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INTRODUCTION

A three—mﬁnth research project was conducted on the frost.
heaving patterns of a culvert. Problems are typically encountered
when such a culvert is placed undér a road in a frost-susceptible
soil. Major differential frost heaving is produced and has a
negative effect on the structure of the road itself while
creating a rough ride and reducing safety for road users. This
project analyzes the performance over the winter period of
several potential remedial designs. The goal is to find a design
that will minimize the differential frost heave for the broadest
possible conditions in terms of frost-susceptibility and of

freezing pattern.



1. DESCRIPTION OF THE PROBLEM

A schematic diagram of the problem analyzed in this resezrch
is shown on Figure 1. It consists of a 30 inch culvert lined with
concrete and placed 48 inches below grade. The pavement has a
thickness of 10 inches. During the winter, frost-susceptible
soils around the culvert produce a deformation of the pavement. A
"bump”" is shown but this is not necessarily the pattern

deformation observed during the course of the winter.

Several cases as described in the Reference Figures will be

analyzed in turn and compared to each other.

2. GOALS OF THE RESEARCH

The problem caused by the placement of a culvert is a
differential frost heave resulting from the changed ground
temperature conditions adjacent to the culvert. This differential
heave creates buckling and possible breaking of the pavement as
well as rough rides and reduced safety for road users. The goal
is to find an appropriate design which by making use of non
frost-susceptible soils will minimize the differential frost
heave. The ideal end result would consist of totally eliminating
either the "bump" or the "dip". However, this research will
indicate that such a perfect design is not necessarily

achievable.

For graphical interpretation, only one symmetrical half of
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the deformation of the top of the pavement has been plotted. The
gray area on Figure 1 corresponds to the plots produced. o
3. DESCRIPTION OF THE MAJOR INFLUENCES (PARAMETERS)

3.1 Influence of the weather: three different freezing

patterns

All the computations for each case studied have been
done for three different "winters". These all last for 120
days and are such that the 2000 degree days F mark is

attained at the end of the winter.

- An average freezing pattern based on the average winter

in southern Minnesota.

- A slow freezing pattern where the winter is milder than
usual at the beginning but does eventually reach the

2000 degree days F mark at the end of the winter.

- A rapid freezing pattern where the winter is colder
than average at the beginning causing a more rapid

freezing of the soil.

3.2 Influence of the placement of the gravel

As described in the research proposal four major
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designs are studied. These are identified as Case 1 through
4. The first design (case 1) does not make provision for-any
gravel (non frost-susceptible so0il) and the culvert is
basically bare in the soil. Cases 2, 3 and 4 represent
attempts to limit the deformation of the soil around the
culvert by making use of gravel. In case 2, the culvert is
surrounded by gravel while in case 3, the culvert is just
positioned on top of a 12 inch gravel bed. Gravel bases with

tapers of various slopes are used in case 4.

4. METHOD OF ANALYSIS

To compute the deformation of the soils due to frost
heaving, this research uses the French finite element computer
program produced by the Laboratoire Central des Ponts et
Chaussées in Paris. The problem studied, that is the geometrical
configuration to be analyzed, had to be discretized and meshes
had to be produced on Apollo graphics workstations. The
computations were at first carried out on the university Cray
supercomputer and later on a Sun workstation. Graphics were

produced on a SuperMacintosh.

All the soils data concerning the frost susceptible and non
frost-susceptible soils were obtained from a previous research

study! which made use of the same French computer program.

1 potential Application of French Frost Heave Research to
Pavement Design in Minnesota



5. DESCRIPTION OF THE RUNS e
The runs simulate the freezing of the soil around a culvert
and in the soil matrix. The thermal analyéis and the frost-
heaving deformations are computed each day for a 120 day winter.
These runs are broken down into several subruns such as (1)
generation of the mesh, (2) thermal analysis, (3) mechanical
analysis. Since the computer program is based on an elaborate
theory and makes use of a finite element mesh, the production of

each individual run is a rather lengthy process (several hours).

