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FORWARD

Frost heave in roadbed subsoils is a common occurrence in northern regions worldwide. Ice
lenses are formed when the pavement is subjected to consistent freezing temperatures for the
duration of a winter, when water is available at the freezing front and when the subgrade soil is
comprised of fine sands and silts. The most common remediation technique for heaving roads is
to excavate the fine cohesionless soil to below the depth of freezing and replace the full depth
with non-freezing aggregate. An alternative procedure is to place layers of polyurethane foam
insulation panels above the subgrade and cover with a thick base layer.

This project investigated a novel procedure to reduce or prevent subgrade freezing and heaving
non-destructively by injecting a two-part polymer foam at the top of the subgrade. Controlled
injection of Uretek Star, an expanding structural polymer foam, created a continuous three-inch
thick layer of insulation that significantly reduced the heat loss from the deeper soil and almost
totally eliminated frost heave at a site on highway WY -70, four and one-half miles west of
Encampment, WY. The foam layer also prevented the upward movement of water from the
warmer regime under the foam to the upper frozen regime above the foam. This prevented any
segregational freezing in the upper zone.

The two-year research project consisted of measuring pavement elevation changes along five
300-foot long lines over the heave area and monitoring subsurface temperatures at six locations
inside and outside of the injection zone. The construction time for the 100-foot section was one
week for injection and milling the surface. Construction was contained in one lane, leaving a
lane open for the entire duration without a detour, increasing safety and minimizing impact for
the driving public.

Additionally, a procedure is developed for estimating the thickness of the foam layer required for
other sites with different average temperatures.

Notice

This document is disseminated under the sponsorship of the U.S. Department of Transportation
in the interest of exchange. The U.S. Government assumes no liability for the use of the
information contained in this document.

The contents of this report reflect the views of the author(s) who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the official views
or policies of the Wyoming Department of Transportation or the Federal Highway
Administration. This report does not constitute a standard, specification, or regulation.

The United States Government and the State of Wyoming do not endorse products or
manufacturers. Trademarks or manufacturers’ names appear in this report only because they are
considered essential to the objectives of the document.
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to ensure continuous quality improvement.
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CHAPTER 1. PROBLEM DESCRIPTION

SITE CONSIDERATIONS

Frost heave at milepost 51.8 of Wyoming Highway WY-70, the Battle Mountain Highway, has
been great enough to create dangerous driving conditions for vehicles and trailers. The highway
is closed during the winter at the Medicine Bow Forest Service Boundary 1.6 km (1 mi) to the
east and that location has become the trailhead for a popular snowmobile run. Vehicles pulling
snowmobile trailers accelerate rapidly on the downhill slope from the parking lot and are often
traveling much faster than the posted speed. When the vehicles hit the sharp hump, and
especially the one-inch deep dip in the center of it, they can become airborne and poorly
restrained snowmobiles have been thrown from their trailers. The site is about 7.2 km (4.5 mi)
west of Encampment, WY as shown in figure 1.

During construction in the early 1990s, the contractor encountered problems excavating a tough
crystalline bedrock outcrop running perpendicular to the highway alignment. After trying
unsuccessfully to remove the rock above subgrade, it was agreed that the contractor could alter
the vertical alignment by placing approximately 1.0 m (3 ft) of subgrade soil over the rock and
smoothing the vertical grade over several hundred feet to the east and west of the problem
location. The soil texture, a silty sand, is highly susceptible to frost heave.

Frost heave developed during the first winters of operation. A variety of remediation techniques
have been attempted at the site. Two drainage pipes were installed across the road at different
times during the 1990s. More recently, two 30 m (100 ft) long lateral drains were installed in the
north and south ditches running parallel to the pavement. None of these techniques have
substantially reduced the effects of the heaving on the road surface.

PROPOSED REMEDIATION

The process of installing panels of extruded polyurethane foam insulation has been used for a
number of years. By the mid-1960s, several states including Wyoming and Canadian provinces
had ongoing research projects to investigate the suitability of the process (Novak and Mainfort,
1969, DOW, 2008a). The procedure requires a complete reconstruction of the highway, with its
attendant costs, time, delays and safety issues.

Tim McGary with the Wyoming Department of Transportation (WYDOT), District 1
Maintenance Engineer, and Roy Mathis, Concrete Stabilization Technologies, Inc. (CST),
recommended a novel procedure of injecting a structural polymer foam into the sub base or
subgrade of the road to level the surface and to provide a thermal barrier to reduce heat loss from
the lower subgrade. An average of 75 mm (3 in.) of CST Uretek 486 STAR #3 was injected at a
depth of 500 mm (18 in.) through the worst sections of the heave and then tapered out away from
that zone to provide a smooth transition for the drivers.

The University of Wyoming was contacted to perform installation of data acquisition
instrumentation and provide two seasons of monitoring and analysis. This report represents the
completion of this project.
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STUDY OBJECTIVES

The primary objective of this research was to determine whether the controlled injection of a
structural polymer foam into the subgrade soil would reduce and stabilize the frost heave
occurring at milepost 51.8 on WY-70. This can be broken into three questions.

e Can injection of the foam nondestructively level the road surface and make the road safer
to drive without full reconstruction of the site?

e Will the foam provide a sufficient thermal barrier to reduce or eliminate the frost heave
caused by penetration at the site?

e Will the continuous blanket of foam create a barrier to moisture during the spring thaw?

REPORT FORMAT

The first chapter provides a brief description of the problem statement, the proposed remediation
and the study objectives. The second chapter presents a review of the mechanisms that cause
frost heaving and how the proposed remediation should be successful in this application.
Additionally, a procedure to predict the depth of frost penetration into the soil profile is defined.
The site is described in chapter three. Chapter four presents the construction sequence and the
details of the instrumentation installation. Chapter five presents the data collected over the two-
year duration of the project. Using the data collected in this research, chapter six develops a
procedure for computing frost depth, which is compared to this site and shown to provide
realistic results for cases both with and without the injected foam. The project conclusions and
recommendations are presented in chapter seven. Additional data, figures and drawings are
presented in the appendices.



CHAPTER 2. GROUND FREEZING MECHANISMS

Soil heave has been studied for many years (Casagrande, 1931). In general, three factors must
be present for heaving to occur:

e The soil must be susceptible to heaving, typically having silt or fine sand.
e Surface temperatures must be cold enough for a freezing front to develop in the soil.
e Water must be available that will allow ice lenses to develop.

This chapter will discuss how these factors interact to produce heaving and how the injection of a
foam layer can alter the last two of these factors.

FROST SUSCEPTIBLE SOILS

Frost heave in roadbed soils is a common occurrence in the northern climes around the world.
(ACPA, 2008) There are two types of heave associated with freezing, interstitial water freezing
and segregational frost heave. Interstitial freezing occurs in the void volume between the soil
particles. Segregational freezing causes ice lenses to develop and usually creates much greater
deformation (Lay, 2005). Rapid advance of the freezing front from the surface favors interstitial
freezing while segregational freezing is more significant when the heat flux from below
essentially balances the heat loss to the surface. The ice lens development is most pronounced
when the freezing front is stagnant. An example of this kind of ice lens is given in figure 2.

The process of water freezing in a natural environment is quite complex. Significant effects
include:

e While it is well known that pure water will freeze at 0° C (32° F) and one atmosphere of
pressure, salts and other impurities in the water can reduce the freezing temperature, in a
process known as “freezing point depression”. For example, surface seawater freezes at a
temperature of -1.9° C (28.6° F). Similarly, road salts are applied to a road surface to
melt the ice. A 10 percent salt solution lowers the freezing point to -6°C (20°F).
(Georgia State University, 2005). Salts occurring in the soil cause a similar freezing
point depression. This allows the water to flow at temperatures below 0°C (32° F).

e The density of ice is less than that of liquid water because a crystal lattice structure is
formed by the ice. The spacing of the molecules in the ice lattice is somewhat greater
than the spacing in liquid, hence the density is lower and ice floats on the water surface.

e As the water molecules bond onto the surface of the crystal, it lowers the pressure around
the molecule and creates a negative pressure or suction on the particle face. This suction
causes capillary water to flow towards the crystal.

e Because water molecules create a regular crystalline lattice structure when they freeze
due to hydrogen bonding, ice crystals contain almost pure water. (Cary and Mayland,
1972). Consequently, the salinity of the water around the crystals increases, further
dropping the freezing point.

e Water molecules adjacent to a solid surface become bonded to the surface, which alters
its thermodynamic properties, including its specific entropy. This prevents the water
from freezing immediately at the surface and keeps it in a fluid state.



Figure 2. Photo. Ice lens in Montana silt. (Lay, 2005).

Figure 3 shows a general relationship between the hydraulic properties of the soil and its reaction
to frost heaving. (ACPA, 2008). In general, coarse-grained soils have high permeability (or
hydraulic conductivity) and low capillarity while clays are the opposite. Silts to very fine sands
have the properties that appear to balance between conductivity and capillarity. Coarse soils
with deep water are less affected while shallow water depths make the coarse soils more

susceptible.

Capillarity  s———

Permeability ——Jp

Figure 3. Graph. Relationship between frost action and hydraulic properties of soils.
(ACPA, 2008).



In general, interstitial freezing in sands and gravels is not significant because the free water can
flow out of the voids as the water expands during freezing. Figure 4 shows an ice crystal
forming as the freezing front moves down into the soil. As the ice freezes, it expands and forces
some of the water around it to flow out of the void space. Because the water below the freezing
front is not frozen, the water can flow downward unimpeded.

ICE LENS

._ADSORBED
WATER

HEAT FLOW L { SOIL PARTICLE

PORE WATER

Figure 4. Diagram. Section of an ice lens with soil particles and pore space
(Chamberlain, 1981).

Water freezing in clays generally cannot escape because of the low conductivity and will expand
by approximately nine percent of the volume of the pore space. The total volume of swell
associated with this freezing is usually significantly less than nine percent and in unsaturated
clays, a common value is approximately three percent vertical heave. Additionally, clay layers
often extend over large areas and whatever heaving may occur tends to be fairly uniform.

Segregational frost heave is typically much more significant than interstitial freezing and can
continue over long periods of time. Studies in the mechanism of frost heave have taken place
since the 1930s. Three items are necessary for a soil to have frost heave potential:

1. The soil must have substantial amounts of silt or fine sand. Silty and fine sandy soils
have the combination of characteristics that allow the formation of ice lenses. The silts
are coarse enough that the hydraulic conductivity can be many times that of clay. The air
voids in the silt may be large enough for the water vapor to diffuse over a relatively large
distance.

2. Temperatures at the ground surface must be significantly colder than freezing. This
condition is obviously met in Wyoming and the northern states. The problem is made
worse in road surfaces since they are normally cleared of snow, which acts to expose the
surface to greater temperature fluctuations than the snow covered unplowed ground
surface around it.

3. A source of water must exist below the freeze zone. The source of water does not need to
be shallow, and may be very deep. Studies have indicated water at a depth of 6 m (20 ft)
can be the source for ice lens water. The soil may be saturated or unsaturated and the
water may flow due to positive total head gradient or to suction. In unsaturated soil, the
flow can be in thin films caused by absorption or capillary forces surrounding the
particles or by vapor flow from the warmer lower water to the colder lenses of ice.



When these three conditions are met, ice lenses can develop in the soil. As the ice freezes, it
creates a negative partial pressure that is satisfied by the adsorption of pure water on the ice
surface, causing the ice lens to expand. As the ice lens grows, it lifts the soil above it and causes
the heave. Osmotic effects are also significant since the increased salt concentration in the
unfrozen water causes freezing point depression and the water remains mobile at temperatures
well below 0° C (32° F).

Water from the surface generally does not affect the heave as much as water from below because
it is likely to be frozen and has little tendency to sublimate downward to the ice lenses. It can be
a contributor during the transition seasons of fall and spring when the large temperature swings
of freeze/thaw can occur.

DETERMINING FROST SUSCEPTIBILITY OF SOILS

E. J. Chamberlain (1981) of the Cold Regions Research and Engineering Laboratory studied over
one hundred criteria that had been published internationally to predict the frost susceptibility of
soils. Many techniques have been developed to predict freezing behavior based on particle size
percentage, grain size distribution, uniformity coefficients and Atterberg limits, i.e., the soil
index tests. He also reviewed techniques that used pore size distribution, moisture-tension,
hydraulic conductivity, heave-stress and frost heave tests.

The most common criteria dealt with the percentage of fines (-#200, > 0.074 mm) or percent less
than 0.02 mm (in the middle of the silt sizes) and the grain sized distribution of the soil. For
example, the United States Army Corps of Engineers has developed a Frost Susceptibility
Classification system, presented in table 1, based on “Percentage finer than 0.02 mm by weight”.
The data set on which it was based is presented in figure 5 on remolded soils frozen under
controlled laboratory conditions. A number of agencies worldwide have developed similar tests
and there is an ASTM Standard D5918-13 “Standard Test Methods for Frost Heave and Thaw
Weakening Susceptibility of Soils” (ASTM, 2013) covering the procedure and its analysis.

The Frost Susceptibility Classification analysis requires performing a hydrometer analysis to
determine the percentage smaller than 0.02 mm in the soil. Other tests have correlated heave
with the percentage minus 0.075 mm (-#200) which is commonly performed for classification.
For example, Croney and Jacobs (1967, cited in Janoo, etal 1997) performed controlled heave
tests on non-cohesive samples 100 mm in diameter and 150 mm tall. Their data indicates heaves
up to 40mm (27 percent) on a sample having 26 percent smaller than 0.075 mm (figure 6). They
have also correlated their results to the Plasticity Index, PI, for the soil in figure 7. It has the
interesting result that soils with lower PI’s (usually silts) have greater potential to heave than
soils with higher PI’s (clay).



Table 1. Corps of Engineers (COE) Frost Susceptibility Classification.

