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Preface

This report describes research conducted to determine the economic benefits and costs of
spring load restrictions in Minnesota. The research study consisted of six tasks. Each
chapter of this document presents a separate report addressing one of the six tasks.
Because of this approach, each chapter is numbered separately and includes its own set of
tables, figures and references. Each is also enhanced by its own set of appendices that
present additional details. The conclusions are incorporated into the Executive Summary.



Executive Summary

Overview

The Local Road Research Board (LRRB) and the Minnesota Department of Transportation
(Mn/DQOT) funded this project to evaluate the continuing utility of the spring load restriction
(SLR) policy (including both the legal framework and the administrative rules and informal
procedures used to implement spring load restrictions) on county, city, and township roads,
which collectively are the local roads analyzed in this study. The objective of this study is to
determine the economic benefits and costs of spring load restrictions in Minnesota.

The strength of asphalt roads varies seasonally. During the winter, the layers of materias that
make up the pavement structure harden when the temperature drops below the freezing point.
When spring arrives, the frozen aggregate base and then the soil under the aggregate base, thaw,
and are in a saturated condition. Under this condition, the pavement weakens and the bearing
capacity of the roadway reduces. Heavy vehicles driving on the roadway under these conditions
damage the roadway more than most other times of the year. To solve this problem, perhaps the
most obvious technical solution is to improve the carrying capacity of all roads so that they can
bear heavy loads (e.g. 10 tons/axle) even during the spring-thaw period. But this is expensive for
the responsible agency. The spring load restriction policy was enacted in Minnesota in 1937
(Minnesota Statute 169.87) and has been periodically updated to protect the large public
investment in county and municipal roadways by reducing pavement damage and extending the
useful life of roads, which enables road authorities to save on infrastructure investment and
maintenance of roads. The SLR policy (under various names, including spring (seasonal) weight
restrictions, spring bands, or spring thaw load restrictiors) is implemented in many cold climate
countries including the United States, Canada, France, Finland, and Sweden. The SLR policy
regulates the axle load of trucks during the spring thaw. These restrictions impose costs on
commercia vehicle operators while benefiting society by extending pavement life.

From the truck operator’s point of view, the SLR policy is detrimental to business. Once the load
limits are in place, most of the trucks must reroute and/or use more trucks or make more trips.
Producers and retailers are also affected by the SLR policy because they might be forced to store
commodities for a longer time. Other vehicles face the increasing number of trucks on the road
network.

Estimating the impact of the SLR policy on the economy requires a careful analysis within a
benefit/cost evaluation framework The benefits of lifting the SLR policy include reduced
economic costs imposed on carriers and shippers (and ultimately consumers, workers, and
businesses in Minnesota) associated with less additional distance traveled to avoid restricted
roads, fewer truckloads to abide the restriction, and fewer deferred ship. The costs of lifting the
SLR policy imposed on state and local government (and ultimately taxpayers in Minnesota)
include reduced pavement life. Estimating the benefits requires an assessment of freight demand
patterns and truck operating costs. Estimating the costs of changing the policy also requires
knowing freight demand patterns, as well pavement performance and pavement construction



costs. A flowchart of the procedure is given in Figure 1, and it is described briefly in the
Methodology section below and in subsequent chapters.

Findings

This study found that spring load restrictions extend the useful life of asphalt roads (which
reduces costs to agencies and thus taxpayers). However they also impose significant economic
costs on road users, particularly shippers and carriers and their customers. After careful
evaluation of both the extended pavement life and the costs to the trucking industry, it was found
that the benefits of lifting the existing SLR policy outweigh the additional costs. This means that
although roads may receive additional damage and in some cases fail prematurely if the SLR
policy were lifted, the cost to reconstruct or perform early resurfacing on these roads will in
general be less than the savings to carriers and shippers. This finding assumes that roads can be
replaced as they are; it does not account for the spending of additional funds to upgrade roads to
modern standards after they are damaged.