Only results for specific dates are saved and plotted.

6. RESULTS AND ANALYSIS

6.1 Results

In order to understand the influence of the key parameters
analyzed here (freezing patterns, placement of the gravel) the
results are presented in several forms. For each of the cases 1,
2, 3 and 4, plots showing the deformation of the top of the
pavement are presented at different-time‘intervals; these are for
30, 45, 60, 90 and 120 days (results after 15 days of frost have
been saved but deformations are insignificant). On one sheet, it
is therefore possible to visualize for each case the deformation
pattern as the winter unfolds.

The same results are also shown in a different fashion where
cases 1, 2 and 3 and plotted against one another for each time

saved (30, 45, 60, 90 and 120 days). These permit one to compare



side by side the three different designs.

A set of runs describing the results obtained by placing«a
taper with different slopes is presented. These graphs permit one
to compare the influence of the taper slope and to compare a
tapered design against the other designs (cases 1, 2 and 3).

Finally, case 1 and case 4 have been tested against one

another by replacing all the soil with gravel in both cases.

All the runs have been repeated with the three different
freezing patterns. This enables one to globally analyze the
influence of the freezing pattern, and to also understand the
influence on frost heaving behavior of each design when the

freezing pattern is not "normal".

6.2 Analysis
An interpretation of the runs is given for each group of

runs and presented by the group of figures. Conclusions are given

at the end of each group analysis.

6.2.1 Figures 3: Averade freezing pattern

Case 1 for an averade winter

The soil heaves more on top of the road situated
directly above and around the culvert. The "bunmp" appears
rapidly and shows a value of almost 9.5 cm after 30 days.
The heave at 6 m from the centerline is only 3 cm, creating

therefore a differential heave of 6.5 cm. After 45 days

6
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though the soil around the culvert is frozen almost entirely
and the rate of heaving decreases with respect to the ratz
of heaving of the far away soil (at 6 m from the
centerline). Therefore the differential heave is minimized.
This pattern is obvious at 60 days. At 90 days a "dip" is
observed. This is due to the fact that the soil around the
culvert is frozen and produces little heaving. In contrast
the far away soil keeps heaving thus catching up then
passing the previous "bump". At 120 days this phenomenon is

accentuated and an important dip is observed.

Case 2 for an averadge winter

In this case, no "bump" is observed at any point in
time because the gravel around the culvert is not frost-
susceptible. The differential heave at 30 days is almost
non-existent and represents exactly what the road designer
wants. However as in the previous case (case 1), the far
away soil starts heaving faster than the soil around the
culvert and differential heaving isbproduced in the form of
a "dip". The deepness of the dip is increased as the winter

goes by. At 120 days a 20 cm dip is present.

Case 3 for an averadge winter

Results for this case are very similar to the results
of case 1. This observation is valid for all the other

similar runs throughout this research. The conclusion is

7
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that

the gravel base does not seem to alter the frost

heaving behavior of the soil around the culvert. This is-

especially true in terms of the similar thermal distribution

within the soil which in turn produces similar mechanical

deformation.

6.2.2

1.

Conclusions concerning Cases 1, 2 and 3.

The typical pattern of frost heaving deformation for a
culvert placed in a frost susceptible soil is:
(1) at first a bump caused by the fact that the
soil around the culvert heaves faster than the far
away soil
(2) an ideal situation of no differential heave
when the soil far way starts heaving faster than
the frozen soil around the culvert. This the

design which is adequate for cases where the

winter "stops", that is the frost line backs up a

little in the frozen matrix and prevents the
production of further heaving.

(3) The original bump is replaced by a dip if the
far away soil keeps heaving while the soil around

the culvert has a less important heaving rate.
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2. The gravel base does not change the simulated frost-

heaving deformation and would not appear to be an

effective remedy.

3. At first, the gravel around the culvert (case 2) seenm
to correct the problem of differential heave. In time
though, the non-existence of an original bump produces
a deeper dip with a larger differential heave. The use
of gravel around the culvert does not seem to correct

the problem at all stages of the winter.

