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EXECUTIVE SUMMARY 

The Minnesota Department of Transportation’s (MnDOT) current flexible pavement thickness design 

procedure (MnPAVE-Flexible) determines the required hot mix asphalt (HMA) pavement structure to 

carry the design traffic on the subgrade soils and achieve rutting and fatigue cracking limits at a specified 

reliability level.  The program includes seasonal changes to pavement support conditions and other 

pavement layer material properties. MnDOT’s current rigid pavement procedure (MnPAVE-Rigid) 

incorporates several inputs and determines the required Portland cement concrete (PCC) thickness 

necessary to control predicted transverse cracking distresses.  The program accounts for the effects of 

traffic loading and environment and is based on fixed aggregate base and sand subbase thicknesses and 

one standard soil type. 

Neither program makes any attempt to characterize the effects of subgrade soil frost susceptibility and 

the resulting frost heave or the degradation of ride (smoothness).  However, current and previous 

design standards include provisions to limit the impacts of environmental effects, including subsurface 

drainage, granular material depths in excess of those required by the structural design, and subgrade 

preparation and/or excavation and replacement with select grading materials. 

Previous research indicates frost action is the most severe environmental factor on pavement 

performance, including the change in international roughness index (IRI) over time versus non-frost-

affected pavements.  The effect of frost is two-fold and includes frost heave in the winter and loss of 

subgrade strength during spring thaw. Frost formation in pavements requires three commonly accepted 

factors: 1) frost-susceptible subgrade soil(s), 2) freezing temperatures that allow frost to penetrate the 

frost-susceptible soil(s), and 3) available water in the frost zone.  Frost will not form if any of the above 

factors is eliminated. 

Design considerations for frost heave range from reducing water available to the subgrade to 

prescriptive requirements for soil treatment and pavement thickness design.  The most accepted frost 

heave mitigation practice is to replace the frost-susceptible material with non-frost-susceptible material 

to a depth of one-half or more of the frost depth, although many other agencies note the importance of 

soil blending to improve the uniformity of frost effects.  The highest potential for frost heave occurs in 

silt soils due to relatively high permeability and a high capillary potential. 

In 1994, MnDOT began discussing frost treatment and the incorporation of “frost-free” materials (FFM).  

Minimum total depths FFM of 30 and 36 inches for HMA pavements based on traffic was implemented 

in 1995 and remains in effect today. 

The core of this research was to evaluate existing pavement sections in Minnesota and characterize 

pavement performance, including limited winter profile measurements. Although winter IRI was almost 

universally higher than IRI measured during the previous summer, the degree to which the IRI increased 

was highly scattered even within maintenance segments where traffic and pavement section were 

uniform and soils were suspected to be somewhat similar.  The relationship between FFM depth and 

percent change of IRI in winter were at best weak and occasionally counterintuitive, sometimes showing 



 

increased FFM depths to be associated with larger average increases in winter IRI.  The treatment 

depths driving these trends at the extremes (> 30 inches) may imply poor or highly frost-susceptible soils 

that would otherwise show greater frost effects. 

Ride quality index (RQI) presented an inverse relationship between FFM treatment depth and annual 

change in RQI when all sections were evaluated on a per-mile basis.  Segregating the data by years from 

previous maintenance, smaller increments of FFM depth and by depth of select granular materials 

showed limited promise.  Choosing a subset of 10 sites, including a cursory survey of their soil types, 

yielded similarly inconclusive results.  It is possible subgrades otherwise untreated would show even 

poorer performance than the condition history indicates, suggesting the FFM treatments were 

successful in normalizing performance across the network.  Because the per-mile records lack detailed 

or even limited soils data, however, this could not be concluded with the available information. 

Pavement performance data from the Long-Term Pavement Performance (LTPP) program was also 

reviewed.  A comparison of SPS-8 sites in South Dakota and Wisconsin suggested that lesser FFM depth 

and greater subgrade silt content correlated well with poorer performance.  A comprehensive review of 

all SPS-8 sites in freezing climate zones included nine applicable HMA sites in Montana, South Dakota, 

Utah, and Wisconsin once outlier sets were discarded.  Data regression involving percentage of 

predicted frost depth treated and subgrade silt content provided a very high goodness of fit. 

Performance trends, design or construction details, and observations were summarized to develop a 

simple design procedure and tool to determine necessary pavement structure requirements to resist 

environmental effects.  The procedure is based on project location, predicted frost depth, and subgrade 

soil classification and frost susceptibility.  The design uses silt content as a proxy for the frost 

susceptibility of the soil.  The total frost treatment ranges from approximately 30 percent of the 

anticipated frost depth at 0 percent silt to over 80 percent of the predicted frost depth at a 

(theoretically) 100 percent silt soil. 

The tool ultimately provides a straightforward means to select frost-treatment depths that a) are simple 

and cost-effective to implement in that they require limited laboratory testing (silt content) and a single 

variable (project location), and b) tend to generally match those already required by MnDOT, which will 

reduce barriers to implementation and complement the work done by MnDOT since 1994 to reduce 

frost-related effects across the network. 

Short-term recommendations are provided to help MnDOT expand on the results of this project, 

including reviewing and implementing the design tool, continuing or supplementing research, and 

broadening the use of frost depth predictions.   Long-term recommendations are provided to refine the 

design process with a relatively controlled experimental design of test sites from around the state with 

variables including frost depths, subgrade soil types, frost treatment depths, and pavement surface 

types. 
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CHAPTER 1:  INTRODUCTION 

1.1 PROBLEM STATEMENT 

The Minnesota Department of Transportation’s (MnDOT) current flexible pavement thickness design 

procedure (MnPAVE-Flexible) is intended to determine the required hot mix asphalt (HMA) pavement 

structure that will carry the anticipated design life traffic loading on project subgrade soils and achieve 

predicted rutting and fatigue cracking limits at a certain reliability level.  The program also includes 

seasonal changes to pavement support conditions and other pavement layer material properties. 

MnDOT’s current rigid pavement procedure (MnPAVE-Rigid) incorporates several inputs and determines 

the required Portland cement concrete (PCC) thickness necessary to control predicted transverse 

cracking distresses.  The program accounts for the effects of traffic loading and environment and is 

based on fixed aggregate base and sand subbase thicknesses and one standard soil type. 

Neither program makes any attempt to characterize the effects of subgrade soil frost susceptibility and 

the resulting frost heave or the potential premature failure and/or advanced degradation of ride 

(smoothness).  However, current and previous design standards include provisions to limit the impacts 

of environmental effects; these include subsurface drainage, granular material depths in excess of those 

required by the structural design, and subgrade preparation and/or excavation and replacement with 

select grading materials. 

It is common for MnDOT projects to include design recommendations for subsurface sections that 

exceed the minimum requirements because it is felt that pavement performance will be improved.  

However, there are potentially substantial construction costs associated with such recommendations 

and the potential benefit of these treatments is not well quantified.  This project provides an 

opportunity to confirm and potentially refine practices to establish pavement sections that resist frost-

related effects, which could lower construction costs and improve pavement performance and service 

life. 

 

1.2 RESEARCH OBJECTIVE 

The objective of this study is to develop a simple procedure to establish pavement subsurface materials 

and thicknesses to most effectively and efficiently resist environmental effects based on existing 

subgrade soils and the geographical region.  MnDOT structural pavement design practices will be 

unchanged as a result of this project and procedure(s) developed will be used concurrently to optimize 

subsurface material requirements to resist environmental effects. 

A successful project will standardize pavement foundation design and subsurface treatments across all 

MnDOT Districts.  Initial pavement construction costs will be reduced in cases where current minimum 

standards result in over-built pavements with regard to resistance to environmental effects.  In contrast, 
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when current minimum standards result in under-built pavements with regard to resistance to 

environmental effects, pavement performance will be improved and service life extended, thus 

decreasing maintenance costs and deferring future rehabilitation and construction costs. 

1.3 RESEARCH APPROACH 

A key to all research projects is a literature review and this project is no different.  A number of 

applicable national and international research publications related to frost action and frost susceptibility 

were reviewed and synthesized.  In addition, practices and standards of nearby states and countries 

with climates similar to Minnesota were reviewed to gain a standard of practice for similar 

environmental conditions. 

MnDOT’s policies and practices with regard to frost protection and frost susceptibility have changed 

over the years.  These changes, where formally adopted by MnDOT, can be found in manuals, tech 

memos, and other official documents.  However, the rationale for any changes is not always clearly 

presented in the official information.  In an attempt to capture undocumented changes or the decisions 

that led to the changes, informal interviews with former MnDOT pavement and materials engineers 

were conducted.  Information from published documents and obtained during interviews are 

synthesized in Chapter 2. 

The core of the research was to evaluate existing pavement sections in Minnesota and characterize 

pavement performance.  MnDOT and the research team selected potential evaluation projects for 

winter profile evaluation to investigate the potential effects on ride caused by frost heaving, winter or 

early spring site reviews and observations, and in-depth analysis using construction project logs, project 

plans, pavement management data, and previous subsurface investigation information.  Other 

pavement performance data, such as the Long-Term Pavement Performance (LTPP) program were 

reviewed to fill in any gaps in the Minnesota-specific analysis. 

Performance trends, design or construction details, and observations were summarized to develop a 

simple design procedure and tool (spreadsheet) to determine necessary pavement structure 

requirements to resist environmental effects.  The procedure is based on project location, predicted 

frost depth, and subgrade soil classification and frost susceptibility. 

The contract included the following tasks to complete the research objectives: 

 Task 1: Literature Review 

 Task 2: Previous Minnesota Pavement Foundation Design 

 Task 3: Inventory 

 Task 4: Measure Road Profile in Late Winter 

 Task 5: Field Observation at Selected Sites 

 Task 6: Compare Cost with Performance 

 Task 7: Procedure Development 

 Task 8: Draft Report 
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1.4 SCOPE 

The goal of the final procedure and tool was to be simple and easily implementable.  As a result, this 

project did not evaluate or include highly advanced thermodynamic modeling and analysis for frost 

depth calculations and predictions.  In addition, the intent was not to introduce expensive or time-

consuming laboratory testing for material characterization because implementation into a standard 

design practice for MnDOT is not realistic nor cost-effective. 

Pavement performance was evaluated exclusively by ride (smoothness) and analysis was based on the 

International Roughness Index (IRI) or MnDOT’s Ride Quality Index (RQI), which is a function of IRI.  

Pavement distresses and surface conditions were not be directly included, although surface distresses 

were indirectly captured in IRI measurements. 

Traffic loading was not explicitly included in this project as pavement structural design includes 

anticipated traffic loading as a key design input. 

Although MnDOT’s current flexible pavement design standards include specific requirements for 

subbase materials and thickness while MnDOT’s rigid pavement design standards do not, both 

pavement surface types were included in data review and analysis. 
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CHAPTER 2:  LITERATURE REVIEW 

The approach for the literature review task was to search literature sources with particular attention 

paid to other northern climate states, Canadian provinces, and countries.  The intent is to capture how 

agencies with similar climates take frost into account in their pavement design procedures for new and 

reconstruction projects. 

It was originally estimated that approximately 10 publications would reviewed and summarized as part 

of this literature review, but that list grew considerably.  As the literature review was conducted, it 

became evident that there are hundreds of research reports, publications, manuals, articles, websites, 

and other sources that discuss frost action in roadways.  Literature searches were performed numerous 

times and the MnDOT Library staff provided support as necessary. 

MnDOT Library staff also sent an email survey to other northern DOTs regarding frost protection 

practices.  Responses were received from the following five DOTs: 

 Illinois (Charles Wienrank) 

 Michigan (Michael Eacker) 

 Montana (Darin Reynolds) 

 South Dakota (Kevin Griese) 

 North Dakota (Tom Bold) 

 

2.1 FROST BASICS 

This literature review was not intended to involve the complex thermodynamics of frost heave, but a 

brief overview of the basics is included here.  Freezing ambient temperatures cause a thermal gradient 

with the warmer pavement materials, which promotes the release of heat from the pavement surface.  

Eventually the pavement, aggregate base and subgrade begin freezing from the top down. The freezing 

front progresses rapidly downward initially due to the steep temperature gradient and slows as it 

reaches the lower, wetter soil layers with the pavement system at depth.  The final depth of frost is 

ultimately a function of the thermal properties of all impacted layers and the duration and magnitude of 

the freezing ambient temperatures. [1] 

Freezing temperatures are characterized by the cumulative freezing index (CFI), which is determined as 

shown in Equation 1. [2] 
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It is common practice for the calculation of CFI to reset on July 1 of each year. 

The LTPP program was initiated as part of the Strategic Highway Research Program (SHRP) in 1987 and 

has been under the direction of the Federal Highway Administration (FHWA) since 1992. [3] There were 

many goals in the LTPP program, but one of the primary factor evaluated was climatic effects.  The 

United States was broken down into four Climatic Regions based on the following characteristics [4]: 

 Wet, Freeze (WF)

 Wet, No-Freeze (WNF)

 Dry, Freeze (DF)

 Dry, No-Freeze (DNF)

The wet/dry classification was determined based on average annual precipitation above or below 20 

inches per year.  The freeze/no-freeze distinction was based on an average annual freezing index (FI) 

[synonymous with CFI] of above or below 182 degree-Fahrenheit days.  Figure 2.1 presents the climatic 

zones; although not shown, Alaska is characterized as DF and Hawaii as DNF. 
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Figure 2.1 LTPP Climatic Regions (Image Source: [5]) 

2.1.1 Frost Action 

Frost action is the most severe environmental factor on pavement performance. [6] It has been reported 

that 60 percent of the pavement failures at the American Association of State Highway Officials (AASHO) 

Road Test occurred during spring. [1] An absolute quantification of the impact of frost action is not 

available, but based on data collected in the mid-1990s, approximately 10 to 20 percent of the Quebec 

Ministry of Transportation network exhibited distresses associated with frost action. [7] Research also 

provided evidence that the change in roughness over time, based on the International Roughness Index 

(IRI), is about twice the rate of non-frost-affected pavements. 

Frost action impacts pavements and subsurface materials in the form of non-uniform (differential) frost 

heave in the winter due to formation of ice lenses and loss of subgrade strength during spring thaw. [8] 

[9] the two effects are generally related but are not necessarily proportional.  For example, thaw-

weakened and well-drained granular materials recover strength quite rapidly, but clayey soils may 

exhibit little heave and recover strength very slowly.  Observations and evaluations have shown that the 

weakened strengths during spring thaw range from a few weeks to a few months, with subgrade 

modulus values during the thawing period from 20 to 50 percent of the normal summer and fall 

modulus. [10] 

There are three commonly discussed and accepted conditions necessary for ice segregation and frost 

action [8] [9]: 

 Soil(s) must be frost-susceptible. 

 Freezing temperatures must penetrate the frost-susceptible soil(s). 

 Water must be available in the zone of freezing. 
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If any of the above factors are not present or eliminated, frost heave will not occur.  [8] [9] [6] [10] [11] 

[12] 

The WF climatic region is generally the most susceptible to frost heave since two of the three conditions 

(freezing temperatures and available water) are present during winter. [5] 

Natural stratigraphic variations and construction details influence the amount of segregated ice.  Many 

factors affect frost action including natural and construction-related variation.  For example, transitions 

from cut to fill are critical areas due to changes in soil conditions, subsurface water flow, and the rate of 

freezing. [8] 

2.1.2 Definitions 

The following is intended to summarize common terminology and accepted definitions with regard to 

frost. 

Frost Action: “A general term for freezing and thawing of moisture in materials and the 

resultant effects on these materials and on structures of which they are a part, or with which 

they are in contact. [8] 

Frost-Susceptible: “Soil in which significant detrimental ice segregation will occur when the 

requisite moisture and freezing conditions are present.” [8] 

Frost Heave: 

“The raising of a surface due to formation of ice in underlying soil.” [8] 

“The raising of a portion of the ground surface as a result of ice lenses in a frost-

susceptible soil or base course.” [6] 

“Refers to the localized volume changes that occur in the roadbed soil as moisture 

collects, freezes into ice lenses and produces permanent distortions in the pavement 

surface.” [10] 

Frost Boil: “The breaking of a small section of highway or airfield pavement under traffic with 

ejection of soft, semi-liquid subgrade soil.  This is caused by the melting of the segregated ice 

formed by frost action.” [8] 

Capillary rise: “…is the rise in a liquid above the level of zero pressure due to a net upward force 

produced by the attraction of the water molecules to a solid surface (e.g., soil or glass).” [8] 

2.1.3 Impacts 

The two primary damaging effects caused by frost action include reduction of subgrade support strength 

during spring thaw and differential frost heaving. [9] The LTPP program had a variety of programs to 
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evaluate a number of variables and factors.  The following list presents a complete list of the LTPP’s 

Specific Pavement Studies [13]: 

 SPS-1: Strategic Study of Structural Factors for Flexible Pavements 

 SPS-2: Strategic Study of Structural Factors for Rigid Pavements 

 SPS-3: Preventive Maintenance Effectiveness of Flexible Pavements 

 SPS-4: Preventive Maintenance Effectiveness of Rigid Pavements 

 SPS-5: Rehabilitation of Asphalt Concrete Pavements 

 SPS-6: Rehabilitation of Jointed PCC Pavements 

 SPS-7: Bonded PCC Overlays on Concrete Pavements 

 SPS-8: Study of Environmental Effects in the Absence of Heavy Loads 

 SPS-9: Validation of SHRP Asphalt Specification and Mix Design (Superpave) 

 SPS-10: Warm Mix Asphalt Overlay of Asphalt Pavement 

As far as this project and literature review is concerned, only SPS-1, SPS-2, and SPS-8 are relevant as the 

others do not include new pavement or soil types.  Climatic conditions are included as factors in all SPS 

with the exception of SPS-10.  Table 2-1 presents specific variables of SPS-1 and SPS-2; SPS-8 includes 

similar factors for both flexible and rigid pavements, but the sections were subjected to substantially 

less traffic loading (< 10,000 Equivalent Single Axle Loads [ESAL]).  

Table 2.1 LTPP SPS-1 and SPS-2 Factors 

Factor SPS-1 SPS-2* 

Climatic Regions Yes Yes 

Subgrade Soil Fine / Coarse-grained Fine / Coarse-grained 

Drainage Conditions Yes Yes 

Surface Thickness 4 / 7 inches 8 / 11 inches 

Flexural Strength  
(14 days) 

n/a 550 / 900 psi 

Lane Width n/a 13 / 15 feet 

Base Type Dense-graded untreated / 
dense-graded asphalt-treated 

Dense-graded aggregate / 
lean concrete 

Base Thickness Undrained 8 / 12 inches n/a 

Drained 12 / 16 inches n/a 

Minimum Annual Traffic Loading 100,000 ESALs 200,000 ESALs 
* Only included doweled jointed plain concrete pavement sections (16-foot transverse joint spacing) 

Recent evaluation of SPS-1 data indicated that the WF region had a significant impact on flexible 

pavement performance in terms of IRI, rut depth, and cracking.  In addition, incorporation of drainable 

bases was found to be more effective in the WF region than when used in the WNF, DF, and DNF 

regions.  The researcher concluded that increasing the thickness of flexible pavement surface layer from 

4 to 7 inches increased the frost protection of the lower layers, including in the WF region, though 

implementing this change to reduce frost heave is not ultimately a cost-effective strategy. [14] 
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A recent publication evaluated SPS-8 sections and the following conclusions that pertain to this project 

[15]:  

 Flexible Pavements 

o Overall, after 15 years of service, 36 percent of total damage under normal traffic levels 

was related to subgrade and climate variables. 

o Transverse cracking and smoothness loss was greater in colder climates when compared 

to warmer climates. 

o The presence of transverse cracking increased at the number of freeze/thaw cycles 

increased. 

o Smoothness losses increased as the number of freeze-thaw cycles increased. 

o Smoothness losses increased as percent clay content increased. 

 Rigid Pavements  

o Overall, after 15 years of service, 24 percent of total damage under normal traffic levels 

was related to subgrade and climate variables. 

o Higher faulting was observed as frost depth penetration increased. 

o The presence and magnitude of joint faulting and joint spalling increased as the number 

of freeze/thaw cycles increased. 

Longitudinal differential heaving is generally caused by variability in soil properties along the roadway, 

and transverse differential heaving is typically attributed to changes in pavement geometry and snow 

conditions (clear surface with snow accumulation on the edges).  The upward forces caused by 

differential heave can induce significant stresses and trigger formation of surface cracks.  Additionally, 

the presence of differential heaves increases pavement roughness (IRI) along the roadway. [1] 

Based on analysis of pavements underlain by variable soil deposits (such as glacial till), surface 

distortions due to differential heaving will exhibit wavelengths in the range of about 5 to 20 meters.  

Observed wavelengths can extend up to 10 to 80 meters in instances where the pavement section 

intersects several layers of soil with different frost susceptibility characteristics.  Much shorter 

wavelength distortions, on the order of 1 to 3 meters, can be observed when frost heaves are present in 

the vicinity of transverse cracks. [1] 

A complex model to predict winter roughness due to differential frost heave has been developed with a 

limited number of test sections.  The procedure uses semivariograms to characterize subgrade 

variability, with a selected distance of 4 meters based on vehicle dynamics.  The authors note the 

method is not practical given the need to sample subgrade characteristics at 4-meter intervals.  

Additionally, although comparisons between winter and summer longitudinal profiles are possible, the 

two profiles must be perfectly superposed. [1] 
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2.1.4 Frost-Susceptible Soil  

The three conditions necessary for ice segregation and frost action are as follows [8] [9]: 

 Soil(s) must be frost-susceptible. 

 Freezing temperatures must penetrate the frost-susceptible soil(s). 

 Water must be available in the zone of freezing. 

The large void space in clean, granular materials permits water to freeze in place without segregation 

into ice lenses, so little to no frost action occurs.  Silt soils are highly frost-susceptible due to relatively 

small voids, high capillary potential and capillary action, and relatively high permeability.   On the other 

hand, although cclay soils exhibit high potential for capillary action, the actual capillary rate is low due to 

low permeability.  As a result, frost heaving is generally not as severe as for clays.  Although heaving is 

not significant in clay soils, the supporting capacity is reduced substantially during thaws due to the 

general mechanism of thawing from the top down and the resulting very high moisture contents. [11] 

The following commonly known and generally accepted criteria to identify potentially frost-susceptible 

soils was originally documents by Dr. Arthur Casagrande in 1932 [16]: 

 “Under natural freezing conditions and with sufficient water supply one should expect 

considerable ice segregation in non-uniform soils containing more than 3% of grains smaller 

than 0.02 mm, and in very uniform soils containing more than 10 percent smaller than 0.02 mm. 

No ice segregation was observed in soils containing less than 1 percent of grains smaller than 

0.02 mm, even if the groundwater level is as high as the frost line.” 

The United States Army Corps of Engineers (USACE) has published numerous documents related to frost 

action and these same documents are cited in current work.  The USACE notes that all soils that have a 

portion of their particles smaller than about 0.05 millimeters are frost-susceptible to some degree.  The 

USACE defines characterizes a soil frost-susceptible if at least 3 percent (by weight) of grains is finer than 

0.02 mm and the most critical particle sizes are 0.074 mm, 0.02 mm, and 0.01 mm.  The USACE criteria 

for frost-susceptibility of soils is summarized in Table 2.2 and illustrated in Figure 2.2. [8]. 
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Table 2.2 Frost-Susceptibility of Soils 

Frost 
Group 

Degree of 
Susceptibility 

Type of Soil Percentage 
Finer than 
0.02 mm 

Typical Soil Classification 
(Unified) 

NFS Negligible Gravels, Sands 0 – 3 GW, GP 
SW, SP 

PFS Low Gravels, Sands 1.5 – 10 GW, GP, SW, SP 

S1 Very Low to Medium Gravelly soils 3 – 6 GW, GP, GW-GM, GP-GM 

S2 Negligible to Low Sandy soils 3 – 6 SW, SP, SW-SM, SP-SM 

F1 Very Low to Medium Gravelly soils 6 – 10  GM, GW-GM, GP-GM 

F2 Low to Medium Gravelly soils 10 – 20 GM, GW-GM, GP-GM 

Sands 6 – 15 SM, SW-SM, SP-SM 

F3 High Gravelly soils > 20 GM, GC 

Sands, except very fine 
silty sands 

> 15 SM, SC 

Clays (PI > 12) - CL, CH 

F4 Very High All silts - ML, MH 

Very fine silty sands > 15 SM 

Clays (PI < 12) - CL, CL-ML 

Varved clays and other 
fine-grained, banded 
sediments 

- CL, ML, CH, SM 

NFS = non-frost-susceptible; PFS = possibly frost-susceptible 

 



 

12 

 

Figure 2.2 Rates of Frost Heave in Laboratory Freezing Tests on Remolded Soils (Image Source: [8]) 
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A 1981 publication by United States Army Cold Regions Research and Engineering Laboratory (CRREL) 

reviewed and described over 100 index tests to assess frost susceptibility of soil.  The most common 

methods are based on particle size characteristics with little to no additional investigation or laboratory 

testing required.  However, others that focus on pore size, interaction of soil and water, interaction of 

soil, water, and ice, and frost heave have merit and could be cost-effective on some unique or highly 

complex projects.  It was recommended that a new frost heave test should be developed that 

incorporates the best features of the current tests. [17] 

According to the American Association of State Highway Transportation Officials (AASHTO) Guide for 

Design of Pavement Structures 1993, soils free of material passing the #200 sieve generally do not 

develop significant ice segregation or frost heave.  A reliable method for recognizing a frost-susceptible 

material for site specific conditions has not, as yet, been identified. [10] 

The Illinois Department of Transportation has established a set of three criteria to determine if a soil is 

frost-susceptible [18]:  

 The level of capillary rise is within the depth of frost penetration 

 Soil contains ≥ 65% silt (.074 mm to 0.002 mm) and fine sand (0.425 mm to 0.074 mm). 

