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INTRODUCTION

This report compiles all the individual reports due in the research
contract "Possible use in Minnesota of research done in France concerning
the design of pavement to resist frost action" into sectiomns 1,2,3,4.

The intent of this research has been to investigate the possible use
of a computer program developed in France by the "Laboratoire Central des
Ponts et Chaussees" as well as acquiring information and data concerning
French soils that have been tested for frost heave.

Support from the Minnesota Department of Transportation to help the
Underground Space Center at the University of Minnesota initlate a
research program in the field of soil freezing is greatly appreciated.
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SECTION 1

ACQUISITION OF PAST RESEARCH AND TEST DATA

1.1 Introduction:

This section addresses the procedure used to collect the available
research and testing information from France in the area of frost heaving
in soils and its incorporation into the design of French roads.

The subject addressed is still poorly understood and relatively little
resezvch is being undertaken in this topic around the world. Unlike many
research areas, it is not possible to easily obtain the state-of-the-art
research notes in the field of soil freezing at any university library. In
the context of the research proposal, it was understood that a large body
of information was present in France since the department of roads and
bridges in that country had done some extensive research in the field of
frost heaving and had come up with new designs to build roads that are
protected against the action of frost heave.

Two principal means of infermation collection were used. Mr. Hovan
already had plans to be in France at the beginning of the project and thus,
took advantage of his trip to visit several French researchers. This
included various talks with several French frost heave researchers as well
as a visit a a regional laboratory where field-scale frost heave tests are
conducted. A small report concerning that visit in France has previously
been written and distributed to Mn/Dot. Most of the information has been
gathered however, by writing and talking to Dr. Fremond in France as well
as during Dr. Fremond’s visit to the University of Minnesota. It should be
understood that it was a long process to collect some of the restricted
frost heave research information by mail. Not only do the results of the
soil tests have restricted access but they also have commercial value. The
regional laboratories in France operate as separate entities of the central
Department of Roads and Bridges; they have the responsibility of being
profitable or at least breaking even. Frost heave tests are performed on a
commercial basis for private construction companies and results are
therefore restricted. In this context, it has been much more difficult than
expected to collect some of the results on tests performed on french soils
by those regional laboratories. After many efforts and long delays, 80 soil
test results were finally received in April 1987. Although the documents
in hand are only a sample of the existing tests, enough material had been
gathered to draw some important conclusions for future research.



Information was gathered in three principal axes

(1) The use of the French frost heave simulation program which
is used for prediction of frost heave problems and also
for research into frost heave action.

(2) The value of the existing French database of frost heave
susceptibility tests data for approximatively 1,000 soils
in France.

(3) Research literature in field of frost heaving in soils.

1.2 Use of the computer program :

Under a special cooperation agreement between the Underground Space
Center at the University of Minnesotaand the Laboratoire Central des Ponts
et Chaussées in France, the large computer frost heave program is now
available for research purposes on the mainframe (IBM 4341) of the
Department of Civil and Mineral Engineering.

The use of this computer program has to be addrzssed with the
following concerns:

1. The program is large and complicated and hence, a training period as
well as a good understanding of frost heaving need to exist before the
program can be used successfully. A summary of the particular use of
the computer program is given in Section 3.

2. The computer program has a high commercial value and special
arrangements must be made when looking at specific problems that are
not research oriented.

Learning how to use the computer program falls under the category
"gathering of information". The author of the computer program, Dr.
Fremond, is a visiting professor in the Department of Civil and Mineral
Engineering at the University of Minnesota and offers a course in the field
of Frost Heave. The graduate student has learned how to use the program by
(1) taking Dr. Fremond’s course and (2) by working closely with Dr. Fremond
to run examples leading to actual problems.

1.3 Other documents collected :
The other documents collected are as follows

1) 80 frost heave susceptibility test results data as a sample of the
large French database (approximately 1,000 soils).

2) A statistical analysis carried out on the French database.



3) A collection of papers in French in the field of frost heave. These
are presented in Appendix A.

4) For the broader research concerning frost heave, a collection of

papers has been assembled at the University of Minnesota. These are
listed in Appendix B.

In the following sections, the application of the simulation program
and French test data to Minnesota problems and conditions will be
discussed.



SECTION 2

REVIEWING OF INFORMATION

2.1 Introduction

In this section, a review with additional analysis as appropriate of
all the main documents from France will be given.

Most of the information gathered falls into one of the following
categories

1. Test data for 80 soils sent by the French in April 1987,
2. Notes and discussions concerning the use of the computer program.

In order to assess the validity of the information obtained, a look at
the main trends of the French data has been carried out from the
statistical analysis that is given at the beginning of the French report.
Also from the actual soil data obtained, the soil index tests have been
plotted on various soil characterization charts to identify possible
relationships to frost susceptibility. Other experience has been collected
concerning the use of the computer program and is assessed later as a
background to the research work done later with the computer program.