Percentage finer Typical soil types
Frost than 0.02 mm under Unified Soil
group Soil by weight Classification System
NES* (a) Gravel 0-1.5 GW, GP
Crushed stone
Crushed rock
(b) Sands 0-3 SW, SP
PEST (a) Gravel 1.5-3 GW, GP
Crushed stone
Crushed rock
(b) Sands 3-10 SW, SP
S1 Gravely soils 3-6 GW, GP, GW-GM,
GP-GM
S2 Sandy soils 3-6 SW, SP, SW-SM,
SP-SM
F1 Gravely soils 6-10 GM, GW-GM, GP-GM
F2 (a) Gravely soils 10-20 GM, GW-GM, GP-GM
(b) Sands 6-15 SM, SW-SM, SP-SM
F3 (a) Gravely soils over 20 GM, GC
(b) Sands, except over 15
very fine silty sands SM, SC
(c) Clays, PI > 12 — CL, CH
F4 (a) Silts — ML, MH
(b) Very fine
silty sands Over 15 SM
(c) Clays, PI< 12 — CL, CL-ML
(d) Varved clays and
other fine-grained, CL, ML and SM,
banded sediments — CL, CH and ML,

CL, CH, ML and SM

* Non-frost-susceptible.
T Possibly frost-susceptible, requires lab test to determine frost design soil classifi-
cation.
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Figure 5. Graph. Rates of heave in laboratory freezing tests on remolded soils.
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Other organizations have related heave to soil gradations. The Canadian Department of
Transportation has developed a grain sized distribution chart correlating size ranges to frost
susceptibility, Figure 8. An important feature of this chart is that the really fine-grained soils,
I.e., the clays, have reduced susceptibility compared to the silts.

U.S. Std. Sieve Size and No.

200 Hydrometer

Some Frost
Suscept-
| ibility

|1I111h T I |

l'l 1 TII][]I]

Little Frost
Susceptibility _|

Frost
Susceptible

4 10 40
100 T
) | !
8 [
|
| |
o— | I
= | I
-? - ' l
s [0
|
> 60— | :
: |
s b1
g | | J
~ 40— | Non-frost-
§ : susceptible
e | :
a |
20 | :
' |
-
. i [
ollllll |
10 1.0 -~

Grain Size (mm)

Sand

Silt or Ciay

C'rse| Medium | Fine

Figure 8. Graph. Canadian Department of Transportation Frost Susceptibility criteria
(Janoo, et al., 1997)

FROST HEAVE MITIGATION TECHNIQUES

There are several common strategies for mitigating the problem of frost heave damage in roads
(Freitag and McFadden 1997; McCarthy 2007; and McFadden and Bennett 1991). The most

common techniques are:

e Remove the frost-susceptible soil and replace it with non-frost-susceptible soil.

e Remove or cut off the source of water that feeds the growth of the ice lenses. This can
often be done by putting drains in the soil to remove the water. Sometimes a barrier layer
can be installed in the soil to prevent the capillary action from below. A similar
technique has been to wrap the frost susceptible soil in the subgrade in a layer of
geomembrane, so that water cannot flow into the soil. The base courses are placed on the
wrapped soil. The soil may still freeze, but it is only interstitial freezing and not

segregational freezing.

e Protect the soil from the freezing temperatures. This can be done in a number of ways,
although the most common is to insulate the soil from the source of the freezing
temperatures and trap heat from the soil below.

Some combination of these factors is often used to mitigate the frost heave.
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Insulation Method in Soil

The most common method used to insulate the soil is to excavate the upper layers of the
subgrade and place insulation on the soil surface, cover with the base layers, and repave the road
surface, thus requiring a full construction from the subgrade up. (Freitag and McFadden 1997;
McCarthy 2007; and McFadden and Bennett 1991). An insulation material commonly used is
extruded polystyrene foam, often called “blue board” or “pink board” because of its color,
although other materials can be used also. Dow Chemical (2008a) lists over 50 projects using its
product since 1963, including Togwotee Pass in Dubois in 1965. This was also used at
Bondurant, WY. Blue board has an R-value of around 35 m*K/W-m (5 hr-ft%°F/Btu-in. or R5
per in.) (Dow 2008b). The R-value of a material is a measure of the materials resistance to heat
flow. It is inversely related to the thermal conductivity of the material. A high R-value of
material will correspond to a low conductivity. Soil has an R-value of 7 to 21 m*K/W-m (R1 to
R3 per foot of thickness or R0.08 to R0.25 per in. of thickness).

Effects of Insulation Layers on Temperature Distribution

The purpose of insulation under a roadway is to trap heat from below and prevent heat loss to the
cold air above. By preventing heat loss, the temperature of the frost-susceptible soils may stay
warm enough to remain above freezing. An insulation layer reduces heat flow by having a low
thermal conductivity that reduces the heat flow across the material. For instance, when
constructing a house, insulation can be installed in the walls to prevent heat flow. Since heat
flows from areas of high temperature to low temperature, insulation traps heat inside a house
during the winter to keep it warm. The reverse is also true; insulation reduces heat flow from the
outside to the inside of a house during the summer, which keeps the house cooler. The process is
described in Weller and Youle (1981).

The same principle works in soils in which the intent is usually to prevent the temperature in the
soil from decreasing below freezing. Based on Fourier’s Law (figure 9), the heat flux is
proportional to the temperature differential and the thermal conductivity and is inversely
proportional to the thickness of the material of interest, where g, is the heat flux, k; is the thermal
conductivity, T is the temperature and z is the distance in the vertical direction (Potter, 2012).

dT
-k 4
q5 s

Figure 9. Equation. Heat Flux Equation

The law of Energy Conservation requires that the difference between the heat flow into and out
of the element must equal the rate of change of heat stored inside the element, which can be
represented by the product of the volumetric heat capacity, C and the change in temperature
inside the element, dT, producing the equation given in figure 10.

or a(_k’fj T
cS=- Z/ —k

ot oz "oz’

Figure 10. Equation. Conservation of Heat Energy.
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This equation describes the heat flow in conduction in a simple homogeneous material with
constant C and k; and without phase changes. While this relationship neglects the effects of
water freezing in the soil, it provides insight into the thermal regime beneath the surface. In
particular, if it can be assumed that the temperature at the ground surface varies sinusoidally, a
solution is given by the following equation (figure 11).

T(z,r):T +4, *e‘_’- *sin(a)t—gj

ave

Figure 11. Equation. Sinusoidal Ground Surface Temperature Fluctuation.

T(z,t) is the temperature at any depth and time, Ta.e is the average temperature of the soil at great
depth, A, is the amplitude of the sine wave describing the temperature fluctuation at the surface,
and w is the radial frequency of time and would typically represent a daily 24-hour variation or
an annual 365-day variation. The damping depth d is a characteristic depth given by the
equation given in figure 12 and relates the reduction in temperature fluctuation, A, to the depth.

a,:(zk,]f
Cw

Figure 12. Equation. Damping Factor.

Figure 13 shows an example in which the average surface and soil temperature are initially 5°C
(41°F) and the amplitude of temperature fluctuation at the surface A, is +8°C (46.4°F). Four
solutions are shown which are determined at six-hour intervals. The dashed lines indicate the
maximum range of temperatures that will occur at any depth.

Soil Temperatures over Depth at Various Times
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Figure 13. Graph. Example of soil temperature variation with depth in a homogeneous soil.

This temperature pattern will change greatly if a low thermal conductivity layer, such as a layer
of rigid foam, is embedded into the profile. Adding a layer of low conductivity foam has the
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same effect as adding additional soil into the profile by an amount equal to the square root of the
ratio of the soil conductivity to the foam conductivity (figure 14).

’ k
Dep s soil k : Dep thfbam
Joam

Figure 14. Equation. Scaled depth of soil caused by insulation layer.

A typical value of soil thermal conductivity is 15 BTU/ft>-hr-°F/inch while that of a polyurethane
foam is 0.18 BTU/ft*-hr-°F/inch. This would indicate that 6 inches (152.4 mm) of foam would
act like 55 inches (1.4 m) of soil (figure 15).

Depth,, = [kk* Depth,,,, = /011586"=9.1*6"=54.6"
Joam .

Figure 15. Equation. Scaled depth of six inches of foam.

Conversely, the temperature changes that occur over 55 inches (1.4 m) of soil would occur in just
6 inches (152.4 mm) of foam. Figure 16 shows this effect for a 6-inch (152.4 mm) layer of foam
at a depth of 18 inches (0.5 m). The temperature at the bottom of the foam layer at a depth of 2
feet (0.6 m) is the same as the temperature at a depth of 18+55 = 73 inches (1.9 m), or about a
depth of 6 feet (1.8 m) in figure 13.
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Figure 16. Graph. Soil temperature variation with depth in homogeneous soil with an insulation
layer.
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EXPANDING STRUCTURAL POLYMER

The solution being explored in this project is to inject an expanding structural polymer produced
by Uretek to act as insulation. The Uretek material is a two part expanding structural polymer
that is mixed and injected directly into the soil. The chemical reaction causes the mix to expand
and the resulting material fills nearly all voids in the soil and compacts the soil around the
injection area (www.uretekusa.com, nd).

The polymer does not react with water, so it displaces the water in the voids that it enters without
contaminating the ground water. The material is durable and chemical resistant so it can remain
in the ground for years without breaking down. The polymer is lightweight so it does not
contribute to additional soil settling. The material is strong so it increases the bearing capacity of
the soil and can distribute a surface load over a greater area by creating a bridging effect. The
polymer is inert and odor free so it is environmentally friendly. The deep injection process can
fix problems in hours that would normally take days and can fix many issues in a non-destructive
manner that would have needed to be removed if repaired with conventional methods.

The Uretek expanding structural polymer is typically used for a variety of purposes. The
material can be injected under a slab, curb or roadway that is settling to lift it back into place.
The polymer can be injected in order to stabilize soils that have been weakened by frost heave
action or other causes or that was improperly compacted by filling voids and strengthening the
soil structure. The polymer can also be injected around leaking water pipes to seal the leaks and
fill any voids created by leaking water.

Uretek is just now beginning to test the expanding structural polymer as an insulation material.
Tests conducted on one of Uretek’s chemical grouts by Testing, Engineering & Consulting
Services, Inc. (TEC Services) showed that the grout had a thermal conductivity of

0.016 BTU/ft-hr °F (0.192 BTU/ft?-hr °F/in) and an R-value of 35 m?K/W-m (5 hr-ft?-°F/Btu-in.
or R5 per in.)of thickness of pure material (McCants and McCormick 2011). The R-value for a
mix of soil and the polymer was shown to be 1.12 m*K/W-m (0.16 hr-ft>-°F/Btu-in. or R0.16 per
in.) of thickness, which is the same value as the soil without any grout. This shows that the
material has the potential to provide insulation if a thickness of pure material can be achieved,
but it may not work as well if the material is just distributed amongst the soil. These results do
not appear to be consistent with mixing theory and more research should be performed to verify
or alter that number.

DEPTH OF FROST PENETRATION

The Minnesota Department of Transportation (MNDOT, 2007) has a procedure in its Pavement
Design Manual for predicting the depth of frost penetration under a road surface. It is based on
the Modified Berggren Equation (MBE) developed by Aldrich and Paynter (1953) under contract
to the U. S. Army Corps of Engineers and modified by Berg (1997) (figure 17). While the
original relationship was developed for a homogeneous material by Stefan (1889) who was
determining the thickness of arctic ice floes, their development extended the procedure to layered
soils.
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Figure 17. Equation. The MBE Equation for Frost Depth in a Single Layered Soil.

The depth of frost penetration in a homogeneous soil is given by MNDOT (2007) in a form of
the Stefan equation (figure 18).
/48kt FI
.=
L
where
z is the depth of freezing (feet),

ke is the thermal conductivity of the layer (BTU/ft-hr.-°F),

FI is the Air Freezing Index at the site (°F-days),

n is the ratio of the Ground Surface Freezing Index to the Air Freezing Index,

A is a function of the initial ground temperature and the thermal capacities of the soil, and
L is the volumetric heat of latent fusion (BTU/ft?),

Figure 18. Equation. MNDOT Form of the Stefan Equation.

The volumetric heat of latent fusion is given by the following equation (figure 19).

L=1.43wy,

where w is the water content (percentage), and
yq IS the dry unit weight of the layer (pcf).

Figure 19. Equation. Volumetric Heat of Latent Fusion (BTU/ft°).

The terms A and n are reduction factors that reduce the depth projected by the Stefan equation.
Their combined effect would commonly reduce the depth by 15 to 30 percent. As a design aid, it
is appropriate to over-estimate the frost penetration depth when determining thickness that must
be removed and replaced with non-heaving fill. It will be shown in chapter 6 that the
uncorrected equation is appropriate for this project.

The amount of energy available to remove heat from the road soil profile is given by the
Freezing Index, FI. It is the average daily temperature below freezing summed over the winter
season. Values of the Freezing Index for a number of communities in Wyoming are given in
table 2 (NOAA. 2012). The depth of freezing is controlled by the FI. The energy required to
freeze a layer of soil of thickness d; is given by the equation in figure 20.

d.’L,

FIR, =
48k, ,

Figure 20. Equation. Energy Required to Freeze a Layer of Soil.

FIR; denotes the required FI to freeze an individual material layer. That quantity is subtracted
from the previous value of FI until a layer indicates it requires more FIR; than is available. The
equation given in figure 14 is then solved with the remaining FI to find the final depth of
freezing, z.
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Example:

Six inches of PMP concrete overlays 10 inches of base course that is over a silty sand. The PMP
has a dry unit weight of 144 pcf and a water content of 3 percent. The base course has a dry unit
weight of 120 pcf and a water content of 7 percent. The silty sand has a dry unit weight of 110
pcf and a water content of 7.5 percent. According to MNDOT (2007), a typical value of thermal
conductivity for asphaltic concrete is 10 BTU/ft*-hr-°F/inch (0.83 BTU/ft hr-°F).