 Plasticity Index (PI) < 12. 

Past practices in Finland have determined frost susceptibility based primarily on grading analysis, unless 

general examination indicates the presence of frost-resistant soils.  Capillary rise is also determined in 

marginal cases.  Soils categorized as frost-susceptible are considered highly frost-susceptible if the soil 

consists of either silt or silty glacial till and groundwater levels are high.  [19] 

2.1.5 Freezing Temperatures  

Freezing Index 

The presence of freezing temperatures is commonly characterized by the CFI, which can be easily 

calculated for a specific location based on available weather data and Equation 1.  There are also many 

CFI maps and data sources available, including maps produced by the USACE.  Figure 2.3 and Figure 2.4 

present maps with the mean air freezing index and the design freezing index isolines for North America.  

USACE’s design CFI is based on the three coldest years from the 30-year data period, or approximately 

the CFI based on a one-in-ten-year frequency. 
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Figure 2.3 Distribution of Mean Air-Freezing Index Values in North America (Image Source: [8]) 

 



 

15 

 

Figure 2.4 Distribution of Design Air-Freezing Index Values in North America (Image Source: [8]) 
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The National Oceanic and Atmospheric Administration (NOAA) website includes access to historical CFI 

data available from 3,110 cities across the county over the period of 1951 to 1980.  The NOAA website 

also provides a map which is presented in Figure 2.5.  Note that Figure 2.5 presents the 100-year return 

period and does not present the same statistical information as Figures 2.3 or 2.4. [20] 

 

 

Figure 2.5 100-year Air-Freezing Index Map (Image Source: National Oceanic and Atmospheric Administration) 

Data tables are available on the NOAA website and will be reviewed and possibly incorporated into 

analysis and/or design procedures developed as part of this project.  A sample of the data for Minnesota 

and seven nearby states is presented in Table 2.3.  Note the data in Table 2.3 presents the one-in-ten-

year frequency. 

  

https://www.ncdc.noaa.gov/sites/default/files/Air-Freezing-Index-A-Simplified-analysis-of-the-100-year-return-period-USA.gif


 

17 

Table 2.3 Minimum and Maximum 10-year Frequency CFI by Midwest State 

State 

CFI (10-year Frequency) 

Minimum Maximum 

North Dakota 2407 4026 

Minnesota 2101 3846 

Wisconsin 1252 2965 

South Dakota 1055 2768 

Michigan 830 2691 

Iowa 870 2204 

Nebraska 710 1604 

Illinois 248 1577 

The following links refer to the specific data tables reviewed: 

 Air-Freezing Index Return Periods and Associated Probabilities Spreadsheet 

www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-Index-Return-Periods-and-

Associated-Probabilities.xls 

 Air-Freezing Index Seasonal Data Spreadsheet 

www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-Index-Seasonal-Data.xls 

The National Snow and Ice Data Center (NSIDC) website also includes access to historical global CFI data.  

The data set contains both the total annual freezing and thawing indices reported on a grid of 0.5 

degrees latitude by 0.5 degrees longitude. In general, the mean monthly air temperatures are based on 

data compiled between 1920 and 1980 over the terrestrial surface and 1950 and 1979 over the oceanic 

surface.  The particular data set reviewed as part of this literature review was the Global Annual 

Freezing and Thawing Indices, Version 1. [21] 

The CFI presented in the NSIDC data is based on mean monthly air temperatures, so represents a mean 

CFI.  Figure 2.6 presents the CFI data for the full range of latitude and longitude across Minnesota and 

was prepared for illustration purposes only.  The CFI is presented on Figure 2.6 and the bubble size also 

provides an indication of the CFI value (bubble size increase with CFI). 

http://www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-Index-Return-Periods-and-Associated-Probabilities.xls
http://www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-Index-Return-Periods-and-Associated-Probabilities.xls
http://www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-Index-Seasonal-Data.xls
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Figure 2.6 NSIDC Cumulative Freezing Index in Minnesota 

Frost Depth Observations 

This literature review did not investigate pavement design methodologies used by other DOTs.  

However, common knowledge suggests that most DOTs today either directly or indirectly incorporate 

information obtained at the AASHO Road Test in Ottawa, Illinois, as part of their pavement design 

procedures.  The relevance of this observation to this project is that the average depth of frost 

penetration into the fine-grained soils at the AASHO Road Test was 28 inches. [22].  For reference, the 

CFI for the approximate location of the AASHO Road Test based on the NSIDC data is just below 500 Fo-

days. 

There are numerous maps available that provide average, maximum, or other statistical representations 

of frost depth penetration.  Figure 2.7 presents maximum frost depths across the contiguous US.  It is 

interesting to note the most extreme frost depth penetrations only occur in Minnesota, North Dakota, 

and Maine.  It is suggested, however, that caution should be taken when using maps such as this for 

specific projects, due to possible extreme variations in frost depth due to changes in elevation and 
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latitude. It is recommended to accurately measure and maintain records of frost penetration for the 

best source of frost depth data but accurate weather records can also permit reliable predictions.  [23]. 

  

Figure 2.7 Maximum Depth of Frost Penetration (Image Source: [23]) 

Frost depths are generally similar in other similar cold regions, such as Finland.  Between 1960 and 1987, 

the average frost depths on snowless locations ranged from 2.6 to 5.6 feet in southern portions of 

Finland to 4.3 to 8.2 feet in the north.  The coldest winters produced maximum frost penetration depths 

of over 6.6 feet in the south to 11.5 feet in the north. [19] 

Frost Depth Calculations 

One of the earliest solutions to calculate frost depth was proposed by Neumann in the 1860s.  The 

equation was modified by Stefan in 1891; the Stefan equation is still used by some State Highway 

Agencies (SHA) today.  However, the Stefan equation did not account for the volumetric heat capacity of 

soil and water and was what is known as the Modified Berggren equation was published in 1956 and 

included the effects of heat storage in freezing soil. The 1994 Mn/DOT Pavement and Geotechnical 

Manual and the 2007 MnDOT Pavement Manual present similar equations and further discussion in not 

included here as a result.  [2] 

Chisholm and Phang developed an empirical and very simple equation to predict frost depth in 1983 

based on data from stations in Ontario (Equation 2).  Research conducted on 2010 and 2011 frost depth 

data in Michigan was used to develop an empirical equation for sandy and clayey soils (Equation 3).  

Their equation was further broken down into two equations, one for clayey soils and one for sandy soils 

(Equations 4a and 4b).  The separated equations were verified by the researchers through the use of 
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MnDOT frost site data with very high correlations: R2 values 0.88 and 0.90 for clayey and sandy soil, 

respectively.  An equation with the thermal conductivity of the soil (k) was also developed (Equation 5) 

and produced similar correlations and R2 values to the equations shown in Equations 4a and 4b. [2] 

91.12CFI1.6968P    Equation 2 

 Where:  P = Calculated Frost Depth (inches) 

CFI = Cumulative Freezing Index 

0.5339CFI1.369P    Equation 3 

soils)(clayey   CFI1.5901P 0.4896   Equation 4a 

soils)(sandy   CFI1.3302P 0.5423   Equation 4b 

0.4143)(0.0913kCFI1.9614)0.45k(P    Equation 5 

 Where: k= Thermal Conductivity of the Soil (BTU / (ft*hr*Fo)) 

Table 2.4 provides an illustration for the anticipated range of frost depths for clayey and sandy soils 

based on Equations 4a and 4b and the CFI values shown in Table 2.3. 

Table 2.4 Example 10-year Frequency Calculated Frost Depths by Midwest State. 

State 

Calculated Frost Depth (inches) 

Clayey Soils Sandy Soils 

Minimum Maximum Minimum Maximum 

North Dakota 71.9 92.5 90.7 119.9 

Minnesota 67.3 90.5 84.3 117.0 

Wisconsin 52.2 79.7 63.6 101.6 

South Dakota 48.0 77.0 58.0 97.9 

Michigan 42.7 76.0 50.9 96.4 

Iowa 43.7 68.9 52.2 86.5 

Nebraska 39.6 59.0 46.8 72.8 

Illinois 23.6 58.5 26.5 72.1 

Part of the work performed by Rajaei and Baladi included measurement of thermal conductivity on 

disturbed samples from six stations.  Thermal conductivity was measured using a KD Pro Thermal 

Properties Analyzer.  The disturbed samples were not compacted in the laboratory but allowed to soak 

and become saturated over a period of 24 hours.  Table 2.5 presents a summary of the measured 

thermal conductivity. [2] 
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Table 2.5 Measured Thermal Conductivity of Saturated Michigan Soils 

Material 
Thermal Conductivity 

(BTU/(ft*hr*Fo)) 

SILTY fine SAND with trace of GRAVEL 1.49 

fine SAND 1.48 

fine SAND with trace of GRAVEL 1.44 

fine SAND 1.40 

soft CLAYEY SAND, some SILT & GRAVEL 1.01 

SILTY CLAY 0.88 

SILTY CLAY 0.65 

Although not discussed or cited in this literature review, the following links provide additional 

information: 

 General frost depth calculation: www.pavementinteractive.org/calculation-of-frost-depth/  

 The Stefan Formula: www.pavementinteractive.org/stefan-formula/ 

 The Modified Berggren Formula: www.pavementinteractive.org/modified-berggren-formula/  

 KD Pro Thermal Properties Analyzer:  

http://manuals.decagon.com/Manuals/13351_KD2%20Pro_Web.pdf  

2.1.6 Subsurface Water 

Water or moisture can enter a pavement system in number of different ways, including [24]: 

 Through cracks or other discontinuities in the surface. 

o Often the most significant source of excess water in a pavement system. 

o 1995 MnDOT study by Hagen and Cochran that documented that 40 percent of rainfall 

enters the pavement structure. 

 Rising groundwater levels. 

o Groundwater can pose problems, particularly in low-lying areas, and subsurface 

drainage is generally incorporated to address water before it can enter the pavement 

section. 

 Lateral flow from pavement edges or ditches. 

 Capillary action 

o Caused by surface tension and the attraction between water and soil.  

 Vapor movement. 

o Caused by climatic conditions, such as fluctuating temperatures. 

The degree of frost susceptibility of a soil can be explained by two hydraulic properties.  Capillarity is 

controlled by pore size and the distribution network, and the smaller the pore size, the greater the 

capillary action and capillarity.  Permeability refers the soil’s ability to allow water to flow through the 

voids, and larger pores and distribution network, provide higher permeability.  The two properties are 

inversely related and the following generalizations can be made [5]:  

http://www.pavementinteractive.org/calculation-of-frost-depth/
http://www.pavementinteractive.org/stefan-formula/
http://www.pavementinteractive.org/modified-berggren-formula/
http://manuals.decagon.com/Manuals/13351_KD2%20Pro_Web.pdf
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 Clays: high capillarity, low permeability = low susceptibility to frost action 

 Sands: low capillarity, high permeability = low susceptibility to frost action 

 Silts: moderate capillarity, moderate permeability = severe susceptibility to frost action 

Capillary rise can be substantial with up to 20 feet or more possible.  Capillary rise potential can be 

estimated by Equation 6. [25] 

))(( 10De

C
hc    Equation 6 

 Where:  hc = capillary rise (cm) 

C = constant (0.1 to 0.5 cm2) 

e = void ratio 

D10 = soil particle size, 10 percent finer passing (cm) 

Groundwater levels within five feet of the proposed subgrade elevation is likely an indication that 

sufficient free water will exist in the subgrade for ice formation.  This depth to groundwater can increase 

to 10 feet in the presence of homogeneous clay subgrade soils. [11] 

2.1.7 Generalized Frost Hazard Assessment 

Conditions associated with frost hazard potential are cited in numerous literature sources.  The 

following presents a comprehensive summary to generally characterize high and low frost hazard 

potential [24]: 

High frost hazard potential conditions include: 

 A water table within 10 feet of the planned pavement surface. 

 Observed frost heaves in project vicinity. 

 Inorganic soils containing more than 3 percent (by weight) grains finer than 0.02 mm. 

 Potential surface water ponding coupled with the presence of soils with sufficient permeability 

to allow seepage to saturate soils within the frost zone during the surface ponding event. 

Low frost hazard potential conditions include: 

 A water table greater than 20 feet below the pavement surface. 

 Low percentage saturation of soils in the frost zone low versus the saturation level. 

 Seepage barriers between frost zone and water supply. 

 No observed frost-related distresses or damage on existing pavements near the project under 

similar soil and moisture and without frost protection measures. 

 Embankments with pavement surfaces constructed more than 3 to 6 feet above the adjacent 

grades. 
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2.2 DESIGN CONSIDERATIONS 

The following sections discuss various strategies utilized to minimize or eliminate frost action, and in 

particular, frost heave.  Three general categories include: 

 Improve Subgrade Soils 

 Improve Drainage 

 Insulate Subgrade 

The Ministry of Transportation Ontario (MTO) recommends the following to minimize frost effects [9]: 

 Prepare uniform subgrade soils with respect to frost-susceptibility. 

 Account for reduced subgrade strength during spring thaw in pavement design. 

 Intercept water before it enters the frost-susceptible soils (ditches, subdrains) 

 Prevent surface waters from entering the granular bases and subgrade (paved shoulders and/or 

edge drains). 

 Provide proper treatment of transitions. 

 Use non-frost-susceptible backfill to avoid differential heaving. 

2.2.1 Improve Subgrade Soils 

A basic construction requirement for pavements constructed in frost areas where subgrades will be 

subjected to freezing is to achieve uniform soil conditions.  If frost-susceptible soil within a pavement 

system will freeze, the reduced support capacity during frost-melting periods must be accounted for 

during thickness design. [8]. When non-frost-susceptible subbase is included as a frost protection layer it 

provides three benefits [1]: 

 Resists frost penetration. 

 Dampens differential movements. 

 Contributes to load distribution and drainage during thaw-weakening of frost susceptible soils. 

In general, three commonly accepted design approaches are cited for pavement designs in seasonal 

frost areas [8] [11] [24]: 

 “Complete Protection” is based on non-frost-susceptible materials included within the entire 

anticipated depth of frost. 

 “Limited Subgrade Frost Penetration” permits some frost penetration into the subgrade, but the 

depth is controlled to not allow unacceptable surface roughness to develop. 

 “Reduced Subgrade Strength,” which allows more frost penetration into the subgrade, requires 

the pavement materials provide adequate strength during thaw-weakened periods.  This 

method is intended to support anticipated traffic loading and is based on uniform subgrade 

conditions and appropriate preparation and transitions during construction. 
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Pavement design methods used in seasonal frost areas are often based on the reduced subgrade 

strength approach, whereas procedures utilized in areas with low freezing indexes use the complete 

protection or limited subgrade frost protection approaches.  In general, these approaches have been 

developed and implemented based on experience and not rigorous theoretical computational methods. 

[11] 

The Present Serviceability Index (PSI) as we know it today was originally established at the AASHO Road 

Test and is incorporated into the 1993 AASHTO Pavement Design Guide.  The total loss in serviceability is 

attributed to losses due to traffic and losses due to swelling soils and/or frost heave.  The manual states 

that it is feasible to control frost heave by increasing the thickness of non-frost-susceptible materials. 

The design procedure includes predictions to account for the effects of frost heave but identifies that it 

is based on limited information. [10] 

The USACE recommends that the top 50 percent of total thickness of granular unbound base must be 

non-frost-susceptible and must not contain more than 5 percent by weight of particles passing the No. 

200 sieve.  For rigid pavements, the USACE best practice is to replace frost-susceptible soils with a non-

frost-susceptible base course to a depth at least equal to the slab thickness.  If subgrade soils can be 

made reasonably uniform, experience in cold climates has shown that the minimum thickness of 

granular, unbound base can be reduced to 4 inches.  [8] 

The 1993 AASHTO Guide for Design of Pavement Structures provides a similar guideline and identifies 

the most accepted frost heave mitigation practice is to replace the frost-susceptible material with non-

frost-susceptible material to a depth of one-half or more of the frost depth. [10]. A recent publication 

by Newcomb, Willis, and Timm on perpetual flexible pavements notes that the replacement of frost-

susceptible soils to a depth of 50 percent of the frost depth should be a minimum, and points out the 

fact that results from the AASHO Road Test and other international research suggest that depths of up 

to 70 percent may be necessary. [26] 

It is not uncommon for the overall required thickness for flexible pavement design to be controlled by 

frost action considerations as well as the need for additional select material beneath both rigid and 

flexible pavements. [11] [24]  The 1993 AASHTO Pavement Design Guide states that some northern tier 

states and Alaska may include alternate procedures, such as a requirement of 12 to 24 inches of 

granular materials over frost-susceptible roadbed soils or full or partial replacement of frost susceptible 

materials by other agencies.  It is reiterated that such requirements could increase the total thickness of 

the pavement structure compared to the thickness if the 1993 AASHTO Pavement Design Guide was 

followed [10] 

However, the Mechanistic Empirical Pavement Design Guide (MEDPG) {now referred to as AASHTOWare 

Pavement ME} applies rigorous calculations to check the proposed layer thickness to protect the frost-

susceptible soils from freezing and reduce the effects of seasonal freezing and thawing.  Maximum frost 

depths for the project location and pavement system are determined using the Enhanced Integrated 

Climatic Model (EICM).  [11] 
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The following guidelines and considerations are provided in MEPDG and NHI documents when frost-

susceptible soils are encountered [11] [24]: 

 Remove and replace frost-susceptible soils, typically F3 and F4, with non-frost-susceptible 

materials to the depth of expected frost penetration. 

 Remove isolated instances of frost-susceptible soils to produce uniform subgrade conditions and 

eliminate abrupt changes. 

 Increase pavement structural layer thicknesses to account for subgrade strength reduction of 

frost-susceptible groups F1, F2, and F3 during spring thaw. 

If frost-susceptible soils are left within the freezing zone, pumping -- the upward migration of fine-

grained, highly frost-susceptible subgrade soils into fill -- should be considered and prevented. This 

upward migration of fine material can be prevented with incorporation of a separator geotextile fabric 

or other engineered system. In general, geotextile fabrics can be used to provide separation, load 

distribution, and confinement. [27] 

Differential Frost Heave 

Non-uniform heave is often attributable to changes in pavement types or sections, changes between 

clean non-frost-susceptible sands and silty frost-susceptible materials, abrupt transitions from cut to fill 

sections (particularly if groundwater is close to the surface), or where cuts enter waterbearing strata.  If 

those instances cannot be avoided, the use of gradual transitions can control differential frost heaving.    

Longitudinal transition lengths often vary directly with traffic speeds and the amount of heave 

differential. [8] High speed roadways in Finland use transition lengths with taper ratios of 1:40 to 1:30.  

Historical Finnish practices incorporate considerably thicker pavement at discontinuities and transition 

to normal pavement thickness.  [19] 

Blending the upper portion of subgrade soils will produce more uniform frost heave characteristics 

during the winter and more uniform support during spring thaw and is required by some agencies.  [11].  

If field investigation or construction activities identify isolated pockets of silt or other frost-susceptible 

soils, it is best to remove and replace with soils similar to the surrounding subgrade.  [5] 

The MTO recommends the following strategies in the event of differential frost action [9]: 

 Sub-excavate as much of the frost-susceptible material as possible. 

 Improve drainage (ditch, subdrains). 

 Install extruded expanded polystyrene insulation. 

Urban sections with curb and gutter can exhibit transverse differential heaving.  This can be caused by 

differential snow cover due to limited access to the plow blade beyond the curb line. [9] 

Differential frost heave should also be considered and addressed if subsurface drain pipes are 

incorporated into the pavement drainage system. [28] 
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Stabilization 

The frost susceptibility of a soil can be modified through stabilization, which can possibly eliminate the 

effects caused by the fines.  The literature discusses the following three processes [11] [24]: 

 Physical-chemical immobilization or mechanical removal, such as cementitious bonding. 

 Reduced soil moisture available for migration by elimination of migratory drainage paths. 

 Altered freezing point of the soil moisture with cementing agents such as Portland cement, 

asphalt, lime, and lime-fly ash.  Such cementing bonds individual soil particles together and 

partially removes capillary passages as a result. 

Hydrated lime can be applied at a rate of 1 to 3 percent by weight and used to dry the soil and permit 

compaction.  Lime can also be used to treat expansive clay soils.  It has been observed that lime 

treatment can convert a non-frost-susceptible soil into a highly frost-susceptible material; evidence 

suggests that this negative effect has been caused by insufficient curing periods.  Portland cement is 

routinely used to stabilize low-plasticity clays, sandy soils, and granular soils to improve the engineering 

properties of strength and stiffness. A cement-modified soil (low cement content) reduces plasticity and 

frost susceptibility. [24] 

2.2.2 Improve Drainage 

The most fundamental design approach to control frost heave potential is to set grades such that highly 

frost-susceptible soils are always above the capillary range of the groundwater table and build deep 

ditches.  [5] This is not always possible, however, and the negative effects of frost heave can be 

decreased by improving drainage such as providing a subsurface drainage system.  [10] Groundwater 

can be especially troublesome in low-lying areas and generally requires interception or removal before it 

can enter the pavement system. [24]. 

Deep drains and/or a capillary barriers can be installed to maintain the water table to a sufficient depth 

to prevent moisture rise in the freezing zone.  Examples of capillary barriers include horizontal 

geocomposite drains or an open-graded gravel layer sandwiched between two layers of geotextile 

separators.  Frost-susceptible soil must be removed to a depth either below frost penetration or to a 

sufficient depth to substantially reduce the influence of frost heave on the pavement.  Frost-susceptible 

soils can be replaced and compacted above the capillary break layer. 

It is typically desired to prevent pavement materials, including the subgrade, from becoming saturated 

or to even be exposed to constant high moisture levels in order to minimize moisture-related problems. 

The following present three main straight-forward approaches to control moisture-related problems 

[24]: 

 Prevent moisture from entering the pavement  

o Provide adequate cross slopes and longitudinal slopes to facilitate rapid surface water 

runoff 

o Seal cracks, joints, and other discontinuities. 
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 Use frost-resistant materials and appropriate design details 

o Granular materials with low fine content, cement-stabilized and lean concrete bases, 

and asphalt stabilized base materials. 

o Flexible pavements: pave full-width to eliminate longitudinal joints, include asphalt 

stabilized base layers, and incorporate subbase to reduce erosion and promote drainage 

o Rigid pavements: include dowel bars and widened slabs to reduce faulting potential, 

include subbase between the base and subgrade to reduce erosion and promote 

drainage. 

 Quickly remove moisture from the pavement system. 

o Features such as underdrains and ditches can be designed to permanently lower the 

water table under the pavement 

o Permeable bases and edge drains can be included remove surface-infiltrated water. 

o If the subgrade permeability is less than 10 feet per day in wet climates, some form of 

subsurface drainage or other design feature should be considered. 

Subdrains are recommended by the MEPDG when the following conditions are present [11]: 

 High ground-water levels. 

 Subgrade soils consist of silts and very fine sands. 

 Seepage from underlying waterbearing strata or subgrades in cut areas. 

Recent research conducted in Finland has concluded that frost penetration is shallower below 

permeable pavements compared to conventional dense construction.  The authors cite the cause as the 

insulating effect of the porous pavement surfacing.  It is also suggested that the thawing duration will be 

reduced because of the rapid thawing caused by the rain events and the possibility of higher water 

contents in the underlying soil can increase the latent heat available.  A scenario to potentially avoid 

with porous pavements would be a slow-draining, low-permeability subgrade reservoir without a 

drainage outlet.  [28] 

Recently completed research conducted by the University of Alaska Fairbanks looked at wicking fabric 

(TenCate Mirafi® H2Ri). [29] Data and field observations at the Beaver Slide of the Dalton Highway have 

clearly indicated that the wicking fabric eliminated the frost boil problem in the test section.  The 

original design required exposure of the fabric at the roadside to allow the water to be vaporized which 

produces a hydraulic gradient to facilitate constant moisture transport.  The design led to several 

concerns: 

 The geotextile fabric will be subjected to ultraviolet radiation which will cause degradation. 