2.2 Use of the statistical analyses present at the beginning of the French
datafiles o

The main source of all the following analysis comes from the
"National File of tests performed to measure the swell due to frost heave"
(Fichier national des essais de gonflement au gel).

a. Method used for each soil in the French catalog

Each soil in the catalog is presented under the form of five cards as
follows

Card 1 : Identification of the soil (where, when, why)
Card 2 : Geotechnical classification of the soil.

Card 3 : Frost heave test and swell

Card 4 : Characteristics of the soil treated

Card 5 : Frost heave test on the treated soil.



Note that for Minnesota, card 4 and 5 are not of interest since the
Minnesota Department of Transportation (Cochran, personal communication,
1987) is not considering the use of treated soil.

Appendices C and D include the original French version from the soil
report and a translation.

b. French classification of the frost susceptibility of a soil:

The French perform a test on a soil under investigation in order to
assess its frost susceptibility. From the test, a plot of the frost heave
versus the square root of the freezing index is obtained and almost all
plots exhibit major linear portion. The slope of this linear portion from
the plot is taken as an indication of the frost susceptibility and
standards of frost susceptibility have been defined. These are

- a soil is non frost susceptible if the slope is less than 0.05.
Also called an SGn _soil.

- a soil is somewhat frost susceptible if the slope is more than
0.05 but less than 0.40. this is an SGp soil.

- a soil is very frost susceptible if the slope is more than 0.40.
Also called an SGt soil.

c.Geotechnical classification of a soil.

The French classify a soil using a quite sophisticated method. This
classification is too long to be presented here but has already been
translated into a computer program now owned by Mn/Dot. To understand the
following remarks, let us recall the main characteristics of a French
classified soil

- a soil has a class : A, B, C, D, E
- and a class number : 1, 2, 3, 4, 5, 6

¥ ¥ ]

Soils Al..4 for instance are soils with a large amount of fines, that
is, at least more than 35 % passing the 80 micro-meter sieve (#200 U.S.

sieve size) while the Dl..4 soils are all coarse soils with less than 5 %
fines.

d. Extrapolation of data present in the files.

The French files have a lot of data presented in terms of percentages
but no tentative explanation had been given from those data to correlate
frost susceptibility with some specific classification of the soils.
Actually, no such universally applicable correlation seems to exist since
there are always soils which do not behave as anticipated from their
classification. This prevents any definite law concerning frost
susceptibility being made. However, trends can be established from the data
presented and the validity of the trends against other known behavior of
frost susceptible soils can support the validity of the French work.

5



i. Conclusions from the tables

Two interesting tables exist giving the percentages of non-frost-
susceptible, somewhat-frost-susceptible and very-frost-susceptible soils
against each type of soil in the classification. These tables are

Table A : Table for the maximum slope of three samples.
Table B : Table for the average slope of three samples.

In each table is given the number and the percentage of soils tested
that fall into a particular frost susceptibility category and into its
corresponding geotechnical classification. The difference between the two
tables provides information on the spread between the samples and therefore
assist in determining the validity of any conclusion drawn from the tables
concerning any particular classified soil.

From these tables, the following conclusions have been drawn :

- Fine soils are more frost susceptible than other soils. For instance,
from Table A note than 64.4 % of the Al soils are SGt (very frost
susceptible). This correlates well with what is expected.

- However, soils with more and more fines in the A-category tend to be
less frost susceptible. Note for instance that 77.9 % of the A3 soils
are SGp (somewhat frost susceptible) while only 33.4 % of the Al soils
are found to be SGp. This is in accord with the fact that the greater
the plasticity index the less frost susceptible a soil tends to be.

- All the Bl soils are found to be SGp while other B-soils are
predominantly SGp but can also be Sgn (no frost susceptibility) or SGt
(very frost susceptible). Since all the B-soils are sandy or gravely
soils, it is interesting to consider the Sand Equivalent (ES) that
seems to be the indication of the cleanliness of a sand (pollution
with fines). Between Bl and B2, B3 and B4, B5 and B6, ES decreases
indicating a higher proportion of fines. This correlates well with
field experience since it is usually found that "less clean" sand are
more frost susceptible. For instance 22.2 % of the B4 soils are SGt
compared with 8.3 % of the B3 soils. At the same time, note that 11.1
% of the B4 soils are SGn while 8.3 % of the B3 soils are Sgn. This
last fact indicates that although more B4 soils are very frost
susceptible, also more B4 soils are non frost susceptible. However,
the increase in percentage indicates that it is statistically more
probable to have a B4 soil to be frost susceptible than not.

- All the D-soils are found to be non frost susceptible : this
correlates well with general expectations since the D-soils all have
less than 5 % fines.

- Comparing the two tables, it is found that percentages between the
maximum slopes and the average slopes are very similar and therefore

stability of the results can be assumed to be good.
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ii. Plot from the tables.

