212 241 .1655 SA M P L E S  TO F R I E Z E S
7 2 1 2 2 9 .  1-3 0 ) 12.0 — 1 . 0  13.0 I 7 S A M P L E S  FROM F R E E Z E R

~~~~~~~~~~~~~~~~ -——- — — — — —— ——-—-—-— ______________________ - -~~~~~ —- — 7
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*..* .••..• ......... .s.*. .e*** 17 CYCLES COMPLETE * * ** * * * * *S * S* * * * * *S * * * * *~~*$* *

OST E T I M E  ‘E U P I F I A T L I R E S  WE I GHT B EFOR FT CALCS OR NOTES SAMPLE
V R M D D Y . H R M M  BA T H  FA I R  1 3 0 ( 1 4  SU BMR F R I L l  C! NUMBER

721729.0941 
- 

1.5024 720929.00060
721229.0941 1.2306 720929 .00114
721279.0942 1.3722 720929 .00111
121229.0 943 2.3106 720929.00099
72122 9.0’43 2.4801 720929.00100
72122 9.0944 2.3465 720929.00101
121229.0945 3.6230 120929.00040
121229 .0945 3.6914 720929.00041
121229 .0946 3.7375 720929.00042
72122 9.0946 4.9300 720929.00048
121229.0941 4.9394 720929.00049
721229 .0 949 4.6052 720929.00050
121229 .0948 2.5870 720929.00017
72127 9.0949 2.4763 720929.00018
721229.0950 2.4459 720929.00019
121229 .0950 2.4670 720929.00020
72122 9.0952 1.9902 720929.00032
721229.0952 3 .1326 720929.00033
121229.0 953 2.8962 720929.00034
721229 .1029 SA M~ L F S  SUBMERGED -

72122 5 .1620 73.0 1.0 16.0 S A M P L E S  TQ DR I P  RACK -
72)22 9. 1647 73.0 S.0 76.0 SA MP L E S  TO F R E E Z E R
7301 02.0812 71.0 6.0 72.0 18 SA M P L E S  F R O M  F R E E Z E R

• * l * * *• • • •* • * S l 5  * * * * * *S S* * 6 0 0  18 CYCLES COMPLETE l****S*Sl*l***5**$********S*l

730102.0848 SAMPLES SUBM E RGED
130102.152 9 12.0 —2.0 75.0 SAMPLES TO DRIP RACK
730102.1535 SP.GR 0.999 A T 72F
730102.15 40 SP .GR OF D1 ST IL L I )3 Ff20 0.096 AT 78.SF
730107.1600 72.0 7.0 15.0 SA M P L E S  TO EREE ZER 

-

7313103.0800 72 .0 2.0 73.0 I9SAMPLES FROM F R E E Z E R

*S******l***S**SI****P ***IS$* 19 CYCLES COMPL E TE •**S******e**00**************

DATE T I M E  T E M P E R A T U R E S  W E I G H T  B E F O R  FT CAL CS OR NOTES SAMPLE
YRMOD Y ..-IPWM B A T H F SZP R I M  SUSM S F R E Z E  CV NUMBER

733103 .38 44 1.5461 720929.00060
730103 .08 43 1.2099 720920 .00114
73 0103 .9842 1.3482 720929.00117
7 30103.0941 2.2105 720929.00099
130109.0040 2.5286 720929.00100
730103. 0940 2 .2953 720929.00101
730 )03.0939 3.6267 720929.00040
7313103 .0838 3.1310 120 123.00341
7301 03.0838 3.7330 720929.00042
7301 03.0837 4.9315 720929.00048
739103 .0836 4.9463 720 929.00049
730103.0836 4.5973 - 720929.00050
730103.0835 2.b120 120929.00017
13010 1.0835 2 .6555 120929.00018
730103 .0834 2.4936 720929.00019
730103.083 4 2 .5546 720929.00020
730103 .0033 1.9949 720929.00032
730103.0832 3 .255 6 770929 .03033

3.0243 720929.00034
730103.08 48 S A M P L I S  U T M I A C E D
730103 .1508 77.0 0.0 14.0 SA~~’-~~1 5 o f l o P  P A C K
730I0 .1~~42 72.0 8.0 713. 0 S A M P L E S  1 O F ’ ! E Z 1 ~
730104 .0802 72.0 5.0 73.0 ? O S A M P L I S  F ’ l M  f - S E R I E S
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**** S*S.,.**.*,..$.S...*0.*S* 20 CYCLE S  C O M P L E T E  *S0*~~**** **S****S*e*****010S*

D Á I l  7 f f - I c T 1Mu’ l~~ 4 71 J i? E W E 1~~II T TE FOT FT CA ICS OR NOTES SAMPLE
y R ~- 1-u :) y .HRpM 8 8 1 1  c ~Zfi ‘ 1 ) J - F  Suruu.i F R E Z E  CV NUMBER

130104 .0839 
- 
1.5213 123929.00060

13 -0104 .0840 1.228 1 720929.00114
7 30104. 0-141 1.3690 720929.00117
7 3 0 1 0 4.0842 2 .7502 120929.00099
13 19104 .0843 2 .4358 720929.00100
13010 4.0845 2.2696 720929.00101
13010 4.0346 3.6214 120929 .00040
730I0-. .-)8’.7 3.6900 120929 .00041
730104 .08 48 3 .7319 720929.00042
73010 4.0848 4.9232 720929.00048
73)10 4.0849 4.9509 120929.00049
13010 4.0850 4 .5815 720929.00050
13010 4.0951 2.6)15 720929.00017
130104.0851 2 .5216 120929.00018
73010 4.0852 2.4851 720929 .00019
730104 .0053 2.4824 720929.00020
1301 04.0854 1.9899 120929 .00032
73010 4.0855 3 .1835 720929.00033
73 31 04.OBSb 2.9638 120929 .0003 4
73010 4.0940 S A M P L E S  TO SOC O V E N

1)010 6 .1101 SAM PLES FROM OVEN
13010 6.1110 1.5010 720929 .00059
13010 6.1112 1.3900 120929.03060
730106.11 13 1.16)0 720929.00114
1301 06.1111 1.2108 120929.00116
730 10 6.111 4 1.2905 - 720929.00111
730106 .1114 2.1562 720929.00099
130106.1113 2.2620 720929.00100
730106.1115 2 .1679 720929.0010)
730106.1116 3.5995 720929.00040
71)106 .1116 3.6680 720929.00041
73-3106.1111 3.1070 720929.00042
730106.1118 4.9083 720929.00048
73010 6 .1118 4.908) 720929.00049
730106.1119 4.3600 

. 
720929.00050

730105.1109 2.3500 720929.00014
13010 6.1109 2.4049 720929 .03315
7311 06.112 0 2.4716 120929 .00017
13010 6.1120 2 .3802 720929.00018
730106.1121 2.3645 720929.00019
733106.1122 2 .3141 720929.00020
730106.1123 1.9681 720929.00032
730106.1123 2.6341 720929.00033
730106 .112 4 2.6226 720929.00034
730106 .1123 SAMPLES RETURNED TO OVEN

0
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A PPE ~JJx E

CU M D U 1E u~ ~~~L.~ ;k ~~~
- 