 The exposed fabric can be potentially clogged by salt. 

 Maintenance difficulties. 

The research team proposed a new design and looked at “bio-wicking” based on vegetation on the 

exposed wicking fabric.  Presence of the vegetation transpiration process guarantees that the geotextile 
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continuously functions as drainage material and constantly reduced the amount of capillary water as a 

result.   

 

Figure 2.8 Wicking Fabric Original and Proposed Design Sections (Image Source: [29]) 

Figure 2.8 presents cross-section schematics of the original design and the proposed design.   

Precipitation has an impact on bio-wicking system drainage efficiency, and saturation of the top layer of 

the bio-wicking system can actually transport into the base course. Test results suggest that rain events 

in excess of 0.2 in. will cause this scenario. 

The author concluded that the bio-wicking system more effective at mitigating capillary water within the 

base course than the original design.  Capillary water transport is slow (on the order of weeks to 

months) compared to free water movement (on the order of hours).  If future research is required, the 

monitoring period should be extended to several months or even several years. 

2.2.3 Insulate Subgrade 

The Municipality of Anchorage (MOA) allows use of insulation in the construction of streets if frost-

susceptible subgrade exists and the depth of gravel backfill can be reduced as required by the Limited 

Frost Penetration method.  The intent of including insulation is not to prevent the freezing front from 
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reaching the subgrade but rather to minimize the depth of subgrade freezing below the classified fill.  

This is done by providing partial thermal protection which results in more uniform freezing depths. [27] 

Research conducted by the MOA and the Alaska Department of Transportation and Public Facilities 

(ADOT&PF) has identified the following acceptable guidelines for the use of rigid insulation: 

1. High-density polystyrene board with a minimum compressive strength of 60 pounds per square 

inch and a maximum water absorption of 0.10 by volume;  

2. A minimum of 18 inches of gravel fill over the insulation board to protect it from heavy wheel 

loads during construction and minimize frost formation on the pavement surface; 

3. Extend the insulated section limits adequately beyond the heave zone to avoid creating bumps 

in areas where frost-susceptible material is not insulated. 

Differential frost heaving is addressed by including extended transitions between structural fill sections 

of varying depths and/or structural fill and insulated sections.  The embedment of insulation board in 

the subbase of the structural section is determined to reduce the required depth of classified fill and 

backfill sufficiently to make it a more cost-effective design. 

In the event of differential frost action, in addition to sub-excavation of frost-susceptible material and 

drainage improvements, the MTO recommends installation of extruded expanded polystyrene 

insulation. [9] Specification and standard drawings related to frost heaves and insulation in Ontario are 

available from The Road Authority (www.roadauthority.com) and the Ontario Good Roads Association.  

The following documents have most recently been updated in 2010: 

 Ontario Provincial Standard Specification (OPSS) 316, CONSTRUCTION SPECIFICATION FOR 

EXTRUDED EXPANDED POLYSTYRENE FROST HEAVE TREATMENT 

 Ontario Provincial Standard Drawings (OPSD): 

o OPSD 514.010 EXTRUDED EXPANDED POLYSTYRENE FROST HEAVE TREATMENT (25 mm 

THICKNESS) 

o OPSD 514.020 EXTRUDED EXPANDED POLYSTYRENE FROST HEAVE TREATMENT (40 mm 

THICKNESS) 

OPSS 316 includes an appendix with notes for designers and includes the following highlights [30]: 

 The intent of placing of extruded expanded polystyrene sheets over frost susceptible soil is to 

prevent penetration of frost beyond a predetermined depth. 

 The standard 25 mm (1-inch) sheets are used in Southern Ontario and the 40 mm (1 ½ inches) in 

Northern Ontario. 

 Safety concerns: 

o The risk of differential icing is increased if the insulation thickness is increased. 

o Due to differential icing risks, designers should avoid curves, crests of hills, and 

intersections and apply in tangent sections. 

 If it is decided to treat an existing frost heave without excavation, the insulation is placed 

directly on the existing pavement surface and covered with granular material. 

http://www.roadauthority.com/
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2.3 STATE OF PRACTICE 

The following discusses and summarizes the state of practice pertaining to frost action but does not 

include Minnesota or MnDOT practices.  Minnesota-specific research and practices is discussed in 

Chapter 3. 

2.3.1 Spring Load Restrictions 

MnDOT is at the forefront of spring load restrictions and MnDOT’s seasonal load limits practices are 

referenced and cited in countless documents.  A partial search and review of DOT websites and practices 

was performed and was limited to the same nearby states presented in Table 2.3.  From this brief 

review, it appears that five of the seven states currently incorporate a seasonal load limits program; 

Nebraska and Illinois do not include seasonal load limit provisions. 

 North Dakota (NDDOT) 

https://www.dot.nd.gov/roadreport/loadlimit/loadlimitinfo.asp  

 Wisconsin (WisDOT) 

http://wisconsindot.gov/Pages/dmv/com-drv-vehs/mtr-car-trkr/ssnl-wt-rsrctns/default.aspx 

 South Dakota (SDDOT) 

http://www.sddot.com/travelers/loadlimits/ 

 Michigan (MDOT) 

https://mdotjboss.state.mi.us/APSWB/searchBySpringWeight.htm?year=2017  

 Iowa (IaDOT) 

https://iowadot.gov/mvd/motorcarriers/2017SpringRestrictionsmap.pdf 

2.3.2 Design 

The purpose of this section is to synthesize practices pertaining to frost-susceptible soils and frost action 

in a number of DOTs.  This list originated based on responses to the email survey distributed by MnDOT 

Library staff.  The remaining sections provide concise information from http://pavementinteractive.com, 

with the exception of Wisconsin.  Information for Wisconsin was compiled from various manuals and 

specifications. 

Generalized frost protection strategies, the LTPP Climatic Zone, and the information source are present 

for a number of states in Table 2.6. 

  

https://www.dot.nd.gov/roadreport/loadlimit/loadlimitinfo.asp
http://wisconsindot.gov/Pages/dmv/com-drv-vehs/mtr-car-trkr/ssnl-wt-rsrctns/default.aspx
http://www.sddot.com/travelers/loadlimits/
https://mdotjboss.state.mi.us/APSWB/searchBySpringWeight.htm?year=2017
https://iowadot.gov/mvd/motorcarriers/2017SpringRestrictionsmap.pdf
http://pavementinteractive.com/
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Table 2.6 State Agency Frost Protection Strategies 

State DOT Frost Protection Strategy 
LTPP 

Climatic 
Zone 

Information Source 

Illinois 

Minimum “Platform” 
 - chemically-modified soil 
(rural) 
 - aggregate (urban) 
 
Remove and replace frost-
susceptible materials to frost 
depth 

WF 

Email survey response, design manuals [18] 

Maine > 50 percent of frost depth 
http://www.pavementinteractive.org/frost-
action-mitigation/ 

Michigan 

AASHTOWare Pavement ME 
Min. frost-resistant material 
 - 24 inches HMA sections  
 - 16 inches PCC sections 
 
Frost Action Mitigation 
Remove and replace frost-
susceptible materials to 
depth of 3.5 to 5 feet. 

Email survey response 

Ohio 
Remove and replace frost-
susceptible materials 

http://www.pavementinteractive.org/frost-
action-mitigation/ 

Wisconsin 

Design Group Index (DGI) and 
Soil Support Value (SSV) are 
based on soil and pavement 
thickness affected 
accordingly. 
 
Assumes uniform subgrade 
construction and adequate 
drainage 
 
Excavation below subgrade 
(EBS) when frost-heave 
material discovered. 
Removed to the limits the 
engineer directs and 
backfilled with selected soils. 

[31] 
[32] 
[33] 

Oregon > 50 percent of frost depth 

WF/DNF 

http://www.pavementinteractive.org/frost-
action-mitigation/ 

Washington > 50 percent of frost depth 
http://www.pavementinteractive.org/frost-
action-mitigation/ 

http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
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Alaska > 50 percent of frost depth 

DF 

http://www.pavementinteractive.org/frost-
action-mitigation/ 

Idaho Capillary break / rock cap 
http://www.pavementinteractive.org/frost-
action-mitigation/ 

Montana 
Remove and replace frost-
susceptible materials; refer to 
AASHTO. 

Email survey response and Chapter 14 
Montana Geotechnical Manual (shown here) 
http://www.mdt.mt.gov/publications/manuals
.shtml 

North 
Dakota 

No seasonal adjustments in 
pavement design 

Email survey response 

South 
Dakota 

No guidelines or policies 
relating to frost 
protection/mitigation 

Email survey response 

Utah 
Remove and replace frost-
susceptible materials 

http://www.pavementinteractive.org/frost-
action-mitigation/ 

 

2.4 ADDITIONAL READING 

As was discovered during this literature review, there are almost an endless number of documents to 

support and supplement this topic.  The current MnDOT Pavement Design Manual refers readers to the 

Army Corps of Engineers’ Engineering Manual (EM 1110-3-138), “Pavement Design for Seasonal Frost 

Conditions”; this reference was cited in this literature review but there is indeed a lot more material. 

The following documents also provide extensive background and supporting material to supplement this 

topic: 

Chamberlain, E. J. and & Cold Regions Research and Engineering Laboratory (U.S.). (1981). Frost 

susceptibility of soil: Review of index tests. Hanover, N.H: U.S. Army Corps of Engineers, Cold 

Regions Research and Engineering Laboratory. 

Guymon, G. L., Berg, R. L., Hromadka, T. V., Johnson, T. C., Cold Regions Research and 

Engineering Laboratory (U.S.), United States., & United States. (1986). Mathematical model of 

frost heave and thaw settlement in pavements: Draft. Hanover, N.H: U.S. Army Cold Regions 

Research and Engineering Laboratory.  

Johnson, T. C. and Cold Regions Research and Engineering Laboratory (U.S.). (1986). Frost action 

predictive techniques for roads and airfields: A comprehensive survey of research findings. 

Washington, D.C: Federal Aviation Administration, Program Engineering & Maintenance Service. 

http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.mdt.mt.gov/publications/manuals.shtml
http://www.mdt.mt.gov/publications/manuals.shtml
http://www.pavementinteractive.org/frost-action-mitigation/
http://www.pavementinteractive.org/frost-action-mitigation/
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2.5 RESEARCH IN PROGRESS 

The following in progress projects are related and projects were discovered during this literature review.  

The outcome of these projects may provide new ideas or strategies upon their completion and should 

be tracked.  

NCHRP 01-59 Including the Effects of Shrink/Swell and Frost Heave in Mechanistic-Empirical 

Pavement Design  

Schedule: Tentatively selected and RFP is expected in July 2017 

http://apps.trb.org/cmsfeed/TRBNetProjectDisplay.asp?ProjectID=4349 

A Bio-Wicking System to Prevent Frost Heave in Alaskan Pavements: Phase II Implementation 

Schedule: May 2017 through December 2019 

https://trid.trb.org/View/1468127 

http://cem.uaf.edu/cesticc/research/zhangbio-wick2.aspx 

High-Strength Woven Geosynthetic with Wicking Capability to Mitigate Frost Heave Distress 

Schedule: 

 2015: Installation/Construction Report 

 2016-2019: Semi-Annual Inspections/ Annual Evaluation Reports 

 2020: Final Evaluation/Final Report 

https://www.mdt.mt.gov/other/webdata/external/research/docs/epsl/tencate/workplan.pdf 

 

http://apps.trb.org/cmsfeed/TRBNetProjectDisplay.asp?ProjectID=4349
https://trid.trb.org/View/1468127
http://cem.uaf.edu/cesticc/research/zhangbio-wick2.aspx
https://www.mdt.mt.gov/other/webdata/external/research/docs/epsl/tencate/workplan.pdf
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CHAPTER 3:  MINNESOTA PRACTICES 
The purpose of the Minnesota-specific history was to capture changes in practices over the years that is 

not documented in formal publications obtained in literature searches.  In general, this task included 

evaluating the Minnesota State Building Code for general reference, reviewing current and previous 

MnDOT seasonal load limit practices, Manuals, Technical Memorandum, and Specifications, and 

conducting informal interviews with former MnDOT Pavement, Research, and District Materials 

Engineers. 

 

3.1 MINNESOTA BUILDING CODE 

The Minnesota State Building Code is included in the Minnesota Rules and Rule 1303.1600 includes 

minimum frost depth requirements.  It is implied that the intent is to limit the potential for frost to 

penetrate below a footing. In addition, snow cover is often present around buildings and provides 

insulation; this is in direct contrast to roadways that are typically cleared of snow as soon as possible. 

It is commonly accepted that frost depth penetration in pavement systems exceeds those under building 

footings.  The following excerpts from of 1303.1600 (FOOTING DEPTH FOR FROST PROTECTION) are 

included as a point of reference and information relevant to this research project highlighted in bold 

[34]: 

Subpart 1. 

“Minimum footing depth.  In the absence of a determination by an engineer competent 

in soil mechanics, the minimum allowable footing depth in feet due to freezing is five 

feet in Zone I and 3-1/2 feet in Zone II.” 

“Less depths may be permitted when supporting evidence is presented by an engineer 

competent in soil mechanics.” 

Subpart 2. 

“Soil under slab on grade construction for buildings.  When soil, natural or fill, is sand or 

pit run sand and gravel, and of depth in accordance with minimum footing depth 

requirements for each zone, slab on grade construction which is structurally designed to 

support all applied loads is permitted. Sand must contain less than 70 percent material 

that will pass through a U.S. Standard No. 40 sieve and less than five percent material 

that will pass through a No. 200 sieve (five percent fines), or be approved by an 

engineer competent in soil mechanics.” 

Zone I and Zone II are shown in Figure 3.1. 
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Figure 3.1 Minnesota Building Code Frost Depth (Image Source: 2012 Minnesota Rules 1303.1600) 

 

3.2 MNDOT 

The following sections highlight current and past practices used by MnDOT relating to frost action (thaw 

weakening and heave) and frost protection.  Information sources include MnDOT’s websites, Manuals, 

Technical Memoranda (Tech Memos), project plans and engineering recommendations (“soils letters” 

and Materials Design Recommendations [MDR]), and interviews with former MnDOT pavement and 

materials experts.  This section concludes with brief highlights of completed MnDOT research pertaining 

to frost. 

3.2.1 Seasonal Load Limits  

Limiting load limits during spring thaw and recovery is typically referred to as Spring Load Restrictions 

(SLR).  A properly managed SLR program can completely address the issues due to thaw weakening, and 

MnDOT is considered one of the premier agencies with regard to Seasonal Load Limits (SLL) and 

MnDOT’s methods and procedures are cited and implemented by a number of other agencies. 

SLL includes SLR and Winter Load Increases (WLI); information about MnDOT’s SLL is available at the 

following website: http://dotapp7.dot.state.mn.us/research/seasonal_load_limits/sllindex.asp 

http://dotapp7.dot.state.mn.us/research/seasonal_load_limits/sllindex.asp
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SLR is a pavement preservation strategy in freeze-thaw environments and has been used in Minnesota 

since 1937 [35].  Field observations consistently identified that thaw weakening occurs over a period of 

two to three months [36].  In 1947, seasonal restriction dates were fixed from March 20 to May 15 [35].  

All types of pavement structures, except PCC, were restricted to below the legal 9-ton per axle load 

limit, and the practice of excluding PCC pavements is evident as far back at 1952 [36]. 

Seasonal Load Limit Zones 

MnDOT’s SLL is based on Zones; the original Zones are shown in Figure 3.2 and the current Zones are 

shown in Figure 3.3.  It is worth noting that MnDOT posted a research problem statement to re-evaluate 

zones on the Local Road Research Board (LRRB) IdeaScale website (https://mndot-

lrrb.ideascale.com/a/idea-v2/523522) in May 2016.  The problem statement noted that several years 

had passed since the boundaries had been set, and industry and agency needs and technology available 

to set dates have changed. Although the proposal received several votes, it appears that it was deleted 

in December 2016. 

 

Figure 3.2 Original MnDOT Seasonal Load Limit Zones (Image Source: [35]) 

 

https://mndot-lrrb.ideascale.com/a/idea-v2/523522
https://mndot-lrrb.ideascale.com/a/idea-v2/523522
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Figure 3.3 Original MnDOT Seasonal Load Limit Zones (Image Source: [MnDOT SLL website]) 

MnDOT Frost Sites 

MnDOT has a total of 14 frost monitoring sites located throughout the state and in the SLL Zones (except 

Metro District).  Figure 3.4 provides a map with the location of the frost monitoring sites as well as the 

SLL Zone boundaries. 
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Figure 3.4 MnDOT Frost Monitoring Sites (Image Source: [MnDOT SLL website]) 

 

Frost depths are monitored and a chart for each site is updated routinely.  A sample chart is provided in 

Figure 3.5. 
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Figure 3.5 2016-2017 Frost Data at the MnROAD Research Facility (Image Source: [MnDOT SLL website]) 

 

This section was included to present a high level overview of MnDOT’s SLL program and introduce the 

MnDOT frost sites.  However, due to MnDOT’s successful SLL program, the remainder of the research 

project will only focus on frost heave and frost-susceptible soils. 

3.2.2 MnDOT Manuals  

The following subsections include select excerpts from the noted MnDOT Manual [37] [38] [39] [40] 

[41]; particularly significant content is in bold.  This section is not intended to include all relevant 

information regarding MnDOT’s past and current practices and the Manuals should be reviewed in their 

entirety; links are included where possible. 

1982 Road Design Manual 

The original version is not available electronically through the MnDOT Library, and although there is a 

Call Number (TE24.M6 A646), the MnDOT Library does not have a copy available.  Braun Intertec had 

portions of the Manual available for review, including Chapter 7 (Pavement Design). 

 4-2.01 Roadbed Subcuts 

Not available for review. 
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 7-4.03.02 Base and Subgrade Determination (Rigid Pavement Design) 

“To minimize frost heaving and thaw weakening of the subgrade, it is also necessary that the 

finished grade elevation be at a level above the water table at least equal to the depth of frost 

penetration.  For silty soils the elevation should be significantly higher.” 

 

 Table 7-5.03H Stabilometer R-Values by Soil Type (Flexible Pavement Design) 

[Note] “To minimize frost heaving and thaw weakening it is also essential that finished grade 

elevation be placed an adequate distance above the water table.  This distance should be at 

least equal to the depth of frost penetration.  In the case of silty soils the distance should be 

significantly greater.” 

 

 7-5.03.04 Full-Depth Bituminous Pavement Design 

“This type of structure is composed of an asphalt surface course and one or more asphalt base 

courses supported by the subgrade.”  ”This type of pavement structure was approved and 

included as a design alternate for Minnesota in 1978.” 

1994 Geotechnical and Pavement Manual 

www.dot.state.mn.us/materials/pvmtdesign/docs/Geotechnical_Pavement_Manual.pdf  

 3-2.02.02 AASHTO 

“Group A-2… Frost susceptibility begins to be a problem in the A-2 soils, especially where the 

water table is in proximity to the zone of yearly frost depth. 

 

Group A-4… Again, where drainage is poor and free water is available to the silty subgrade, frost 

heave should be considered as a significant factor affecting the desirability of this material. 

 

Group A-5… Frost considerations are, again, a significant factor affecting usage of these soils as 

road subgrade. 

 

Group A-6… Frost considerations are usually outweighed by their affinity for water and the 

resulting volume changes and strength reductions that can result.” 

 

 3-2.03.04 FROST SUSCEPTIBILITY 

“Frost heave can be reduced by keeping the ground water well below the pavement structure 

through natural or improved drainage; or by removing the frost-susceptible materials and 

replacing them with non-frost-susceptible materials, or by mixing low-susceptible materials with 

existing highly susceptible materials.  Inorganic materials that contain particles finer than 0.02 

millimeters are susceptible to frost action.” 

 

 

 

http://www.dot.state.mn.us/materials/pvmtdesign/docs/Geotechnical_Pavement_Manual.pdf
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 5-2.01.03 SUBGRADE CORRECTION / 1. Subcuts 

“Subcuts are made to ensure uniformity of material and stability in the upper portion of the 

roadbed.  Specifically, they are utilized to eliminate differential or pocketed high-moisture 

conditions.  Typical subcuts range from two to four feet with one foot minimum.  Runouts are 

three to four feet.  All subcuts should be backfilled with suitable grading materials. 

 

It is the responsibility of the District Soils Engineer to specify the depth of subcuts.  To 

determine the appropriate depth of subcut, first the depth of unsuitable subgrade materials, 

perhaps the calculated frost depth, is determined. 

 

In areas of the roadbed that generate frost heaves, or may have the potential to produce a 

heave, the subcut should extend to below the frost line, with 20(H) to 1(V) tapers at each end.  

These transitional tapers are provided to prevent abrupt differential movement caused by 

different soil types (granular vs non-granular).  The subcut should be backfilled with Select 

Granular Material.  Perforated pipe should be placed in the bottom of the subcut according to 

the design standards to assure that water does not collect as in a bath tub.  If ground water 

levels are expected to intrude into the subcut area, special perforated pipe drain systems should 

be designed and installed. 

 

 5-3.02.01 DESIGN PARAMETERS 

“The designer should directly consider the provision of good drainage and the treatment of 

swell- and frost-susceptible soils in construction, rather than try to account for such 

environmental factors by increasing thickness.” 

 

 5-3.04.03 ENVIRONMENTAL CONSIDERATIONS 

“For example, where frost-susceptible material exists and the water table is high enough to 

result in detrimental frost penetration and frost heave, the frost-susceptible material is replaced 

with non-frost-susceptible material to the depth of frost penetration.” 

 

 Table 5-3.2(a) Stabilometer R Values by Soil Type (Bituminous Pavement Design) 

[Note] “To minimize frost heaving and thaw weakening, it is also essential that finished grade 

elevation be placed an adequate distance above the water table.  This distance should be at 

least equal to the depth of frost penetration.  In the case of silty soils the distance should be 

significantly greater.” 

 

 5-3.05.04 DRAINAGE CONSIDERATIONS 

“The combined effect of water, frost, and increased traffic volumes and loads will eventually 

lead to various types of premature moisture-related distress in the pavement structure.” 

 

“Heaving of swelling soils and frost heave are some of the other detrimental effects of water 

that affect both types of pavements.” 
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 5-4.01 GENERAL CONSIDERAITONS (Drainage section) 

“Most mechanisms of pavement failure are accelerated by surface and subsurface water.  Many 

drainage-related failure mechanisms, such as erosion, uplift between structural elements, frost, 

and pore pressure-related failures, occur in the presence of free water.  Pavements constructed 

without effective drainage will deteriorate at an accelerated rate relative to a similar well-

drained pavement.  Free water should be kept, as a minimum, below the depth of frost 

penetration.  If free water is present within the depth of concern, drainage design must either 

raise the finished grade or lower the local groundwater table.” 

 

 5-4.03 SUBSURFACE DRAINAGE 

“Subsurface drainage, also called subdrainage or underdrainage, is employed when ground 

water or infiltrating surface water is present, or likely to exist within the frost depth (even 

deeper in silty soils).  To insure that groundwater does not adversely affect long-term roadway 

performance, grades should be separated from the water table by a depth roughly similar to the 

depth of frost penetration. (This depth is generally considered to be about five feet as a state-

wide average.)” 

2000 Road Design Manual 

 4-2.01.01 Subcuts 

“Subcuts are made to ensure uniformity of materials and stability in the upper portion of the 

roadbed.  They are utilized to eliminate differential or pocketed high-moisture conditions, 

unstable material, and frost-heave.  The cut varies from 1 to 4 ft based upon the 

recommendation of the Soils Engineer.  The type of backfill material, as recommended by the 

Soils Engineer, may be selected earth material or granular material from adjacent cuts, from 

sources outside the right-of-way, or from the subcut itself.” 

 

 4-2.01.02 Subgrade Correction 

“A Subgrade Correction is used to eliminate specific unstable conditions in the subgrade of an 

existing road (e.g, frost heaves).” 

 

 4-2.01.03 Design Details / 4. 

“Place subsurface drainage for groundwater or pavement surface infiltration as recommended 

by the Soils Engineer.  Provide outlet pipes as required.  (Profile grades should be designed at 

least 5 ft above the water table, or permanent dewatering may be required).” 