Based on analysis of Lyon, Olmsted, and Clay counties at the time of the study, the research
concludes that to improve overal economic efficiency, ring load restrictions be removed on
roads operating year-round at 9-tons. A study of the City of Crystal, to investigate the effect of
the SLR policy on residential streets, recommends removing the restrictions there as well, as
failure due to mechanisms typically attributed to spring thaw loadings are not the dominant
source of pavement failure. There may be other failure mechanisms that will be accelerated by
spring thaw loads, but extensive further study would be required to identify them. Additional
study is warranted on both 5ton paved and 5-ton unpaved (gravel) roads. Additiona study is
also warranted on the few roads that have been posted at below 9-tons during the rest of the year.
These roads are typically in worse condition than 9-ton roads (hence their posting), and may be
more vulnerable during the spring thaw. The procedures for cost-effectively rating pavements
should be determined by state and local engineers, and should be consistent with state standards.

The research concludes that if the SLR policy is changed, the costs of additional damage should
be recovered from those who benefit from the change in policy. There are a number of forms
this can take, ranging from an increase in the costs of annual fees to operate heavy vehicles to an
increase in fuel and other user charges paid by the operators of those vehicles. The research
recommends that a policy smilar to the Oregon Weight-Distance tax be investigated when
considering how to recover the additional costs. The revenue generated from this new tax or user
fee should be alocated to maintain, repair, and upgrade roads that will be damaged or destroyed
due to the change in policy. Based on the benefit/cost analysis, it is clear that some links should
be upgraded, and some should not, bu identifying the specific links that should be upgraded
requires more detailed engineering analysis.

The research concludes that ongoing monitoring of real roads should take place to determine if
roads are deteriorating faster or slower than predicted by the analytical models used to prepare
this report. The consequences of any policy change should be evaluated after a suitable period of
real-world experience, to inform future policy in this arena.



Caveats

As with al forecasts, estimates, or analyses, the model results are sensitive to assumptions. To
test the sensitivity of the model results, a number of alternative scenarios were tested. While
there are a set of assumptions one can find that will change the genera outcome (e.g. moving a
benefit cost ratio from above 1.0 to below 1.0), reasonable variation of the model parameters
does not lead to a change in the conclusions; in other words, the results are fairly robust to
reasonable changes in the model assumptions.

All results in this study are based on models because recent real-world experience on Minnesota
roads with and without the restrictions is lacking. Studies have been conducted in Norway, which
has lifted its version of spring load restrictions, but these studies are insufficient to solely rely on,
in part because of different climate and soil conditions as well as different structural designs.
While the models have been calibrated with the available data, additional empirical evidence
would provide more confidence about the consequences. In particular, additional calibration of
MnPAVE to thin pavement conditions common on many loca roads would be helpful for
refining these results. Furthermore, additional performance data about the nature and condition
of local roads, monitored over time, would be helpful in calibrating both Mechanistic-Empirical
models such as MNPAVE, as well as Empirical models such as Investigation 183 (which was
used to validate the findings of the MNPAVE modd vis-avis pavement performance using a
completely different methodology and model). Whereas MNnPAVE is deemed to provide
reasonable average road life expectations, as verified by other studies, it is important to note that:
a) outlier pavements that are in poor condition will most likely fail during the first non-restricted
spring and b) MNPAVE aone is not sufficient for the calculation of the true costs of road
damage.

This study utilized the limited available traffic data and, with the assistance of MnDOT, had
additional truck classification counts collected in Lyon and Olmsted counties. However, there
were not counts available on most roads, so freight demand model forecasts had to be used.

This study also focused on rural counties, with less analysis of roadway conditions in cities (only
one city was examined). Roads are more expensive to reconstruct in cities (in part due to the
more complex environment considering public utilities, and curb and gutters), so additional
caution should be taken when applying these results in areas outside the domain of the study.

This study examined roads, not bridges. Bridges that are structurally deficient year round should
still govern legal loads. The costs of repairing or replacing bridges to improve their rating to be
consistent with the roads they serve was not taken into account in this study.