6.2.3 Figures 4 : Comparison of Cases 1, 2 and 4
These plots are shown to help visualizing the
three cases side by side. The above conclusions are

easily understood when looking at the graphical

representations.

6.2.4 Figures 5 and 6: More rapid than average freezing

pattern

These figures are similar to Figures 3 and 4 but
for the case of a winter with a more rapid freezing
pattern. The main patterns of deformation are very
similar to those in the case of an average winter.
Values however are different and permit one to

understand the influence of the rate of the movement of



the frost line in the soil. The main observations are:
- for case 1 at 30 days, a little more heave is
observed on top of the culvert but even more heave is
produced at the soil far away (at 6 m from the
centerline); consequently, the differential heave is
less than for the case of an average winter. The same
comparison is valid at 45 days. At 60 days, a dip
already appears if the temperature drop is rapid; this
is due to the fact that the soil around the culvert has
been frozen faster than in the case of the average
winter and therefore less heave is produced above the

culvert (at 60 days, 90, 120 days). The end result is a

deeper dip at 120 days.

- for case 2 at 30 days, the conclusions drawn for the
case of an average winter are still wvalid. However, the
‘problem of a deeper dip in the case of an average
winter compared to case 1 is further compounded by the
fact that the winter is rapid, that is with less total

heave above the culvert at 30 days. The final dip at

120 days 1s even more pronounced than for an averade

winter.

- case 3 three is very similar to case 1.

10
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+2.5 Figures 7 and 8: Slower than average freezing

pattern

The winter produces a slower freezing pattern than
usual. At first (30 days) almost no heave is produced;
the explanation lies in the fact that although the
frost line is already below grade and in the frost
susceptible soil which is only partly frozen, the
temperature gradient is too small to be able to extract
enough heat to induce a rapid heave.

At 60 days however the slowness of the progression
of the frost line provides more heave around the
culvert than for the case of an averade winter. A more

pronounced bump is observed.

At 90 and 120 days as in the case of the average
winter, the soil around the culvert is all frozen and
the frost line is deep below the culvert. The soil far
away starts heaving faster that the soil around the
culvert and the differential heaving rate is inverse.
Consequently the differential heave is reduced. The end
result is that the dip at 120 days for a slow winter is
less important than for an average winter. This is due

to the larger bump at the beginning of a slow winter.

6.2,.6 Figures 9 and 10: cases with tapered gravel bed

These figures show the results of frost heaving

11



computations for the case of a culvert resting in a
tapered gravel base (case 4). The idea of the taper«is
to gradually adjust the rate of frost heave between the
heaves above the culvert and far away. Several runs
have been done with different taper slopes (4:1, 10:1,
20:1; see reference figures). Only the case of a rapid
freezing pattern has been computed.

At 30 days the soil above and around the culvert
heaves more than the soil far away (at 10 m and
farther). This is due to the fact that only the lower
half of the culvert is within the gravel while the top
half remains in the frost susceptible soil; thus the
presence of more freezing activity in the soil above
the culvert (2 frost lines in partly frozen soil)
creates a "bump". This is true for the three designs
(tapers at 4, 10 and 20 to 1). After 60 days the soil
around the culvert is all frozen and has little
potential to heave while the soil far away starts
heaving at a rate faster than the frozen soil.

The most interesting result however lies in the
observation of a bump that moves outward with respect
to the centerline. On two symmetrical halves, the

result is two bumps and a dip in between. This is due

to the taper. The slope of the taper contributes to the
offset of the bump. In order to understand the

phenomenon, one has to think in terms of a thermal

12



analysis; the taper alters the position of the frost
line in the soil but the linear slope does not inducs a
linear response in the displacement of the frost line
(as compared with case 1; all frost susceptible soil).
Consequently depending on the slope of the taper and on
the advancement of the winter, the total heave on top
of the pavement varies as a function of the distance
from the centerline (symmetrical line of the culvert).
At 120 days the dip is extremely accentuated for a
design using a 10:1 taper.