 

2007 Pavement Manual 

www.dot.state.mn.us/materials/pvmtdesign/manual2007.html  

http://www.dot.state.mn.us/materials/pvmtdesign/manual2007.html
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Aside from few minor changes, the 2007 Pavement Manual presents similar content related to frost as 

the 1994 Geotechnical and Pavement Manual with the exception of the following additions or changes: 

 5-2.01 EXCAVATION AND EMBANKMENT CONSTRUCTION  

“It is the responsibility of the District Soils or Materials Engineer, in conjunction with the Design 

Engineer, to assure that the finished grade elevation is least five feet above the water table (or 

an amount equal to the maximum frost penetration) to minimize frost heaving and thaw 

weakening of the subgrade. The depth to water table must be significantly larger for silty 

materials.” 

 

 5-2.01.02 SOILS PREPARATION / 2. Lime Treatment 

“Lime may reduce the clay’s plasticity and shrinkage characteristics, improve its workability, and 

increase its strength and stability. However, it may also increase the frost susceptibility of the 

soil and induce cracking, so it should be used with care.” 

 

 5-2.01.03 SUBGRADE CORRECTION / 1. Subcuts 

“It is the responsibility of the District Soils Engineer to specify the subcut depth, which is often 

the calculated frost depth (Section 3-2.03.03). The subcut depth should extend to below the 

frost line in areas of the roadbed that have the potential to generate frost heaves with 20(H) 

to 1(V) tapers at each end.” 

 

 5-3.05.02 PAVEMENT DESIGN STANDARDS 

“In the early 1990s, Mn/DOT and the local pavement industry had concerns regarding the 

performance and constructability of Mn/DOT’s pavement designs. Therefore, a bituminous task 

force was established to study the issues. The findings and recommendations of this group were 

incorporated into new pavement design standards, which Mn/DOT released in 1995. 

 

These standards revised or modified all previous bituminous and concrete pavement design 

practices and required that a certain thickness of frost-free materials (FFM) be incorporated 

into the various designs. The minimum depth of the FFM is a function of the 20-year design lane 

ESALs and varies between 30 and 36 inches for most bituminous designs. The exact thickness 

should be determined by consulting Technical Memorandum No 04-19-MAT-02. The FFM 

includes aggregate base (Mn/DOT’s Specification 3138, Classes 3, 4, 5, 6, and 7) and select 

granular borrow (Mn/DOT’s Specification 3149.2B2), which contains less than 12 percent 

passing the 0.075 (No. 200) sieve. These modifications were developed based on consultation 

with the FAA, Army Corps of Engineers, the AASHTO Guide, and European counterparts. 

 

These pavement designs are subject to change and will be evaluated periodically in terms of 

Mn/ROAD and Long-Term Pavement Performance (LTPP) research findings and Mn/DOT’s 

objectives in designing and constructing economical pavements that will provide smooth ride 

and long-term performance and service life.” 
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 5-3.05.03 BITUMINOUS PAVEMENT DESIGN / 2. Bituminous Deep Strength Pavement (BDS). “(a) 

Pavement Design Practice 

“Bituminous deep strength pavement was formerly defined as a pavement structure in which 

bituminous mixtures are employed for all courses above the subgrade or improved subgrade. 

This type of pavement structure became a standard design alternative for flexible pavements in 

Minnesota in 1978. However, the full depth bituminous pavement structural design was 

modified in 1995 to address frost and other foundation concerns. (Refer to Section 5-3.05.02 

for more information) This modification required that the pavement structure be constructed 

over 75 mm (3 in) of Class 5 aggregate base and enough select granular material to thicken the 

total structure to at least 30 inches.” 

 

“This was a major pavement design change for Mn/DOT. Prior to 1995, it was allowable to 

construct full depth bituminous pavements on almost any subgrade, including those with fine 

contents in excess of 20%. However, the current standards require that the subgrade 

incorporate frost-free materials (meeting at least select granular material requirements) so long 

as the existing materials are not already frost-free. As a result of this subgrade design 

modification, Mn/DOT no longer constructs ‘true’ full depth bituminous pavements; the 

modified designs are known as deep strength bituminous pavements (BDS).” 

 

 5-3.05.04 PORTLAND CEMENT CONCRETE PAVEMENT DESIGN / 3. Base, Subbase, and Subgrade 

“Mn/DOT developed new bituminous and concrete pavement design standards in 1995, which 

are illustrated in designs 1, 2, and 3 of Figure 5-3.6. The primary change in these standards 

occurs in design 2, which requires that pavements that are designed to withstand more than 

one-million ESALs in 20 years shall utilize at least a 12-inch select granular layer over the 

existing subgrade soils if they do not meet the requirements of select granular material 

(Mn/DOT Specification 3149.2B2). The purpose of this layer is to better control frost action, 

drainage, and the other previously mentioned attributes for high-volume roadways.” 

 

 5-4.02.03 APPROACHES TO ADDRESS MOISTURE IN PAVEMENTS / 1.a 

“Separate the grade from the water table by a depth roughly similar to the depth of frost 

penetration to insure that groundwater does not adversely affect the long-term roadway 

performance. In many cases this depth is approximated to be 5 feet.  These criteria should be 

followed in every situation unless local conditions make them impossible.” 

 

 

 

 5-4.02.03 APPROACHES TO ADDRESS MOISTURE IN PAVEMENTS / 2. 

“Base and subgrade materials with low fine contents are less susceptible to moisture-related 

problems than those with high fine contents. In particular, these materials are less susceptible 

to frost action, less erodible, and not as likely to experience a damaging loss of stiffness. 

Therefore, as previously discussed in Section 5-3.05.02, bituminous pavements should 
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incorporate select granular material [which has less than 12 percent passing the 0.075 (No. 

200) sieve] in the lower portion of the structure. Similarly, concrete pavements should utilize 

either select granular material or permeable aggregate base (PAB).” 

Current Pavement Design Manual 

The current version of the Pavement Design Manual was originally released in October of 2014 as part of 

a major re-write.  Several updates have been produced and the current version was most recently 

updated on June 20, 2017. 

www.dot.state.mn.us/materials/pvmtdesign/docs/newmanual/Pavement%20Design%20Manual.pdf 

 220 – Borings / D. Soils survey  

“A soils survey will also help to identify any frost susceptible soils (silt) that may be addressed 

with the design thickness of the aggregate base, subbase, and engineered soil. 

 

Borings should be deep enough to develop the engineering data required for analysis and 

should penetrate major soil horizons, frost depth, and frost-susceptible materials. Borings 

should be taken to a depth of at least 5 feet below the proposed bottom of subcut and at least 5 

feet below existing ground in fill sections.” 

 

 270 - Visual Condition Assessment  

 
 

 300 - Definitions  

“Aggregate Base is the layer of aggregate placed below the HMA or PCC pavement. Typically, it 

is made of a layer of class 5 or class 6 dense-graded aggregates (Specification 3138.2E), but it 

may also contain a drainable layer. This layer provides; a construction platform for paving, a 

portion of the pavement structure, a filter layer, and resistance to differential frost heave. This 

layer also is resistant to the effects of moisture such as; maintaining strength when saturated, 

resistant to moisture damage, and will not draw water up through capillary action (important 

for frost resistance). 

 

http://www.dot.state.mn.us/materials/pvmtdesign/docs/newmanual/Pavement%20Design%20Manual.pdf
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Subbase is the layer of granular material below the aggregate base. Typically, it is select granular 

or granular (Specification 3149.2B), but it may also contain layers of class 3 or class 4 aggregates 

(Specification 3138.2E). Subbase provides resistance to differential frost heave, improved 

moisture properties as compared to non-granular soils and may provide part of the pavement 

structure. 

 

Engineered Soil is often referred to as “subcut”, “compaction subcut”, or “uniformity subcut”. 

It is the layer of select grading material (Specification 2105.1A6) immediately beneath the 

subbase. This layer provides a uniform, compacted layer for the pavement structure and 

improves resistance to differential frost heave as compared to the existing soil.” 

 

 310 - Aggregate Base and Subbase / 2. Subbase (2) 

“Select granular material (super sand) (Specification 3149.2B.3): This is select granular material 

with stricter gradation requirements for material passing the No. 40 and No. 200 sieves, which 

are intended to improve this materials drainage and frost performance as compare to select 

granular material. Specifying this material is dependent on its availability, cost, and district 

preference or experience.” 

 

 320 - Below the Subbase / 1. Subgrade preparation / engineered soil / B 

“Engineered soil is often referred to as a “subcut”, “compaction subcut”, or “uniformity subcut”. 

This is a layer of select grading material (Specification 2105.1A6) immediately beneath the 

subbase. Typically, this layer is constructed by excavating the existing soil to the depth of the 

engineered soil layer, removing any silt or unsuitable material from the excavated soil, then 

blending, backfilling, and compacting the excavated soil (specified as select grading material) 

into the excavation. The source of the select grading material for the backfill does not need to 

be from the excavation but if it meets materials specifications it may be used. This provides a 

uniform, compacted layer for the pavement structure and improves resistance to differential 

frost heave as compared to the existing, undisturbed soil. Engineered soil is typically specified 

from 1 to 4 feet deep, depending on district preference and experience.” 

 

 380 - Frost Effects / 1. Detrimental effects of frost / Frost heaving 

“Frost heaving is caused by frost lenses growing in a frost susceptible soil. Frost lenses begin as 

ice crystalizing within the larger soil voids. As freezing temperatures continue and advance 

deeper into the soil, water may remain unfrozen in the soil’s pore structure despite freezing 

temperatures. This unfrozen water, augmented by any source of unfrozen water from below, is 

transported upwards by capillary rise, to crystalize and add to the mass of the frost lenses. As 

the frost lenses grow, the overlying soil and pavement will heave up, potentially resulting in 

pavement roughness and cracking. The frost lenses will grow until the water source is used up, 

or until temperatures are low enough to freeze the capillary water, in which case a secondary 

layer of frost lenses may form at a lower depth.” 
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“Thaw weakening occurs during spring melting when ice contained in the pavement 

subsurface melts. Because thawing typically proceeds from the top down, this water is trapped 

by the remaining frozen soil beneath. The increase in moisture from this trapped water reduces 

the stiffness of the pavement subsurface layers and more fatigue will occur to the pavement 

structure than during normal conditions.” 

 

 380 - Frost Effects / 2. To reduce frost effects / A. Replace frost-susceptible material with frost 

resistant material 

“Materials with less than 10% finer than no. 200 (75 μm) sieve are considered to be frost 

resistant and will likely experience little frost heaving. Materials with greater amounts of fines 

are considered frost susceptible to some degree with soils containing silts regarded as the most 

frost susceptible. Clays also contain fine material but their permeability may be so low as to 

inhibit capillary rise and the growth of frost lenses. 

 

Generally, it is impractical and not-cost effective to replace all of the pavement structure with 

frost resistant material. MnDOT’s standard pavement structure requirements are a 

compromise between cost and anticipated benefits. For new HMA pavements on non-granular 

soils, MnDOT requires a minimum total pavement structure of 30.0 inches for roads with less 

than 7 million 20-year BESALs and 36.0 inches for roads with more than 7 million 20-year 

BESALs. This thickness includes pavement, base, and subbase. This depth is approximately one-

half the average frost depth for Minnesota overall. Higher trafficked roads require thicker 

frost resistant because the increase in reliability and performance are considered worth the 

expense. For new PCC pavements on non-granular soils, MnDOT requires a minimum of 4.0 

inches of base on 12.0 inches of subbase.” 

 

 380 - Frost Effects / 2. To reduce frost effects / B. Provide good roadway drainage 

 “Provide surface drainage and seal any cracks or joints to keep surface water from entering the 

pavement subsurface. Use aggregate and granular materials under the pavement and provide a 

path for these layers to drain. The drainage path may include drains or daylighting the layer, 

which is extending the width of a pavement layer to near the in-slopes (only covered by topsoil) 

so that the layer may directly drain to the ditch.” 

 

 380 - Frost Effects / 2. To reduce frost effects / C. Uniform soil 

“Uniform soil will tend to heave uniformly which typically isn’t detrimental to a pavement.” 

 

 

 

 380 - Frost Effects / 2. To reduce frost effects / D. Match materials and use transitions 

 “Uniform frost heave is typically not a problem but any abrupt differences in heave will be 

experienced as a bump or roughness. It is important to match the thickness and materials of 

adjacent sections and to use appropriate transitions when differences are necessary.” 
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3.2.3 Technical Memoranda 

It is understood that the purpose of Technical Memorandum (Tech Memo) is to document necessary 

procedural and/or policy technical changes and quickly incorporate into official practices prior to 

publishing a revised Manual, standard drawing, or specification.  Table 3.1 identifies the Tech Memos 

that were reviewed; a link to each Tech Memo is included for reference. 

Only content related to frost heave, thaw weakening, design axle load (spring load capacity), or frost 

protection are summarized herein.  It should be noted that language is often carried forward from the 

expired Tech Memo to the superseding Tech Memo; duplicated language is not summarized herein. 

Table 3.1 Pavement-related Tech Memos Reviewed 

Tech Memo Subject Issue Date Status 

90-10-ES-01  Paving Platform for Full Depth Pavements 3/6/1990 Expired 

91-27-ES-03  Paving Platform for Full Depth Pavements 5/21/1991 Expired 

92-38-ES-09  Bituminous Pavement Design Chart 12/31/1992 Expired 

94-01-DS-01  Bituminous Pavement Design Chart 1/4/1994 Expired 

94-10-DS-02  Updated Bituminous Pavement Design Chart 2/3/1994 Expired 

95-04-CME-02  Interim Pavement Design Standards 3/6/1995 Expired 

95-10-CME-07  Design Criteria for Bituminous Pavements 4/25/1995 Expired 

95-15-CME-09  Bituminous Pavement Special Provisions Form 5/16/1995 Expired 

95-23-CME-12  Pavement Selection Policies and Procedures Update and Interim Pavement 
Design Standards 

8/29/1995 Expired 

97-20-CME-04  Pavement Selection Policies and Procedures and Pavement Design Standards 6/17/1997 Expired 

98-02-MRR-01  Granular Equivalent Factors for Bituminous Pavement Aggregate Base 
Design 

2/13/1998 Expired 

01-20-MRR-06  Pavement Selection and Pavement Design Standards 6/18/2001 Expired 

01-19-MRR-05  Pavement Preventive Maintenance Implementation 6/19/2001 Expired 

01-22-MRR-07  Pavement Selection Process 7/6/2001 Expired 

03-15-MRR-05  Granular Equivalent Factors for Bituminous Pavement Aggregate Base 
Design 

5/29/2003 Expired 

04-06-MAT-01  Pavement Selection Process 1/1/2004 Expired 

04-19-MAT-02  Pavement Selection Process. 9/14/2004 Expired 

07-12-TS-04  Pavement Reclamation Projects, Re-Classification as a Preservation Work 
Type 

8/1/2007 Expired 

09-12-MAT-03  Pavement Selection Process 10/14/2009 Expired 

10-04-MAT-01  Life Cycle Cost Analysis (LCCM) for pavement projects 2/23/2010 Expired 

92-38-ES-09 

 Eliminated 7-ton, 9-ton, and 10-ton design designations.  It was believed that thickness design 

should be based on the number of ESALs the pavement is expected to carry and that the types 

of loads should be reflected in the calculation of design ESALs. 

http://dotapp7.dot.state.mn.us/edms/download?docId=700117
http://dotapp7.dot.state.mn.us/edms/download?docId=700157
http://dotapp7.dot.state.mn.us/edms/download?docId=700208
http://dotapp7.dot.state.mn.us/edms/download?docId=700257
http://dotapp7.dot.state.mn.us/edms/download?docId=700266
http://dotapp7.dot.state.mn.us/edms/download?docId=700297
http://dotapp7.dot.state.mn.us/edms/download?docId=700303
http://dotapp7.dot.state.mn.us/edms/download?docId=700308
http://dotapp7.dot.state.mn.us/edms/download?docId=700316
http://dotapp7.dot.state.mn.us/edms/download?docId=700384
http://dotapp7.dot.state.mn.us/edms/download?docId=700397
http://dotapp7.dot.state.mn.us/edms/download?docId=699978
http://dotapp7.dot.state.mn.us/edms/download?docId=699977
http://dotapp7.dot.state.mn.us/edms/download?docId=699980
http://dotapp7.dot.state.mn.us/edms/download?docId=700024
http://dotapp7.dot.state.mn.us/edms/download?docId=700036
http://dotapp7.dot.state.mn.us/edms/download?docId=700044
http://dotapp7.dot.state.mn.us/edms/download?docId=700087
http://dotapp7.dot.state.mn.us/edms/download?docId=844878
http://dotapp7.dot.state.mn.us/edms/download?docId=887550
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95-04-CME-02 

 MnDOT’s 20 year experience with full-depth HMA pavements had been questioned by MnDOT 

and the industry for 10 years; a Task Force was established to review and make 

recommendations.  The Task Force recommended: 

o a moratorium on the construction of full-depth bituminous pavements. 

o that both bituminous and concrete pavement should be evaluated relative to their 

overall performance and service life. 

o modification of bituminous and concrete pavement design standards to include various 

depths of frost free materials (FFM). 

 New standards (Designs 1 through 7) applied to 

o all projects constructed in 1995 (evaluated and modified to conform to the maximum 

extent possible) 

o all projects constructed in 1995 

 Select Granular requirements include 

o PCC: 12 inches without drainage layers 

o HMA: total FFM thickness of 30 inches (ESALs < 7M) and 36 inches (ESALs > 7M) 

 Design 7 allowed 6-inch minimum Select Granular layer for ESALs < 1M 

95-23-CME-12 

 Follow up on content included in Tech Memo 95-04-CME-02. 

 Defined that the costs of all materials above the subgrade shall be included in pavement 

selection economic analysis. 

 Added note that consideration should be given to provide subsurface drainage for non-granular 

subgrade soils: 

o Subcut drains for Designs 3, 5, and 6 

o Pavement Edge drains for Designs 4 and 7 

 Added Select Granular Subgrade Treatment options, including various typical sections for Rural 

and Urban sections and supplemental language regarding drainage: 

o “In rural sections, the ditch bottom must be an adequate distance below drain exits and 

the bottom of the select granular material. If they are not, reverse seepage will weaken 

the subgrade below the select granular. However if an adequate ditch depth cannot be  

provided for the drain outlets, then the select granular material should be placed full 

embankment width.” 

o “In urban sections drains must exit to the storm sewer.” 

04-06-MAT-01 

 Added Life Cycle Cost Analysis (LCCA) and maintenance timing tables. 

 Simplified and revised Typical Select Granular Treatments (Rural and Urban sections). 
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 Eliminated Design 7, which required all bituminous pavements to be constructed with at least 30 

inches of FFM. 

3.2.4 Special Reports 

The following Task Force Reports are keys to understand the evolution of pavement design and 

materials standards in Minnesota.  Recommendations from these Task Force Reports were incorporated 

into Tech Memos and may have been discussed in the previous section.  

Interim Design Sub-Committee Meeting (January 1994) 

 This subcommittee meeting was in response to the recommendations from the Full-Depth 

Bituminous Task Force Necessary and the moratorium on full-depth asphalt pavements 

 The meeting included many objectives, including “minimize differential frost action” 

 A total of 15 resolutions were adopted including: 

2. Frost action was discussed at length.  Recommendation was discussed to required non-frost-

susceptible material to a depth of half the average frost depth in the project area.  It was 

developed with consideration of practices by the Federal Aviation Administration (FAA) 

USACE, and AASHTO.  There was a difference of opinion on frost depth and the 

measurement baseline (top of paved surface or bottom of pavement structure). 

3. Final adopted statement was: “On fine grained soils (% passing No. 200 sieve > 12%), 

provide a minimum frost protection of 1/2 the local area average frost depth, with a 

minimum of 1 foot non-frost-susceptible granular material below the top of the grading 

grade, along with positive subcut drainage where necessary.” 

5. Transverse crack issues could be reduced with drainage layers and frost protection 

6. It is critical to have ditches deep enough to drain the granular layers.  It was recommended 

that ditch bottoms be at least one foot below the outlet of a subgrade drainage system. 

15. For the Deep Strength design, the subgrade R-value was modified to account for benefits 

from frost protection and any drainable base materials. 

Select Granular Task Force (May 1995) 

 Tech Memo 95-04-CME-02 included a requirement for incorporating “various depths of frost 

free material (FFM) under the pavement structure”.  Concerns regarding constructability of 

exceptionally clean select granular material and availability of select granular in some areas lead 

to the development of the Select Granular Task Force. 

 Cited literature that clean material is necessary to provide permeability and resist frost effects. 

 West Metro had success with 12 inches of Select Granular over Granular materials.  Other 

Districts have encountered serious issues with dirty material (especially where #40 was high). 

 “Given that the intent is to produce a “frost free” structure for one-half the depth of frost we 

arrived at the following: 

o Subgrade 
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 Non-granular, follow Tech Memo 95-04-CME-02 

 Granular, 12 inches of Select Granular over the natural granular soils “should 

suffice” 

o Provide edge drains everywhere where natural soils are non-granular 

o Allows exceptions for local experience, traffic, high water, availability of materials, etc. 

o Pavements with high traffic levels (>7M ESALs) should receive premium designs. 

3.2.5 Interviews 

Three personal interviews were conducted as part of the historical investigation of MnDOT’s frost-

related treatments.  The interviews were not structured, however, and opinions and input in other 

pavement-related issues were discussed and are also noted. 

Erland Lukanen, PE 

Erland “Luke” Lukanen feels that MnDOT has done a very good job with culvert treatments and 

approaches to eliminate frost heaves/bumps [42]. Overall, his opinion was to accept that heave will 

occur on roadways, but by preparing uniform subgrades, heave will be uniform.  He pointed out 

that neighboring states, North Dakota and Iowa, generally have poorer soils but soils are uniform, 

and that Minnesota generally has highly variable soils. 

Luke discussed the 1954 Soil Factor Design and typical 3 to 5 foot subcut blends below grading 

grade.  The depth of subcut was recommended by the Soils Engineer but the design procedure was 

based on 3 feet of compacted soil.  Soils were compacted to 100 percent of Proctor density in the 

top 3 feet and 95 percent below.   

Extensive research has been done at the MnROAD facility and frost heave is present but uniform.  

Luke reviewed and analyzed large amounts of ride/smoothness data and has the opinion that 

MnDOT is losing ride quality because of non-uniform subgrade treatments and conditions.  He did, 

however, add that typical county projects include shallower subcuts than MnDOT projects but ride 

data is relatively comparable.  

When asked about suggestions for this research project, he suggested the following: 

 Analyzing MnDOT's ride profile data to look at how the profile changes over time in specific 

wavelengths could help to identify profile changes driven by subgrade variation and frost 

action.  This analysis could eliminate the effects of cracks/tenting from bituminous 

pavements or curling/warping or joint faulting in concrete pavements.  He was not 

suggesting a need to change the ride statistic but does recommend considering the Ride 

Number if that situation arises. 

 MnDOT investigates soils extensively as part of the subsurface investigation phase and that 

previously collected soils and laboratory data could be better used for future rehabilitation 

and reconstruction projects. 
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Mike Robinson, PE (retired) 

Mike Robinson started his full-time career with the Minnesota Highway Department in 1966 and 

recalled collecting frost heave profiles in surveys [43].  He indicated that the biggest frost heave areas 

were usually cut runouts and side hill cuts due to layered differential soils (A, B, and C horizon).  Mike 

stated that designs did not intend to prevent frost heave, except bridges, but tried to manage frost 

heave and keep it uniform.  He identified the following standard subcut practices in the late 1960s: 

 Granular Soils:   1 foot subcut below “top of grading grade” 

 Non-granular Soils:  2 foot subcut below “top of grading grade” 

 Mixed Soils:   5 foot subcut below finished profile (concrete-surfaced roads typically 

included about a 4 foot subgrade excavation and bituminous-surfaced roads typically included 

about a 3.5 foot subgrade excavation because of the difference in base and surfacing thickness) 

Standard practice at the time included variable cuts throughout a project alignment and engineers 

would “draw” subcut depths with transition along entire profile.  He believes this practice stopped over 

time because contractors did not want to change cut depths throughout and construct numerous 

transitions.  Practices moved to a more uniform and deep subcut all the way. 

He indicated that the frost protection depth of 50 percent of frost depth noted in the 1994 and 1995 

special studies was never fully implemented.  He added that Metro District was based on 5 foot frost 

depth.  He discussed typical frost heave repair practices in 1960s that included removing the top two 

feet of soils and replacing with granular soils.  His estimate was that this correction eliminated about 80 

to 90 percent of the observed frost heaves.  He believes there is a diminishing return by correcting three 

to four feet. 

Mike pointed out that replacement with Select Granular materials provides more benefit than just frost 

protection.  This layer also increases pavement strength and limits thaw weakening but also helps with 

future rehabilitation options.   

Mike feels that the pavement selection processes has reduced pavement performance and ride quality.  