From the results in the tables together with some more detailed data
on all the soils in these tables, the frost susceptibility of the various
classes of soils has been plotted. The vertical axis is the mean value of
the slope describing the frost susceptibility of a soil. This is plotted
for each soil classification within Groups A and B (the most frost
susceptible soils) and is presented in Figure 1.

From this plot, note that soils B5, B6, Al are the most frost
susceptible soils. They represent a combination of favorable factors where
there is enough fines (low ES) but the soil is not extremely fine;

(PI < 10).

This plot can be used together with the French geotechnical
classification (already in the Mn/Dot micro-computer program) as a first
indication of the frost susceptibility of a soil.

iii. Tentative grouping of the soils tested om a triaxial charg

Since a soil can be decomposed into three parts, sand, silt and clay,
and be plotted on a triangular diagram, it was considered useful to plot
all the French soils on such a triangular plot and to look for any possible
correlations between soil classes and frost susceptibility. Each soil was
represented by a dot on the plot with the following code

- Filled dot: very frost susceptible (SGt).
- Half filled dot: somewhat frost susceptible (SGp).
- Non filled dot: non frost susceptible (SGn).

The plot is presented in Figure 2. From this plot, the following
conclusions can be drawn :

1. Most clays are moderately frost susceptible.
2. Sands are not frost susceptible.

3. There exists a region in the center of the diagram where samples are
very frost susceptible. These soils are mainly clay loam, sandy clay,
sandy clay loam, some sandy loam. -

4. There are soils that are not frost susceptible at all even though they
plot at the center of other frost susceptible soils. For example,
notice the couple of white dots in the clay region. This indicates the
difficulty of predicting frost susceptibility.

5. A region where soils are found to be very frost susceptible has
tentatively been drawn by joining some of the dots. This region has

been left open (*) at the border with the silty soils (silty clay,
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siity clay loam and silt loam) to soils that have almost no silt
content.

6. Some highly plastic soils are indeed very frost susceptible.
(*) There was no test data available for the Silt Loam and the Silty
Clay Loam regions in the sample database provided by the French. This is of
course an unfortunate result since it is expected that many soils with
higher silt content could indeed be frost-susceptible.
It would be useful in the future to continue to add all the results

from tested soils on this diagram to extend the comparisons of frost
susceptibility with grain size distribution.

iv. General conclusions from the French test data,

The following remarks can be made from the testing program;

a. Soils that are always non frost susceptible (thev are always SGn)

samples with - I, < 20
- and ES > 25
- and less than 5 % passing the 80
micro-meter sieve (#200 U.S.)

b. Soils that are never very frost susceptible (Thev are SGn or SGp)

- samples with I, > 50
- samples with I, <20
- and ES < 25
- and 5 to 12 % passing the 80 micro-meter
sieve (#200 U.S.)

¢c. Soils that are never non-frost susceptible (They are SGp or SGt)

- samples with -1, <10
- and ES > 35
- and more than 12 % passing the 80
micro-meter sieve (#200 U.S.)

e. Conclusion concerning the use of the datafiles

The main interest in obtaining datafiles of frost heave tests resides
in the simple fact that the data are obtained from real soils. In other
words, we have at our disposal some real experiments to use as a means of
comparison for any future theoretical work.



In the future, it will be useful to compare local soils tested for
frost heave susceptibility with some geotechnically comparable soils in the
French files.

2.3 Use of the computer program

All the literature available concerning the computer program only
describes in general terms the assumptions used in its development along
with a description of its previous use in France. In other words, nothing
exists showing all the details and the theoretical foundation of the
program. The best source of information has come from talks with Dr.
Fremond himself on the various occasions when this was possible.

A more detailed analysis will be given in the next section concerning
the actual use of program at the University but some key elements can be
discussed here

1. The computer program is for saturated conditions. This is not so
much of a drawback since most frost heave problems occur where a
lot of water 1s available. It seems that few problems persist in
unsaturated conditions.

2. The computation of frost heave in the computer program is based
on the increase in porosity of the soils. This must be accepted as
a means of computation that has been chosen by the authors of the
program as a "tunable" method. The French have been able to
choose the right "parameters for the increase in porosity” for
their local conditions. As will discussed in a later section, once
this difficulty of tuning the parameters for the local conditions
has been overcome, the program does produce valid results for
Minnesota.

3. The computer program need not be only used as a computation
method to predict the frost heave but presents many more features
to the educated user. The computer program is a tool that helps
for instance the user to (1) determine very accurately the
position of the frost line(s) at any time, (2) change various
boundary conditions and configurations, (3) provide the values of
the heat flows, the water flows, the water velocities and the
resulting stresses at any point in the domain.