The total heave at 120 days, at 20 m from the
centerline, for the two shorter tapers (4:1 and 10:1)
is 39 cm comparea to a value of 33 cm for a design with
a 20:1 taper. This is due to the fact that more gravel
is close to the 20 m offset. The differential heaves

however are quite similar for all three cases (various

slopes).

Figures 11: Test cases with soil replaced by

gravel

Test cases have been run to show validity of the
comparison between cases 1, 2, and 3 on one hand and
case 4 on the other hand. Cases 1 and 4 have run for
the case where all the frost susceptible soil is
replaced by gravel (the soil is all made up of gravel

everywhere) .

13



The frost heaving deformations are small and this
fact is expected since gravel is non frost-susceptible.
The main general observations made for the previous
cases are still valid, that is a small bump is produced
due to the different patterns of freezing around and
far away from the culvert.

For distances from the centerline ranging between

0 and 6 m (limit of the cases 1, 2, 3), the values of

the total frost heave on top of the pavement are

similar for case 1 and 4. This fact wvalidates the

comparisons made between the analysis of the first

three cases (1,2,3) and case 4 (use of tapers).

14



7.

CONCLUSIONS

Pio

This research has mainly consisted of a comparison between

runs setup to represent different designs for three different

weather patterns. The deformations at various times during the

winter have been plotted and show "the rate of freezing" and

"the distribution of freezing patterns" as most important

variables (given that the soil is frost susceptible). The main

conclusions are:

No single design was found to produce minimum or no

differential frost heave at all times for all types of

winter. For each situation, that is location of the culvert
in the state, a specific design must be conceived in order

to produce the minimum frost heave differential in that

particular situation.

Use of a taper as a gradual adjustment to the rate of total
frost heaving on top of the culvert'has not been proven to

be effective in this research.

The use of a gravel base only does not change the freezing

pattern of the soil around the culvert.

Case 2, culvert surrounded by gravel, does work in terms of

minimizing the differential heave at the beginning of the

15



winter but this absence of an original bump does result in a
deeper dip at the end of the winter. <
Case 1 and Case 2 show different patterns of frost heaving
deformation throughout the winter. To understand the two
patterns help the road designer to choose the better design
depending on local conditions. A trade-off exists in this
choice between a bump and dip for case 1 and no bump but a

deeper dip for case 2.

For each situation (temperature pattern of the winter), it
is possible to find a design that can reduce the total frost

differential heave. However even the best design will not

produce the same deformation pattern each winter.

16
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Reference Figures: Figures from the research proposal describing
the four cases to be analyzed
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Figure 1l: Configuration of frost heave analysis
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Figure 2: The three different weather patterns considered
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Set of Figures 3: shows the frost heave for cases 1, 2, 3 at
30, 45, 60, 90 and 120 days; for an average
winter.
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Set of Figures 4: compares the frost heave of cases 1, 2, 3
side by side; for an average winter.
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Set of Figures 5:

shows the frost heave for cases 1, 2, 3 at
30, 45, 60, 90 and 120 days; for a winter
with a more rapid freezing pattern.
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Set of Figures 6: compares the frost heave of cases 1, 2, 3
side by side; for a winter with a more rapid
freezing pattern.
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Set of Figures 7:

shows the frost heave for cases 1, 2, 3 at
30, 45, 60, 90 and 120 days; for a winter
with a slower freezing pattern.
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Set of Figures 8:

compares the frost heave of cases 1, 2,
side by side; for a winter with a slower
freezing pattern.
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Set of Figures 9:

shows the frost heave for case 4 for three
different tapers (slope of 4:1, 10:1, 20:1)
at 30, 45, 60, 90 and 120 days; for a winter

with a rapid freezing pattern.
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Set of Figures 10: compares the frost heave of case 4 with
different tapers side by side; for a winter
with a rapid freezing pattern.
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Set of Figures 1l1l: Test cases where all the soil is replaced

with non frost-susceptible soil (gravel). The

configurations of case 1 and case 4 are used
for these tests.
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