From table 2 for Encampment, the Freezing Index at the 2-year recurrence interval is 1046 °F-
Days. Using the equation given in figure 19:

Loyp = 1~43(144pcf)(3%) _ 618%
LBase = 143(1 20p0f)(7%) =1200 B;;D
I =143(110pef )7.5%) = 1180 2LY

t}

The thermal conductivity, k;, for the base course and silty sand are determined from charts
developed by Kersten, 1952 (figures 21-24). In the freezing depth analysis, it is appropriate to
use the conductivity values for frozen soils. Thawing analysis would use the unfrozen values.
The conductivity of the silty sand is the average of the two frozen charts (figure 21 and 22).

kt-Base = 1.3 BTU/ﬁ_hr'oF.
kt-SiIty Sand = (1.0 + 0.6)/2 =0.80 BTU/ft'hr-°F
FI = 1046 °F-Days
(6/12)(618)
48(0.83)

_(10/12)(1200)
pase 48(1.3)
The amount of Freezing Index available for the silty sand is

FI =FI-)"" FIR =
=1046 — (46 +156) = 844°F — Days

Using that FI, the depth of freezing in the silty sand is given by

FIRpyp = =46"F —Days

FIR =156°F —Days

silty sand

48(0.80)(844)

Zé’ii{i‘b‘and = 1180 =1 76ﬁ

Frost Depth = 0.50 ft + 0.83 ft + 1.76 ft = 3.1 feet which agrees well with the 3.3 foot frost depth
in Hole #1.
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Table 2. Air Freezing Index for Selected Wyoming Communities (NOAA, 2012)
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Table 2 (cont.). Air Freezing Index for Selected Wyoming Communities (NOAA, 2012)
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Thermal Conductivity of Frozen Sand and Gravel
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Figure 21. Graph. Thermal Conductivity of Figure 23. Graph. Thermal Conductivity of
Frozen Sands and Gravels (after USACE Unfrozen Sands and Gravels (after USACE,

1988). 1988).
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Figure 24. Graph. Thermal Conductivity of
Unfrozen Silt and Clay Soils (after USACE,
1988).

Figure 22. Graph. Thermal Conductivity of
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CHAPTER 3. SITE DESCRIPTION

Wyoming Highway WY -70 crosses a geologic ridge line 7.2 km (4.5 mi) west of Encampment at
milepost 51.8. This ridge, seen in figure 25 below the black bar, has a strike angle of
approximately N80°W. The dip is relatively flat at approximately 10 to 20 degrees. The road
crosses the ridge obliquely through a road cut. During construction of the cut section in the late
1980’s, the contractor found the material to be hard enough to break teeth on his equipment.
While there is no record of the construction, apparently the caprock (which has been reported as
both granite and quartzite) is very tough while the underlying layers may be less so. Core
samples of the rock were not taken during any investigation, but bedrock depths to the east and
west of the cap are deeper than that of the cap.

Ridge Line
and
Heave Site

Figure 25. Photo. Ridge Line Crossing WY70 at MP51.8.

The contractor was permitted by WYDQOT to alter the vertical alignment to minimize the rock
excavation. He smoothed the surface and buried the caprock in about three feet of silty backfill,
changing the vertical alignment to provide smooth transition zones above and below the cut.

SITE INVESTIGATIONS

Three drilling programs have taken place at the site since 1990. Two site investigations were
performed to gather details about the site while the third was to install the instrumentation for
this research. Each has added information about the site, but none have been conclusive about
the nature of the bedrock surface. Figure 26 shows a plan view of the site with all the boreholes
and installed drains.
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Figure 26. Sketch. Plan View of Site Showing Borings, Piezometers, and Benchmarks.
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Drilling on April 17, 2000

The first investigation took place in the spring of 2000 (Miller, 2000). The report is given in
appendix A. Five boreholes were drilled and piezometers were installed in four of them. Test
Hole TH 1 and Piezometer PZ 2 are located 5.5 m (18 ft) north of the centerline while the other
three are about 5.2 m (17 ft) south of the centerline. All are off the shoulder of the highway.

The report summarizes previous remedial work performed at the site. Based on a
recommendation from the FHWA, a clean gravel French drain was installed at a depth of 1 m (3
ft) sometime in the early 1990s. This apparently had little effect on the heaving, so in the later
1990s, a fabric wrapped, 102 mm (4.0 in.) perforated PVC underdrain was installed at a depth of
1 m (3 ft) from the centerline of the highway to daylight on the south slope of the embankment.
This is located in the middle of the heaving zone, and, although not stated in the report, it is
assumed to be on the surface of the caprock. It was backfilled with a stable, non-heaving sand.
This drain was also ineffective as the frost heave is at a maximum value on both sides of the
drain with a large dip in the center caused by the non-heaving fill.

Miller, who performed the investigation in 2000, recommended that a lateral six-inch diameter
PVC drain be installed on each side of the road, 6.7 m (22 ft) from the centerline. He specified
an installation depth of 1.8 m (6 ft), but cautioned with the high bedrock on the south side,
excavation may be difficult and that special provisions should be made for the excavation, such
as jackhammering. In fact, the rock on the south side proved even more difficult to excavate
than anticipated, so the trench was only excavated a few feet between STA 1+60 and 2+10 and
the line was placed approximately 1 m (3 ft) higher than specified.

Drilling on April 22, 2010

In the early spring of 2010, Rawlins WYDOT field personnel conducted a survey of the road
surface along the centerline of the highway and the centerline of the east bound lane. They both
indicated a substantial heave on the surface and the presence of the dip in east bound lane.

A second drilling program occurred in spring 2010. Sullivan (2010) reviewed the work that had
been done to that time and described the results of drilling five holes in the center of the driving
lanes (appendix B). Two borings were drilled to the east of the heave zone in the center of the
west bound lane and three were drilled across the heave zone in the center of the east bound lane.
The three eastern most holes indicated bedrock depths greater than 2.1 to 2.9 m (7.0 to 9.5 ft).
The borehole 10-4 at current station 1+88 had a depth of 1.4 m (4.5 ft). This is located where the
heave has been the most significant when driving from the west.

Drilling on November 3, 2011

Eight boreholes were drilled to install the thermal instrumentation, instrumentation post and
auxiliary benchmark for this project. Appendix C contains the boring logs for these holes. Two
holes, Hole #2 and Hole #4 are in the center of the east bound lane and are on either side of
borehole 10-4 from the 2010 investigation. The bedrock depths are 2.0 m (6.5 ft), 1.4 m (4.5 ft)
and 2.3 m (7.5 ft) over a 6 m (20-ft) distance. Similarly, Hole #1 from this drilling is 3.0 m (10
ft) from 10-5 from the 2010 investigation. Bedrock was at 0.8 m (2.5 ft) in Hole #1 and 1.7 m
(5.5 ft) in 10-5. The bedrock surface, shown in profile in figure 27, appears to be very irregular
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and rough, as if the contractor stopped trying to make further progress and just filled in the site
over the rubble.

1005 —
== CL East Bound Lane

4 inch PVC Drain Installed
, on top of Bed Rock at Depth |
of approximately 3.0 feet. == == CLWestBound Lane

== CL East Bound Bed Rock Surface

1000

&
s. == == CLWest Bound Rock Surface
E 995 — | ===e Water Surfaces
% T = 121712012
-§ 990 | 3/27/2013
K}
3 -
2oy ~
985 S ———
980 Q
100 150 200 250 300 350

Station, ft

Figure 27. Graph. Profile View of Site. Red line is the bedrock at the center of east bound lane.
Heavy dashed line is the bedrock at the center of west bound lane.

SOIL PROFILE

Figure 27 shows a profile view of the site. All of the borings through the road surface indicate
115t0 175 mm (4.5 to 7.0 in.) of plant mix pavement (PMP) over 150 to 230 mm (6.0 to 9.0 in.)
of base aggregate. Based on gradation curves, shown in figure 28, the subgrade soil in this area
has been classified as “Silty Sand with Gravel”, as SM in the Unified Soil Classification System
and as A-4(0) and A-2-4(0) in the AASHTO Soil Classification System. The soils in the two
western boreholes are somewhat sandier and lighter in color than the other soils but still fall in
the same categories. Based on the Corps of Engineers Frost Susceptibility Classification, all the
soils are in the F4b classification group, the highest level of susceptibility. There was evidence
of weathered rock in some holes in the bottom 0.3 m (1.0 ft) of drilling.

Grain Size Distribution

4.75 2.00 0.84 0.42 0.150 0.075 0.2
100.00 1 ' 1 ' ' ¢ "

' ' ' ' '
' ' ' ' ' ' ' I
' [ ' ' 1 1l
X ' ' ' ' ' ' '
90.00 i : : : : : N o
' ' ' ' ' ' { -
' ' ' ' !

70.00

100 150 200 250

60.00 I
Station ()

50.00

H 17% to 28%
Finer than

Percent Passing

'
|
|
'
|

40.00

i
Classification :
i

30.00 Hoe Unified | AASHTO
2 | SM |A24(0)
2000 3 SM | A-4(0)
4 | SM |A24(0)
1o 6 | SM | A4(0)
0.00 : .
10 1 01 0.01 0.001

Size (mm)

Figure 28. Graph. Grain Sized Distribution Curves for Sub-Grade Soils.
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BEDROCK SURFACE

Figure 29 shows the dip in the rock surface from south to north at STA 1+90. Note that the
circled bedrock point at +16 feet is from hole PZ2 which is located at STA 1+70, 6 m (20 ft) up
grade from STA 1+90. The slope appears to be a continuation of the slope of the south bank of
the highway cut and may suggest a dipping fault line that created the notch for the road cut
initially.

However, the French drain is assumed to sit on the caprock at STA 2+10. It appears there are
large variations in the surface elevation of the caprock. Figure 30 is the plan view of the site
with depths to bedrock shown next to the borehole locations. Based on the drilling programs
presented above, notes and discussion about the installed drains, and the change in grade of the
road surface, the following assumptions may be made:

Relative Elevation, ft

998 -

996 -

994

992 -

990 -+

In general, the bedrock slopes from south to north.

There appears to be a trough at STA 1+40 that goes diagonally to the northeast between
PZ2 and Hole 3 towards the east end of the north ditch drain.

The surface is probably not smooth but rocky and/or with holes from rock that was
gouged out from the surface. The surface may have been leveled using the broken and
crushed rock, gravel and sand. Some of the borings indicate gravel at the bottom.

There appears to be a more or less level platform extending from STA 1+70 to 2+20 at a
depth of 2.5 to 4.5 feet (0.8 to 1.4 m) predominantly on the south side of the highway.
This area is shown inside the dashed line in figure 30 and includes the French drain that
is presumably on top of the bedrock. All of that area corresponds to the primary area of
the heave. This would be the rock that the contractor wanted to avoid, and once passed
on the east bound lane, the slope of the road surface increases toward Encampment. The
distance is long enough to make the contractor want to work around it, but there does not
appear to be any rock comparable on the north side of the highway.

1000

Road and Ground Surface

i~ Bed Rock

«= == Assumed Depth of French Drain
at Sta 2+10

Point is offset 20
feet from Sta 1+70.

988 -

986

-60 -40 -20 0 20 40 60
Distance from Centerline at Sta 1+90, ft

Figure 29. Graph. Bedrock Elevations, French Drain and Road Surface at STA 1+90.
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Figure 30. Sketch. Plan View Showing Depth to Bedrock and Proposed Outline of Caprock.

The configuration of the bedrock surface is important because it affects the groundwater flow
under the site.

WATER

The role of water in heaving has been an impetus for several remedial measures at the site over
time. Two French drains were installed in the 1990s (figure 26) and two lateral drains were
installed in 2001. Four piezometers were installed during the drilling in 2000, but readings were
not taken over time and Piezometer 3 has been lost. Piezometer readings for the duration of the
project are shown in figure 31.
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Figure 31. Graph. Water surface elevations.
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Readings were taken after the first project site meeting on December 14, 2010. The next
readings in May indicated a rise of over 300 mm (1 ft) in PZ5 but less than 152.4 mm (6 in.) in
PZ2 and PZ4. In general, the water level differences indicate that the change in head occurs
from the south side to the north side under the road, therefore, most of the groundwater flow
goes from the south to the north side of the highway. Some water mounds up when it hits the
caprock that acts as a small dam. The mounded water can flow over the caprock and then
cascades down the slope beyond piezometer PZ7. This is shown in figure 32. The heads are
fairly small over the bedrock and the large change in head probably does not indicate a large
flow in that direction.
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Figure 32. Graph. Water Surface Elevations Along South Edge of Highway.

PZ4 had an interesting reaction during construction from November 3-6, 2011. The water level
apparently rose over 0.3 m (1 ft) on the first day of injections, but dropped 0.3 m (1 ft) in the
next two days. The weight of the foam would be insufficient to cause this much rise. The
injection must have created a pressure wave in the soil water and air that forced the rise and then
rapidly dissipated.

Two more piezometers were installed with the other instrumentation. PZ6 is directly across the
road from PZ2 and 4.6 m (15 ft) to the west of PZ4. During the project, the water level in PZ6
stayed about 100 mm (4 in.) above the level in PZ4 and supports the idea of flow going north
under the road.

More interesting is the difference between PZ4 and PZ7. They are about 3 m (10 ft) apart with
the depth to bedrock being about 0.2 m (0.5 ft) lower in PZ7. The water level difference is
almost 0.6 m (2 ft) between the two, which is greater than would be anticipated by pure Darcy
flow but is probably influenced by the rock surface.
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TEMPERATURE

The National Weather Service (NWS) indicates that the average temperature for Encampment is
4.8°C (40.6°F). Figure 33 shows the monthly average high and low temperatures from
Encampment and the hourly temperatures recorded in the instrumentation box at the site. The

hourly average temperature in the box between May 10, 2012 and May 10, 2013 is 4.6 °C
(40.3°F).

The NRCS SNOTEL Webber Springs Station No. 852 is located about four miles from the site
and actual temperatures are recorded there. However, there is a 366 m (1200 ft) elevation
difference between the two sites, hence the Webber Springs temperatures are somewhat colder
than those at the site.
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Figure 33. Graph. Monthly Average High and Low Temperatures and Precipitation for
Encampment and Hourly Temperatures from the Instrumentation Box.
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CHAPTER 4. CONSTRUCTION

Three phases of construction occurred over a period of about five weeks:

1. Injecting the Uretek expanding structural polymer foam to create a layer with a thickness
of 75 mm (3 in.).

2. Milling the road surface to make the final surface smoother.

3. Installing and initializing the monitoring equipment.

Prior to the start of construction, three road surface profiles had been measured over the summer
and early fall to establish a preconstruction elevation baseline against which the post injection
and post milling road surface elevations could be compared.