He added that a couple feet of granular material usually increases the performance of both concrete and 

asphalt pavements but the design procedures reduce the cost of asphalt pavement to a greater extent 

than concrete with a granular subgrade.  In a perfect world, he would much prefer that MnDOT made 

administrative decisions regarding surface type for particular roads to be free to use whatever design 

they considered "best" without political pressure from the industries. 

When asked about suggestions for this research project, he suggested the following: 

 Clearly define “frost-free”. 

 Keep the design process simple. 

 Have variable requirements for depths of Select Granular (sand) based on local availability. 

 Try to get a copy of the “in-house” Soils Manual from the 1970s-80s. 
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George Cochran, PE (retired) 

George Cochran started by saying that Minnesota and North Dakota experience frost like nowhere else 

[44].  He had a lot of input to share and his comments focused primarily on frost susceptibility and 

drainage.  George was part of the Select Granular Task Force and noted that the recommended 12 

percent passing the #200 sieve is on the edge of frost-susceptibility.  A limit of 10 percent passing the 

#200 sieve would have been better, but some parts of the state argued they had limited availability of 

materials to meet the requirements.  In fact, District 7 pushed for an upper limit of 15 percent as “frost 

free” and provided his opinion that would not have been good idea.  He added that Class 5 aggregate 

base with 10 percent passing the #200 sieve is frost-susceptible and that 7 percent is a far better limiting 

criteria. 

George added that proper drainage is also key to achieving good performance.  He believes the final 

surface elevation should be at least 5 to 6 feet above the water table.  He added that ditches should be 

at least as deep as frost-free materials and that ditches should really be constructed as deep as possible.  

Ditches can also fill in with time and proper maintenance needs to be done to maintain proper flow.  

He also discussed the Soil Factor Design and indicated it was purely empirical and was supplanted by the 

Investigation 183 R-value design method. Although not apparent, this later design method is based on 

deflections from the AASHO Road Test and Investigation 183 data, which made it an early mechanistic-

empirical design method.  This design now requires that the subgrade and aggregate base be built in 

layer construction to MnDOT moisture-density specifications down to at least the depth of frost, often 

five to six feet.  The subgrade should then be test rolled.  Some counties only subcut to a depth of one 

foot, which can lead to test rolling failure, freeze-thaw problems, and long-term performance problems. 

He closed by saying that the one of the biggest things to prevent frost issues is uniformity and that the 

Test Roll was used to ensure uniform subgrades. Another solution to prevent frost issues is the use of 

clean drained granular material. 

3.2.6 Example Project Plans and Engineering Recommendations  

The interviews brought attention to previous practices of variable subcuts through a project alignment.  

The following sections present examples plans or engineering recommendations of variable subcut 

depths, as well as other special treatment language, such as select granular materials and high water. 
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Plans 

 

Figure 3.6 Example Typical Grading Sections (1944 – SP 3402-02 –TH 7 near Lake Lillian) 

 

 

Figure 3.7 Example Typical Grading Sections (1958 / SP 6212-44 / TH 36 in Roseville) 
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Figure 3.8 Example Grading Profile (1958 / SP 6212-44 / TH 36 in Roseville) 

Engineering Recommendations 

The following are excerpts from “Soils Letters” related to subcut depths, upper select granular materials, 

and water table issues. 

Figure 3.9 Example Grading Recommendations (1983 / SP 2735-134 / TH 100 in Golden Valley) 
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Figure 3.10 Example Grading Recommendations (1984 / SP 2789-14,15,16,17 / TH 394) 

 

Figure 3.11 Example Variable Subcuts (1984 / SP 6220-52 / TH 61 in St. Paul) 
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Figure 3.12 Example High Water Table Language (1989 / SP 7005-42 / TH 101 in Shakopee) 

 

 

Figure 3.13 Example High Water Table Language (1991 / SP 2750-42 / TH 169 in Brooklyn Park) 
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Figure 3.14 Example Variable Subcut Depths (1992 / SP 2750-42 / TH 169 in Brooklyn Park) 
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Figure 3.15 Example Variable Subcut Depths (2000 / SP 2706-195 / TH 7 in Minnetonka and Hopkins) 

 

3.3 RELATED RESEARCH 

This section is intended to provide additional Minnesota-specific research and publications that were 

identified during this project but are not discussed as part of this project.  The following chronologically-

arranged references provide further background into development of previous design methods in 

Minnesota, Minnesota research observations, frost damage repair strategies, and educational videos. 
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CHAPTER 4:  EVALUATION PROJECTS 

For the lone experimental portion of this project, MnDOT and Braun Intertec selected sites to evaluate 

the effects of frost and frost-related treatment practices on seasonal road profiles.  The profiles were 

measured in winter, under full frost penetration, to gauge the efficacy of assorted frost treatments (see 

Chapter 3) on reducing heave, improving ride and affecting other performance indices relative to the 

“standard” values measured for pavement management in summer or fall. 

The sites represented a subgroup of MnDOT projects from around Minnesota, including roadways in 

several Seasonal Load Limits Frost Zones with assorted pavement types, subgrade treatments and 

subgrade soils.  These approximately 72 sites were analyzed for trends using pavement history and 

condition data provided by MnDOT or available from the MnDOT Highway Pavement Management 

Application (HPMA) application, construction plans and construction project logs.  Where possible, these 

sites were further evaluated on a per-mile basis using MnDOT “M-record” data. 

The database for the Strategic Highway Research Program (SHRP) LTPP program was also sourced for 

area projects.  The LTPP data, collected under a highly controlled and rigorous experimental framework, 

was intended as a complement to the collected profile data and MnDOT pavement data, which mostly 

lacks such controls.  Trends unveiled by our analyses of all the data sets are summarized below and were 

used to inform the frost depth design procedure prescribed in Chapter 5. 

 

4.1 WINTER IRI MEASUREMENTS 

 

The sites measured for winter IRI profile were culled from an inventory of approximately 72 sites 

provided by MnDOT.  The project scope originally called for a review of the complete site inventory to 

reduce the experimental set to approximately 20 projects that appeared to best represent variable 

climate/frost depth, subgrade type, pavement type and other relevant factors.  The project schedule, 

however, required an altered approach when the site inventory was not available for review at the time 

of the planned testing.  To compensate, MnDOT selected the profile sites from the inventory that was 

ultimately presented for further evaluation in May of 2017 (see Section 4.3). 

 

The geographic range of the profile sites was limited to an approximately one-workday loop from the 

equipment headquarters in the Metro District (Maplewood).  This was due to operational requirements 

of the Ames Engineering, Inc. Model 8300 Portable High Speed Profiler, which performs poorly in below-

freezing temperatures.  The resulting test loops included the following SLL zones: 

1. Metro and Southeast 

2. Metro, Central, North-Central 

3. South 

The loops and corresponding test dates can be found in Figure 4.1. 
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Figure 4.1 Winter IRI Test Loops and Dates 

Other considerations for the selected loops included variable soil environments (silty in the Southeast; 

clayey in the South; and sandy in the North-Central) and their proximity to reliable frost depth data from 

MnDOT monitoring sites.  The loops captured data from 10 distinct trunk highways and 39 reported 

maintenance segments, with 232 M-record segments; of these, one trunk highway (TH 316) with three 

maintenance segments could not be utilized due to a lack of plans and maintenance history.  MnDOT 

also selectively deleted portions of the winter IRI data on several segments, typically where IRI values 

were excessively high due to anomalous conditions.  The data set is discussed in greater detail later in 

this section and chapter. 

 

Some members of the TAP expressed reservations about the absence of North Zone sites, where frost 

and other environmental effects can differ dramatically from those in the selected loops.  In addition, 

only two North Central Zone maintenance segments were included in the Winter IRI study, which 

neglects a large geographic portion of the state.  Further study would be required to include sites in 

these zones without damaging the profile equipment or compromising the reliability of the collected 

data. 
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MnDOT provided a spreadsheet with the Winter IRI results, IRI from late spring/summer collection in 

2015 with the MnDOT Pathways vehicle, and pavement section information, each by mile (i.e. “M-

record” data).  Each loop is described in further detail below. 

4.1.1 South Loop 

“South Loop” winter IRI testing was performed on February 24, 2016.  Five trunk highways and 74 M-

record segments were part of the loop, which included TH 316, 61, 60, 52 and 3.  Complete grading and 

base data was not available or could not be confirmed for several M-record segments; MnDOT also 

“flagged” several IRI measurements due to unreliable data.  Removal of these segments left 51 M-

records for analysis.  The South Loop testing traversed portions of the Metro and Southeast SLL Zones, 

and according to MnDOT and USDA soils maps, likely included subgrade soils that are considered highly 

frost susceptible (silty, silty-clayey). 

Figure 4.2 shows the relationship between FFM vs the percent change in IRI from winter to summer.  

Assuming increasing FFM depth reduces frost-heave severity, the expectation is for the percentage 

change to decrease with increasing depth of such materials.   

The limited range of total FFM depth in the loop makes it difficult to draw inference on any direct effect 

on IRI.  The HMA trends in the expected direction, with a decrease of winter IRI to 0 percent at 

approximately 51 inches of FFM. Sample size, however, is limiting, with 81 percent of the FFM 

thicknesses ranging from 12.5 to 25.5 inches, exhibiting minimal influence with increasing depth on IRI.  

Greater thicknesses of FFM were present only on a single trunk highway (TH 3) and may not be 

representative of the soil and traffic conditions present on other portions of the loop. 

Figure 4.2 South Loop, FFM Depth vs Percent Change in Winter vs Summer IRI 
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Total depth of the prepared pavement versus the change in IRI is shown in Figure 4.3.  This total depth 

includes the pavement, FFM and any reported depth of “select grading material,” “compaction subcut” 

or other engineered manipulation of soil.  Including subcuts and recompaction layers increases the 

number of segments available at greater depths by a small proportion for PCC and to a lesser extent 

HMA. 

Figure 4.3 South Loop, FFM Depth vs Percent Change in Winter vs Summer IRI 
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Although it is difficult to quantify the influence of FFM or grading material thickness on winter IRI, it is 

nonetheless higher than summer IRI by an average of 43 percent in the M-record segments in the South 

Loop as shown in Figure 4.4.  This remains true of the North (66 percent) and West (22 percent) Loops 

detailed below. 
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Figure 4.4 South Loop, Winter vs Summer IRI 
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The South Loop was also the only test region with multiple M-record segments for all three pavement 

types (BOC, HMA, PCC).  Change in IRI by type is detailed in Table 4.1.  All pavement types had 

comparable variability. 

Table 4.1 South Loop, Change in IRI by Pavement Type 

Type M-record Segments 

Avgerage % IRI 
change, summer to 

winter 

Standard Deviation % 
IRI change, summer to 

winter 

BOC 6* 22 34 

HMA 34 36 31 

PCC 10 48 30 

*One M-record on TH 61 had a -47% change (not included) 

4.1.2 North Loop 

The date of “North Loop” testing was March 3, 2016.  This included several segments of TH 65; multiple 

segments of TH 95 and TH 47; TH 169; TH 23; and TH 25, comprising 94 M-record segments (73 with 

complete pavement history and IRI data meeting MnDOT’s quality standards).  This testing was primarily 
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in the Central SLL Zone, with limited segments in the North-Central zone.  MnDOT and USDA soils maps 

suggest a subgrade that is commonly sandy, i.e. low in frost susceptibility.  These sandy soils are 

commonly interspersed with peat and organic deposits that plans indicate were often subcut and 

removed from below the embankments. 

As in the South Loop, the depth of FFM appears to have little effect on the seasonal change in IRI (Figure 

4.5); the effect appears to run slightly counter to the expected direction over the available range of 

reported FFM (10 to 29 1/2 inches).  Additionally, segments with greater than 25 inches of FFM showed 

a slightly greater average (72.7 percent increase in winter IRI) and variation (standard deviation of 50.0 

percent increase in winter IRI) than those below 25 inches (56.1 percent and 41.5 percent, respectively). 

Figure 4.5 North Loop, FFM Depth vs Percent Change in Winter vs Summer IRI 
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At a greater than 67 percent increase overall, the Winter IRI in the North Loop was generally much 

higher than measured in the summer and greater than in the other measurement loops.  Figure 4.6 

shows the largest seasonal increases on segments with varying FFM depths, from no reported subbase 

(TH 47) to between 25 and 30 inches of total FFM (several segments of TH 65), plus select grading 

thickness.  The inclusion of grading material thickness shows an even clearer inverse relationship 

between depth and increased winter IRI for HMA pavements in this loop. 
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Figure 4.6 North Loop, Total Depth vs Percent Change in Winter vs Summer IRI 
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4.1.3 West Loop 

“West Loop” testing was performed March 7, 2016; tested roads included TH 12, 15, 212, 7 (two 

segments) and TH 71 (64 M-record segments total; 44 “complete” M-record segments).  Pavement types 

included PCC, BIT and composite (BOC), though BOC was reported in only a single mile of TH 212.  The 

SLL zones included in the loop were Central and South.  Common foundation soils include glacial till 

(loam, clay loam), which are considered moderately susceptible to frost heave. 

The West Loop appears to show the strongest connection between FFM depth and reduced winter IRI 

(Figure 4.7).  In addition to having the lowest average increase in winter IRI (22 percent) despite similar 

average FFM depths across loops, the standard deviation was lower within segments of similar depth: 

5.5 percent (33.5 inches of FFM) to 11.9 percent (17.25 inches of FFM depth). 
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Figure 4.7 West Loop, FFM Depth vs Percent Change in Winter vs Summer IRI 
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TH 12 in the West Loop, which has three distinct pavement sections, is worth further consideration.  

Table 4.2 shows the pavement sections and percent increase in IRI from summer to winter for the 11-

mile segment in both the left wheel path (LWP) and right wheel path (RWP).  The proportion of increase 

is modest through each M-record segment, averaging up to 11 percent and never surpassing 19 percent, 

with an overall standard deviation less than 7 percent. 

Table 4.2 TH 12, RP 128.00 to 117.00 

TH 
No. 

Control 
Section 

Year 
Constructed 

Begin 
RP 

(mi) 

End 
RP 

(mi) 

Percent IRI 
Increase 

(Summer to 
Winter) 

Paving Thickness 
(in) Base 

Thickness 
(in) 

Granular 
Thickness 

(in) 

Grading 
Thickness 

(in) 

LWP RWP 
HMA 
(in) 

Concrete 
(in) 

12 8601 

2001 128.00 123.87 5% 6% 10 - 3 18 30 

1998 123.87 118.92 9% 11% 10 - 3 18 30 

1999 118.92 117.17 -1% 1% 9.5 - 3 48 - 

1996 117.17 117.00 1% 9% - 8.5 10 - - 

Figures 4.8 and 4.9 show the raw IRI measurements by season and percent increase for each segment, 

which are separated by dashed vertical lines.  Although the values are modest overall, the third segment 

(RP 118.92 to 117.17) shows a clear improvement in raw IRI and Winter IRI vs. Summer IRI when 

compared to adjacent segments.   
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The smaller proportional increase in Winter IRI could be considered modest for the additional 3 feet of 

select granular material required.  The Summer IRI values are between around 85 percent and 94 

percent of those of the nearby HMA sections constructed at a similar time, representing a small 

cumulative improvement in IRI over time. 

Figure 4.8 TH 12, IRI in RWP by RP 
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Figure 4.9 TH 12, % change in Winter IRI in RWP by RP 
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We further discuss connections between the pavement section and other measures of pavement 

performance in Section 4.3. 

4.1.4 Summary 

Summer and winter IRI appear to have a modest but inconsistent association regardless of soil 

condition, frost-free treatment, pavement type or geographic location (i.e. climatic setting).  While it is 

clear that IRI increases in the winter almost universally, the degree to which proportion of FFM relative 

to soil type specifically contributes to these differences is less apparent. 

Several difficulties with the data may be obscuring a potential relationship between the thickness of 

FFM (“frost-free” materials) and the resulting IRI measured under winter conditions.  One is the sample 

size of the data in the test loops, which were composed of a limited number of pavement sections with 

only minor differences in frost-free depth among them, which lead to clustering of results. Variation 

within these particular segments was also common; the mile-by-mile seasonal difference in IRI for the 

same maintenance segment was greatest in the North Loop and least in the West Loop.  Pavement age, 

the selected timing of surface maintenance and other factors may be primary or secondary contributors 

to IRI increases in winter that cannot be seen at this level of analysis.  There were also two distinct 

devices used to measure IRI, which could be masking errors in precision. 

Of the IRI data collected and analyzed, the West Loop showed the most promise in establishing that 

winter IRI (and, it is assumed, frost heave) can be reduced to some degree by sufficiently thick frost 

depth treatments.  We further discuss this below with our summary of the reviewed LTPP and MnDOT 

HPMA data. 

 

4.2 WINTER SITE VISITS 

A supplement to the winter IRI data measurement included early spring site observations for sensitive 

pavements in several frost zones.  The sites selected by the TAP for this qualitative review, all with SLR 

postings of less than 10 tons, formed three similar “loops” to those used for winter IRI measurements 

with a larger geographical reach and a greater variety of soil conditions. 

The SLR criterion selected for some of the state’s poorest pavements on the trunk highway network with 

the assumption that their insufficient structure, deteriorated ride or other limitations would readily 

show the effects of frost heave and inform our analysis of ride and performance data. 

The site visits included the following protocol: 

 Documenting typical distresses and condition with photos. 

 Taking measurements and/or estimating areas of extent of representative distresses and noting 

typical severity levels. 
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 Observing and noting local geology, adjacent features, such as water or swampland, and any 

other features that may affect pavement performance. 

 Making very general observations regarding typical traffic patterns, truck frequency, and truck 

types. 

 Driving the highway at posted speeds and establishing a categorical qualification of ride. 

Details of the loops and individual sites are presented below.   

4.2.1 Central Loop 

The “Central Loop” observations were performed on February 21, 2017 by personnel from Braun 

Intertec’s Bloomington office.  This loop was similar to the “West” loop taken during winter IRI testing in 

2016.  The loop traversed the South and Southeast SLL Zones and included the highways shown in Table 

4.3.  Observations for each site follow.   

Table 4.3 Central Loop Observation Sites 

Site# SLL Zone Highway SLR Posting 
(tons/axle) 

Beg RP End RP 

1 South 19 5 135.180 137.730 

2 South 19 7 118.770 132.680 

3 South 4 7 79.400 94.210 

4 South 4 7 42.090 62.180 

5 South 66 7 0.000 11.760 

6 South 22 7 66.661 74.863 

7 South 112 5 3.681 15.012 

8 South 21 7 2.798 19.084 

8a South 99 7 32.789 40.828 

9 Southeast 246 7 12.232 18.221 

 TH 19 (RP 135.180 to 137.730): This segment had various cracks and patches, with shallow 

ditches and an apparent high water table.  Bumps at culvert crossings suggest some frost heave 

is responsible for the pavement ride.  See Figure 4.10. 
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Figure 4.10 Cracking and patching on TH 19 (RP 135.180 to 137.730) 

 TH 19 (RP 118.770 to 132.680): As with the other TH 19 segment on the loop, this portion also 

had shallow ditches, some filled with water, and again contains bumps at culvert locations.  The 

pavement is oxidized and heavily cracked.  Heavy trucks appear to use the route despite the 7-

ton posting. 

 TH 4 (RP 79.400 to 94.210): This is a pavement in relatively good condition whose profile 

generally follows natural grade.  The shoulders are narrow, with no water in the ditches.  As 

with other segments on the loop, bumps at culverts were evident.  Overweight trucks also 

appear to use the roadway. 

 TH 4 (RP 42.090 to 62.180): Transverse cracks were most common on this segment.  Ditches 

were general dry. 

 TH 4 (RP 42.090 to 62.180): Transverse cracks were most common on this segment.  Ditches 

were general dry. 

 TH 66 (RP 0.000 to 11.760): TH 66 was recently turned back to Blue Earth County as CSAH 1, 

which involved reconstruction.  Pavement condition was poor beyond the reconstruction limits. 

 TH 22 (RP 66.661 to 74.863): The TH 22 pavement was severely oxidized and contained frequent 

cracks of varying types.  In general, drainage and ditch depth appeared adequate.  See Figure 

4.11. 
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Figure 4.11 Typical view of TH 22 (RP 66.661 to 74.863) 

 TH 112 (RP 3.681 to 15.012): TH 112 was in fair condition, with transverse cracking and narrow 

shoulders.  There is an aggregate producer on the route that generates heavy traffic.  Grade 

appears to mostly follow natural ground profile.  See Figure 4.12. 
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Figure 4.12 TH 112 (RP 3.681 to 15.012), showing moderate cracking, narrow shoulders, and water 

 TH 21 (RP 2.798 to 19.084): Pavements on TH 21 were in good condition, with minor wheelpath 

cracking.  Shoulders were mostly narrow. 

 TH 99 (RP 32.789 to 40.828): This pavement was contiguous with TH 21.  Photos 4.x and 4.x 

show the poor pavement at MP 34.5 due to swamp conditions, and another area with visible 

dips and possible frost-heave movement. 

 TH 246 (RP 12.232 to 18.221): TH 246 pavements had very narrow shoulders with steep 

embankment side slopes, with a profile similar to the surrounding natural ground.  Pavement 

condition was generally good. 

4.2.2 South Loop 

South Loop observations took place on March 3, 2017, originating in Braun Intertec’s Rochester office.  

Only two segments were included, both in the Southeast SLL Zone (Table 4.4): 

Table 4.4 South Loop Observation Sites 

Site# SLL Zone Highway SLR Posting 
(tons/axle) 

Beg RP End RP 

1 Southeast 30 5 245.046 265.139 

2 Southeast 74 5 44.000 54.677 
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 TH 30 (RP 245.046 to 265.139): The pavements of this segment were somewhat variable.  

Within Rushford, potholes and longitudinal cracking were common; between Rushford and Pilot 

Mound, the conditions degenerated to include frost boils, minor rutting, fatigue cracking and 

slope stability issues, suggesting possible frost-related and/or soil issues.  Cracking on the 

remaining portion, approaching TH 74, was more localized in nature. 

 TH 74 (RP 245.046 to 265.139): TH 74 is unique as a trunk highway with an aggregate-surfaced 

portion (Wabasha CSAH 30 to CSAH 26).  This segment exhibited some frost boils and 

washboarding during the site visit; the adjacent bituminous-paved segments also showed 

evidence of soil-related issues relevant to frost, such as settlement at culverts.  See Photo 4.4. 

 

Figure 4.13 TH 74 (RP 245.046 to 265.139) with washboarding, thawing shoulders, high water 

 

4.2.3 North Loop 

The North Loop observations took place on March 3, 2017 from Braun Intertec’s Hibbing location, 

extending much further north than the winter IRI measurements were completed, and into differing 

prevailing soil types including areas of silty soils and highly organic soils and peat.  Table 4.5 shows the 

highways visited, which were all within the North SLL zone. 

Table 4.5 North Loop Observation Sites 
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Site# SLL Zone Highway SLR Posting 
(tons/axle) 

Beg RP End RP 

1 North 38 7 0.000 28.476 

2 North 286 7 0.000 4.302 

3 North 6 7 122.584 147.775 

4 North 217 7 0.000 17.342 

5 North 65 5 214.338 271.792 

6 North 65 7 271.792 272.511 

7 North 1 7 186.751 211.441 

8 North 1 5 211.441 236.165 

 TH 38 (RP 0.000 to 28.476): The portion of this road nearest TH 169 was generally in good 

condition with scattered potholes and transverse cracks.  Areas near surface water including 

lakes showed a greater degree of deterioration.  Throughout the roadway areas of localized 

heave, bumps/dips and poor ride were evident, likely the result of frost heave. 

 TH 286 (RP 0.000 to 4.302): Similar to TH 38, bumps and dips, cracking and heave were evident 

throughout the roadway. 

 TH 6 (RP 122.584 to 147.775): In contrast to nearby roads, TH 6 was in mostly good condition 

and free of the frequent bumps and dips and cracking.  It also appeared heave was limited to 

non-existent. 

 TH 217 (RP 0.000 to 17.342): With the exception of some potholes, the pavement of TH 217 

appeared to be in excellent condition. 

 TH 65 (RP 214.338 to 272.511): These long segments had numerous issues including potholes, 

patching and visible heave at culvert crossings. 

 TH 1 (RP 211.441 to 236.165): TH 1 was mostly distressed with linear cracking and centerline 

potholes.  Some bumps and heave were noted locally. 

4.2.4 Summary 

Our site observations produced substantial visual evidence that heave is occurring during winter on 

Minnesota roadways.  Whether this heave is a phenomenon that can be detected in ride data or 

aggregate measurements of roadway performance is not clear; however, knowing that heave is readily 

detectable in poor roadways provides a framework for selecting sites to evaluate the causes of distress 

and heave and monitor pavement performance over time.   