2.4 Conclusion

In the complex field of soil frost heaving, it appears that we have at
our disposal a promising computation tool for research purposes and we have
also seen that there exists a large body of experimental results that can
be used for comparison with any future theory or assumption concerning
frost heave. For anyone seriously researching the topic, the French
research, testing and simulation experience is a valuable asset.



SECTION 3

USE OF THE COMPUTER PROGRAM

3.1 Introduction

The computer program written in Fortran by the French Laboratoire
Central des Ponts et Chausees has been put on the minicomputer of the Civil
and Mineral Engineering Department. To understand the usefulness of the
research done in France, it has been necessary to learn how to use this
computer program and more importantly to understand its capabilities. The
computer program is quite versatile and permits an interesting approach to
understanding real phenomena. It should also be understood that the
computer program can be used as more than just another computing tool but
can and must be used as a research tool.

3.2 Practical considerations:

The computer program is large and requires a large computer memory
and long execution times to be run. The program also requires a large
amount of entry data that are handled in separate datafiles. To get a
complete run, the user must proceed in the following manner

1. Create the datafiles, four or five of them depending on the nature of
the run.

2. Run program One.

3. Link results from program One and run program Two.

4. Link results from program Two and run program Three.

5. Link either results from program Two or program Three and run

%

program Four to look at the results.

6. When results are satisfactory, some plots can be obtained on an IBM
plotter.

The whole process takes from 8 hours to two days of work depending on
the availability of the mainframe. In order to understand the computer '
program, it is necessary to understand the theory behind the program as
well as the mechanisms of frost heave and above all to translate that
understanding into all the geotechnical and other parameters that
constitute the entries of the datafiles.

10



3.3 Descriptions of input files in terms of kev parameters:

Each part of the computer program requires a specific input file.

a) Program One

Program One computes the initial temperature at the nodes of the
finite element mesh describing the geometry of the problem. In the general
case, this finite element mesh would come from a different file and would
have been created by some special mesh generator. However, in order to
treat simple geometrical problems, program One can also be used to create
simple mesh using similar triangles. In all the examples run, this
capability has been used.

Some of the necessary inputs are as follows

- type of the FEM mesh to be used

- number of nodes

- number of outside boundaries

- number of internal boundaries

- number of layers -

- description of the initial temperature conditions.

b) Program Two

Program Two is often referred to as the hydraulic program and is the
most demanding one in terms of computing time (several hours). The program
computes for each time step

- The temperature at each node

- The hydraulic potential at each node

- The hydraulic gradient for each triangular element
- The water velocity for each triangular element

: The necessary inputs describe the evolution of the conditions to which
the structure is subjected in terms of temperature, hydraulic potential or
heat or hydraulic flux at the boundaries for each time step. The conditions
at the boundaries are versatile and may be of three types

- Fourier boundary : follows outside conditions

- Dirichlet boundary : fixed temperature
- Neumann boundary : heat and/or hydraulic flux

11



The major necessary inputs are as follows

Class One . time step unit

Class Two : geometrical type of the boundaries
Class Three : boundary conditions for each time step
Class Four : geotechnical data of the problem:

- dry density

- coefficient of thermal diffusivity for the soil(s)

- water content

- thermal conductivity of the soil(s) in their unfrozen,
frozen and thawed states.

- mobility of the water in their frozen and unfrozen
states.

- coefficient of thermal dilation of the water

- regularization parameter for the initial
porosity

- parameters describing the evolution of the
porosity during freezing and thawing.

c) Program Three

Program Three is the part of the program referred as the mechanical
program. It computes specifically for each time step:

- displacements at the nodes
- velocity of the soil at each node
- stresses in the soils

The major necessary inputs are as follows

Class One : - time unit
- regularization parameters for the elasticity and
viscosity constants
- phase change temperature
- number of intermnal iteratioms.

Class Two: - gravity
- thermal dilation
- coefficients to account for the temperature of the nodes

Class Three: - physical coefficients (Poisson, Norton-Hoff, etc)

Class Four: - boundary conditions
- force and displacement boundary conditions.

12



3.4 lLearning to use the program

The first serious attempt to use the program for research was carried
out during the months of July and August, 1987.

Although a large amount of time was devoted to this effort, all the
results obtained were flawed due to the incorrect use of some very
sensitive parameters. These very important parameters are referred to as
the Ch. C, . C,. Cs_coefficients and describe the evolution of the porosity
within the soil during freezing. The results were not found to be correct
because the C-coefficients first needed to be tuned to the local
conditions. We tried to compute the frost heave of seweral configurations
of layers of sand and silt clay with Minnesota weather comditions as inputs
and the heaves obtained were unrealistically large.

The sensitivity of the results to these C-coefficients was not
realized prior to these runs. Many sensitivity tests on other traditional
parameters that affect the freezability of a soil(the water content for
example) were carried out, but in each case, the magnitude of the heave
results was much larger than could be expected in the field. At that time,
it was then decided to get some expert advice from Dr. Fremond in France.
Dr. Fremond was able to pinpoint the problem right away and pointed out the
importance of the C-coefficients. It should be noted here that the length
of time required to complete a single program run made it difficult to
isolate the cause of the problem on site.