There are additional factors to be considered when making policy recommendations. In
particular: do agencies enforce the policy and do users comply with it? Evidence on this is
limited, but anecdote suggests that there is a large violation rate in some counties. A violated
SLR policy will mean that the policy does not extend pavement life as much as predicted by the
model. A violated SLR policy will also mean that the benefits of removing the policy for
carriers and shippers are lower than predicted by the model, since the rerouting and additional
truckloads predicted by the model do not take place. Lowering both the benefits and costs does



not necessarily significantly change the ratio of benefits to costs. However, it is important for
changes in the policy to reflect the costs of retaining un-enforced laws on the books, as it may
undermine compliance with other laws.

Finally, there are permits available when the SLR policy is not in effect. This study did not
examine the efects of permits during the spring-thaw period. Policy should carefully consider
whether these permits should become available during the spring-thaw period.

M ethodology

The procedures for developing these recommendations are detailed in subsequent chapters of this
report. In brief there are several models that need to be synchronized. First there is a pavement
performance model (PPM). The PPM model estimates the expected life of pavement based on
truck flows by type and load, pavement conditions, soil conditions, and other factors. The PPM
model takes into account the seasonal variation of the mechanical properties of the materials
used in al pavement layers. This model is coupled with a freight demand model (FDM). The
freight demand model predicts truck flows by type and load on each link in the network being
analyzed. A third model estimates the costs to the trucking industry (TCM), as function of
distance traveled, load by type, and operating cost per distance or time traveled. The freight
demand model thus feeds both the PPM and the TCM.

In the basic analysis, the FDM is run for two scenarios, the first assumes retaining the SLR
policy (scenario 1), the second (scenario 2') assumes lifting the SLR policy on 7 and 9-ton roads
(township, city, county, and state). The results of the PPM provide an expected life of the
pavement with and without spring load restrictions. This life of pavement is trandlated into a net
present value of expected costs. If the road lasts longer, expenditures are further in the future;
and thus have a lower net present value of future expenses. The results of the TCM provide an
expected cost to trucking firms with and without restrictions. The two results are combined in a
benefit/cost analysis (BCA) framework to estimate the ratio of benefits to costs.

The data to estimate and apply the models has to the extent possible been developed for local
(Minnesota) conditions. On the FDM and TCM, the models are estimated from a series of
surveys and interviews with trucking firms. This includes local estimates of truck trip generation
rates, use of local commodity profiles in each county studied, use of local road street networks,
estimates of local truck operating costs and values of time. On the PPM side, the model results
are derived from the MnPAVE software developed by Mn/DOT and the University of
Minnesota, and calibrated to Minnesota trunk highway conditions. The seasona variation
analysis performed in Task 1 indicated that for the purpose of this project the seasonal material
characteristics incorporated in MNPAV E computational algorithms were reasonable. It should be
noted that the pavement design of the trunk highway system differs from the local road system.
However, these results are corroborated using estimates from the Investigation 183 work that
empirically examined pavement performance up to 1980.



Flowchart of SLR Benefit/Cost Analysis

. Location
. Number of

Employees
GISMap /
Arc/info Mn/DOT Freight Facility
AMatieb Database
Y
| EMME/2Map i‘
—C Trip Generation Model )
; \i
‘6/al ueof Timefor TruckeD - : |
.>| Trip Generation -

—(Reasonable Assumptions ) | * /
™™

Pavement
Material

. Temperature
. Thickness of
Layer
Moisture, etc

Trip Distribution h
: * Pavement Performance|
—( Truck Operation Cost ) Mode Choice > Model

| Trip Assignment |
A

I ————— Pavment Life Estimation
(No SLR/ With SLR Scenarios)

Truck Volume on Each

Freight Demand |
M odel Link
Y
Vehicle Kilometers of Travel (VKT)
(No SLR/ With SLR Scenarios) Pavment Life Extension Benefit
I
: v
Other Benefits and Coststo Trucker from
Costs Increased VKT
Benefit/Cost Analysis of
SLR

Gpti mum Policy SelectioD

Figure 1: Flow chart of the SLR Benefit/Cost Analysis




Chapter 1

Task #1: Review and Prepar e Existing M echanistic M odels
1.1 Introduction

Background

In cold climates, at the beginning of spring, frozen pavement substructure starts to thaw. This
uneven thaw pattern will result in water trapped in the base layer and will cause a dramatic
loss of strength. Pavement strengths may be reduced in some cases, by as much as 50% of
typical fall strength. The pavement will remain in a weakened state until the thaw is complete
and the onset of strength recovery commences. The distresses that are mainly favored by the
poor quality of the granular layers in the flexible pavements are rutting, fatigue cracking,
depressions, corrugation, and frost heave.