INJECTION

October 10, 2011

Concrete Stabilization Technologies (CST), WYDOT and the University of Wyoming (UW)
personnel met at the site Monday morning, October 10, to finalize the scope of work and outline
the construction procedures. Two WYDOT flaggers maintained traffic control for the duration
of the construction. After the traffic was diverted to the west bound lane for a distance of about
91 m (300 ft), CST took a level survey to establish a pre-injection road profile. Figure 34 shows
the working setup at the site. They then laid out a 1.8 m (6 ft) square grid pattern on the road
surface from STA 1+70 to 2+40 to locate the injection points over the heave area. Holes having
19 mm (0.75 in.) diameters were drilled through the pavement to a depth of 0.5 m (18 in.) on the
grid. Injection tubes 0.6 m (24 in.) long were placed in the holes that would be connected to the
nozzle of the injection gun. Upon testing their equipment, CST determined that one of their
material pumps for the two part Uretek 486 STAR #3 polymer was not working and needed to be
replaced. The injection tubes were pulled and the semi-truck was taken back to the Saratoga
maintenance shop to complete the repair. After CST left the site, UW made a final
preconstruction survey to establish the pre-injection road profile.
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Figure 34. Photo. Site Layout showin the CT Urethane Truk, aere Truck and Trailer,
the Injection Hoses, the Leveling System and the Traffic Control
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October 11, 2011

CST returned to the site and reinserted the injection rods. In addition to using a laser level, string
lines were set along the highway centerline and the center and south edge of the east bound lane.
Injection was started at station 2+40. Figure 35 shows the injection process. The injections were
performed in pairs across the road to try to produce even lifting. Lifting was also started at
station 1+70. Work proceeded from both ends towards the middle. Both ends were lifted the
necessary 75 mm (3 in.) so that the string line could be set on the road surface at both ends to get
proper elevation of the string. Spacer blocks lifted the string an additional 75 mm (3 in.), so
irregularities in the surface would not touch the string and alter the elevation. A 3.7 m (12 foot)
2X4 was also used as a straight edge. Small tapers were added to each side of the treated areas
to improve the transition onto the lifted areas for vehicles. The middle section was not treated
that day due to potential difficulties caused by the poor condition of the asphalt in that area
which had significant cracking. Warning signs were placed to warn drivers of the hazardous
condition of the roadway.

¥ < ey s

Figure 35. Photo. Injecting the Uretek at STA 2+10, the location of the dip. Also shown are
some of the Injection Tubes.

October 12, 2011

CST started working on injecting the middle section of the eastbound lane between the two
humps. However, difficulties arose with the injection guns plugging. For most of the day, only
one injection gun was functioning and was used singularly while the other gun was being
serviced. The asphalt in this area had many cracks and thus was difficult to inject without
severely damaging the road surface. Care was taken to inject slowly and with closer spacing to
prevent uneven lifting and breaking apart of the road surface. In addition to the deep injection,
some shallow surface injections were used to help lift small areas of pavement up to the correct
elevation. The shallow injections were needed to prevent extra lifting of surrounding areas as
caused by the deep injection. Injection and leveling continued throughout the day.
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October 13, 2011

CST added 9 m (30 ft) long tapers to the east and west ends of the east bound lane, from STA
1+40 to 1+70 and from STA 2+40 to 2+70. They also did a few final touch ups of the surface
elevation to the eastbound lane. Traffic control was switched to the north side of the road and
CST proceeded to construct a smooth taper across the road from the centerline (which was lifted
76.2 mm (3 in.)) to the white line on the north edge with zero lift. Both deep (0.8 m (30 inches))
and shallow injections were used to keep the road surface smooth and intact.

Occasionally, the material may spread out beyond the areas wanted. During the injection
process, there was no noticeable sign of unwanted lateral spread of the material at the treatment
depth. Some material leaked out right under the surface of the asphalt and through the holes for
the probes, but no visible material spread out into the road ditches or out of the outlets of the
drains. The injection process was completed pending approval by WYDOT. CST did a post-
injection survey of the site.

October 15, 2011

CST met with Scott Kinniburgh from WYDOT to drive the site. Mr. Kinniburgh drove the site
four times in each direction at 105 kph (65 mph) to evaluate how smooth the ride was in a
vehicle. It was agreed that the road did not cause an immediate safety risk even though it was
not smooth. The road needed to be milled down to provide a smoother ride, but there was not a
lot more that could be done about the rough ride using injections so it the injection process was
deemed complete. A post injection survey of the site before milling was completed by UW on
October 16 so that estimates could be made of the thickness of the insulation layer.

MILLING

On October 17, 2011, CST and Pavement Solutions came to the site to mill the road surface to
provide a smooth ride for vehicles. Pavement Solutions filled up their water tanker in
Encampment and arrived at the site ready to start work. The work was delayed several hours by
falling snow that reduced visibility and obscured the road surface. When the snow stopped,
WYDOT used a snowplow to clear the work area. The surface of the road was rougher than
Pavement Solutions had expected so they had to start in smooth areas and mill off the high spots
in order to provide a smoother ride for the milling machine. This was necessary so that the
milling machine would be able to mill the whole road surface without gouging. Milling was then
done over the whole work area to make a continuously smooth surface. After milling, a ride test
was performed at posted speed limits and it was deemed satisfactory. Figure 36 shows the
changes to the original baseline elevation after injection and then after grinding for the
centerline. The same graphs for the remaining profiles can be found in the appendix D. The
milling did cause some additional damage to the road surface.
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Elevation Differential from the Original Baseline for Center Line of The Road
Caused by Injection and Grinding
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Figure 36. Graph. Injection Thickness and Final Surface after Milling at the Centerline.
TEMPERATURE MONITORING USING THERMISTORS

The in-situ soil temperatures were measured using thermistors and data was collected in a
Campbell-Scientific Data Acquisition System. Thermistors are typically made of a ceramic or
polymer with an electrical resistance that varies linearly with temperature. They are connected
to a device that runs a current through the thermistor and the resistance is determined.
Thermistors are physically more robust and more accurate than most other temperature gauges
such as thermocouples but function over a smaller temperature range of -90°C to 130°C (-130°F
to 266°F).

INSTALLATION OF INSTRUMENTATION

The thermal instrumentation was installed on November 3 when the drill rig became available.
Six holes were drilled to place the thermal instrumentation, one to hold the post used to attach
the instrumentation box and one more to create a new surveying benchmark. The new
benchmark was necessary because the two existing benchmarks were buried under the snow on
the north side of the north ditch, where they had been inaccessible during the previous winter.

Prior to the installation, the top three thermistors for each of the six holes were attached to a
piece of foam household corner trim molding to hold the thermistors in place at specified
locations, shown in figure 37. The depths were selected to be just below the road base and above
the injection, just below the injection, and 254 mm (10 in.) below the previous thermistor. The
thermistors were glued into holes drilled in the molding with their heads extending 12 mm (1/2
in.) beyond the face of the molding and taped so that they would not move when the molding
was placed in the ground and the borehole backfilled. The heads were extended to insure they
would make positive contact with the sidewall of the boring. The cables were also taped in place
to reduce the potential of the cables being damaged during the placement and backfill
compaction.
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Figure 37. Sketch. Upper Thermistor Probe Depth relative to the Road Profile and the Injection
Depth. (1 in. =25.4 mm)

Figure 38 shows the first probe was located 100 mm (4 in.) from the top of the molding, which
was buried at a depth of 305 mm (12 in.). The final one or two thermistors were attached in the
field because their location was a function of the depth to bedrock. After the hole was drilled,
the depth was measured and the prepared molding was cut one foot shorter than the depth of the
hole. One or two holes were drilled in the molding with the bottom thermistor located about four
inches from the bottom of the hole at the top of the bedrock. The molding was placed in the hole
and the cuttings were backfilled into the hole using a very effective tamper built by Scott
Kinniburgh shown in figure 39. The cuttings were compacted to the top of the molding.

Expanding Structural
Polymer Layer
Thermistor Cables

Backfill Soil

Figure 38. Sketch. Diagram of Instrumentation Installation.
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During the injection phase, a 200 mm (8 in.) diameter Sonotube concrete form was filled with
the polymer foam to create a 1.2 m (4 ft) length of foam the diameter of the hollow stem auger
hole. A 75 mm (3 in.) segment of the form was cut and placed on the backfill at the top of the
molding. The foam plug was then sealed in the hole using a can of Great Stuff expanding
insulation foam to fill the annulus between the plug and the borehole. This was covered by more
compacted soil up to the base of the asphalt. Finally, the hole was completed with a layer of cold
patch compacted to the existing road surface. The thermistor cables were routed from the
borehole to the side of the pavement through grooves cut by the Saratoga shop crew using a
concrete saw. The cables were then placed in PVC conduit pipe that routed the cables to the
instrumentation post where the data collection box was mounted.
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Figure 39. Photo. Kinniburgh Tamper Compacting Cold Mix to the Surface

November 3, 2011

The UW group met with Scott Kinniburgh and his crew from the Saratoga WYDOT maintenance
shop at the site. Locations were marked on the road for the drill holes. The WYDOT crew
sawed 12.5 mm (1/2 in.) wide and 50 mm (2 in.) deep grooves into the road using a concrete saw
to extend the thermistor cables from the hole locations to the side of the road. The crew had

also dug a cable trench approximately 0.3 to 0.6 m (1 to 2 ft) deep and 1.5 to 3 m (5 to 10 feet)
from the south edge of the road between STA 1+30 and 2+20 in which to run the PVC cable
conduit.

Drilling began when the drill rig and crew arrived at noon. After traffic was moved to the east
bound lane, the first hole drilled was Hole 3 located at Station 1+98 in the middle to the west
bound travel lane. This hole was drilled first so that it could be finished and allow the west
bound lane to be kept open for the duration of drilling. This hole was drilled to a depth of 2.4 m
(8 ft) to bedrock. Figure 40 shows the borehole locations and the zones treated with expanding
structural polymer. The boring logs are located in appendix C. The holes were not numbered in
order of drilling but according to a convenient arrangement for later analysis. It is less confusing
to refer to the holes by their final designation rather than the order drilled.
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Hole Locations and Injection Zones
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Figure 40. Sketch. Borehole Layout and Injection Zones.

While drilling Hole 3, the hole was dry until the last foot above bedrock, but upon completion,
water began to rise up in the hole. The water level was not allowed to stabilize, but the
piezometers on the north and south sides of the road indicated that the static water level would be
about three feet below the surface. The instrumented molding was placed after the last two
thermistors were drilled, glued and taped. The molding had been cut so that its top was one foot
below the pavement.

As the hole was back filled, the water flowing in created a soft soil slurry. It was not possible to
compact the soil properly with the available equipment. The hole was filled with the drill
cuttings that were mixed with the borehole slurry to form a thicker mud using a long piece of
rebar and it was left to drain overnight. The soil thickened somewhat because the water level
lowered, and the next morning, more soil was compacted on top to provide a bridge of soil on
which to compact the cold mix asphalt.

This hole was located in the tapered zone, so the foam thickness was approximately 38 mm
(1-1/2 in.) thick. A heat flux sensor was glued under a 50 mm (2 in.) thick piece of the Sonotube
foam plug and was placed at a depth of about 0.6 m (24 in.) to correspond roughly to the depth of
the Uretek. More soil was compacted back into the borehole and then finished with asphalt to
the level of the road surface.

A large amount of make-up soil was required for this hole, about five or six shovel fulls. When
drilling, the cuttings will either rise up in the auger or, if the soil is of low density, it will
compact into the side of the boring. It was obvious that the amount of silty sand coming out was
a smaller volume than the hole itself and the additional soil required confirmed that. This
indicated the soil was of low density as if the depth of freezing caused the void volume to be
larger than would be expected in a compacted subgrade.

The next hole drilled was Hole 5 located at Station 1+98, about 1.5 m (5 ft) off the south side of
the road into the ditch. It was drilled to bedrock at a depth of 1.1 m (3.75 ft). There was no
water in the hole at the time of drilling or back filling. The bottom thermistor was added to the
molding to be right above the bedrock and the molding was cut to fit in the hole. The top of the
molding was placed in the hole at a depth of 305 mm (1 ft). No foam plug was placed in this
hole since it was outside the treatment zone.
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Hole 7 was drilled next at Station 1+75 at a distance of 2.4 m (8 ft) from the south edge of the
roadway. The hole was drilled to bedrock at a depth of 1.4 m (4.5 ft). This hole was used for
placing a piezometer designated as Piezometer 6. The piezometer was made of 38 mm (1.5 in.)
diameter PVC pipe. The pipe was cut to the depth needed and a cap was glued on the bottom of
the pipe. Holes having a diameter of 3.2 mm (1/8 in.) were drilled in the pipe near the bottom to
allow water to enter the piezometer. A threaded adaptor was glued onto the top of the pipe to
hold a threaded cap.

A new rebar benchmark was added to this borehole as well, designated as Benchmark 3 (BM3).
Benchmark 3 was added closer the roadway to provide easier access to a benchmark during the
winter months when Benchmarks 1 and 2 were buried under several feet of snow. To make the
benchmark, the bottom of the hole was filled with concrete to hold the benchmark in place. A
piece of #4 rebar was cut to an appropriate length to stick out 102 mm (4 in.) above the top of the
ground surface. The rebar was pushed into the concrete and down to the bottom of the hole. A
PVC sheath was place around the rebar. The hole was then backfilled to hold the piezometer and
the benchmark in place.

Hole 8 was drilled at station 1+93 at a distance 3.7 m (12 ft) from the south edge of the road into
the ditch. This hole was drilled to place the post for the equipment box and the solar panel as
well as a new piezometer designated as Piezometer 7. The hole was drilled to a depth of 1.22 m
(4 ft). The 102 mm (4 in.) post and the 38 mm (1.5 in.) diameter piezometer were placed back in
the hole and the hole was backfilled. The post had to be cut notched on one corner at the bottom
to allow the piezometer to be placed in the same hole.