While presumably a less prevalent issue on the majority of trunk highways where load capacity is 

unrestricted, the conditions verified by exploration of poor roadways can be used as a control for 

seeking the effects in other traffic, soil and climactic environments. 
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4.3 MNDOT PAVEMENT INVENTORY 

MnDOT compiled and provided HPMA (pavement management) data for 72 projects over several state 

SLL regions and for which winter IRI profile testing was performed.  The project scope called for a 

complete review of a larger set of projects prior to IRI site selection; however, timing necessitated 

completing winter IRI testing in 2016 before all data was available.  The winter IRI testing is summarized 

in Section 4.3; in this section we summarize our findings for these sites using construction history and 

performance criteria (i.e. RQI) for up to nearly 50 years of pavement history. 

This evaluation was to use District-specific LCCA spreadsheets from the MnDOT Pavement Design 

Website (www.dot.state.mn.us/materials/pvmtdesign/lcca.html) to “backcalculate” the costs of various 

pavement sections and maintenance and compare them to various performance criteria (ride quality, 

pavement quality, surface rating).  This was then to be used to develop the application to guide frost-

treatment depth.  At the suggestion of TAP members, however, the cost of construction and 

maintenance was ignored; ride quality index (RQI) was instead suggested as a benchmark measure for 

pavement condition.  References to “performance” in this Section imply change in RQI (RQI) with time. 

4.3.1 Comprehensive Project List and Selections  

A subset of the complete database, approximately 20 projects, was first selected in order to provide a 

manageable number for which it would be necessary to search and verify construction history records 

and evaluate performance data. Of the 72 projects (i.e. maintenance segments) where winter IRI testing 

was performed, this evaluation subset included 39 projects.  Figures 4.14 through 4.17 summarize the 

details of this subset of projects including SLL Zone, pavement type, winter IRI results and combined 

thicknesses of frost-free subbase and grading materials. 

Figure 4.14 Initial Selection, Number of Segments by Frost Zone 
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Figure 4.15 Initial Selection, Average Winter IRI% Increase by Site 
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Figure 4.16 Initial Selection, Number of Segments by Pavement Type 
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Figure 4.17 Initial Selection, Combined Thickness by Subcut/Grading Depths 
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The subset data had some difficulties.  Verification of MnDOT D-record and M-record data with project 

plans, construction project logs and other sources in the MnDOT EDMS showed it to be inadequate, 

incomplete or incorrect in many cases, requiring a complete manual search for the selected records in 

order to verify them.  This included checking grading depths in particular, which are rarely part of the D-

record information and often change on the scale of several stations or miles within a project.  Several 

records proved incomplete after a more comprehensive search and had to be discarded from the set. 

Time was not available for contacting District Materials/Soils engineers as originally intended to obtain 

copies of the project MDR/Soils Letters, traffic forecasts, and similar supporting information.  This work 

would have been more fruitful preceding winter IRI site selection, and similar work will prove important 

for project-level analyses of cases that emerge from this project’s overview of the provided information. 

The D-record data, with improved grading and thickness information based on the extensive manual 

search, resulted in similar trends as the broader dataset described in Section 4.1 when screening based 

on winter IRI results.  Figure 4.18 presents a summary of the change from summer to winter IRI by total 

grading depth and FFM thickness, respectively, when averaged over each control section. The former 

shows a somewhat weak but counterintuitive relationship as the IRI increases in the winter with 

additional grading depth. 

Figure 4.18 Percent Increase in Winter IRI vs. Depth of Grading for Selected Sites 
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In contrast, the winter IRI decreases with increasing FFM depth, though the clustering of FFM depths in 

the 15- to 30-inch range due to past design practices exaggerates this effect.  When ignoring FFM depths 

greater than 30 inches, the relationship between winter IRI and FFM is more confused.  This is 
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particularly true for concrete sections, which have not historically required FFM treatments and by 

nature have a much narrower range of total FFM thickness. 

 

Figure 4.19 Percent Increase in Winter IRI vs. FFM Depth for Selected Sites 
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Figure 4.20 Percent Increase in Winter IRI vs. FFM Depth for Selected Sites (Maximum 30 inches FFM) 
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The conclusion from the above was that the inconsistent and sometimes contradictory results of the set 

would limit the ability to draw from it meaningful conclusions regarding performance.  Instead, all 

provided M-record data was revisited to provide a greater sample for evaluation.  Concrete sections 

were excluded due to their smaller sample size and relatively small distribution of FFM depths. 

Revisiting the entire database required manipulating to match the provided or manually verified 

pavement section information to the historical data on a per-mile basis.  Pavement section thicknesses 

were assigned to the M-records wholesale, meaning that small changes to FFM thickness due to 

historical maintenance activities such as thin overlays were not considered as a function of time. 

Where thicknesses could not be verified through a manual search of the available plans and other 

sources, the MnDOT-provided data in the M-records was assumed.  Sites were excluded for having 

incomplete grading data, particularly for having no record of aggregate base for bituminous pavements, 

which suggests uncertainty about the possible inclusion of other FFM and especially grading materials 

and thicknesses. 

Figure 4.21 Average Age from Construction and Age from Last Maintenance Activity, All Activities 
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Table 4.6 Average Age from Construction and Age from Last Maintenance Activity, All Activities 

Activity 
# Average Age from Last 

Maintenance (Years) 
Average Age from Construction 

(Years) 

Thick M&OL 9 3.0 60.2 

Spot OL 77 3.2 10.9 

Crack Repr 32 3.2 40.0 

Crack Fill 10 3.8 42.7 

Chip Seal 172 5.0 20.5 

Cracks/OL 4 7.0 27.0 

Micro-Surf 27 7.0 24.1 

Thin M&OL 1 9.0 9.0 

Thin OL 65 10.0 18.0 

Patching 52 10.3 46.2 

Reclaim 15 11.4 41.5 

Thick OL 35 12.6 25.8 

Med M&OL 82 12.9 46.4 

Med OL 44 14.8 27.1 

Data screening required removing the RQI results for years of and surrounding reported maintenance 

activities.  The RQI from the two following maintenance were also removed as the time-of-year of the 

RQI data collection influenced the recorded value.  RQI values over 15 years from maintenance activities 

were discarded due to their instability as a result of poor sample size.  RQI was assumed to change 

linearly in cases where there were multiple years between collected data.  The historical ride data was 

also treated as uniform over time without consideration for possible changes in methodology in data 

collection or reporting. 

Table 4.7 and Figure 4.22 show the skew in geographic distribution of sites in the database for various 

FFM depths.  The vast majority of sites of less than 20 inches of FFM are in the North region, which may 

reflect the more common sandy embankment materials in that area.  Between 20 and 30 inches FFM 

has by far the widest ranging distributions among those included in the provided records. 

Table 4.7 Split of Bituminous M-Records Used to Evaluate Performance by FFM 

FFM 
depth (in.) 

# of 
records 

# By Region 
Average 

RQI 

Standard 
Deviation  

RQI 
North South West 

ALL 1976 1156 262 558 -0.08 0.19 

10-20 518 495 23 -- -0.06 0.15 

20-30 1265 661 168 436 -0.08 0.19 

30-40 118 -- 18 100 -0.09 0.24 

40+ 75 -- 53 22 -0.18 0.24 
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Figure 4.22 Count for M-Records by FFM Depth and Region 
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Figure 4.23 presents a summary of RQI for bituminous pavements within the range maintenance ages 

considered.  Average performance as defined by RQI appears to worsen steadily with increasing FFM 

depth.  This is even more evident with FFM depths over 40 inches, which represented fewer than 4 

percent of all segments.  Because this depth of FFM is beyond most of the historical norms reflected in 

MnDOT design guidelines and in the database, it is likely that such FFM depths represent outlier soil or 

environmental conditions that cannot be used reliably to draw wider conclusions. 

Figure 4.23 Average Annual RQI, Bituminous Pavements by FFM, 2-14 Years from Reported Maintenance 
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The expected trend of RQI from reported maintenance activities can be observed generally in the M-

record data summarized in Table 4.8, most consistently in the North region and most sporadically in the 

West. 

Table 4.8 RQI by Region and Age from Maintenance Activity 

Years from 
Maintenance 

Activity 

Average RQI 

NORTH SOUTH WEST 

3-4 -0.05 -0.09 -0.07 

5-6 -0.07 -0.13 -0.13 

7-8 -0.10 -0.08 -0.14 

9-10 -0.09 -0.15 -0.16 

11-12 -0.07 -0.05 0.04 

13-14 -0.15 -0.13 -0.03 

The following uses FFM depths in finer gradations, with RQI across all regions grouped by number of 

years from the last reported maintenance activity.  For reasons described above, FFM depths over 35 

inches represented anomalous pavement and material conditions and are not included in the analysis. 

Figure 4.24 Average Annual RQI by FFM Depth and Years Since Previous Maintenance, All Bituminous 

Pavements by Depth FFM 
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The above shows, as before, the expected increase of RQI with time elapsed from the previous 

maintenance activity.  Within each timeframe, however, there is no clear indication of the effect of FFM 

depth on RQI.  A possible exception is the 7-8 year group between 20 and 30 inches of FFM, 

representing 11.6 percent (219 of 1885) of the M-record data. 
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Figure 4.25 shows that segments in all regions have little to no improved performance in terms of 

average RQI between FFM depths when all the maintenance activity ages are taken in aggregate.  In 

fact, deeper FFM (greater than 15 inches) in all regions was associated with substantially worse marginal 

performance overall. 

Figure 4.25 Average RQI by FFM Depth and Region 
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The following shows the RQI by FFM range for each region separated by years since the previous 

activity.   
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Figure 4.26 Average RQI by FFM Depth and Years of Maintenance (North) 
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Figure 4.27 Average RQI by FFM Depth and Years of Maintenance (South) 
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Figure 4.28 Average RQI by FFM Depth and Years of Maintenance (West) 
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The groupings of the West region are too limited for inferring a relationship between RQI and FFM 

depth.  Those in the south in the 11-12 year age range represent only 19 M-records, or less than 1 

percent of the total.   

In the North region, the 13-14 year age range (6.7 percent of all M-records) shows a steep linear 

decrease of RQI with additional FFM depth, ranging from -0.26 to -0.20 to -0.11 for 15-20, 20-25 and 

25-30 inches, respectively, an overall reduction of RQI of 58 percent.  Without considering age of 

maintenance (within the established limits), RQI drops only 7 percent for FFM between 20-25 and 25-

30 inches overall. 

The lack of detailed soil information in the database is one confounding variable that may explain the 

lack of a strong correlation by age group between RQI and FFM depth in many cases.  Areas with 

poorer soils of higher frost susceptibility may be receiving deeper FFM treatments that are nonetheless 

inadequate for the conditions, resulting in a tendency to see greater heave (and by assumption, poorer 

performance/RQI) in sections with thicker FFM sections on average.  Soils information was not 

available in the M-records across all segments for verification. 

In order to better consider soil type, 10 M-records with complete pavement history and section 

information were selected for their varied subgrade conditions (Pt, CL, SiL, SL, S and L were represented 

based on the MnDOT soils map); environments (North, South, West); FFM depths (15 to 35 inches); and 

compaction subcut depths (up to 80 inches when including the FFM).  Figure 4.29 shows similar trends 

to those in Figure 4.28, with slightly more promise that RQI is reduced with FFM depth as pavement 

maintenance activities age. 
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Figure 4.29 Average Annual RQI by FFM Depth and Years Since Previous Maintenance, Selected Projects 
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When age of maintenance activities are ungrouped, the 25-30-inch FFM depth group, representing 57 of 

273 M-records, shows an improvement of almost 90 percent in RQI over the 20-25-inch group 

(representing 57 percent of the selected records), with a RQI of only -0.01.  This advantage disappears 

with FFM over 30 inches, but the sample represents just single segment of TH 12 (6 percent of all 

selected records). 

4.3.2 Summary and Observations 

The working hypothesis for this research project, based on a lengthy history of design procedures and 

research on frost effects by MnDOT and many other agencies (Chapters 1 and 2), is that increased FFM 

depth will reduce the magnitude of frost-heave and, by extension, improve the long-term performance 

of pavements. 

Exploring this hypothesis as part of this task ultimately required a number of assumptions and extensive 

verification of available data records.  The original intent was to narrow down records provided by 

MnDOT to select for a variety of geographical, performance, subgrade soil and other factors prior to 

winter IRI testing.  Because winter IRI testing was completed first, however, the task to reduce these to a 

manageable set for performance evaluation followed.  The compensation was a visit additional sites to 

note that frost-heave effects are indeed “visible” under winter conditions, particularly on some of the 

poorest pavements in the state, providing incentive to find a quantitative link between FFM depth and 

pavement performance. 
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The initial evaluation was whether the change in winter IRI followed discernable patterns with regard to 

FFM depth and grading soil depth by region and pavement type, which showed confused results but 

hinted that FFM depth has a small effect on reducing winter IRI, similar to those shown for the complete 

set of tests in the West and South detailed in Section 4.1. 

However, removing segments with questionable records also resulted in much smaller sample sizes than 

hoped, which required backtracking to include the entire M-record and pavement history data set for 

analysis of additional performance data.  This included a more cursory verification of the provided 

section data than was completed originally for the reduced set.  It was accepted that the reported FFM 

depths were generally accurate, and these were verified for all segments; grading soil depth was not 

considered for the remaining analysis and did not require further verification. 

To evaluate performance over time, RQI, or the annualized change in RQI, was evaluated with the 

history data from each M-record segment dating back to 1967.  The RQI was manipulated to exclude 

the positive effects of maintenance activities (within 2 years of reported dates) and the unpredictable 

changes brought on by highly deferred work (15 years and over between maintenance practices). When 

parsed by test region (North, South, West) and grouped by FFM depth (10 to 35 inches, 5-inch intervals), 

trends in performance remain somewhat elusive.  Some data, however, emerged in support of the 

hypothesis that FFM depth will improve performance by incrementally reducing the deterioration in 

ride.  These cases appeared to show improvement in the 25-30-inch range of FFM relative to between 

20 to 25 inches. 

The 25-inch threshold may prove an important distinction: commonly, pavements with FFM depth over 

25 inches have been treated with a granular subbase material, whereas those between 20 and 25 inches 

have the entirety of their “frost-free” materials composed solely of “pavement” materials (i.e. 

bituminous and aggregate base).  In the North region, for example, 71 percent of the M-records in the 

25 to 30 inch range contain a subbase versus 21 percent of those in the 20-25 inch range.  

Figure 4.30 RQI by Granular Subbase Depth (0, 12, 18 inches) 
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Without regard to region, there is some indication that granular depth alone will improve RQI as 

shown in Figure 4.30, however minor.  Targeted or case-study scale experimental data controlling for 

variables in traffic, soil, climate and overlying pavement thickness is likely necessary to reach stronger 

conclusions about FFM depth on long-term performance of bituminous pavements. 

4.3.3 Limitations of Applicable MnDOT Data  

The limitations of MnDOT roadway and performance data discussed in this section are specific to the 

ability to characterize pavement performance trends based on a variety of frost depths, subcuts, FFM 

depths, and subgrade soil types. 

MnDOT data is stored in a number of locations and file types.  This data is often manually input and may 

be inconsistent across the sources. 

MnDOT pavement management data is stored on M-record (per mile) or D-record (design segment).  It 

is not possible to properly identify the impacts of isolated instances of variable subcut and/or subgrade 

soil conditions to pavement performance at this high network-level.  In addition, MnDOT IRI data is 

minimally filtered and the reported IRI includes bumps from bridge approach panels or other sources of 

roughness that are not explicitly due to subgrade soils and/or the effects of frost action. 

Construction records are not included in any of the data sources. This can have an impact if subgrade 

soil conditions were noted as uniform in the subsurface investigation but were highly variable once fully 

exposed during construction.  In addition, material test results, such as gradation, are not readily 

available to help identify outlier locations that may have actual gradations that do not qualify as FFM 

according to specifications. 

Finally, even when the service life (or time before major rehabilitation) is observed to be below the 

expected level, there are number of other possibilities beyond frost action that could have led to the 

decision to perform rehabilitation.  Such causes could be as-built pavement material thicknesses less 

than design, poor compaction, or undocumented field changes, traffic loading well beyond the original 

design, or material issues like alkali silica reactivity (ASR) or D-cracking.  It is also possible that there may 

be a lower threshold of roughness for a particular roadway. 

 

4.4 LONG-TERM PAVEMENT PERFORMANCE DATA 

The use of LTPP data was not originally included in the research work plan and project scope.  However, 

due to the discovery of several inherent limitations of MnDOT project and network-level data, LTPP data 

was explored to provide supplemental data. 

In its entirety, the LTPP program includes 2,581 research test sections across the United States, Canada, 

and Puerto Rico, and as a result, is commonly regarded as one of the most complete pavement research 

programs and data sets.  The program includes an extensive experimental design with a wide variety of 
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design, materials, drainage, and climatic variables.  The program includes many years of pavement 

service life and routine monitoring data.  The LTPP program also includes a very strict quality protocol, 

which further supports its use as research-level data. 

Data downloaded and analyzed for this project was obtained from the LTPP InfoPave website 

(https://infopave.fhwa.dot.gov/).  The intent of this project is not to discuss the LTPP program nor its 

components.  Please review publications provided by the FHWA for additional information 

(www.fhwa.dot.gov/research/publications/technical/infrastructure/pavements/ltpp/). 

In general, the following data tables were used to perform the analysis discussed in this section.  In 

cases of missing or seemingly erroneous data in the database, ancillary reports (scanned pdfs) were 

downloaded and reviewed from the FHWA InfoPave site. 

 EXPERIMENT_SECTION 

 SECTION_COORDINATES 

 TRF_ESAL_COMPUTED 

 TRF_MON_EST_ESAL 

 TST_L05B 

 TST_UG04_SS03 

 TST_SS02_UG03 

 TST_SS01_UG01_UG02 

 INV_UNBOUND 

 INV_SUBGRADE 

 MON_HSS_PROFILE_SECTION 

Pavement performance reviewed for this project was limited to ride (IRI) and particular distresses and 

severities were not exclusively considered.  References to “IRI” LTPP data in this refers to Mean 

Roughness Index (MRI), which is an average of the LWP IRI and RWP IRI. MnDOT’s pavement 

management practices utilize Ride Quality Index (RQI), which is a function of IRI only.  Equations 7 and 8 

present MnDOT’s current equation for flexible and rigid pavements, respectively, with IRI represented in 

inches per mile [45].   

       Equation 7 

        Equation 8 

 

4.4.1 Scope 

Considering the intent of this research project to determine a design procedure to properly address 

frost concerns with particular regard to subgrade soils, the scope of LTPP data exploration was limited to 

https://infopave.fhwa.dot.gov/
http://www.fhwa.dot.gov/research/publications/technical/infrastructure/pavements/ltpp/
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experiment types based where new pavement sections were constructed.  The following SPS 

experiments were originally considered: 

 SPS-1: Strategic Study of Structural Factors for Flexible Pavements 

 SPS-2: Strategic Study of Structural Factors for Rigid Pavements 

 SPS-8: Study of Environmental Effects in the Absence of Heavy Loads 

Table 4.9 presents the total number of SPS sites for each of the selected Midwestern states. 

Table 4.9 LTPP SPS-1, SPS-2, and SPS-8 Sites by Midwest State 

State Climatic Region SPS-1 SPS-2 SPS-8 

North Dakota DF -- 18 -- 

Minnesota WF -- -- -- 

Wisconsin WF 12 20 2 

South Dakota DF -- -- 3 

Iowa WF 13 13 -- 

Michigan WF 13 13 -- 

Nebraska DF 12 -- -- 

Illinois WF -- -- -- 

 

The ideal experiment type for this particular research project is SPS-8.  By design, pavement distresses 

and deterioration of ride at SPS-8 locations are intended to exclusively reflect environmental factors and 

pavement characteristics, such as subgrade soil type and aggregate and pavement surfacing thickness.  

Although actual traffic loading varies by site, the locations receive no more than 10,000 ESALs per year. 

As shown in Table 4.9, there were no SPS-8 sites located in Minnesota and only five in adjacent states.  

There are a total of 53 SPS-8 sections across the county and 26 in the WF and DF climatic regions; Figure 

4.31 presents the general geographical location of the WF and DF regions. 
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Figure 4.31 LTPP SPS-8 General Locations. 

All data extracted from the InfoPave website and referenced in this section is based on averages of all 

available data for a particular variable.  For instance, subgrade soil tests were taken throughout the test 

section and those results are presented as an average for the test section.  This clarification must be 

stated to reiterate that local variability and point-by-point data was not considered or reviewed as part 

of this project. 

4.4.2 SPS-8 Experiment Sites: Wisconsin and South Dakota  

There are a total of five SPS-8 sites in Wisconsin and South Dakota with two and three experiments, 

respectively.  The experimental design included nominal pavement sections of 4 inches of bituminous 

pavement over 8 inches of aggregate base or 7 inches of bituminous pavement over 12 inches of 

aggregate bases.  The third site in South Dakota included lime-treated subgrade and was not included in 

this analysis. 

The two sites have nearly identical weather in terms of CFI or Annual Freezing Index (AFI).  Figure 4.32 

presents a chart of AFI by year for the Wisconsin (55) and South Dakota (46) sites.  This similarity 

between the two locations is ideal for comparison differences in performance due to other factors, such 

as subgrade soil or thickness of FFM. 
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Figure 4.32 Wisconsin and South Dakota SPS-8 Sites: Annual Freezing Index 

Table 4.10 presents a comprehensive summary of relevant site and materials characteristics for the four 

selected sites.  The two locations represent vastly different subgrade soil types.  However, the two 

locations include virtually identical pavement structures, have little impact from traffic, and experience 

similar temperatures so any changes in IRI performance can likely be attributed to subgrade soil and 

frost effects.  Figure 4.33 presents a comprehensive overview of the IRI data measured at all four sites.   

 

Table 4.10 Wisconsin and South Dakota SPS-8 Site Characterization 

Site Details 

State South Dakota Wisconsin 

SHRP ID 46-0803 46-0804 55-0805 55-0806 

Latitude (N) 45.92801 45.92797 44.88166 44.88162 

Longitude (W) 100.41236 100.40881 89.32027 89.31584 

Construction 

Date 6/1/93 11/30/97 

HMA (in) 4.3 6.9 4.4 6.9 

Agg Base (in) 8.0 12.0 9.3 11.5 

Subgrade 

% Gravel 1 4 33 27 

% Sand 64 42 53 55 

% Silt 19 33 10 13 

% Clay 16 21 4 5 

Plasticity Index 17 21 0 0 
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Figure 4.33 Wisconsin and South Dakota SPS-8 Sites: Measured IRI vs Pavement Age 

There are two observations that can be readily made from reviewing Figure 4.33.  First, it is apparent 

that both of the South Dakota sites received an overlay or other major rehabilitation around year 20; 

this was confirmed by deeper review of the available data.  Secondly, it is possible that frost heaving or 

other seasonal effects are present at Site 46-0804 based on the presence of localized spikes between 

years seven and eleven. 

Figure 4.34 presents a closer look at the spikes observed at Site 46-0804.  Although moisture conditions 

and temperatures are unique to each winter, it is likely that the localized IRI spikes during freezing 

temperatures are caused by frost heaving.  It should be noted, however, that the IRI appears to 

generally drop back to the previous unfrozen levels and the frost heave (or other seasonal effects) do 

not appear to have a substantial negative effect.  It should also be noted that there no winter or spring 

measurements taken at the other three sites. 
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Figure 4.34 Seasonal IRI Effects Measured at Site 46-0806 in South Dakota 

Aside from the discussed exceptions, the IRI data follows a fairly linear trend for all four sites.  Figure 

4.35 presents the same data as Figure 4.33 but the post-overlay and likely frozen measurements have 

been removed.  A linear regression is also included for each site and the fit is generally very good with R2 

values ranging from 0.70 to 0.92.  To eliminate the bias due to differences in the initial IRI at each site, 

the linear regression was shifted to a common value, which was arbitrarily chosen to be 50 inches/mile.  

Figure 4.36 presents the shifted curves. 
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Figure 4.35 Wisconsin and South Dakota SPS-8 Sites: Measured IRI vs Pavement Age Regression 

 

Figure 4.36 Wisconsin and South Dakota SPS-8 Sites: Measured IRI vs Pavement Age Shifted Regression 
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The regression results are summarized below.  The coefficient represents the annual predicted increase 

in IRI at the four sites. 

Site 46-0803: IRI = 2.91 * age + 50 R2 = 0.92 

Site 46-0804: IRI = 1.50 * age + 50 R2 = 0.86 

Site 55-0805: IRI = 0.93 * age + 50 R2 = 0.70 

Site 55-0806: IRI = 0.92 * age + 50 R2 = 0.76 

Table 4.11 presents a summary of the predicted frost depths based on the NOAA data AFI data 

presented in Chapter 2 and Equations 4a and 4b and the relative performance.   