Modern economic conditions and transportation practices have enabled the trucking industry
to thrive. Spring thaw conditions combined with heavy truck traffic result in excessive
damage. One dternative to avoid the excessive damage levels is to apply load limits for
heavy trucks. These limits are commonly referred to as spring load restriction (SLR). Most of
the states and countries in cold climates apply SLR to preserve the road investment for longer
periods of time without substantial costs.

In order for SLR to be efficient, agencies must know when the weakening due to thaw begins
and ends. This kind of information has been obtained by a number of methods. The depth of
the frost penetration can be directly measured and the quality of the information obtained
from the direct measurements is high; however, these types of measurements are expensive
and data collection is time consuming. Thaw data may be obtained from visual observation of
water seeping from cracks in the pavement as an alternative for monitoring the variation in
frost depth. Unfortunately, once the seepage is abserved the best time for placing restrictions

has passed.

Relative indicators of pavement strength may be obtained from load tests such as the
Benkleman Beam, or the Faling Weight Deflectometer (FWD). These tests provide
deflection data, which can be used as an indicator of pavement strength, or the strength
values can be calculated from the deflection data. However, these types of test also take time
and effort to be performed and when the deflections begin to increase it is an indication that
the thaw effect has aready started.

Currently, the most efficient approach seems to be a restriction policy based on air
temperatures. Many agencies, including Mn/DOT, have been interested in developing
models that relate the start of spring thaw to the freezing and thawing index'. The models
relate these indexes to the pavement surface temperature and other variables that predict thaw
condition.

From the truck operator’s point of view, the SLR policy is detrimental to business. The main
source of income for truck carriersis delivering commodities on highways in an efficient and
timely manner. Once the load limits are in place, most of the carriers must reroute and/or use
more trucks or more trips. The producers and retailers are aso influenced by SLR because
they might be forced to store more commodities for a longer time. Last but not least, general
traffic conditions are influenced because of the increasing of number of trucks on the road
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network. This change in the traffic flow makes car traveling more difficult and less safe,
especialy in congested urban areas.

The impact of the SLR on the economy imposes a careful analysis of the efficiency of this
kind of programs using a cost-benefit evaluation. Such an analysis involves three major steps.
First, an evaluation of the costs incurred by the restrictions on various industries must be
performed. Secondly, an assessment of the amount of money saved as a result of preserving
the road quality by using SLR is necessary. Finally, a comparison between the cumulative
additional profits of al industries affected by SLR policy in the absence of such restrictions
and the additional costs necessary to maintain and repair the road network to the required
quality without the benefit of SLR must be done.

Objectives and Research Approach

The objective of this research is to evauate the reduction in damage on Minnesota roads
subjected to the application of SLR. The focus is on County and State Aid paved roads
mainly because of the available traffic data, a critical component of the analysis performed in
this study". The research has been limited to paved roads for which maintenance, repair and
rehabilitation activities are expensive.

The first part identifies the ways in which the SLR programs are designed and applied in the
countries and states that deal with freeze/thaw problems. This part is followed by a detailed
presentation of the structure and performance of Minnesota' s local roads network. Next, a
comprehensive review of the impact of the environment on the @vement behavior and the
way in which this is considered in pavement design methods is presented. Based on the
information presented in the first three parts, the evaluation of the impact of SLR on
Minnesota restricted pavements is performed using MnPAVE mechanistic-empirical method.



1.2 Review of SLR Programs

Introduction

The objective of implementing spring load restrictions is to reduce the damage on the roads
that do not have the capacity to carry the expected truck loads during the spring time, as well
as on roads in poor condition. Most of the countries that have the freeze/thaw phenomena
impose it because they can assure that in this way the lifetime of the road is not reduced
significantly.