Holes 6, 4, and 2 were drilled at Stations 2+18, 1+98, and 1+78 and to depths of 1.67 m, 2.29 m
and 2.00 m (5.5, 7.5, and 6.5 ft) respectively. These holes were all similar in nature and all
drilled along the centerline of the east bound lane. All the holes were dry. The instrumented
moldings were prepared as in Hole #3, placed, compacted and covered with a 75 mm (3 in.) thick
foam plug, backfilled and covered with an asphalt patch. A heat flux sensor was glued to the
bottom of the foam plug in Hole 4.

The final hole drilled was Hole 1 at Station 1+28 along the centerline of the east bound lane The
hole could only be drilled to a depth of about 0.8 m (2.5 ft) before refusal. Since the hole was so
shallow, the last two thermistors for the hole were not added to the molding. The molding was
cut to the needed length and placed so the top was at a depth of 305 mm (12 in.). The hole was
backfilled up to the bottom of the asphalt. It is interesting to note that Hole 10-5, drilled during
2010, is located about 3 m (10 ft) away and has a depth of 1.7 m (5.5 ft). On further
consideration, it is possible that Hole 1 hit a rock suspended in the fill and does not go down to
the actual bedrock surface.

For all of the holes drilled in the roadway, the cables for the thermistors were run through the
cuts sawed into the road surface earlier out to the edge of the roadway. The cables were covered
with a piece of 12.5 mm (1/2 in.) diameter flexible insulation foam and then were sealed with a
special polymer caulking material. WYDOT also repaired several pieces of the road surface that
had been damaged by the injection and grinding processes using hot patch mix. The equipment
box and the solar panel were attached to the post facing south away from the roadway. The
thermistor cables were set in the ditch away from the road and the project concluded for the day.
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Table 3 summarizes the depths of the thermistors in each of the boreholes. The top three
thermistors are at the same depth so their temperatures can be compared directly. The lower
probes were placed as a function of the depth of bedrock and were useful to determine the
temperature distributions below the freezing depths.

Table 3. Thermistor Depths for Each Hole (1 foot = 0.305 m)

Depths to Thermistor Probes (ft)
Hole #
Probe 1 2 3 4 5 6
1 1.33 1.33 1.83 1.33 1.33 1.33
2 1.87 1.87 2.33 1.87 1.87 1.87
3 2.67 2.67 3.17 2.67 2.67 2.67
4 NP 4.42 4.67 4.00 3.58 4.08
5 NP 6.17 8.67 5.33 N 5.50

November 4, 2011

Hole 3 had dried enough overnight to be backfilled and compacted although compaction was still
difficult. It was completed as described above. The primary task for the day was to run the
thermistor cables from the edge of the road through PVC pipes to the instrumentation box at
Station 1+93. The PVC conduit pipe was to protect the cables from damage and was buried in
the trench cut by WYDOT.

The cable trenches from the boreholes extended to the south edge of the pavement shoulder.
Each set of cables were then run through a 25.4 mm (1 in.) diameter PVC pipe from the shoulder
to a main conduit which was finally buried at a depth of 305 mm (1 ft). The conduit size was
increased as each cable bundle was added to it. The conduits from both the east and west sides
ended at the instrumentation post.

The layout of the boreholes changed from the time that the thermistors were ordered to when the
final locations were determined as the nature of the site and the injection became better
understood. Significantly, the borehole locations came closer together so that the cables on the
thermistors were longer than finally required. In some cases, the cables were 15 m (50 ft) too
long. All of the excess cables were bundled, wrapped, and placed in a 3 m (10 foot) long piece
of 100 mm (4 in.) diameter PVC pipe. The cables were fed through two pipe saddles to two 38
mm (1.5 in.) diameter PVC pipes that fed the cables into the instrumentation box. Figure 41
shows the final cable layout.
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Figure 41. Sketch. Wiring Layout and Conduit Location
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Repairs, Temporary Baseline Survey, and Wiring

The final instrumentation wiring was not completed during the installation trip. A trip was taken
on November 11 to measure a second baseline road profile and finish the work not completed on
the last trip. The ends of all the pipes were filled with expanding foam insulation and the
junction of the pipes was surrounded with the expanding foam insulation. After all the pipes and
conduit were sealed and protected, WYDOT came to the site on a later date and buried all of the
pipe to protect it from damage.

Since the roadway elevations were changed by injection and milling of the road surface, a survey
of the site was conducted to establish a baseline against which to compare the winter surveys.
During surveying, the elevation of BM 3 was determined so that it could be used in place of
Benchmarks 1 and 2 if they were buried by snow. The elevation of BM3 was determined to be
304.395 m (998.67 feet) relative to the assigned elevation of 304.800 m (1000.00 ft) at
Benchmark 1. Most of the thermistors were wired into the data logger and the multiplexer.

Time restrictions prevented the completion of wiring. The wiring was completed on November
18, 2012. The power was turned on to the system and the data acquisition program was sent to
the data logger. This was the conclusion to the construction portion of the project.

SUMMARY

The construction process began with the injection of the polymer. The road surface was milled
and then all of the instrumentation was placed and wired to the data logger. The collection of
temperature data began on November 18, 2011 and the site was monitored over the next two
winters. Chapter 5 is a discussion of the results of the data collection and the project
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CHAPTER 5. RESULTS

Chapter 3 described the site characteristics and why frost heaving is so significant in this small
area. Chapter 4 presents the instrumentation and measures that were used to determine the state
of the system. This chapter will present the results of data collection over the winters of 2011-
2012 and 2012-2013.

The objective questions to be evaluated are:

e Can injection of the foam nondestructively level the road surface and make the road safer
to drive without full reconstruction of the site?

e Will the foam provide a sufficient thermal barrier to reduce or eliminate the frost heave
caused by penetration at the site?

e Will the continuous blanket of foam create a barrier to moisture during the spring thaw?

Maintaining the same sequence, the surface movements will be presented first, the thermal data
will be presented next and the water data will be considered last.

ROAD SURFACE MOVEMENT

Surveying — Longitudinal Elevation Differences

Figure 42 shows the frost heave occurring on the Centerline of the east bound lane. The thinner
solid black line is the heave determined on January 26, 2011 before the treatment was applied.
The maximum heave measured is 66 mm (2.6 in.) at STA 1+90, but the significant feature is the
33 mm (1.3-in.) drop at STA 2+10 followed by the 25.4 mm (1.0-in.) rise in the next 3 m (10 ft).
The dip, right in the middle of the travel lane, was created by the non-heaving backfill over the
French drain and it has created significant problems and complaints.

The heavy black line at the bottom of the figure represents the thickness of the structural polymer
foam along the centerline of the lane. The secondary vertical axis indicates thicknesses of 0 to
83 mm (0 to 3.25 in.) with the average thickness being a little less than 76.2 mm (3 in.).

The bolded colored lines are the differences between the measured elevations and the baseline
elevations after the foam treatment. The dashed lines are from the winter season of Year 1
(2011-2012) while the solid lines are from the winter season of Year 2 (2012-2013). The
maximum heave under the highest bump is less than 12.7 mm (0.5 in.). One set of readings
taken on March 5, 2012 reaches 17.8 mm (0.7 in.) between STAS 1+50 and 2+60 while the rest
of the readings are less than 12.7 mm (0.5 in.). The resulting movement is essentially
unnoticeable to a driver.

The heave along the centerline of the highway is shown in figure 43. The heave prior to
treatment measured on January 26, 2011, is about 73.7 mm (2.9 in.) at STA 1+90. There is no
dip along the centerline because the French drain on top of the buried caprock extended from the
centerline to the south. The foam thickness is uniform at three inches over the center of the
treated zone.
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A small amount of heave occurs at STA 2+10 where the caprock is closest to the surface. Two
reasons may be the likely cause. First, the caprock may alter the thermal regime locally that
could provide more water adjacent to the freezing front and create more ice lenses. As no
temperature gages were installed on the centerline, it is not possible to verify that hypothesis. A
second reason may be that the taper in foam thickness to the north occurs at the centerline, so it
is possible that some heat loss is occurring here causing the temperature to drop lower at that
point. Nonetheless, the heave is significantly less than that before the treatment.

It is significant to note that the readings taken on January 26, 2011 were unlikely to the be the
maximum heave that would occur during the winter season. Data analysis over the next two
years indicates that the maximum heave normally occurs during the early portion of March.
Scaling the results would increase the January measurements by a factor of at least 25%.

During the initial negotiations for the project, the frost heave on the north side of the highway
was not considered to be a concern. The bump was not considered severe and there was not as
much driver discomfort on the north side. Surveying was not performed on the north side during
the first two site visits, but was started during the research phase. Figure 44 shows that over 76.2
mm (3.0 in.) of heave occurred on the north edge during the Year 1 (dashed) while 44.5 mm
(1.75in.) occurred during Year 2. The most likely reason for this difference in heave is the road
surface condition. An overlay was performed on the road in the mid 1990s. A tack coat was not
applied between the initial surface and the overlay as an experiment to reduce maintenance costs.
The thickness of the overlay after milling the surface after the injection was less than 25.4 mm (1
in.) over much of the area. During the spring and summer of 2012, plates of the asphalt began to
slide on the cold joint due to the traffic, to the point of pinching the instrumentation cables
crossing the road. A decision was quickly made to place another overlay on the stabilized
surface. The overlay made the surface black as opposed to the lighter grey of the weathered
asphalt. The different albedo most likely caused the change in heave between the first and
second year heave. Longitudinal frost heave diagrams for all five lines are presented in appendix
E.

Elevation Differential from the Baseline for North Edge, West Bound Lane
Caused by Frost Heave - Year 1 (Dashed) and Year 2 (Solid)
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Figure 44. Graph. Elevation differences along the north edge of the west bound lane (NEWB)
Surveying — Transverse Elevation Differences

The significance of the heave reduction can be seen in the transverse direction across the
highway. Figure 45 shows the heave at STA 2+00. The heavy black line on the bottom shows
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the full thickness of the injection on the east bound lanes (South/Left) and the taper in thickness
to zero on the north edge. The thin line between -6 and O feet is the heave measured on January
26, 2011 before the treatment. The dashed lines are the readings during Year 1 after the
injections and the solid lines are the readings during Year 2. The heaves at -6 ft, the centerline of
the east bound lane are all below 12.7 mm (0.5 in.). A portion of the heave on the south edge of
the lane may be attributed to irregular injection adjacent to the embankment slope. Injection
would stop when the foam would begin to flow out the embankment face. One modification to
the injection plan for future work would be to create a vertical barrier along the outside shoulder.
This barrier would prevent lateral loss of foam and reduce the heat loss to the side.

St 2+00 12/14/2010
3.00 a - 1/26/2011
= 1/29/2012
£ 250 129/
‘E 3/5/2012
7] |
- 2.00 4/6/2012
LE. 1.50 - 12/14/2012
g w— 1/19/2013
1.00 1
% e 3/2/2013
% 0.50 w— 3/27/2013
0.00 — e 4/24/2013
e |njection Depth
-0.50 3"
\ Injection Depth
-1.00 ; o"
-12 -6 0 6 12

Transverse Locations, ft

Figure 45. Graph. Elevation differences across the highway at STA 2+00. The east bound lane
is on the left.

A layer of snow covers the ground surface during the winter that acts as a thermal blanket. The
ground temperature under the snow stays right at 0°C (32°F). The warmth on this side compared
to the colder surface temperature under the cleared road surface could also affect the depth and
rate of freezing and allow somewhat more heave to occur along that edge. This temperature
difference could also explain in part why shoulders tend to show more distress than the pavement
next to them.

Surrounding stations show similar patterns, with the heave on the right decreasing in both
directions while the heave in the CLEB remains at a minimum. Transverse sections at STA
1+60 and STA 2+30 are shown in figure 46 and figure 47, respectively. The heave on the treated
side remains small and the heave on the west bound, partially untreated side is decreasing away
from the maximum heaves at STA 2+00. Appendix F presents ten diagrams between STA 1+00
to STA 2+70.
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Figure 46. Graph. Elevation differences at STA 1+60

Sta 2+30
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Figure 47. Graph. Elevation differences at STA 2+30
TEMPERATURES

The temperature below the road surface was determined at boreholes one through six, shown in
figure 26. The top three thermistors in all the holes were located at fixed distances 410, 560 and
820 mm (1.33, 1.87 and 2.67 ft) below the surface, shown in figure 48 except for Hole #3, which
is located 150 mm (6 in.) deeper. The top thermistor was located just above the foam while the
second thermistor was just below the foam. The fourth and fifth thermistors were spaced
depending on the depth of the hole. Temperature readings at all thermistors were collected every
hour from November 18, 2011 to May 10, 2013. Hole #5 was off the road surface and covered
with snow most of the season and its temperature patterns are very different. It will be evaluated
separately.
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Location of Upper Thermistor Probes

‘L.5% 5inches PMP

8-10inches Base

Injection Level
18 inches

22 inches

=== 32 inches

Figure 48. Sketch. Location of top three thermistors relative to the pavement and the foam.
(2 in. =25.4 mm)

Temperature Readings at Depth

Temperature readings over the two winter seasons for the five thermistors in Hole #4 are shown
in figure 49 and for the three thermistors in Hole #1 are shown in figure 50. (The wiring for the
bottom thermistor in Hole #4 was damaged by the moving asphalt during the summer and gave
erratic readings during the rest of the time.) Both of these holes are located on the centerline of
the east bound lane, with Hole #4 having 76.2 mm (3 in.) of foam and Hole #1 having none.

The average temperature of the top thermistor in Hole #4 during the first winter is about -2°C
(28.4°F) with a minimum temperature about -3°C (26.6°F). The average temperature in Hole #1
during the same time is about -3°C (26.6°F) while the minimum is at -6°C (21.2°F). Similar
results hold for the second year. The key temperature readings are at the second and third
depths, 560 and 820 mm (1.87 and 2.67 ft), immediately above and below the polymer injection.
The average temperature during Year 1 at the 560 mm (1.87 ft) depth in Hole #4 is at 0°C (32°F)
with a small dip to -1°C (30.2°F) while the average temperature in Hole #1 is approximately -2°C
(28.4°F) with a minimum temperature of -4°C (24.8°F). The green line representing the data at
820 mm (2.67 ft) depth is well above zero in Hole #4 and well below zero in Hole #1. Little
freezing is taking place below the foam layer in Hole #4 so the heave there is minimal.
Conversely, the frozen depth is well below 820 mm (2.67 ft) in Hole #1. Minimal heaving
occurs in the area of Hole #1 because the soil is coarser and is not as frost susceptible.
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Temperature - C
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Figure 49. Graph. Temperature readings for the five thermistors in Borehole #4.
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Figure 50. Graph. Temperature readings for the five thermistors in Borehole #4.
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Figure 51 combines all these results so they can be compared. The horizontal bars represent the
hourly temperatures for each thermistor averaged over the freezing season. For example, the
bottom bar in Hole #1 at -3 °C (26.6°F) is the average temperature from the hourly readings in
the first thermistor at a depth of 405 mm (1.33 ft) determined between December 6, 2011 and
March 11, 2012. These are the first and last days that the thermistor registered a temperature
below 0 °C (32°F). This range was used for all the other first year averages. The range of days
for the second year is from December 17, 2012 to March 14, 2013.