~~~~ ~ L.~ICH~ N3 R~’JCH T h EE —L 4Y [~ -~L T IOD

R E FL ~~E?~CE LAC~1E~~bRUCH (I)59)
C L.~.CHF ~ .T ~~ IC1$ T - f ~ L A , F 9  M ETHOD
C ~ 1f I ~~~~~ ...~ I T 1 t ,  ( N  ~ 3 l i l T - ~~l9 IV  .4ILL 41UN U ( ” E R  FIu jF140 ALSO .
C 1o I)EC 1972 5 . ‘F~~C
C T - ~ ) .~~A M C ~- U ’ S ~ I I’. 0 - 1  S f - U T  l \ 9 [ M ~~ 1 T A L  IH I C A . . [ 5 . S 6 S  OF
C L A Y 1 P  a 1 u u - ( S J u  ~~~I’ . [ i Y ~~ ~ A 1~~ T F € — 1 A T E P  S Y S T E M .
C T fCc11~~ .S CF ( T H :  S L A f t  .5 .1I- -~A I  ~ Ct)’~STA NT.
C
C S i At) T H I C P N 1 S S ) 1 3 ) .  1f1F , A A L  C~~.~) J C 1 I V ) T Y ) T J ,  AN D V 3 L U M E T P I C  HEAT
C C A P A C I T Y I C I

01M 11. SIUII R(5), T 5I .C1 5 )
13 ~) )  1 .1=1.3
1 8F 4L )I1,2) I~(J), 1 I J ) , C I J I
2 FO- I F-F AT (3E 10. 4 )

C —
C C A L C U L A T E  B E T S  AND A L P H A  V A L U E S
C

13 L . (T I  1 ) * C I I )  1*13.5
B 2 = I T ( 2 ) . C ( 2 ) )~~•D.5
ci 3 I T ) ) )  SC ( 3 ) 1 * * 0 . 5

4 A1. T (1) /C(1)
A 2 . T ( 2 ) / C ( 2 )

C
C CO M P U T E  C O N S T A N T S  FOR EQUAT IONS
C

C1 .a3~~82
C2’82**2.
C3~~B 3 ’R1
C4’B2

~~
B 1

C 5=C1 I C2 • C3 • C4
C6~~2..SQRT).O 007164/2. )
C7=1./SO RT t A t )
C8~~1./SQ R T I A 2 )
C9~C6’C7
C10~ C6SC9
C 1 l .* t 1 I * C 9  -P).4~ ‘C 4/C5
P2 .1—C l • C2 — C3 4 C4)/CS
P 3 = 1— C l  — £2 + C3 • C4)IC5
P4.(C1 — C2 — C3 • C A l / C S

C
C PRINT HE ADING
C

S FOc1 M A T I  ‘1. ,’ INF .~-I.~ T ! J ~. FUR L A C I F I N c 3 1 1 C ( I  3 — I A Y L S  C A S E ’/ / )
W R I T E  I 3 , 9 0 )

90 F O R M A T I ’  ~~.‘ J’ ,711. ’X ’ .T 2 l .~~J’ ,T 3 i ,~~C ’ / l
00 7 J~~1 .3

7 W A I T E ) 3 , 8 ) X I J ) , TI J I ,C I J I
8 FO R M A T ) ’  ~,I5,3 F10.4)

- - - - - ~~~~~~~~~—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - - _ _ _ _ _ _ _ _ _ _ _ _ _
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4.