A World Bank report from 1993 [1] indicated that during spring thaw paved roads with thin
overlays on top of frost-susceptible soils may lose more than 50% of bearing capacity in
spring while gravel roads can lose 70% of their bearing capacity. The strength variation
during spring thaw may be smaller when the road is designed to frostresistant standards and
has sand/gravel sub-bases to limit capillary action. Frost-resistant designs are very
expensive, and therefore agencies use spring load restrictions (SLR) as protective measures.

Estimated benefits of SLR vary from one agency to another, ranging from 1.5 to 10 times,
when annual road maintenance/ transport costs are compared with and without restrictions.

An article published in a Federal Highways Administration newsletter estimated the benefit
of seasonal load restriction on US roads and concluded that more than 50% of the lifetime of
the road is saved if spring load restrictions are applied, see Table 1.1.

Table 1.1 Benefit from seasonal loadrestriction in USin1990 [1]

Pavement Load Reduction During  Expected Pavement Life
Thaw (%) Increase (%)
20 62
30 78
40 88
50 95

Canada

All Canadian provinces impose spring load restrictions but they use different criteria to
determine the period when spring load restrictions have to be imposed. Most of the agencies
do not restrict their primary highway network during spring, but some of these are
reclassified as secondary highways during spring, so that they are subjected to seasonal
restriction. Percent reductions of 90, 75 or 50 of the basic alowable weights are typicaly
imposed based on highway functional class and the reduction of bearing capacity. There are
some agencies that allow tolerances on their basic allowable weights; these tolerances are
removed during spring. Most of the agencies use deflection testing to establish the interval
when restrictions are enforced. There are a few that use frost tubes. A summary of SLR
policy in Canada is presented in Table 1.2. [3]
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Most provinces allow exemptions to the restrictions for trucks carrying commodities such as
milk, grain or forest products. Also, a large part of public utility and emergency vehicles are

exempted.

Europe

The spring load restrictions are posted in several countries in Europe. A summary of these
restrictions is presented in Table 1.3. Most of these countries try to have coherent SLR
policiesthat tend to be comprehensible, enforceable and efficient.

Among the European countries, a particular case is represented by Norway, which ceased to
enforce spring load restrictions in 1995. Norway has a main road network of 26,000 km and a
secondary network of 27,000 km. Before lifting SLR, 89.4 percent of the main road network
was posted as 10-ton roads during the summer and half of them were restricted during the
spring. Table 1.4 presents the complete restriction system imposed on the main road network
and secondary road network in Norway in 1994. The restrictions were imposed when the
thaw was at a depth of 20 to 25 cm and lifted at a thaw depth of 100 to 125 cm. The length of
the restriction period was approximately 8 weeks. The typical service lifetime for asphalt
surfacing was 10 years for the main roads and 15 years for the secondary roads.[4]

Table 1.2 Summary of SLR in Canada [3]

Province Start of SLR | End of SLR Redtriction Determi_na.lion of
restriction
British no overloads, frost probes,
Columbia mid-February mid-June 70%, 50% of deflections,
basic load historical data
from FWD 90%, 75%, 50%
Alberta 30cm of thaw testing of basic load FWD
2"or 3° ,
; maximum 6 90%, 80% of .
Saskatchewan vI\\//Ieek in weeks basic load Deflections
arch
April 15
. 95%, 90%, 65% ,
Manitoba (Northern May 31 of basic load Deflections
Zone)
first Monday 5 ton per axle,
Ontario inMarch (S. mid-May 50% of basic na
Region) load
90cm of thaw
85%, 80% of
Quebec 30cm of thaw belg?;\fl arcog:l basic load frost probes