4
Dec 6, 2011 to
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0" 1.5" 3" 3" 3"
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Figure 51. Graph. Thermistor readings averaged over the freezing season.

There are two anomalous features in this figure. The circled blue line is a consequence of the
erratic readings obtained after the wiring was damaged. The second feature is the very small
temperature range between the first two thermistors in Hole #3 during Year 2. It may also be

attributed to wiring damage, but the two thermistors tracked each other very closely throughout
the winter.

Four significant features stand out in this diagram.

e The difference in average temperatures in the first two thermistors in Hole #1 with no
foam is small compared to the differences in Hole #3 with 38 mm (1-1/2 in.) of foam and
to Holes #2, #4, and #6 with 76.2 mm (3 in.) of foam, which are more than twice as great
as in Hole #1. The layer of foam is between these two thermistors, so the difference
should be significant.

e The temperature difference between the second and third thermistors is much greater in
the holes with three inches of foam. The foam is providing an active barrier to heat loss
so the average temperature is greater under the foam than without it.

e The average temperature in the third thermistor in Holes #2, #4, and #6 is uniformly
1.5°C (34.7°F) above freezing with the foam, while the thermistor in Hole #1 is one
degree below freezing (30.2°F). This may create a heat reservoir, which raises the
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temperature in the upper levels. However, this is not showing up in Hole #2, so the high
water levels around the caprock may influence these values also.

e The third thermistor in Hole #2 is at the same temperature as are those in Holes #4 and
#6, whereas the top two thermistors in Hole #2 are behaving more like those in Hole #1.
It is possible that the foam was injected deeper in #2 than the other holes. That would
have the effect of “raising” the thermistors and keeping both in the freezing zone, while
the third thermistor would still be below the foam and act about the same as the other
holes.

Graphs of temperature readings for all the holes are presented in appendix G.

Effect of Freezing on Heave

Figure 52 compares the temperature data during Year 1 in Hole #4 to the frost heave over that
time at STA 2+00 along the five survey lines. Specifically, the heavy black dashed line is the
heave measured along the centerline over Hole #4. Very little heave occurs until the temperature
at 570 mm (1.87 ft) briefly drops below 0°C (32°F). Even then, the heave is small because the
depth of frost penetration is very small.

Borehole #4 Temperature and
Heave at Sta 2+00 over Year 1
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Figure 52. Graph. Hole #4 Temperature and Heave at STA 2+00 — Year 1.

Temperature - C

Figure 53 shows the same information as figure 52 except it is for Year 2. A cold spell occurred
on January 11-16, 2013, when the low reached -28.0°C (-18.4°F) on the 14™. This drove the soil
temperatures down at all three levels, but especially the thermistor at 570 mm (1.87 ft), which
dipped to -2.4°C (27.7°F). This allowed early freezing to occur, but as the soil temperature
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decreased through the rest of the season, the ice appears to have melted and the surface dropped
a small amount and stabilized.

The average temperature during Year 2 (2012-2013) was a little colder than during Year 1
(2011-2012) with an air temperature freezing index, Fl, of 1355 Degree-days compared to 1206
Degree-Days. The heave patterns are lower in Year 2, which is likely due to the black surface of
the pavement after the overlay was placed. Secondly, the movement of the thinned pavement in
plates during the spring and summer of 2011 crimped some of the thermistor cables and caused
some erratic temperature readings in Holes #2, #3 and #6.

Borehole #4 Temperature and
Heave at Sta 2+00 over Year 2
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Figure 53. Graph. Hole #4 Temperature and Heave at STA 2+00 - Year 2.

Temperature-C

Figure 54 compares the temperature data to heave at Hole #3. Hole #3, located on the centerline
of the west bound lane, is in the taper zone and only has about 37 mm (1-1/2 in.) of foam for
insulation. The red line at a depth of 570 mm (1.87 ft) is consistently below 0°C (32°F) and the
green line at depth 813 mm (32 in.), decreases to 0°C (32°F) on February 1, 2012 and stayed on
0°C (32°F) through the rest of the season. The heavy dashed line is the centerline heave over
Hole #3 and indicates that the heave increases progressively throughout the season. The slower
that the freezing front advances into the soil, the greater the opportunity for water to flow upward
and to freeze into an expanding ice lens. Finally, as the soil temperatures increase above 0°C
(32°F) around March 15, 2012, the ice melts and the pavement quickly drops back to the normal
elevation during the summer.

Holes #2 and #6 show similar patterns as Hole #4. Figures for all of the holes over both years
are presented in appendix H.
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Borehole #3 Temperature and
Heave at Sta 2+00 over Year 1
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Figure 54. Graph. Temperature and heave comparison in Borehole #3, Year 1.

Average and Maximum Depth of Frost Penetration

The upper thermistors were placed to determine the temperatures around the foam layers. When
the freezing temperatures in a borehole cross the thermistors, that determines the depth of
freezing at that time. However, it does not give an absolute depth when the temperature is not at

freezing around a thermistor.

Plotting the thermistor values as a function of depth produces graphs that show the depth at

which the temperature crosses freezing. Figure 55 and figure 56 plot the average temperatures
shown in figure 51 plotted against depth for Years 1 and 2, respectively. Reading the values at
0°C (32°F) gives the values shown in table 4 for Average Depth.
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Average Frost Depth, Year 1
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Figure 55. Graph. Average Borehole Temperatures with Depth, 2011-2012.

Average Frost Depth, Year 2
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Figure 56. Graph. Average Borehole Temperatures with Depth, 2012-2013.
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Table 4. Average and Maximum Depth of Freezing in the Boreholes (1.00 ft = 0.3048 m)

2011-2012 2012-2013

Average Depth Maximum Average Depth Maximum

€19) Depth (1) ¢i9) Depth (ft)
Hole #1 3.30 3.80 3.50 3.80
Hole #2 2.13 2.13 2.21 2.60
Hole #3 2.36 2.85 2.50 3.15
Hole #4 1.78 2.25 1.93 2.45
Hole #6 1.63 2.20 1.84 2.40

Figure 57 through 61 plots the minimum temperatures during both years in each borehole. For
example, figure 49 plots the temperatures for the duration of the project for Hole #4. During the
first year, the minimum temperature for the top three thermistors occurs on March 3, 2012.
Those values are plotted in figure 60. During the second year, two low temperatures are evident.

A cold spell occurred on January 15, 2013 that produced the lowest values in the top two
thermistors. However, it occurred early enough in the season that the third thermistor was not
able to respond, so it had a lower minimum temperature on February 28, 2013, just before the
temperatures started to increase. The thermistor values for both of these dates were plotted to
determine the maximum frost depth that was recorded in table 4.

Averaging the average frost depths in table 4 for Holes #2, #4 and #6 (having the full 76.2 mm
(3 in.) of foam) gives 560 mm (1.84 ft). The average depth in Hole #1 is 1.04 m (3.40 feet). Ina
general sense, the effect of the 76 mm (3 in.) of foam is equivalent to 475 mm (1.56 ft) of soil, or
25.4 mm (1 in.) of foam equals about 152 mm (6 in.) of soil.
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Borehole #5

Hole #5 is located off of the road surface and adjacent to the data acquisition post. During the
winter months, the location was covered with snow. The snow acts as an insulation layer and
protects the soil surface from direct contact with freezing air. This is clearly shown in figure 62
in which the blue line, representing the depth of 405 mm (1.33 ft), stays within one-half a degree
of 0°C the entire time it is covered with snow. An example of the insulation properties of the
snow is that on January 14, 2013, the air temperature was -28°C (-18.4°F) and the top thermistor
in Hole #5 reached a minimum temperature of -0.3°C (31.5°F) on January 22, 2013 eight days

later while the top thermistor in Hole #1 reached -10.3°C (13.5°F), 27 hours after the minimum
air temperature occurred.

Because the temperatures remain high in the snow-covered area adjacent to the road, the frost
heave under the road shoulder will usually be greater because the soil water is able to flow
laterally and provide water for freezing. This would be a likely cause for the shoulders of the
road breaking up more than the road surface itself.

Borehole Temperatures - Hole #5
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Figure 62. Graph. Temperature Reading for the four thermistors in Hole #5
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AIR FREEZING INDEX

The air freezing index is the sum of the average daily degrees below freezing throughout the
freezing season. It gives an indication of the thermal driving potential to cause the soil to freeze.
The temperatures are measured at a height of 1.4 m (4.5 ft) above the ground surface. This was
approximately the height of the instrumentation box when viewed from the roadway. The
freezing index is determined by adding the temperatures together cumulatively from a day prior
to the freezing season in the fall and then stopping when the value increases past the minimum
value inthe spring. The air freezing curves from the site are shown in figure 63. The upper red
line, representing Year 2, is fully formed with a well defined maximum and a well defined
minimum. The difference between those two values is the Air Freezing Index. In this case, the
value is 169 minus -584 or 753 °C-Days acting over 167 days.

Air Freezing Index Diagrams at Site,
Instrumentation Box
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Figure 63. Graph. Air Freezing Index curves at the Site.

Unfortunately, the curve for Year 1 is truncated at the earliest days because the instrumentation
was not installed until mid November. In order to get a representative value for the upper
portion of the curve, a several step process was required. The first step was to compare other
freezing index curves from other weather sites to the Year 2, 2012-2013 data.

There are three NWS weather stations in the Encampment area and the Webber Springs
SNOTEL station between the site and Battle Mountain Pass shown in figure 64. Two NWS
stations are in town, about 1.6 km (1 mi) apart. Formally, both stations, 483048 and 483050, are
closed and do not measure temperatures, just snow data. However, Tony Bergantino of the
Wyoming Water Resources Data System (WRDS) was able to locate temperature data for both
stations. The data was identical between the two stations, except 483050 had a longer period of
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record than 483048. It is important to note that both data sets were indicated to be estimates, not
actually recorded values.

230
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Figure 64. Map. Locations of National Weather Stations and SNOTEL Station Relative to Site.

Figure 65 shows the freezing index diagram for the site, NWS 483050 and Webber Springs. The
data record for NWS 483050 ended on January 17, 2013, so is not useful. However, the shapes
of the site and Webber Springs curves are very similar, with the Webber Springs data being
somewhat expanded from the site curve because of its location at a higher elevation. The
freezing index for the site is 753 °C-days while that of Webber Springs is 817 °C-days. A
scaling ratio is determined by dividing the site’s FI value by the Webber Springs FI, to get 0.92.

Figure 66 shows the air freezing index curve for Year 1 in which the curve for Webber Springs
has been shifted down so that the minimum values match. The general shape of the Webber
Springs curve agrees with the site curve and figure 67 shows that a scaling ratio of 0.94 matches
site curve exactly. Therefore, a scaling ratio between 0.92 and 0.94 would be appropriate
between these two sites. The Freezing Index for the site in Year 1 is equal to 73 minus -597 or
670 °C-Days (1206 °F-Days) acting over 137 days.
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Figure 65. Graph. Air Freezing Index at the Site, NWS 483050 and at Webber Springs, 2012-
2013.
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Figure 66. Graph. Air Freezing Index for 2011-2012.
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Freezing Index, 2011-2012
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Figure 67. Graph. Adjusted Webber Springs Freezing Index Curve Matches Site Curve.
GROUNDWATER UNDER THE ROAD SURFACE

The state of the groundwater was discussed in chapter 3. In general, it appears that the water is
flowing from the west, hits the caprock around STA 2+00 where it mounds up and then
separates, with most water flowing to the north and some flowing over the caprock where it can
supply water for the freezing front. Regarding figure 30, there appears to be a slight lowering of
the water surface that could be due to the lack of vertical flow from the road surface, but lacking
longer-term records of historic water levels, it would not be possible to say that the layer of
impermeable foam above would be the sole reason.

However, the foam prevents water from flowing upward into the freezing soil above the foam
layer. The foam creates a consistent impervious barrier to prevent water from reaching the
freezing silty sand above the foam. Since the water is cutoff, no segregational heaving can
occur, especially if the covered pavement surface is intact. This may be just as significant effect
as the insulation effect. Note that this is even more effective than the insulation barriers made
from foam panels. A large amount of water can easily come up through the gaps between the
panels, therefore not affecting an impervious cutoff.

A final consequence of the layer is that the water content at the spring thaw should be much
lower because the excess water was not allowed to freeze around the lenses. This should provide
better, uniform support for the road surface, less likelihood of the soil weakening due to an over-
saturated condition and minimal differential movement of the soil.
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CHAPTER 6. PREDICTION OF FROST DEPTH AND SELECTION OF
THICKNESS OF POLYMER FOAM INJECTION

Several models exist to estimate the depth of frost penetration, i.e., Stefan, 1887, Neumann, 1860
(reported in Lunardini, 1980), Soliman etal, 2008. The most common appears to be the Modified
Berggren Equation (MBE) initially developed by Aldrich and Paynter in 1953. A simplified
procedure is presented in the Minnesota Department of Transportation’s Pavement Design
Manual (MNDQOT, 2007). This model is useful to predict frost depths in multiple pavement or
soil/aggregate layers.

EQUIVALENT VOLUMETRIC HEAT FOR THE POLYMER FOAM

The Volumetric Heat of Latent Fusion, L, is the amount of heat required to convert the liquid
water to ice in a body of unit volume. Once all the water has frozen, heat will flow through a
layer by conduction. (The dry unit weight times the water content in the equation for L
calculates the weight of water per unit volume.) The latent heat is a capacitance term because it
represents the amount of heat that must be added to the soil to allow the water inside it to freeze.