The C-coefficients are extremely important because they are at the
core of the computation of the displacements in the computer program. The
increase in porosity of the soil structure had been chosen by Dr. Fremond
as a computational means to model frost heave and is not directly related
to the physical phenomena that occur in reality. This is the reason why it
is difficult to determine the correct parameters for a new set of local
conditions. The French had adjusted those program parameters for their
conditions at the beginning of their research program and know how to use
them from experience. In our case, those parameters had to be estimated for
Minnesota

3.5 Research use of the program

The second main period of time spent on the use of the program was
during the fall of 1987. At that time, Dr. Fremond was a visiting professor
at the University of Minnesota and full advantage was taken of his presence
on campus to learn the use of the program not only in terms of imputing the
correct value of sensitive key parameters but also to be able to get the
right interpretation of the results.

After consultation with Mn/Dot, it was decided to test the computer
program by modelling practical examples using the following procedure:

13



1. Tune the sensitive key parameters of the computer program to the local
conditions by using simple examples to get well known actual frost
heaves for certain depths of sand and of silt.

2. Use the values of those parameters to test more complicated
examples.

It appears at this stage that the program has been successfully
adjusted to Minnesota conditions and that the results yielded are
compatible with what would be expected. The examples run and the results
obtained are addressed in the following sections of this report.

3.6 Description of examples run to tune the computer program

Mn/Dot gave typical frost heave values for some typical sections of
layers made of sand, silt and clay. These values were estimated as those
that would occur during an average Minnesota winter with temperatures
following a typical winter variation. By modelling those typical structures
along with a typical Minnesota temperature pattern and by using a trial and
error procedure, the appropriate values for the C-coefficients for
Minnesota were found. This work was closely coordinated with Dr. Fremond to
get good estimates of the C-coefficients before trying them out on the
computer. This stage still required a large number of runs (about 35 runs).

Finally, the acceptable C-coefficients are

Cy = 0.0 (dimensionless)
C, = 0.5 % 1077 to 1078
C, = 1.0 to 10.0

C; = 107 to 1073

All the results from these runs are available and a table describing
the results from some typical runs is located in Table C.

a. A Culvert Example

A very interesting example is to model a culvert buried several feet
under a road section. Complications in the standard prediction of frost
heaving come from the fact that the temperature in the culvert is below
freezing in the wintertime and therefore will substantially affect the
distribution of the frost heaving pattern in the road section. The geometry
of the problem is two-dimensional and the displacement at the surface of
the road exhibits a differential heaving over the culvert section. This
configuration is the worst case for the integrity of the road since the
internal structure is stressed non-uniformly.

In order to understand the phenomenon and to show the versatility of
the computer program as a research tool, several soil conditions were
tested; they included ’
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- three layers of sand
- two layers of sand and one layer of silt
- one layer of sand and two layers of silt
- three layers of silt

The position of the layers were changed but the most practical
examples are those with a layer of sand on top of the section. The
examples were computed for 90 days with temperature slowly dropping from
+1 °C (33 °F) to -10 °C (15 °F) in 30 days and averaging -10 °C (15 °F)
for the following two months. The position of the frost line and the frost
heave were computed for intermediate times at 30, 60 and 90 days.

To explain the mechanisms involved in the differential heave, let us
refer to the three diagramtic plots that are shown in Figure 3.

Figures 3.a : more frost heave directly above the culvert
(silt-silt-silt).

Figures 3.b : pseudo-uniform frost heave
(sand on top -silt-silt)

Figures 3.c : less frost heave directly above the culvert
(sand on top - silt -silt)

At the beginning, we observe that freezing has taken place
preferentially around the culvert and therefore, the amount of frozen soil
is greater in the vicinity of the culvert resulting in differential frost
heave on top of the road. However, depending on the type of soil and the
type of insulating material on top of the road, the rate of penetration of
the freezing front from the road surface will be more or less important.
When looking at the position of the frost line after 30 days, we can
estimate the severity of the differential heave. If the freezing front is
already deep, then the differential frost heave on top of the road will be

less than for the exact same configuration where the frost line has reached
much shallower depth.

To understand what is the ultimate effect of each configuration on the
road surface heaving, however, it is necessary to continue to compare the
frost heaving over the remaining 60 days.

At 60 days, the freezing front around the culvert is already quite
close to its ultimate equilibrium position while the freezing front
elsewhere is still descending. Therefore, we can observe that the part of
the roadway not directly above the culvert is frost heaving at a much
faster rate than the slight frost heaving which is still occurring or top
and around the culvert. The result is that the differential heaving on top
on the road is less important than at 30 days. Note however that the total
average heave is greater at 60 days than at 30 days.