Table 4.11 Wisconsin and South Dakota SPS-8 Site Relative Predicted Performance 

Site Details 

State South Dakota Wisconsin 

LTPP ID 46-0803 46-0804 55-0805 55-0806 

Latitude (N) 45.92801 45.92797 44.88166 44.88162 

Longitude (W) 100.41236 100.40881 89.32027 89.31584 

Performance 

50th Percentile 
AFI (degree F-

days) 
1,998 1,999 

Predicted 
Average Frost 

Depth (in) 
67 63 

MnDOT 
Classification 

plastic 
Sandy Loam 

Loam 
Gravelly 

Loamy Sand 
Gravelly 

Loamy Sand 

FFM 12.3 18.9 13.7 18.4 

% Frost Depth 
Treatment 

18% 28% 22% 29% 

Predicted IRI @ 
20 yrs 

108 80 69 68 

RQI 2.95 3.34 3.51 3.51 

 RQI 0.88 0.49 0.32 0.32 

Notes 
  

Initial IRI = 50 in/mile arbitrarily set 

 RQI from initial IRI 

 

The depth of frost protection appears to have no impact on performance for sand subgrades based on 

the two SPS-8 sites in Wisconsin.  However, the two loamy subgrade soil sites in South Dakota appear to 

be affected by both the presence of frost-susceptible soil and gain an improvement in performance with 

increased frost depth protection. 
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4.4.3 SPS-8 Experiment Sites: Comprehensive Analysis 

The detailed analysis of SPS-8 site data in Wisconsin and South Dakota produced very promising results 

and initiated a comprehensive review of all SPS-8 sites.  In total there are 53 sites located in 16 states 

with 37 HMA sections and 16 PCC sections. 

Average pavement sections and average subgrade soil characteristics were initially summarized for all 

SPS-8 sites.  However, the size of the data set was further reduced after removing ride data that was 

collected during likely frozen subgrade conditions.  There were several sites that subsequently did not 

have sufficient data to produce a linear IRI trend and were not potential candidate sites.  In addition, 

sites exhibiting CFI values below the LTPP “freeze” (WF, DF) criteria of 280 Fo-days were excluded to 

ensure that frost-related effects were characterized.  It should be noted that CFI values were not 

obtained from LTPP data but rather selected from the NOAA data that was discussed in Chapter 2 and 

will likely be part of the procedures. 

After this data filtering process, only two PCC sites remained (39-0809, 39-0810).  Both sites also 

displayed very low linear trend IRI slopes (0.12 and -0.15, respectively), and as such, PCC pavement 

types were not analyzed. 

After data filtering, 12 HMA sites in five states (Montana, New York, South Dakota, Utah, and Wisconsin) 

remained for analysis.  Table 4.12 provides a summary of the average pavement section and subgrade 

soil testing and Table 4.13 presents the AFI (50 percentile value from the NOAA data), predicted frost 

depth based on Equations 4a and 4b, the percentage of FFM, and the annual IRI linear regression 

results. 

Table 4.12 SPS-8 HMA Selected Sites Pavement and Subgrade Materials Characterization

 

 

Surface Base Subbase Embank FF Gravel Sand Silt Clay P0.02mm PI

30-0805 4.5 7.1 0 0 11.6 62 27 9 2 6 3

30-0806 6.9 11.8 0 0 18.7 66 25 7 2 5 1

36-0801 5 8.8 0 0 13.8 15 56 23 6 12 3

36-0802 7.5 12 0 0 19.5 25 54 16 6 12 3

36-0859 6.5 12.4 0 0 18.9 21 62 12 5 10 3

46-0803 4.3 8 0 0 12.3 1 64 19 16 27 4

46-0804 6.9 12 0 0 18.9 4 42 33 21 37 7

46-0859 2 3 6.5 0 11.5 5 27 49 20 37 8

49-0803 4.2 7.8 0 41.2 12 38 30 19 12 21 12

49-0804 6.9 12 0 41.2 18.9 38 22 26 14 19 11

55-0805 4.4 9.3 0 0 13.7 33 53 10 4 8 0

55-0806 6.9 11.5 0 0 18.4 27 55 13 5 11 0

ID

Pavement Subgrade Soil
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Table 4.13 SPS-8 HMA Selected Sites Frost Depth Prediction and Performance Regression

 

 

Many combinations of multilinear variable analysis were run using IRI slope as the dependent variable 

and soil characteristics (percentages gravel, sand, silt, and clay, percent finder than the 0.02mm, “fine 

silt” (0.02 mm – 0.002 mm), and plasticity index), and frost treatment percentage as the independent 

variables.  There were no real good fits or satisfactory R2 values. 

Figure 4.37 presents a chart of the IRI slope vs frost depth treatment percentage; the size of the bubbles 

reflects the average Silt content of the subgrade soils.  At first glance there appears to be a wide scatter, 

however, detailed review of the data summarized in Tables 4.12 and 4.13 identifies the three 36-08XX 

sites (New York) as the sources for the large scatter. 

 

50%

CFI

Pred 

Frost 

Depth % Treatment Slope Intercept R2

30-0805 837 51.2 23% 0.51 55.09 0.66

30-0806 837 51.2 37% 0.27 55.03 0.52

36-0801 708 39.5 35% 2.15 58.14 0.74

36-0802 708 39.5 49% 5.50 64.37 0.93

36-0859 708 46.7 40% 2.69 54.70 0.86

46-0803 1998 65.7 19% 2.90 40.97 0.92

46-0804 1998 65.7 29% 1.50 47.63 0.86

46-0859 1998 65.7 18% 3.07 73.91 0.93

49-0803 822 42.5 28% 0.38 63.25 0.61

49-0804 822 42.5 44% -0.05 54.49 0.01

55-0805 1840 78.4 17% 1.12 53.52 0.80

55-0806 1840 78.4 23% 1.04 61.01 0.75

ID

Frost IRI Regression
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Figure 4.37 Bubble Plot of IRI Slope vs Frost Protection Treatment Percentage (bubble size reflects silt content) 

 

The New York SPS-8 site data was examined closer to potentially determine an explanation for the large 

IRI slopes for the relatively low silt contents.  After review, there does appear to be a traffic-related 

effect and Figure 4.38 presents the design lane AADT for the site SPS-8 locations included in this 

analysis.  Although truck data is not consistently populated in the various tables for these sites, it seems 

clear that just based on traffic volume, this SPS-8 location may not truly meet the intent. 
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Figure 4.38 Reported AADT for SPS-8 Sites 

Furthermore, photographs from manual distress surveys are available on the InfoPave website.  A 

sample of the photographs were reviewed and a similar trend was identified; the distresses appear to be 

highly concentrated to the driving lane with very little distress evident in the passing lane and an 

example image is presented in Figure 4.39.  This observation also supports the argument of a traffic-

related bias to the data.  As a result, the New York SPS-8 sites were removed from further analysis. 
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Figure 4.39 Visual Distresses at Site 36-0801 [Station 106.8 meters] (Source: https://infopave.fhwa.dot.gov/) 

 

The final prediction data set is based on a total of nine SPS-8 sites in four states.  Two different two 

variable linear regressions were performed and are included.  The final bubble plot is shown in Figure 

4.40. 

https://infopave.fhwa.dot.gov/
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Figure 4.40 Bubble Plot of IRI Slope vs Frost Protection Treatment Percentage (bubble size reflects silt content) 

The results of the linear regression are as follows: 

tmentdepth treafrost   %*8.05Silt %*4.302.43Slope IRI    Equation 9 

  R2 = 0.77 

 

tmentdepth treafrost   %*6.12Silt Fine %*4.1278.1Slope IRI    Equation 10 

  R2 = 0.80 

The intent of this project is to establish a procedure to optimize the design for frost protection (i.e., 

exhibit zero loss of service life (increase in IRI) caused by environmental effects).  A design equation can 

be established by setting the IRI slope equal to the limiting value of zero.  Figures 4.41 and 4.42 present 

the “design chart” for based on Silt content or Fine Silt content, respectively. 
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Figure 4.41 Minimum Frost Depth Treatment (%) Design Based on Silt Content.  

 

Figure 4.42 Minimum Frost Depth Treatment (%) Design Based on Fine Silt Content.  
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Equations 11 and 12 present the design solution based on Equations 9 and 10 at the limiting value of IRI 

slope equal to 0. 

05.8

Silt %*30.443.2
tmentdepth treafrost 0  IRI 



    Equation 11 

 

12.6

Silt Fine %*4.1278.1
tmentdepth treafrost 0  IRI 



   Equation 12 

 

Extrapolation outside the range of values used to develop this should be done with caution.  The 

following highlight the design solution assumptions and ranges: 

 Silt range: 7 to 49 percent 

 Fine Silt is the total material that is finer than 0.02 mm (USACE critical particle size) but larger 

than 0.002 mm (the upper limit of clay particles). 

 Fine Silt range: 3 to 18 percent 

It should be pointed out that the “embankment” soils in Site 49-0803 and 49-0804 were not explicitly 

accounted for in the analysis due to the limited data.  However, review of the data indicates that these 

two sites performed quite well when compared against the noted “frost free” depth.  It is likely that, 

although the embankment soils are similar to the subgrade soils, construction of the “embankment” 

with moisture and compaction control improved uniformity and minimized any differential frost effects. 

4.4.4 GPS-1 Experiment Sites: Minnesota 

The difference between General Pavement Studies (GPS) and SPS experiments is that SPS sections were 

constructed for inclusion in the LTPP program whereas GPS sites were selected from existing in-service 

pavements.  As a result, GPS sections are generally single sites while SPS sites include multiple sections 

at each location, which allows for better isolation of design variables and effects.  In addition, SPS sites 

also include site characterization, materials test results, and performance monitoring data from day one. 

Unfortunately, Minnesota was not selected for SPS-1, SPS-2, or SPS-8 experimental sites but include nine 

GPS-1 (Asphalt Concrete (AC) on Granular Base) sites.  Although there is a single GPS-2 site in Minnesota 

(AC on Bound Base), it was not included in this data mining and analysis exercise.  Table 4.14 presents 

the total number of GPS-1 sites in Minnesota by County and Figure 4.43 provides a map to illustrate the 

geographical distribution of the GPS-1 sites across the state. 
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Table 4.14 LTPP GPS-1 and GPS-3 Sites in Minnesota by County. 

County # Sites 

Dakota 1 

Isanti 1 

Mille Lacs 1 

Mower 1 

Wright 5 

 

 

Figure 4.43 Minnesota GPS-1 Site Map 

It should be noted that the five GPS-1 sites are concentrated in Wright County because these sites are 

part of the original I-94 mainline cells at MnROAD.  The LTPP database did not have subgrade results for 

these sections, and as a result, were not included.  However, this data is certainly available at MnDOT 

and future research or calibration can review the test results and the LTPP performance data and apply 

the same logic and analysis. 
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Table 4.15 Minnesota GPS-1 Site Characterization 

Site Details 

LTPP ID 27-1019 27-1029 27-1085 27-1087 

Latitude (N) 45.58771 45.50517 43.71013 44.8069 

Longitude (W) 93.60035 93.23513 92.62334 93.2275 

Average Annual 
ESALs 

50,000 48,400 13,625 27,500 

Construction 

Date 01-Jan-1980 01-Jan-1970 01-Jan-1984 01-Jan-1979 

HMA (in) 5 8.4 11.3 16.4 

Agg Base (in) 6.4 -- -- -- 

Granular Subbase (in) -- -- -- -- 

Drainage n/a n/a n/a n/a 

Subgrade 

% Gravel 3 0 7 8 

% Sand 86 85 37 73 

% Silt 9 12 39 15 

% Clay 3 3 17 5 

Plasticity Index NP NP 12 NP 

It is worth noting that three of the sites are full-depth HMA pavements, which are already documented 

to perform poorly.  So much, in fact, that a task force recommended a moratorium on the use of full-

depth asphalt pavement sections in 1995.  As a result, it is not extremely relevant to analyze these but 

Figure 4.44 present the historical IRI measurements. 
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Figure 4.44 GPS-1 IRI Measurements 

It is very obvious that the two thicker full-depth asphalt sections (1085 and 1087) exhibit IRI increases 

much steeper than the other two sites.  It is also apparent that Site 1085 was either constructed 

extremely rough or experience a very sharp IRI growth in the year prior to LTPP monitoring.  However, 

both Site 1019 and 1029 are performing quite well but there is a shortage of historical data points to 

make a meaningful assessment. 

When the curves are shifted to an equal initial IRI of 50, the performance looks fairly reasonable for all 

four pavement sections (Figure 4.45).  Table 4.16 presents the relative predicted performance and 

displays the forecasted number of years until the pavement reaches an arbitrary level of 200 inches per 

mile.  Without meaningful comparisons with Site 1019 and three pavement types that are no longer 

constructed in Minnesota, there are no conclusions to be drawn from this data. 
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Figure 4.45 GPS-1 Shifted IRI Data 

Table 4.16 presents the summary of the relative predicted performance and the number of years to 

reach at IRI of 200 inches per mile. 

Table 4.16 Minnesota GPS-1 Site Relative Predicted Performance 

Site Details LTPP ID 27-1019 27-1029 27-1085 27-1087 

Performance 

50th Percentile AFI 
(degree F-days) 

2,057 2,107 1,840 1,835 

Predicted Average 
Frost Depth (in) 

83 84 63 78 

MnDOT Classification Loamy Sand Loamy Sand Clay Sandy Loam 

FFM 11.4 8.4 11.3 16.4 

% Treatment 14% 10% 18% 21% 

Years Until IRI = 200 42 34 28 19 
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4.4.5 GPS-3 Experiment Sites: Minnesota  

Minnesota does not have any SPS-2 experiment sites but does have a total of seven GPS-3 (Jointed Plain 

Concrete Pavement (JPCP)) experiment sites.  Although there are several GPS-4 sites in Minnesota 

(Jointed Reinforced Concrete Pavement (JRCP)), these sites were not included as these do not reflect 

strategies currently used by MnDOT.  Table 4.17 presents the total number of GPS-3 sites in Minnesota 

by County and Figure 4.46 presents the locations of the GPS-3 sites. 

Table 4.17 GPS-3 Sites in Minnesota by County. 

County # Sites 

Hennepin 1 

Nicollet 1 

Wright 5 

 

 

Figure 4.46 Minnesota GPS-3 Site Map 

It should be noted that the five GPS-3 sites are concentrated in Wright County because these sites are 

part of the original I-94 mainline cells at MnROAD.  The LTPP database did not have subgrade results for 

these sections, and as a result, were not included.  However, this data is certainly available at MnDOT 
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and future research or calibration can review the test results and the LTPP performance data and apply 

the same logic and analysis. 

Due to the fact that MnROAD subgrade soil data and test results are not readily available in the LTPP 

database, the analysis for GPS-3 sites was based on two sites.  Table 4.18 presents a summary of the site 

and pavement characteristics and subgrade soil data. 

Table 4.18 Minnesota GPS-3 Site Characterization 

Site Details 

LTPP ID 27-3003 27-3013 

Latitude (N) 44.40325 45.12072 

Longitude (W) 94.40293 93.38966 

Average Annual 
ESALs 

74,000 56,000 

Construction 

Date 01-Oct-1985 01-Oct-1985 

PCC (in) 7.6 8 

Agg Base (in) 5 6 

Granular Subbase (in) -- -- 

Drainage n/a n/a 

Subgrade 

% Gravel 10 5 

% Sand 36 84 

% Silt 33 8 

% Clay 21 4 

Plasticity Index 20 NP 
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Figure 4.47 GPS-3 IRI Data 

 

Figure 4.48 GPS-3 Shifted IRI Data 
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The regression results are summarized below. 

Site 27-3013: IRI = 1.77 * age + 50 R2 = 0.68 

Site 27-3003: IRI = 3.28 * age + 50 R2 = 0.62 

Table 4.19 presents a summary of the performance results. 

Site Details 

LTPP ID 27-3003 27-3013 

Latitude (N) 44.40325 45.12072 

Longitude (W) 94.40293 93.38966 

Performance 

50th Percentile AFI 
(degree F-days) 

1,597 1,866 

Predicted Average 
Frost Depth (in) 

59 79 

MnDOT Classification Clay Loam Loamy Sand 

FFM 12.6 14 

% Treatment 21% 18% 

Years Until IRI = 200 45.7 85.0 

This single comparison provides an indication that for similar pavement age, thickness, traffic loading, 

and reasonably comparable freezing temperatures, the sand subgrade outperforms the clay loam 

subgrade.  It is not possible to discern the cause of this difference and it could be related to frost-related 

effects but could also be associated with faulting or other load-related distresses not captured in this 

overview analysis. 
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CHAPTER 5:  DESIGN PROCEDURE 

The critical deliverable of this research and development project is a simple design tool that will provide 

optimized pavement designs to resist environmental effects. 

5.1 KEY COMPONENTS 

Based on the literature review and observations from MnDOT and LTPP materials and performance 

data, there are three key components or variables to the design procedure. 

Inputs: 1) subgrade soil type (frost susceptibility) and 2) climate (predicted frost depth) 

Output: required depth of treatment (frost protection) 

5.2 SUBGRADE SOIL 

5.2.1 Soils Map 

Knowledge of the subgrade soil type is necessary to evaluate frost susceptibility and proceed with frost 

design and evaluation.  The MnPAVE-Flexible pavement design program includes a soils map as option 

under the Climate module and the program provides a point-specific soil type based on the latitude and 

longitude entered for the project.  This feature was originally considered as a way to tie the frost design 

procedure and the MnPAVE-Flexible programs together.   

 

Figure 5.1 MnPAVE-Flexible Soils Map Output 
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The MnDOT Office of Materials and Road Research provided the soil data from the Minnesota Soil Atlas.  
A pdf map is in the Appendix and a Google Earth kmz file is included in the spreadsheet tools for design 
use.  For reference, the soils atlas is also available at this following link: 

http://www.mngeo.state.mn.us/chouse/metadata/soil_atlas.html 

 

The spreadsheet design tool can function as either at a planning-level tool based on anticipated soil 

type(s) identified via the aforementioned soils map or other sources, such as the USDA NRCS Web Soil 

Survey (https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx) or a project-level based on 

subsurface investigation results. 

 

5.2.2 Frost Depth Protection Requirement  

Chapter 2 discussed a wide range of frost susceptibility definitions and approaches.  Prior to defining 

frost susceptibility for this project, it may be beneficial to first clarify what materials are considered non-

frost-susceptible and consider relevant MnDOT specifications and design standards. 

Frost-Resistant Material 

As part of this procedure, it is proposed to change the nomenclature of “frost-free material” or “non-

frost susceptible material” to “frost-resistant material” (FRM).  The MnDOT Design-Build template 

includes a very clear definition of “non-frost-susceptible material” and this definition has been be 

included on dozens of projects over the past few years.  The following definition is proposed as part of 

this design procedure: 

“Frost-resistant materials (FRM) include pavement surfacing and materials that meet the 

requirements of Standard Specification 3138, Classes 3 through 7, and Standard Specification 

3149, Select Granular Borrow, or Select Granular Borrow (Modified).” 

Select Grading Materials 

MnDOT Standard Specification 2105.1A6 (or 2106.1A6) has the following definition of Select Grading 

Materials: 

“Select grading materials are all mineral soils found in the Triaxial Chart in the Grading and Base 

Manual, excluding silt. Silt is defined as soils containing 80% or more silt-sized particles. Marl 

and organic soils are also excluded.” 

Per this requirement, any soils classified strictly as Silt in the MnDOT soil classification system (80 to 

100% silt) are not allowed in pavement construction.  This designation is highlighted in dark gray corner 

of the MnDOT triaxial chart in Figure 5.2, and represents a case where 100 percent of removal is 

required. 

http://www.mngeo.state.mn.us/chouse/metadata/soil_atlas.html
https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
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Figure 5.2 MnDOT Triaxial Chart Highlighting Silt as Unsuitable Grading 

Granular Subgrade Soils 

Figure 400.1 (new or reconstructed HMA pavements) and Figure 500.1 (new or reconstructed PCC 

pavements) in the MnDOT Pavement Design Manual prescribes minimum depths of Select Granular 

Materials for non-granular subgrade soils.  However, in the case of granular subgrade soils (Sand and 

Loamy Sand in the lower left corner of the triaxial chart), MnDOT requires that the upper  12 inches of 

subgrade be mixed and compacted.  This is highlighted in light green in Figure 5.3 and reflects “zero 

frost protection” with imported soils, although mixing and compacting the upper 12 inches will likely 

make any frost-related effects uniform. 

 

Figure 5.3 MnDOT Triaxial Chart Highlighting Minimal Treatment with Granular Subgrade Soils 
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Proposed Frost Susceptibility  

To define the final corner of the triaxial chart, it was assumed that almost exclusively clay soils at the top 

of the triaxial chart are also not frost-susceptible due to anticipated very low permeabilities.  Based on 

this assumption, protection is not necessary to mitigate the effects of frost.  Figure 5.4 presents the 

extreme soil cases highlighted (green = no action; gray = 100 percent removal) on the triaxial chart.  It 

apparent that the need to provide frost protection is a function of silt content and potentially inversely 

proportional to clay content.  It should be noted that using Select Granular Material or other subgrade 

treatment may still be required to meet structural design requirements or to provide strength and load-

carrying benefits during spring thaw weakening and recovery. 

Figure 5.4 Extreme Frost Protection Cases Highlighted on the MnDOT Triaxial Chart 

 

 

The following criteria to determine if a soil is frost susceptible as used by the Illinois DOT was presented 

in Chapter 2: 

 The level of capillary rise is within the depth of frost penetration 

 Soil contains ≥ 65% silt (.074 mm to 0.002 mm) and fine sand (0.425 mm to 0.074 mm) 

 Plasticity Index (PI) < 12. 

In an attempt to characterize typical MnDOT soils, all laboratory test results with hydrometer and 

Atterberg limits results were requested from the MnDOT Office of Materials and Road Research; the 

percentage of fine sand was not included in the data request.  Figure 5.5 presents a fascinating look at 

the distribution of the 2,167 test results plotted on the triaxial chart.  The test results are further 

characterized by plasticity index: < 12, ≥ 12, and no Atterberg limits results. 
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Figure 5.5 Distribution of MnDOT Soil Classification on the Triaxial Chart by Plasticity Index 

 

The blue data points (PI < 12) in Figure 5.5 indicate soils that meet one of the criteria identified by the 

Illinois DOT for frost-susceptible soils.  Based on the available data and with the exception of four data 

points, a plasticity index of less than 12 is not achievable with a Clay content in excess of 30 percent.  

This conclusion eliminates Silty Clay, Clay, and Sandy Clay soils as frost-susceptible soils based on this 

criteria. 

The fine sand proportion was not included in data request, so a surrogate of 50 percent silt content was 

proposed to represent the 65 percent silt and fine sand criteria defined by the Illinois DOT.  This 

assumption also produced a convenient break by MnDOT soil classification leaving only Silt Loam, Silt 

Clay Loam, and Silt as frost susceptible. 

Capillary rise was not calculated for this project, and for simplicity and development of a proposed frost 

susceptible soil model, it was assumed that capillary rise is always within the frost depth.  Figure 5.6 

presents the soils (highlighted in red) that meet the Illinois DOT criteria as frost-susceptible soils based 

on the laboratory data and assumptions; Silt is excluded as an “unsuitable soil” by MnDOT criteria. 
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Figure 5.6 Zone of Frost Susceptible Soils Based Loosely on the Illinois DOT Criteria 

Two additional levels of potential frost treatment requirements were also identified, although 

somewhat arbitrarily.  Zones were also created in the triangle at greater than 50 percent sand and 

greater than 50 percent clay.  Figure 5.7 presents the initial characterization of soils via the MnDOT 

triaxial chart. 

 

Figure 5.7 Proposed Frost Treatment Characterization by Soil Type 
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5.2.3 Frost Depth Protection Criteria 
 

Prior to the performing data mining and analysis of LTPP SPS-8 sites and development of regression 
models, two preliminary design tools delivered for this project included the composite frost 
susceptibility.  The tools calculated frost depth differently – through the FDZ and AFI methods previously 
discussed – but determined treatment requirements using the modified MnDOT triaxial chart presented 
in Figure 5.7 and required percentage of predicted frost depth shown in Table 5.1. 