Because the Uretek repels water and has none in its structure, it does not have a Heat of Latent
Fusion. However, it behaves in a similar manner because the carbon dioxide contained in the
closed cells has to be cooled by conduction through the thin, low conductivity cell walls. It
absorbs an amount of heat before it allows the temperatures to change across it. There are no
published values for Volumetric Heat of Latent Fusion for polymer foams, but its effects have to
be accounted for before the heat flux can be adequately described.

Having established the depth of freezing in soil profiles with and without the polymer injection
layer in this project, this information can be used to determine an appropriate value for an
Equivalent Latent Heat for the Polymer Foam, Lg. Using that information, the depth of freezing
can be predicted without and with a foam insulation layer to determine the depth of injection
required to prevent freezing in the underlying layers during seasons with different freezing
indices.

MNDOT FROST PENETRATION MODEL

The MNDOT model was described in Chapter 2. To make a prediction requires following these
basic steps:

1. Define the Road Profile:
a. Determine the Layer Thicknesses, h; (inches), for the pavement, the base
courses and the subgrade soils.
b. Determine the Dry Unit Weight and the Water Content of each layer.
i. MNDOT recommends:
1. Portland Cement Concrete:
a. yq= 140 pcf
b. w=2%
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2. Bituminous Pavement:
a. yq=138 pcf
b. w=0%.
2. Determine the Freezing Index for the site:
a. Use known values. For this project, the actual Freezing Indices were equal to
670 °C-Days (1206 °F-Days) in 2011-2012 and 753°C-Days (1355 °F-Days)
in 2012-2013.
b. Select a value of Freezing Index from a table, such as table 2, Air Freezing
Index for Selected Wyoming Communities (NOAA, 2012).
i. MNDOT recommends using the 30 year return period for design.
ii. The NOAA table does not give values for 30 year return periods, so
select either the 25 year or 50 year values (1445°F-Days or 1506 °F-
Days), or estimate the 30 year value by interpolation (1460 °F-Days).
3. Determine the thermal properties of the layers
a. ki;=Thermal Conductivity (BTU/ft hr °F)
i. Use figures 21 through 24.
ii. Kirsten (1949) Equations

_ [0.076(10)”"“3” +0.032(10)""*7 W]

t—Frozen Sand — 12
[(0.710g (w) + 0.4)10° |
kthnﬁ'ozen Sand — 12
0.01010)*7 +0.085(10)°**" ]
kt—Frozen Silt—Clay = 12
k _[0.9108(w)-0.2)10° |

t—Unfirozen Silt—Clay —

iii. MNDOT recommends:

1. k. of Portland Cement Concrete = 6 BTU/ft? hr °F/in.
= 0.5 BTU/ft hr °F
2. k. of Bituminous Pavement = 10 BTU/ft* hr °F/in.
= 0.83 BTU/ft hr °F
iv. Use the frozen conductivity for freezing, use the unfrozen conductivity
for thawing.
b. Volumetric Heat of Latent Fusion for granular materials:
i L=143(uw) (BTU/M)
1. yq= Dry Unit Weight (pcf)
2. w = Water Content (%)
4. Determine the Freezing Index Required (FIR) for each layer using Stefan’s equation
(figure 18):

12

2
a FIR -4h
48K,

b. IfFIR <FI,

i. Calculate the remaining FI by subtracting FIR; from FI.
ii. Repeat step 4)a. for the next layer.
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c. IfFIRi>FlI
I. Calculate the depth of frost penetration into that layer using Stefan’s
equation (figure 18):

(48K, FI
z, = |—2—
I‘i

where FI is the remaining FI from the previous layer.
ii. z equals the sum of the previous layer thicknesses plus z;.

COMPARISON OF PREDICTED TO ACTUAL FREEZING DEPTHS

The validity of this procedure can be evaluated by comparing the predicted frost depths to those
measured at the site. The Freezing Index, FI , is an average value determined over the winter
season. It makes no assumption about the distribution of the colder days so it is most appropriate
to use the average frost depths given in table 4 rather than the maximum depths, which are
influenced by the coldest periods of the winter.

In addition, because the polymer foam in Holes #2, #3, #4 and #6 alters the frost depth, the
predicted depths can be varied by adjusting the value of the Equivalent Volumetric Latent Heat
of the polymer. All eight predicted depths were determined and compared to the ten actual
depths (Holes #4 and #6 had identical physical properties). The errors were squared and
summed. Using a least-squares procedure, the best-fit value of Equivalent Volumetric Latent
Heat was determined to be 1290 BTU/ft? and that value was used in the following descriptions.

Hole #1 — Year 1

Hole #1 is about 3 m (10 ft) from Hole #10-5 from the April, 2010 drilling which occurred just
after the winter season. From the #10-5 boring, the asphalt thickness was 6.5 inches (165 mm)
and the base course was 200 mm (7.9 in.) with a water content of 3.7 percent. The subgrade silty
sand had a water content of 1.9 percent. The recommended conductivity was used for the asphalt
and the water content was assumed zero. The subgrade unit weight was not measured, but it was
soft and easy to drill. Its unit weight was assumed to be 1.7 g/cm® (105 pcf). The Freezing
Index for the first year was 1206 °F-Days. The analytic procedure in table 5. The actual
measured depth of frost penetration was 3.30 feet (1005.4 mm) and the predicted depth was 3.38
feet (1030.2 mm). The correlation using the Stefan’s equation is excellent.

Table 5. Frost Depth Approximation for Hole #1 - Year 1.
Estimated Depth = 3.38 ft, Actual Depth = 3.30 feet.

Hole £1 #10-5 FI =1206
Material Ya w (BI'I.:U hi (BT%J-’&: FIR: FIi Zi Zzi Zzi
atena (pef) (%) £3) " | (inches) b °F ":.in) (*F-Days) | (°F-Days) | (inches) | (inches) (ft)
Asphalt 138 0 0 6.5 10 0 1206 6.5 6.5 0.54
Base 120 3.7 | 634.9 7.9 18 45.9 1160.1 7.9 14.4 1.20
Course
Subgrade | s 1.9 285 3.5 1160.1 0 26.1 40.5 3.38
Silty Sand
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Holes #4 and #6 — Year 1

Holes #4 and #6 are adjacent to Hole #10-4. The pavement thickness was 178 mm (7.0 in.) and
the base course thickness was 7.4 inches (188 mm). The water content from 2010 for the base
course is 4.4 percent and for the silty sand is 7.0 percent. Holes #4 and #6 have 76.2 mm (3 in.)
of polymer at a depth of 457 mm (18 in.). Based on tests reported in chapter 2, the polymer has a
conductivity of 0.192 BTU/ft? hr °F/in. The model predicted a frost depth of 530 mm (1.74 ft)
while the actual measured depth was 542 mm (1.78 ft) in Hole #4 and 496.8 mm (1.63 ft) in
Hole #6, an error of 48 mm (1.9 in.). See table 6.

Table 6. Frost Depth Approximation for Holes #4 and #6 - Year 1.
Estimated Depth = 1.74 ft, Actual Depth at Hole #4 = 1.78 feet.
Actual Depth in Hole #6 = 1.63 feet.

Holes #4

141 4 =12
N #10-4 FI =1206
ki i : ) ) )
1 Ya W L hi FIR; FIi Zj Xz zzi
Materia. ! . 2
(pef) (%) | (BTU/AY) (inches) EEEE fiij (°F-Days) | (°F-Days) | (inches) | (inches) (ft)
Asphalt 138 0 0 7 10 0 1206 7.0 7.0 0.58
Base 120 4.4 755 7.4 18 47.9 1158 7.4 14.4 1.20
Course
Subgrade
silty 105 7 1051 3.6 7.8 36.5 1122 3.6 18.0 1.50
Sand
Polymer 7 1200 0.192 1122 0 2.8 20.8 1.74
Foam

Hole #2 — Year 1

The actual measured depth of frost penetration in Hole #2 was 649 mm (2.13 ft). Using the same
approximation for Hole #2 as for Holes #4 and #6 above results in an error of 119.4 mm (4.7 in.).
However, as was seen in figure 51, Hole #2 has behaved differently from Holes #4 and #6 (the
other two holes with 76.2 mm (3 in.) of polymer), appearing as if the polymer foam were
injected somewhat deeper than the others. Table 7 was recomputed with a depth of 167.6 mm
(6.6 in.) for the subgrade layer and the calculated depth of penetration was 602 mm (1.98 ft),
yielding an error of 43.2 mm (1.7 in.).
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Table 7. Frost Depth Approximation for Hole #2 - Year 1.
Estimated Depth = 1.99 ft, Actual Depth = 2.13 feet.

Holes #4

oy =12
Ny #10-4 FI =1206
1 Vi w L hi FIR; FI; Z Xz Xzi
Materia. ! . %)
(pef) (%) (BTU/) (inches) (}EE]I:JE) (°F-Days) | (°F-Days) | (inches) | (inches) (ft)
Asphalt 138 0 0 7 10 0 1206 7.0 7.0 0.58
Base 120 4.4 755 7.4 18 47.9 1158 7.4 14.4 1.20
Course
Subgrade
Silty 105 7 1051 3.6 7.8 36.5 1122 3.6 18.0 1.50
Sand
Polymer 7 1290 0.192 1122 0 2.8 20.8 1.74
Foam

Hole #3 — Year 1

Hole #3 is also adjacent to Hole #10-4. Hole #3 has 38 mm (1.5 in.) of foam at a depth of 762
mm (30 in.). Table 8 shows an estimated frost depth of 807.7 mm (2.65 ft) as opposed to the
actual 719 mm (2.36 ft) or a difference of 92 mm (3.63 in.).

Table 8. Frost Depth Approximation for Hole #3 - Year 1.
Estimated Depth = 2.65 ft, Actual Depth = 2.36 feet.

Hole #3 #10-4 FI= 1206
ke
al vy W L b FIR; FL; 7 7 27
Materia ! . 2
(ch | () | ®TUMS) | (inches) (}i{}jﬁi) (°F-Days) | (°F-Days) | (inches) | (inches) | (ft)
Asphalt | 138 0 0 7 10 0 1206 7.0 7.0 058
Base 120 4.4 755 7.4 18 47.9 1158 7.4 14.4 1.20
Course
Subgrade
Silty 105 7 1051 15.6 7.8 6848 473 15.6 30.0 2.50
Sand
Polymer
7 1290 0.192 473 0 1.8 31.8 2.65
Foam

Holes #4 and #6 — Year 2

The Freezing Index during Year 2 was 1355 °F-Days, or 12.4 percent colder than Year 1.

Consequently, the freezing depths were deeper during the second year. The predicted frost depth
for Holes #4 and #6 was 582 mm (1.91 ft), while the actual depth for Hole #4 was 588 mm (1.93
ft) and for Hole #6 was 561mm (1.84 ft). See table 9.
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Table 9. Frost Depth Approximation for Holes #4 and #6 - Year 2.
Estimated Depth = 1.91 ft, Actual Depth at Hole #4 = 1.91 feet.

Actual Depth at Hole #6 = 1.84 feet.

Hole #6 £10-4 FI= 1355
ke
. Yd w L hi s FIR: FLi Zi Lz Xz
Material (pef) (%) (BTU/t) | (inches) (}EE]I:J Z'if;) (°F-Days) | (“F-Days) | (inches) | (inches) (ft)
Asphalt | 138 0 0 7 10 0 1355 7.0 7.0 0.58
Base 120 | 44 755 7.4 18 47.9 1307 7.4 14.4 1.20
Course
Subgrade
Silty 105 7 1051 3.6 7.8 36.5 1271 3.6 18.0 1.50
Sand
Polymer |, 1290 30 0.192 1260 11 3.0 21.0 1.75
Foam
Subgrade
Silty 105 7 1051 0.0 7.8 11 0 2.0 23.0 1.91
Sand

Summary of Frost Depth Predictions

Table 10 presents a summary of the calculated depths of frost penetration to the measured
average depths given in table 4. The largest error was a 97.5 mm (0.32-ft) over-prediction in the
first year while five of the ten estimates had errors less than 30.5 mm (0.1 ft) over a range of
actual depths from 497 mm (1.63 ft) to 1067mm (3.50 ft). This includes Hole #1 with no foam,
Hole #3 with 38.1 mm (1.5 in.) of polymer foam and the other three Holes with 76.2 mm (3.0
in.) of polymer foam. The quality of the results was produced by varying the Equivalent
Volumetric Latent Heat of the foam to minimize the least square error of the prediction. The
standard deviation of the sum of the errors was 48.8 mm (0.16 feet). This produced a value of
Equivalent VVolumetric Latent Heat for the foam of 1290 BTU/ft*. The technique appears to
successfully predict the frost depths well enough to use as a predictor in design. These results
are based solely on an analysis using Uretek 486 STAR #3 structural polymer at this site and
time period.

Table 10. Summary of Measured vs. Calculated Frost Depths for Years 1 and 2.

2011-2012 - FI=1206 °F-Day 2012-2013 - FI=1355 °F-Day
Hole | Measured | Calculated Difference Measured | Calculated Difference
# Depth Depth Depth Depth
€9) (f) (fo) (f) 8] €]
1 3.30 3.38 0.08 3.50 3.51 0.01
2 2.13 1.98 -0.14 2.21 1.99 -0.22
3 2.36 2.65 0.32 2.50 2.68 0.18
4 1.78 1.74 -0.03 1.93 1.91 -0.02
6 1.63 1.74 0.12 1.84 1.91 0.07
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EXAMPLES OF FROST HEAVE PREDICTIONS

As an example, using the 30 year Frost Index value recommended by MNDOQOT, the Design Frost
Index for Encampment is FI = 1460 °F-Days. The model predicts a freezing depth of 1100 mm
(3.6 ft) with no foam or 536 mm (1.76 ft) with 81.3 mm (3.2 in.) of polymer foam to contain the
freezing front in the foam. Given the variability of the injection depth, probably 90 to 105 mm
(3.5t0 4.0 in.) of foam should be specified.