At 90 days, several configurations on top of the roadway are possible
and have been simulated on the computer

15



a. the frost heave is still more important on top and around the culvert
resulting in a "bump" in the road surface.

b. the frost heave away from the culvert has caught up with the frost
heave on top of the culvert, but has attained a position of
equilibrium such that there exists almost no differential heaving.

c. the frost heave away from the culvert has surpassed the frost heave
above and around the culvert resulting in a "slump" on top of the
road.

It is of course the second case that provides the road user with the
eventual best ride since almost no differential heave is present. However,
in terms of structural integrity of the roadway, this 1s not necessarily
the best case. In order to attain that final state, the road structure had
first to withstand some differential frost heave and it is the magnitude of
that differential heave that is most important in terms of structural
stress in the road pavement.

b. Qther examples

The other examples run were more traditional problems and were one-
dimensional. The purpose of these runs was to compute the frost heave
during a typical Minnesota winter for a road section made of three main
layers as follows

a. A pavement layer at the surface that could be modeled as a fine sand
in terms of insulating value (one and a half inch thick).

b. a layer of clean sand (one to three feet)
c. a silt foundation

Several runs were done to look at the effect of the depth of the water
table below the silt-sand interface:

a. water table at 3 feet.
final frost heave: 12 cm

b. water table at 4 feet.
final frost heave: 16 cm

c. water table at 6 feet.
final frost heave: 25 cm

In general, for this computer program, the deeper the water table, the
more important is the final frost heave. This is of course a very
surprising result which is contrary to what happens in reality but which is
actually not a defect of the program but more a tion-appropriate use of the
mathematical model of the computer program. This is due to the fact that
under optimal frost heaving conditions, there exist a greater amount of
frost susceptible soil and therefore a greater "swell" may happen. In
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reality, there is a critical depth where the water cannot be drawn upwards
and will result in minimum or no frost heave situation. This computer
program is not geared towards such analysis but can only compute the swell,
that is the increase in porosity, of a soil mass. However, the user might
be expected to use this program only for feasible problems where suction of
the water towards the freezing front is not affected by physical
limitations in capillary rise. Some modifications of the program are
possible to account for a greater sensitivity of the mobility of the water
under frozen and unfrozen states of the soils but this is outside the scope
of this present research.

Using several runs, we found that it is possible to limit the frost
heave by two means:

a. increase the rate of freezing to get a fast moving freezing front.

b. decrease the rate of freezing so that the porosity reaches the value
of unity somewhere and consequently the heave stops unless the degree
of the freezing increases, i.e the temperature drops (-5 °C (25 °F) to
-10 °C (15 °F) for example).

3.7 Conclusions

a. Conclusions from the example problems

The mechanics of frost heave are complex and mostly still
undetermined. What the research engineer is looking for is not necessarily
a method that relies on theories that map exactly what happens at the micro
level but more at some means to predict and indicate the correct patterns
of deformation of a structure along with the right order of magnitude of
heaving. In our research involving one- and two- dimensional problems, we
can see that many variables such as the thermal conductivity of the soils,
the depth of the soils together with the frost heave capability of each
soil with respect to the others may play extremely important roles in
determining the final outcome. Moreover, the culvert example shows that
there is not one general pattern of deformation for a structural
configuration but that results can exhibit fundamental differences in frost
heave profiles for roadways. The development of frost heave deformations
with time is particulary critical in evaluating the effects on a roadway in
two- or three- dimensional problems.

Also, the set of examples run using a one-dimensional layout with
several layers of soils showed that the time effect plays a substantial
role in determining the final frost heave. If the rate of freezing is fast
then almost no frost heave occurs while if the freezing is extremely slow
then potential for important frost heave exists. The computer program is
based on linking frost induced volume changes in the soil to the porosity
increase in the soil and once the porosity attains the value of unity, the
soil swelling cannot increase any further. This may result in very
surprising outcomes as that a potentially more frost susceptible soil might
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not heave as much as a less frost susceptible soil under certain time
effect conditions.

It appears that the major components to determine a frost heave
problem are

frost susceptibility of the soils involved
rate of freezing

geometry of the problem

degree of freezing (freezing index)

water content

boundary conditions

[oaARNV, I o S VS BN S N oo

Each of these components can be changed while not altering the state
of the others and the frost heave pattern can be greatly affected. That is
why it appears necessary to use a simulating tool to understand the
physiology of the problem.

b. Conclusions concerning the general use of the program

The computer program can be used extensively to understand the
physical deformations of specific soil configurations. It is certainly
important to be able to estimate the correct value of the frost heave and
the computer program used in this research can provide the user with the
correct order of magnitude of the frost heave. This was demonstrated when
computing the frost heaves for various configurations of soil layers.
However, it seems more encouraging to use the computer program as a
simulation tool to understand the mechanics of the deformations invelved
when soils are subjected to below freezing temperatures over a long period
of time under non-standard conditions.