C
C R E A D  INC R E M E N T A L  T H I C K N E S S  OF L A Y E R  2 AND NO Of T I M E S  TO INCREMENT
C

R E A D ) ) ,  : ‘ ) X IN C .L
3 F i ) R M A T ( F I O . 4 ,I5)

MR I T E  ( 3 .  9 ) A  INC.L
9 FOR M A T V  ‘ , IN C R E M E N T A L  TH IC K.NE SS c ’,F10.4/ ,~~NU M9 E R OF IN C P EM E N T S

1= ’. IS)
C
C CO MPUTE D A M P I N G  AS T H I C K N E S S  OF L A Y E R  2 INCREASES
C

W R I T E  13 ,91 )
91 EU R M 4T I ‘,‘NU’4315 OF ’ ,115 , ’F/A RA I I O ’ ,T32, ’INSUI. A I I O N ’)

WR I IE ) 3 . 9 2 )
92 F O R M A T )’ ‘,‘ IN C R E M E N T ’ ,T13, ’ D ) ME N S I U NLE SS ,T 3 0 ,’THIC KNE SS, ET’!)

L .L +  1
DO 10 N~~1,L -
C 12~~X I 2 )*C10
C13~~C 1 l  4 C 12
51 .)2. ’F’ 2 * E R p I — C 1 3 ) ) * C U S ( C 1 3 )
S2~~(Z. IP3~~FK P(— C 11)) *C 1) S fC 11)
S3.)2 .*P 4 I E X P ( — C 1 7 )  ) ‘COS IC12 )
S4 I I . *P 2 * P 3 4 F T (_ 2. *C 11~~C 12 ))ICt )SIC 12)
55c( 7.’P2$P4 *1i~P I — C 1 1 — 2 . *CI2 )) *COStC15)
56.(2.*T ’ I I P A ’ E T P ( — C L 3 I 1 S C O S I C 1 I — C 1 2 )
S7c I P2* P 7 J ‘LTP(— ’.* C L 3 )
S8~ P3*1’)) tT XP ( —2. ICI 1)
S 9 1 P4*P4 ) .EXP(—2 . *C1 2)
S b — i .  ‘Si  • S2 SI A 54 + S5 + S6 4 ST 4 56 4 S9
A N S~~l E X F ’ l — . S * C1 3 I I P I / I S Q R T (S 1 0 ) )
W 4  l i E)  3, Ii IN, ANS, 1(2)

11 FO N M A T ) ’  ‘ ,I’,.T 13 , I-L O .4.T30 ,F10.4 ) -

10 X( 2 ) 8 1 2 )  + SIN C
C
C~ R E A D  A F L A G  TO U ’ I f - S I I N E  WHETHE R ANOTHE R P R O F IL E  IS DESIRED.
C F L A O~~O. IF NO A D U l T  ICHAL P R O F I L E S  AN E W ANT ED. -

C
R i A 3 I 1 . 3 2 ) F L A G

12 F OFI MAT IE I O .4 )
IFIFLA G.NE.0. )G0 TO 13
STOP
END

E X A M P L K  OF INPUT D A T A  FOR 3 — L A Y E R  SOLUTION
6.0 1 .01 26.0 x. I 691) C TO ) M - T T F R I A L  1. SO L I IT IC9 I.
3• 04)7 0.0)25 1.0 x , T ANT) C E E l  ‘44 T F- F1 IAL 2, k.(IL ’ T I 0 ~4 1.
3.0 0.895 37.0 1, T AN T) C F T  M I T I - R I A L  3 . S 1LU T ID1 1. -

0 . 0 4 17  12 I N C R E M 1 N T A T  ~~l l C Y . ~F~SS I. Ni . or INC R E M E N T S
10. - f - L A G  F I f  5 )1) ) !  I I ~~~~L SIII UT I N .

6 1 3 .0  1.~31 26.3 x , T A ll!) C f - f l ~’ ? - ‘ T T E I I I A L  I . S’TLI ,TI[! N 2.
0.0,11 13.0175 1.0 x , T AN T) C I)” M S T r P I A L  2. SDL’ITIO’l 2.
5.0 0.895 37.0 X , T AN !) C f0.l M A T K I F I A L  3, S )LU T IE I9 2.
0.0417 12 INC R E M E N T A L  T H R C K N f -  55 E NU. OF IN C R EMENTS

0. F L A G  FI T R L i S T  S O L U T I O N .

-~~~~~~~ fl ~ - a .~~~~~~ --- - -. -— -- - -