The area around Bondurant, WY has had difficulties with frost heave as well. It probably has the
same type of silty sand or sandy silt as at the Encampment site. The 30 year Frost Index for
Bondurant is evaluated from table 2 as FI = 3300 °F-Days. Assuming the same ground
conditions as Encampment, the depth of frost penetration at Bondurant is 1480 mm (4.85 ft)
without the foam and 122 mm (4.8 in.) of foam would limit the frost depth to within the foam
layer. Design would likely require 140 mm (5.5 in.) to 152.4 mm (6.0 in.) for the injected depth.

SUMMARY

The MNDOT Model has been shown to effectively predict the depth of frost penetration at five
boreholes over two seasons. It provided very accurate estimates for profiles with no foam and
very reasonable estimates in the profiles with 38 mm (1.5 in.) and 76.2 mm (3.0 in.) of injected
Uretek 486 STAR #3 structural polymer. Examples to determine the foam thickness required at
two locations in Wyoming produced appropriate depths at those sites.
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CHAPTER 7. CONCLUSIONS AND IMPLEMENTATION
RECOMMENDATIONS

STUDY OBJECTIVES

The primary objective of this research was to determine whether the controlled injection of
structural polymer foam into the subgrade soil would stabilize the frost heave occurring at
milepost 51.8 on WY-70. This can be broken into three questions:

Can injection of the foam nondestructively level the road surface and make the road safer
to drive without full reconstruction of the site?

Will the foam provide a sufficient thermal barrier to reduce or eliminate the frost heave
caused by frost penetration at the site?

Will the continuous blanket of foam create a barrier to moisture during the spring thaw?

CONCLUSIONS

The process of injecting a polymeric foam into the subgrade to reduce frost heave is novel. The
research project has been a success in eliminating heave in a dangerous situation. Several
important conclusions can be reached concerning this process.

Objective 1 - Can injection of the foam nondestructively level the road surface and make the road safer to
drive without full reconstruction of the site?

1.

2.

The three-inch layer of foam injected below the base course of the highway has
significantly reduced or eliminated the frost heave under the road.

Depending on the initial quality of the road surface, the injection can be performed
without additional surface treatment. The prior condition of the road surface and the
effects of milling eventually required repaving of the surface.

The foam may have provided some structural support to spread out the heaving and
reduce local effects; however, this was not tested in this project.

Objective 2 - Will the foam provide a sufficient thermal barrier to reduce or eliminate the frost heave caused
by frost penetration at the site?

1.

It has been shown that the thermal regime under the foam has altered the pattern of
freezing associated with frost heave. At this location, the 76 mm (3.0 in.) layer of foam
was sufficient to prevent the soil beneath the layer from freezing. The soil and aggregate
above the layer will continue to freeze, but the aggregate is not frost susceptible and the
layer prevented upward flow of the water into the subgrade to prevent segregational
freezing.

Obijective 3 - Will the continuous blanket of foam create a barrier to moisture during the spring thaw?

1.

There has been a slight reduction in water level after the foam was injected which could
have decreased the unsaturated flow to the freezing front.
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2. The foam layer has prevented segregational heaving from developing both above and
below the layer. This has prevented the extra amount of water in the profile that would
be associated with the ice lenses from being available during the spring thaw. Therefore,
the soil profile should not become over-saturated and experience the strength reduction
generally attributed to the spring thaw.

OTHER OBSERVATIONS

While outside the study of the objectives, several other observations were made during the
construction and research that have significant impact on its usefulness as a remediation
procedure.

1. The process can be accomplished in a short time frame. In this case, the project was
functionally completed in five working days. To reconstruct a highway with foam
insulation panels could easily take weeks or months. Special site preparation and control
is required when placing the panels and placing the sub-base material above it.

2. The operation can be performed in a single lane, so that a traffic lane can remain open all
the time. Simple routing with a pair of flaggers, Stop/Slow signs and cones is sufficient
for traffic control, especially in the area with low traffic counts.

3. There was no need for a detour. Hence, safety is an important factor for both the workers
and the driving public. At night, no equipment was left on the site and the pavement was
still in sufficient repair that the traffic could reuse the lane after appropriate signage for
Slow/Construction was provided.

4. As the polymer foam is hydrophobic, it does not mix with the water and is non-toxic after
its reaction occurs. There does not appear to be any negative effects on the environment.

5. There is no outward sign of the remedial action taking place nor anything that should
distract a driver passing over that section.

IMPLEMENTATION RECOMMENDATIONS

While this remediation procedure is still in an initial and experimental phase, after two years, it
appears to be successfully controlling the frost heaving that existed at the site. It is
recommended that this procedure be tested at another site to verify its successful application. A
procedure is given in this report to predict the thickness of the required at a site that may have
different Freezing Indices.
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November 8, 2000
TO: J. Gould, P.E., District Engineer, Laramie
FROM: Greg Miller, P.G., Engineering Geologist

SUBJECT:  Frost Heave at Milepost 51.8 +

PROJECT:  CBO09B, Battle Mountain Highway, Carbon County

At the request of Tim McGary, District Maintenance Engineer in Laramie, an investigation was
conducted at approximate milepost 51.8 on the Battle Mountain Highway to determine the cause of
frost heaving at this location. On April 17, 2000, WYDOT auger drilling rig H-821 was utilized
to drill five shallow test holes at the site, four of which were cased with 2-inch, perforated PVC to
monitor groundwater levels. A map indicating the approximate test hole locations and recommended
underdrain improvements is included with this memorandum (see figure 1).

DISCUSSION

The problem area is located within a through cut where very dense granitic bedrock outcrops on both
sides of the highway. Saratoga Maintenance Foreman Elvis Herring indicated that when this section
of highway was originally constructed, very difficult excavation to grade was experienced in this cut
and very dense granite bedrock is present within 3.0 feet of existing finished grade. Auger drilling
at the site confirmed the presence of dense bedrock at a depth of 3.0 feet in GW-4. Additionally,
there is an unlined irrigation ditch which runs parallel to and above the highway, and is located
outside of the right-of-way north of the roadway. This ditch runs water for most, if not all, of the
spring/summer irrigation season. Exacerbating the problem is another french drain located
approximately half a mile upgrade from milepost 51.8 which adds water to the irrigation ditch. This
drain was installed to lower groundwater in the vicinity of a naturally occurring spring located south
of the highway at this location.

To remediate the frost heaving problem at milepost 51.8, a recommendation was given by the
FHWA to install a french drain (placement of clean drain gravel) to lower groundwater, however
this solution was found to be ineffective, as the heaving continued. In a second attempt to eliminate
the problem, WYDOT Maintenance personnel installed a fabric wrapped, 4" perforated PVC
underdrain system running diagonally from centerline to its outlet in the south ditch section. The
approximate flowline depth of this drain is 3.0' below existing grade. This remedy was also
ineffective as evidenced by the ongoing frost heaving present on both sides of the in-place PVC
underdrain.
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The cause of heaving at the site is the shallow groundwater beneath the surfacing section caused by
the presence of a shallow, granite bedrock hump that is present within 3.0 feet of existing grade.
Water migrating downhill from the irrigation ditch north of the highway and/or water flowing
downgrade from the upper french drain is trapped in the vicinity of the impermeable bedrock and
then backs up or ponds around this isolated bedrock hump.

RECOMMENDATIONS

The following recommendations are offered for implementation by Saratoga Maintenance personnel.
To eliminate the frost heaving, it is imperative to lower groundwater within the affected area. Two
perforated PVC underdrains, installed approximately 22 feet from existing centerline, running
parallel to the roadway for a distance of 50 feet on both sides of the existing drain pipe (100" total
length each side) are recommended to lower groundwater. The underdrains are to be installed
utilizing guidelines outlined in Specification #605 of the Standard Specifications for Road and Bridge
Construction (figure 2). To ensure that groundwater will be lowered sufficiently to eliminate
additional heaving, flowline elevations of 6.0 feet below the existing finished grade are
recommended. Because of the dense bedrock present as shallow as 3.0 feet, very difficult excavation
is anticipated and some type of hard rock excavation method such as jackhammering will be
required.

Six-inch perforated PVC is recommended for the two 100' lengths of proposed underdrain
surrounding the existing drain pipe, and 6" non-perforated PVC will be required for outletting the
water downgrade. The outlet drains may be daylighted in the ditch section downhill from the
perforated section or into any available culverts located downgrade.

Estimated quantities for the underdrain installation are:

Excavation: 150 c.y.
Gravel for Drains: T5¢c.y.
Drainage & Filtration Fabric: 400 sq. yds.
6" Perforated PVC: 320 feet

6" Non-perforated PVC: 240 feet

Y R

Project Geologist

Approved By: A w Qb'«\/\s

Chief Engineering G:l-:ologist

cc: R. Tarango, P.E., Resident Engineer, Rawlins
T. McGary, P.E., District Maintenance Engineer, Laramie
Geology (3)
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Department of Transportation Pro)
State of Wyoming ""/Di‘;‘4
-
Dave Freudenthal John F. Cox
Governor Director
July 7, 2010
MEMORANDUM
TO: Jay Gould, P.E., District Engineer, Laramie
FROM: Todd Sullivan, P.G., Engineering Geologist

SUBJECT: Heave Area, State Highway 70, M.P. 51.8

PROJECT: Agile Assets, Encampment South, Carbon County

Ge olO‘}‘//_‘G\-noE P\—J/A::‘ w Asaots / Fuce WP W )
At the request of Tim McGary P.E., District Maintenance Engineer in Laramie, a drilling
investigation was conducted at the above-referenced road section on April 22, 2010, using
WYDOT auger drill H-823. The objective was to measure pavement and base thicknesses in
the vicinity of a heave area, and characterize the subgrade and bedrock within the heave area
and outside its limits. A total of five test holes were drilled, from which seven soil samples
were collected and submitted to the Geology Laboratory for classifications and moisture
contents. The investigation was conducted during a snow storm when several feet of snow
was on the ground. While drilling at test hole 10-3, a 12" diameter CMP was breached at a 5
foot depth, through which a high flow of water was observed. Saratoga maintenance
personnel were present for the breaching, and soon after began a corrective action plan to
repair the pipe.

b § oy

DISCUSSION AND RESULTS

The heave area has been problematic since the original construction of the roadway in the
early 1980's. Maintenance has worked on this section several times over the years, and even
installed a cross drain pipe in the mid 1990’s as per Geology's recommendations. Rawlins
field personnel recently ran a short profile for the heaved roadway section and provided
arbitrary stationing to Geology for referencing of test holes. The investigation included test
holes outside the limits, so stationing was adjusted to reflect positive numbers. The cross drain
pipe was installed at approximate Station 0+88, which is presently beneath a dip in the
roadway between two adjacent heaves. Test holes were drilled in the heave areas and
outside of the heave areas for comparison.

All sampling and drilling results are summarized in the attached table ‘Summary of Test Hole
and Sample Data’. The surfacing consisted of a PMP mat ranging in thickness from 4.5 to 7.0
inches. The crushed base consisted of dry to slightly moist, silty sand and gravel ranging in
thickness from 5.0 to 9.4 inches. Subgrade materials beneath and downgradient from the
heave in test holes 10-1, 10-2, and 10-3, consisted of dry to slightly moist, silty sand. Subgrade
materials upgradient (west) of the heave consisted of 1.4 to 4.3 feet of gravelly, fractured
bedrock overlying very hard, unweathered quartzite bedrock. Ice or frost was not observed in
cuttings from beneath the pavement.
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Jay Gouid
Encampment South

Page 2
Reviewed By: m
Project Geologist
Approved By: %ﬁ/m&)\) ¢ %
Chief Engineering/Aeologist
Attachments: Summary Table (1)

Test Hole Location Map (1)

cc:  T.McGary, P.E., District Maintenance Engineer, Laramie
B. Jaure, Maintenance Area Supervisor, Rawlins
Geology (3)
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Magnetic Declination
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APPENDIX C

DRILLING LOGS
NOVEMBER 11, 2011
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APPENDIX D

INJECTION DEPTH AND MILLED SURFACE AT END OF CONSTRUCTION

91



Elevation Differential (in) Elevation Differential (in)

Elevation Differential (in)

Elevation Differential from the Original Baseline for South Edge of
East Bound Lane Caused by Injection and Grinding

4.00

3.50 -

3.00 -

2.50 -

2.00

1.50 = After Injection
1.00 - / ! . — i \ —— After Grinding
0.50

N

0.00 -————/ I | | | =

-0.50
125 150 175 200 225 250 275
Station (ft)
Elevation Differential from the Original Baseline for Centerline of
East Bound Lane Caused by Injection and Grinding

4

35

3 }

25 /\//\ .

) /\

1.5 After Injection

1 —— After Grinding
0.5

0
-0.5 |

125 150 175 200 225 250 275
Station (ft)
Elevation Differential from the Original Baseline Centerline of
Highway Caused by Injection and Grinding
4 = . . .

- After Injection

After Grinding

125 150 175 200 225 250 275
Station (ft)

92



Elevation Differential from the Original Baseline for Centerline of
West Bound Lane Caused by Injection and Grinding
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APPENDIX E

ELEVATION DIFFERENCES ACROSS ROAD PROFILES
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Figure A. 2 Centerline of East Bound Lane

Figure A. 1 South Edge of East Bound Lane
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Figure A. 4 Centerline of West Bound Lane

Figure A. 3 Centerline of Highway
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APPENDIX F

ELEVATION DIFFERENCES IN TRANSVERSE DIRECTIONS
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APPENDIX G

TEMPERATURE VARIATIONS AT HOLES #1 - #6
OVER THE PROJECT DURATION
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Borehole Temperatures - Hole#3
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Borehole Temperatures - Hole #5
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APPENDIX H

TEMPERATURE AND HEAVE COMPARISON AT BOREHOLE LOCATIONS
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Temperature- C

Temperature - C

Borehole #2 Temperature and
Heave at Sta 1+80 over Year 1
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Temperature - C

Temperature - C

Borehole #3 Temperature and
Heave at Sta 2+00 over Year 1
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Temperature - C

Temperature - C

Borehole #4 Temperature and
Heave at Sta 2+00 over Year 1
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Temperature - C

Temperature-C

Borehole #6 Temperature and
Heave at Sta 2420 over Year 1
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