An important use of the program is its ability to provide a
quantitative comparison of different techniques for limiting total or
differential frost heave. These comparisons are expected to be more
accurate in determining relative performance of different schemes than any
single simulation may be in predicting absolute heaves. Techniques which
could be compared include : increasing depth of non-frost-susceptible soil,
pavement insulation (thickness and extent) or the introduction of moisture
cut-off layers.
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SECTION 4

GENERAL CONCLUSIONS AND
RECOMMENDATIONS

4.1 Research Conclusions

As was described in previous sections, there are several ways to
address the problem of frost heaving. On one hand, it is necessary to try
to get as accurate as possible an estimate of the frost heave for practical
engineering problems, but at the same time, the understanding of the
mechanisms involved in the freezing of soil is at such a state that major
issues remain unsolved. Therefore, any type of action in the subject should
encompass some thinking on the basic understanding of the swelling of a
soil due to the formation of ice lenses.

At the start of this project, three main avenues of research were
available to be pursued. These were

1. Use of the French computer program

2. Use of the French database describing the frost susceptibility of a
large number of soils

3. Use of the French frost heave test to estimate the frost
susceptibility of a soil.

Option three was not specifically part of the present research and
only a description of the test and the French way to describe the frost
susceptibility of a soil has been given. In a more general context however,
it appears important at some stage to be able to have a means to classify
the frost susceptibility of a soil which will integrate directly with the
simulation program.Without the proper input parameters for the soils, the
program is unlikely to yield the correct output. The French way of
estimating the frost susceptibility of a soil is one of several possible
techniques but seems to be quite sensitive and well integrated with the
simulation methodology and might be considered.

The acquisition of the French database for study encountered many
difficulties but some relevant conclusions from the sample eventually
provided can still be made. First, it is feasible to get some idea of the
frost susceptibility of a soil by comparing it with other soils that have
extremely similar geotechnical properties. The practical question remains
however to find those similar soils from the database of soils already
tested. In the case where one does possess such a database, it should be
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possible to write an interface on small computer to identify the most
similar soils. At that stage, the frost susceptibility of the soil could
then be estimated to be the same as an average of those other soils.
However, this method is not foolproof because there exist many cases where
soils that could be thought to be frost susceptible have not been found to
show the expected behavior. This is particularly true of soils at the
borderline between silt and clay. In the Minnesota case, there is no
database of the frost susceptibility of soils available and therefore
testing of soils would have to be carried out over a long period of time
before the database method becomes workable. In other words, the use of
some database could only come into play after some years of experience for
a given region. However, the French experience proves that this approach is
valid since many designs in France are now done without securing specific
testing.

The use of the frost heave simulation computer program must also be
approached carefully. The frost heave problem remains difficult to
conceptualize and the user of the computer program must be proficient in
the field to be able to obtain valid results from the use of the computer
program. At the same time, it has been found in this research that a
sophisticated program can be a valuable research tool in obtaining the
correct pattern of frost heave deformations. The French computer program is
such a tool.

4.2 Recommendation

The main recommendation is tha: the most logical approach to carry out
research and build confidence in the field of soil freezing analysis is to
have a combination of the previously defined approaches. That is, some
individual testing of soil samples must be done and some means to estimate
the frost susceptibility of a soil from those testing must be established.
Over a period of time, a database can then be built. At the same time,
computers can be used to model and simulate large scale practical problems.
In terms of costs, this type of approach will cost more initially since all
the testing must be carried out as the database is built but costs will
decrease rapidly once experience is acquired and confidence in a good
computing tool is established.

4.3 Future avenues of development

The Underground Space Center at the University of Minnesota
recognizes the need for research to be carried out on frost susceptible
soils. The advantage of such a University-based research program is that it
has large computing facilities at its disposal. One of the main tasks being
undertaken now is the improvement of the French computer program in terms
of ease of use and in terms of potential improvements in its theoretical
basis. In order to model complicated problems, it is necessary to have an
efficient way to simulate as close as possible the geometry of a given
problem. The Underground Space Center is integrating the capacity of
mapping the geometry of the nodes and of the elements using a sophisticated
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mesh generator (Module-F) on state-of-the-art dedicated computer graphics
workstations. Another task is the improvement of conversational access to
the computer program. The intent is to facilitate the entry of inputs by
means of questions by the machine and answers by the user. The program
itself has been modified to run on the University 's supercomputer to
minimize the time required for simulation runs. The results must also
display the quality shown in the other parts of the work and be easier to
understand. Here, better graphics downloading from the supercomputer are
possible on graphics workstations. All of these improvements are now
underway at the University.