Table 5.1 Initially Proposed Frost Depth Treatment Requirement by Soil Type 

MnDOT Soil Type(s) 

Required Frost 
Depth Treatment 
(% of predicted 

frost depth) 

Sand (S), Loamy Sand (LS) 0 

Sandy Loam (SL), Sandy Clay Loam (SCL), Sandy Clay (SC), Clay (C) [> 50% clay] 25 

Loam (L), Clay Loam (CL), Clay (C) [30-50% clay], Silty Clay (SiC) 50 

Silt Loam (SiL), Silty Clay Loam (SiCL) 75 

Silt (Si) 100 

 

It was hypothesized that silt content could potentially be used to determine the required depth of 
treatment and discussions with the TAP inspired the in-depth data mining and analysis of LTPP data.  
The data analysis and regression results were performed very late in the project schedule, so the 
originally proposed requirements and spreadsheet tools remain part of the project documents. 

Updated spreadsheets include frost depth treatment requirements based on the results previously 
presented in Equation 11 and Figure 4.37; both are presented below for reference in Equation 12 and 
Figure 5.8. 

05.8
Silt %*30.443.2tmentdepth treafrost 0  IRI +

==

    Equation 13 
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Figure 5.8 Minimum Frost Depth Treatment (%) Design Based on Silt Content.  

The chart shown in Figure 5.8 and the MnDOT triaxial chart were combined for a visual tool to assess 

frost depth treatment requirements.  The combined figure is shown in Figure 5.9 
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Figure 5.9 Combined MnDOT Triaxial Chart and Frost Depth Protection as a Function of Silt Content 
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5.3 FROST DEPTH PREDICTION 

5.3.1 MnDOT Frost Site Statistics 

MnDOT has 14 frost monitoring sites located across the state; the locations are shown in Figure 5.10.  

These sites have been in service for a variable number of years but the earliest frost data available dates 

back to the winter of 1998-99.  Current and historical data is available at the following website: 

http://dotapp7.dot.state.mn.us/research/seasonal_load_limits/thawindex/frost_thaw_graphs.asp 

 

Figure 5.10 MnDOT’s Frost Monitoring Sites 

 

Table 5.2 presents a summary of the frost sites categorized by SLL Zone.  The table also presents the 

noted site soil type, the number of data points included, average depth and standard deviation, and a 

range of seasonal maximum frost depths. 

 

http://dotapp7.dot.state.mn.us/research/seasonal_load_limits/thawindex/frost_thaw_graphs.asp
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Table 5.2 MnDOT Frost Site Details and Frost Depth Statistics 

SLL 
Zone Site County 

Soil 
Type 

Number 
of Data 
Points 

Average 
Depth 

(in) 

Standard 
Deviation 

(in) Range (in) 

N 

Birchdale Koochiching Clay 13 60.9 8.3 48 to 78 

Gatzke Marshall Clay 14 68.6 11.7 54 to 96* 

Orr St Louis Clay 17 68.8 9.4 60 to 97 

NC 

Ada Norman Clay 19 53.3 6.9 44 to 66 

Cass Lake Cass Sand 14 72.6 12.0 54 to 96* 

Chippewa NF Cass Sand 10 69.2 10.9 48 to 80 

Pliny Aitkin Clay 2 60.0 0.0 60 to 60 

C 

Otsego Wright Clay 18 45.3 10.8 30 to 72 

Ottertail Otter Tail Sand 14 71.0 12.9 54 to 96* 

Starbuck Pope Clay 14 52.4 14.2 30 to 84 

SE 
Rochester Olmsted Clay 16 42.4 9.0 30 to 62 

Sogn Goodhue Clay 3 40.0 6.9 36 to 48 

S 
Marshall Lyon Clay 18 41.8 9.2 24 to 54 

Worthington Nobles Clay 14 47.0 11.6 30 to 72* 

* frost reached sensor maximum depth 

The frost depths at four sites (Gatzke, Cass Lake, Ottertail, Worthington) exceeded the maximum sensor 

depth in 2014.  The data was included in the analysis and the maximum sensor depth was used to 

represent the 2014 measured frost depth.  This will have an effect on calculated statistics, but given that 

it was an isolated event and there is no way determine the actual maximum frost depth at the site that 

year, the data calculations are included but noted for reference. 

Assuming a normal distribution of data, a reliability-based prediction can easily be made using the 

average and standard deviation for a particular monitoring site.  For example, using the average frost 

depth of 42.4 inches and standard deviation of 14.2 inches for the Rochester site, the 95th percentile 

frost depth is 57.1 inches.   

MnDOT’s SLL Zones are set along a variety of boundary types that are not easily identifiable for use in a 

design tool.  To simplify the boundaries, the researchers proposed to use the nearest county lines to 

create nearly equivalent “zones”.  Figure 5.11 presents the current MnDOT SLL as the adjusted “zones” 

following county lines.  This alternation makes it extremely easy to locate a project simply through its 

State Project (SP) number or Control Section (CS) number and the county number. 
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Figure 5.11 MnDOT Seasonal Load Limit Zones and Modified Boundaries 

 

 

To get larger volumes of data and more statistically valid results, the SLL Zones were combined into 

three Frost Design Zones (FDZ).  This simplification was partly necessary as the Metro SLL Zone is 

without a frost monitoring site.  The spreadsheet tool includes the following FDZs: 

 NFDZ (includes North and North Central SLL Zones) 

 CFDZ (includes Central and Metro SLL Zones) 

 SFDZ (includes South and Southeast SLL Zones) 

Table 5.3 presents the combined Frost Design Zones and the overall average and standard deviation 

based on clay site data only.  Note, the FDZ are named NFDZ, CFDZ, or SFDZ, as opposed to North, 

Central, and South to avoid confusion with the actual North, Central, and South SLL Zones. 

Table 5.3 Frost Depth Statistical Summaries by Frost Design Zone 

Frost Design Zone 

# Clay Soil Sites 

Included Average Frost Depth (in) Standard Deviation (in) 

NFDZ 5 62.7 11.0 

CFDZ 2 48.0 12.5 

SFDZ 4 43.4 9.8 
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Due to limited sand sites (three total compared to 11 clay), the spreadsheet is based on an average 

conversion factor of 1.35 to estimate the frost penetration for sand sites.  This factor change by location 

and can be modified in the spreadsheet if so desired. 

5.3.2 National Weather Station Statistics  

Various sources of national weather data were discussed in Section 2.1.3.1.  The NOAA data set was 

selected for incorporation into the design procedure and includes access to historical CFI data available 

from 3,110 cities across the county over the period of 1951 to 1980.  This method of frost depth 

prediction is can be easily applied by other agencies outside Minnesota.  The data includes the fixed 

probabilities and associated return periods shown in Table 5.4. 

 

Table 5.4 NOAA Annual Freezing Index Probability and Return Period 

Return Period 

(year) 
1.1 1.2 2.0 2.5 3.3 5.0 10 20 25 50 100 

Probability 10% 20% 50% 60% 70% 80% 90% 95% 96% 98% 99% 

 

For reference, the following link provides access to the data used in the development of this aspect of 

the frost design procedure: https://www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-

Index-Return-Periods-and-Associated-Probabilities.pdf 

Frost depth prediction based on AFI in the design procedure tools is based on Equations 4a and 4b 

discussed in Chapter 2 for clayey and sandy soils, respectively.  The equations are presented here for 

reference as Equations 14 and 15.  Note that AFI and CFI are used interchangeably throughout this 

report. 

soils)(clayey   CFI1.5901P 0.4896   Equation 14 

soils)(sandy   CFI1.3302P 0.5423   Equation 15 

 

 

https://www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-Index-Return-Periods-and-Associated-Probabilities.pdf
https://www.ncdc.noaa.gov/sites/default/files/attachments/Air-Freezing-Index-Return-Periods-and-Associated-Probabilities.pdf
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5.4 DESIGN PROCEDURE 

The ultimate objective is to develop a simple design procedure to establish required materials types and 

thicknesses to most effectively and efficiently resist environmental effects based on existing subgrade 

soils and the geographical region.  The procedure is intended to be standalone and MnDOT structural 

pavement design practice will be used concurrently.  In short, the frost design procedure will arrive at 

outcome and check required thicknesses against the total structural design thickness.  If the structural 

design section does not achieve the necessary thickness based on the frost design procedure, the 

subsurface material thicknesses will be optimized to resist environmental effects. 

Although the research problem statement did not exclude PCC pavements from frost design 

considerations, insufficient data was available to draw conclusions to support frost protection for PCC 

pavements.  As a result, the following frost design procedures apply only to new or reconstructed HMA 

pavements. 

5.4.1 General Framework 

The following presents the framework that was applied to develop the design tool. 

 Characterize Subgrade Soils 

o Preliminary: soil maps, existing subsurface investigation 

o Final Design: project-level subsurface investigation results 

 Predict Frost Depth Penetration 

o Method 1 – perform predictions based on MnDOT frost monitoring sites 

o Method 2 – perform predictions based on historical weather site data 

 Recommend required depth of treatment relative to the predicted frost depth and the subgrade 

soil 

o Method 1 – make recommendations based on MnDOT soil classification 

o Method 2 – make recommendations based LTPP-based requirements 

A total of four different spreadsheet tools were developed and delivered as part of this project and 

include the following combinations: 

1. Frost Depth Prediction: MnDOT frost monitoring sites 

Required Treatment Depth: MnDOT soil classification 

2. Frost Depth Prediction: AFI/CFI based on NOAA data and Equations 4a and 4b 

Required Treatment Depth: MnDOT soil classification 

3. Frost Depth Prediction: MnDOT frost monitoring sites 

Required Treatment Depth: LTPP regression based on silt content (Equation 11) 

4. Frost Depth Prediction: AFI/CFI based on NOAA data and Equations 4a and 4b 

Required Treatment Depth: LTPP regression based on silt content (Equation 11) 
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Outside the procedures incorporated into the design tool, there are additional factors and strategies 

that should also be considered during design. 

 Transitions 

o Provide the longest feasible transitions to limit differential movement and performance 

 Drainage 

o Provide the deepest ditches possible in rural sections 

o Include subsurface drainage systems in cases with high water levels 

 Other options in worst-case scenarios 

o Geosynthetic wicking materials 

o Treated subgrade soils 

o Insulation layers 

o Capillary breaks (“rock cap”) 

5.4.2 Frost Design Zone Tool  

The required inputs for Method 1 (based on MnDOT frost monitoring sites) include: 

 Control Section 

o establish county for location and frost depth calculation 

o establish county and create link to Construction Project Log 

 Design ESAL Range to establish reliability.  The ranges included are identical to reliability levels 

required in the Pavement Design Manual for Monte Carlo simulations in MnPAVE-Flexible. 

o ≥85% for less than 1 million flexible ESALs 

o ≥90 % for 1 million to 15 million flexible ESALs 

o >95% for more than 15 million flexible ESALs 

o (optional) The user can enter a different reliability if desired 

 Predominant Subgrade Soil Type 

o Design silt content if required for the LTPP regression equation 

o The spreadsheet includes embedded pdf and kmz versions of the Minnesota Soils Data 

to assist with the identification of likely subgrade soils if subsurface investigation is not 

complete 

o Hyperlinks to other available soil surveys are also provided. 

 (optional) Ratio of frost depth for sand sites to depth for clay sites 

 Structural pavement design section 

o Bituminous (in) 

o Aggregate Base (in) 

o Select Granular (in) 

The output is a final design section. 
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 If the total thickness of the structural section is sufficient to meet the required depth of 

treatment determined by either the MnDOT triaxial classification method or the LTPP regression 

method, the final design section is identical to the structural design section. 

 If the total thickness of the structural section is not sufficient to meet the required depth of 

treatment determined by either the MnDOT triaxial classification method or the LTPP regression 

method, the thickness of the Select Granular material is increased to the point necessary that 

the frost design required total thickness is achieved. 

5.4.3 Weather Station Statistics Tool  

The required inputs Method 2 (historical weather site data) include: 

 (optional) Control Section 

o establish county and create link to Construction Project Log 

 Latitude and Longitude 

 Design ESAL Range to establish reliability.  The ranges included are identical to reliability levels 

required in the Pavement Design Manual for Monte Carlo simulations in MnPAVE-Flexible. 

o ≥85% for less than 1 million flexible ESALs 

o ≥90 % for 1 million to 15 million flexible ESALs 

o >95% for more than 15 million flexible ESALs 

o The user can enter a different reliability if desired 

 Predominant Subgrade Soil Type 

o Design silt content if required for the LTPP regression equation 

o The spreadsheet includes embedded pdf and kmz versions of the Minnesota Soils Data 

to assist with the identification of likely subgrade soils if subsurface investigation is not 

complete 

o Hyperlinks to other soil surveys are also produced 

 Structural pavement design section 

o Bituminous (in) 

o Aggregate Base (in) 

o Select Granular (in) 

The output is a final design section. 

 If the total thickness of the structural section is sufficient to meet the required depth of 

treatment determined by either the MnDOT triaxial classification method or the LTPP regression 

method, the final design section is identical to the structural design section. 

 If the total thickness of the structural section is not sufficient to meet the required depth of 

treatment determined by either the MnDOT triaxial classification method or the LTPP regression 

method, the thickness of the Select Granular material is increased to the point necessary that 

the frost design required total thickness is achieved. 
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CHAPTER 6:  CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS  

Previous research indicates frost action to be the most severe environmental factor on pavement 

performance, including the change in roughness (IRI) over time versus non-frost-affected pavements.  

The effect of frost is two-fold and includes frost heave in the winter and loss of subgrade strength during 

spring thaw. 

Frost formation in pavements requires three common factors: 

 Frost-susceptible subgrade soil(s) 

 Freezing temperatures that allow frost to penetrate the frost-susceptible soil(s) 

 Available water in the frost zone 

Frost will not form if any of the above factors is eliminated.  As such, strategies to mitigate or eliminate 

frost effects must address these factors, which may include subgrade soil correction (remove frost-

susceptible materials); drainage improvements (remove available water); and/or subgrade insulation 

(remove the threat of freezing temperatures).   

All the sources and agencies studied recognize the highest potential for frost heave to occur is in silt 

soils, which have a relatively high permeability for their small void size and a high capillary potential.  

Numerous means to characterize the subgrade soils according to frost potential have been developed.  

One of the most well-known is the United States Army Corps of Engineers (USACE) system, which 

separates soils by frost potential by the amount of material finer than 0.02 mm, with F1 (very low to 

medium) composed of gravelly soils and F4 (very high) including all silt, very fine sands and low-plasticity 

clays or varved clays.  The Illinois DOT has a simplified set of criteria that limits “frost-susceptible” soils 

to those with ≥ 65% silt (0.074 mm to 0.002 mm) and fine sand (0.425 mm to 0.074 mm) and Plasticity 

Index < 12. 

Subgrade insulation is impractical for most highway applications and is rarely used.  DOTs and other 

road agencies commonly employ a mixed strategy of drainage and subgrade corrections to reduce the 

damage to pavements caused by frost action.   

Design considerations for frost heave range from general recommendations for reducing water available 

to the subgrade (separation from groundwater, subsurface drainage features, pavement maintenance) 

to prescriptive requirements for soil treatment and pavement thickness design.  USACE, after 

characterizing the soils in the manner described above, has a three-tier system that combines pavement 

thickness design and subgrade soil correction. The most accepted frost heave mitigation practice is to 

replace the frost-susceptible material with non-frost-susceptible material to a depth of one-half or more 

of the frost depth, which includes USACE, AASHTO, and numerous state DOTs.  Many other agencies 

note the importance of soil blending to improve the uniformity of frost effects.  Restrictions on loading 
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during spring thaw (i.e., when frost begins to recede) is the most widespread means of reducing 

pavement damage due to frost-related effects. 

Past MnDOT road design, geotechnical and pavement guidance, and design documents included 

recommendations for reducing frost effects via drainage improvements, or provisions for correcting 

local conditions with heave potential.  However, there were no uniform requirements for FFM depth 

across soil types and projects.  In 1994, MnDOT began discussing frost treatment and the incorporation 

of FFM as part of the Interim Design Sub-Committee.  Recommendations were made to remove frost-

susceptible material to a depth of at least half the frost depth in the project area.  Although the Select 

Granular Task Force was assembled in 1995 and a subsequent Tech Memo detailed minimum depths of 

30 and 36 inches for HMA pavements based traffic loading, there was never an implementation or 

documented discussion of how this occurred.  Current MnDOT practice continues to use the 30- or 36-

inch FFM requirement for HMA pavements. 

The subset of project data provided by MnDOT included pavements constructed before and after the 

FFM depth requirements were implemented.  These 72 sites were measured for IRI in summer and 

during the subsequent winter under complete frost penetration.  Although winter IRI was almost 

universally higher than IRI measured during the previous summer in all regions of the state, the degree 

to which the IRI increased was highly scattered even within maintenance segments where traffic and 

pavement sections were uniform and soils were suspected to be somewhat similar.  The relationship 

between FFM depth and percent change of IRI in winter were at best weak and occasionally 

counterintuitive, sometimes showing increased FFM depths to be associated with larger average 

increases in winter IRI.  The treatment depths driving these trends at the extremes (> 30 inches) may 

imply poor or highly frost-susceptible soils that would otherwise show greater frost effects. 

The effect of frost and FFM treatment depths on historical performance was similarly hard to discern for 

HMA pavements.  Using ride quality index (RQI), which is derived from IRI measurements, there was an 

inverse relationship between FFM treatment depth and annual change in RQI RQI) when all sections 

provided by MnDOT were evaluated on a per-mile basis.  Segregating the data by years from previous 

maintenance, smaller increments of FFM depth and by depth of select granular materials showed 

limited promise.  Choosing a subset of 10 sites, including a cursory survey of their soil types, yielded 

similarly inconclusive results.  It is possible subgrades otherwise untreated would show even poorer 

performance than the condition history indicates, suggesting the FFM treatments were successful in 

normalizing performance across the network.  Because the per-mile records lack detailed or even 

limited soils data, however, this could not be concluded with the available information. 

LTPP studies were not originally part of the scope of this project, but their inclusion of soils data 

provided an additional dimension relative to the MnDOT records.  The SPS-8 sites (Study of 

Environmental Effects in the Absence of Heavy Loads) were the most promising for isolating the effects 

of soil and treatment depth on pavement performance.  A comparison of two SPS-8 sites in South 

Dakota and Wisconsin, two pavement sections each, suggested that lesser FFM depth and greater 

subgrade silt content correlated well with poorer performance.  Interestingly, despite this finding, 

increased winter IRI appeared to have little bearing on the trajectory of IRI over time. 
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A comprehensive review of all SPS-8 sites in freezing climate zones included nine applicable HMA sites in 

Montana (2), South Dakota (3), Utah (2), and Wisconsin (2) once outlier sets were discarded and the 

SPS-8 PCC sites due to CFI values far below values typically experienced in Minnesota.  Data regression 

involving percentage of predicted frost depth treated and silt content of the subgrade soils provided a 

very high goodness of fit, providing a model for the HMA frost depth design procedure based on years of 

performance data.  This simple model is included in the frost design tools developed for this project. 

The key components of the HMA design procedure are subgrade soil type and predicted depth of frost.  

For reasons previously discussed, as well as to simplify the process as much as possible, the design uses 

silt content as a proxy for the frost susceptibility of the soil.  A MnDOT soils map is included in the design 

interface for preliminary designs where physical samples and test results may not be available.  Frost 

depth calculations and reliability are based on either MnDOT frost-monitoring data or NOAA weather 

cumulative freezing index (CFI) data and frost depth predictions based on published equations for clayey 

or sandy soils. 

The frost depth treatment requirement as a proportion of frost depth is derived from the relationships 

revealed in the study of LTPP SPS-8 sites.  The total frost treatment ranges from approximately 30 

percent of the anticipated frost depth at 0 percent silt to over 80 percent of the predicted frost depth at 

a (theoretically) 100 percent silt soil but extrapolations beyond the ranges available should be used with 

caution. 

The tool ultimately provides a straightforward means to select frost-treatment depths that a) are simple 

and cost-effective to implement in that they require limited laboratory testing (silt content) and a single 

variable (project location), and b) tend to generally match those already required by MnDOT, which will 

reduce barriers to implementation and complement the work done by MnDOT since 1994 to reduce 

frost-related effects across the network. 
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6.2 RECOMMENDATIONS 

This section includes several short-term (3 to 6 months) and long-term (6+ months) suggestions and 

recommendations for implementation, further development and study, and related use of findings or 

observations from this project. 

6.2.1 Short-Term 

Frost Design Spreadsheet 

 MnDOT Central Office and District Materials staff should explore the spreadsheet design tools 

developed, although the two versions that utilize the LTPP data regression likely have the most 

merit.  The spreadsheets are very easy to use, and once the preferred method of frost depth 

prediction is selected, pilot implementation can begin.    

 Depending on the approach ultimately selected for implementation, MnDOT could consider 

revising subsurface investigation requirements (laboratory testing) to establish the necessary 

information.  For example, hydrometer tests could be required at a regularly spaced interval as 

part of the subsurface investigation, such as every 1000 feet.  This level of testing does not carry 

a high price tag and would improve accuracy of subgrade soil characterization (silt content) as 

well as provide a benefit to project performance tracking on an M-record basis. 

Research Continuation 

 Although there are no LTPP SPS-1 sites in Minnesota, it could be beneficial to review the 

following document that was published in October 2017: 

Investigation of Increase in Roughness Due to Environmental Factors in Flexible Pavements Using 

Profile Data from Long-Term Pavement Performance Specific Pavement Studies 1 Experiment 

www.fhwa.dot.gov/publications/research/infrastructure/pavements/ltpp/17049/17049.pdf 

 Review and compile the subgrade test results from the 10 MnROAD cells included in the LTPP 

GPS-1 (5) and GPS-3 (5) experiments.  The same data analysis logic and linear regression slope 

comparisons could be used to validate or calibrate the regression based on LTPP SPS-8 site data. 

 Follow the research in progress discussed in Section 2.5 

 Collect additional winter IRI data and analyze using segment lengths shorter than one mile. 

 Take a deep look at MnDOT Pavement Management data to determine the effect of initial IRI on 

the linear slope of IRI year after year.  Ride data for this project was shifted to the same initial IRI 

for comparison from what was assumed to be equivalent pavement.  This should theoretically 

be straightforward to implement using each day of paving as a separate “project”.  Climate, 

traffic, and subgrade and pavement materials and thicknesses would essentially be equal leaving 

the initial IRI and compaction and materials variability as variables.  The contractor’s ride data 

could be used as an initial data point and subsequent analysis would have to be done using 

ProVal and the raw ERD files to compare segment to segment. 

 Pavement management data is collected by MnDOT on the Minnesota CSAH network but the 

data is owned by each county.  Anecdotal evidence suggests that Minnesota CSAH roads may be 

http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/ltpp/17049/17049.pdf
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typically constructed below MnDOT standards in terms of frost considerations but perform 

similarly in terms of ride (IRI, RQI).  MnDOT could work with interested county engineers to 

explore pavement management data from adjacent MnDOT and CSAH roadways to investigate 

this further. 

Frost Depth Related 

 The current details for culvert treatment in the MnDOT Pavement Design Manual leave 

determination of treatment depth to the Materials Engineer and each District currently uses its 

own unpublished frost depths.  The developed frost depth prediction methods could be 

implemented to consistently predict frost depths across the state and unify MnDOT’s culvert 

treatments.   

 Similarly, MnDOT could confirm and potentially optimize the shadow treatment standard 

discussed in Section 320 in the MnDOT Pavement Design Manual based on estimated frost 

depth and subgrade soil types. 

 

6.2.2 Long-Term 

A simple experimental matrix could be developed to capture a variety of climatic conditions, material 

characteristics, and engineering recommendations for recently constructed or programmed flexible and 

rigid pavement sections around the state.  Table 6.1 provides a conceptual matrix with a minimal 

number of factors and “levels” or values to develop a model based on performance in Minnesota. 

Table 6.1 Conceptual Experimental Design 

Factor 
Number of 

Values Notes 

Frost Depth (latitude & longitude) 3 Frost Design Zones: NFDZ / CFDZ / SFDZ 

Subgrade Soil Type 3 Sands / Silts / Clays 

Treatment Depth (FFM) 3 Percentage of Estimated Frost Depth 

Pavement Type 2 HMA, PCC 

Minimum Number of Projects 54  
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Obtaining research-level data for these projects could be populated by several means. 

 Existing pavement sections 

o Utilize previous subsurface investigation data 

o Conduct specific subsurface investigation 

o Review available construction records (gradations, densities, intelligent compaction, 

thermal profiling, smoothness, etc.) 

 New construction projects 

o Manage subsurface investigation in one large database for consistent tracking and 

reporting. 

o Instead of default equations for “clayey” or “sandy” soils, the actual thermal 

conductivity of project subgrade soils and typical aggregate base and select granular 

materials could be measured.  Cited research utilized the KD Pro Thermal Properties 

Analyzer, although other similar equipment may be available.   

o Monitor and manage construction records and data (gradations, densities, intelligent 

compaction, thermal profiling, smoothness, etc.) in the comprehensive matrix 

database. 
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