In terms of improvements to the program itself, such transformations
result from the needs of practical problems. It is certainly recognized
that most pavement damage is not the result of the frost heave itself but
results more from the thawing process in the spring. This topic will be
pursued by Jean-Michel Hovan for his Ph.D. dissertation.

4.4 Final remarks

The Underground Space Center has been in the process of developing a
frost heave research program over the past 18 months. In this period with
Mn/Dot support and its own resources the center has completed a thorough
literature review of the theory of frost heave mechanisms, has acquired the
research use of the most sophisticated frost heave simulation program
available, and has learned how to use the program to simulate field
problems. In addition, we have developed a cooperative program with the
Laboratoire Central des Ponts et Chaussees in France and have arranged
visits from Dr. Michel Fremond to carry out joint research and have him
teach a graduate class on the simulation of frost heaving in soils. Dr.
Radislaw Michalowski, Research Associate, and Jean-Michel Hovan, graduate
student, are the key USC researchers involved in the USC research program.
Dr. Michalowski and Dr. Sterling, Director of the center, have submitted a
joint research proposal with the Cold Regions Research Engineering
Laboratory to the National Science Foundation. This has been turmned down on
an initial review but will be amended and resubmitted according to the
review comments. Dr. Michalowski is the technical program chairman for the
ASCE Cold Region Engineering Conference which will be held in Minnesota in
February 1988 and is participating in the review committee for the Mn/Dot
Pavement Test Facility.

Although the USC frost-heave research program is relatively young, we
hope that, in cooperation with Mn/Dot, Minnesota will rapidly become a
well-known center for frost-heave research. The Mn/Dot funded research on
French techniques for frost heave analysis and testing has been an
important component in building this expertise and its support is
gratefully acknowledged.
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FIGURE 3
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SGt, SGp, SGn: Very frost susceptible, frost susceptible, non frost susceptible soil.

0.40, 0.05, 0.00: Slope of the Frost-heave vs. Square root of the freezing index Plot.
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SGt, SGp, SGn: Very frost susceptible-, frost susceptible-, non frost susceptible-soil.

0.40, 0.05, 0.00: Slope of the Frost-heave vs. Square root of the freezing index Plot.
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EXPLANATION: First number is actual number of samples
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For instance: 49 tests (59.8%) revealed that the average of three samples was over the 0.40 cutoff
in the A1 category. \ 1o



TABLE C

Typical runs to tune the computer program

Heave Heave Heave
Name of C, C, in cm in em in cm
the run Day 30 Day 60 Day 90
Dot01 1073 1.0 0.93 16.3 16.3
Dot02 1078 1.0 0.93 6.0 7.6
Dot03 1077 1.0 0.03 0.4 ‘ 0.8
Dot04 1077 5.0 0.93 3.3 4.1
Dot05 10°° 5.0 0.93 7.1 10.0
Dot06 1078 10.0 0.93 17.1 32.0
Dot07 1077 10.0 0.93 3.1 3.4
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Appendix A.

Papers in French concerning research done in France

"Gelévité des sols : méthode expérimentale de classement des sols
selon leur degré of gelévicé" Caniard L. and Dupas A.

"Comportement thermique d'une structure routiére soumise & un cycle de
gel-dégel : simulation expérimentale en numérique" Caniard L., Dupas

A., Fremond M. and Levy M.

"La prise en compte du gel dans le dimensionnement des
chaussées " Boutonnet M., Faure B., Marchand J.P. and Nisouux J.L.

"Gel et Dégel des chaussées " technical report of the French
Laboratory.

"Evolution du traffic lourd : applications au dimensionnement des
chaussées" Siffert M. and Lescure M.

"Sols fins traités en assises de chaussées" technical report of the
French laboratory.

"Commentaire du catalogue 77 des structures types de chaussées neuves®”.
Rouques G. Revue Générale des routes et des aérodromes.

"Recommendations pour les terrassements routiers "technical report.

"Cours de routes : dimmensionnement des chaussées”
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APPENDIX C

FRENCH GEOTECHNICAL CLASSIFICATION OF A TESTED SOIL
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APPENDIX D

ENGLISH VERSION OF THE FRENCH GEOTECHNICAL
CLASSIFICATION OF A TESTED SOIL
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Appendix E.

Simulaction of the Minnesocta conditions.

In order to model the average Minnesota winter, the following
temperature patterns have been used to compute the frost heave
for all the structures tested :

Inicial temperature : +1 °C

Day one to day 30 : the temperature drops linearly from +1 °C
to -4 °C

Day 30 to day 60 : the temperature drops linearly from -4 °C
to -10 °cC

Beyond day 60 : the temperature remains steady at -10 °C

/\ Temperature

1°C 30 60 90 Days

-4°C

-10°C +

Plor showing the Minnesota temperature pattern
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APPENDIX F

SAMPLE OF TYPICAL INPUT/OUTPUT
OF THE COMPUTER PROGRAM
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