2"or 3 ,
New Brunswick week in mid- l?/lra?/n d of gfgf?oogjof Dynaflect
March
PrinceEdward . 75% of basic
|sland March 1 April 30 load Dynaflect
. March 2 (S. . 75%, 70% of
Nova Scotia Reg ong April 24 baos cl and Dynaflect
Newfoundland February April as needed na
Table 1.3 SLR in Europe
Country Start of SLR End of SLR Restriction Determina’_[ion of
restriction
25,4-,6
S frost depth
France n/a na 8-ton f.or single Mmeasurements
dual tire axles
grossweights:
_ . 4-, 8, 12-, FWD,
Finland April May 18-ton; total experience
shutdown
depends on
lcdand 30cm of thaw na vehicle type and frost depth
axle measurements
configuration
FWD, frost
, 4-, 6, 8ton per depth
Sweden April May e measurements,
experience
min. 90% of
old: 515cm summer chanaed vearl
of thaw bearing ged yearly
capacity FWD, frost
Norway depth
present: measurements
prediction that 4-8 weeks 25 needed
pavement will | after imposing
break down




Table 1.4 Allowable axle loads (%) for summer and spring thaw on the Norwegian
road network, January 1994 [4]

Allowableaxleload | 10/10 | 10/8 | 107 | 106 | &8 | 87 | 86 | 84 | 666
summer/spring (t)

Main road

network (%) 444 |1 408 | 07 | 34| 27| 11| 68 0 0

Secondary road 51 |[230| 09| 69| 151| 51 |420| 1.6 | 04
network (%)

In 1990, the Norwegian Directorate of Public Roads initiated a project entitled “Better
utilization of the bearing capacity of the road network”. One of the main goals of this
program was to investigate the bearing capacity cost implications for road owners and road
users related to a genera increase in the alowable axle load to 10 tons and lifting al axle
load restriction during the spring. The project estimated that canceling of the spring load
restrictions reduced the surface serving life from 10 to 8 years for the main road network and
from 15 to 11 years for the secondary road network. It aso predicted an increase in the
maintenance and rehabilitation costs for the roads administrator in order to provide an
acceptable serviceability level for the network. The conclusions of the project after the
evaluation of road user and owner cost were that lifting of the spring restrictions would
provide a socia-economic profit of $24,700,000 resulting in a benefit/cost ratio of 2.3. On the
other hand, the Norwegian report showed that without an increase of the maintenance budget
adeterioration of surfacing quality would result, with a potential annual loss for the road user
of $28,000,000. [4]

After 9years without spring load restriction, Norwegian Public Roads Administration [5] has
shown that the main performance parameters of the pavements (rutting and roughness) kept
their normal trends. Based on field observations, they concluded that the change in policy did
not significantly affect the road network, and this situation did not seem to be the result of a
significant increase in the budget allocated for resurfacing. Among the possible explanations
for this situation, they identified: “the slow, but steady increase in surfacing service life from
1985 to 2002 from approximately 10 to 15 years for the nationa roads and from 14 to 18
years for the county roads, and the reduced use of studded tires in winter (from
approximately 80 percent in 1994 to 40 percent in 2002)” and “the general development in
asphalt techniques and procedures, like thin surfacing”. They have also indicated that even if
they do not have any clear explanation for the performance of the retwork, they do not expect
any significant changes in the quality of the network in the next years.

United States

In the US, 22 dates are susceptible to freeze-thaw conditions, and most of them have
imposed spring load restriction. The duration of this restriction is typically between 8 and 9
weeks. The methods used to determine when to place and remove the restrictions vary from
state to state. In most of the cases, the restrictions are imposed at the same time in the entire
state to eliminate the risk that transporters in one area have an unfair advantage over
transporters in another area.



There are severa methods [6] that are used in these states to determine the moment when
spring load restrictions are imposed. The first is visua observations. The criteria that are used
in this type of evaluation are: water seeping through cracks in the pavement from the
subsurface layers as a result of traffic load applications, rapid deterioration of the surface
layer, and soft shoulders. These states are: North Dakota, Idaho, Maine, Montana, New
Hampshire, Oregon, New Y ork, lowa, Wisconsin and Michigan.

Washington, Alaska, Minnesota and South Dakota use anaytical methods in addition to
engineering judgment and experience to place and remove SLR. They used one of the
following analytical methods. deflection tests to determine stiffness, various electrical
sensors to measure frost depth and average daily air and pavement temperature to predict
thawing.

Table 1.5 presents the main components of the SLR policy in Minnesota and in five adjacent
States.

Table 1.5 SLR in Minnesota and five adjacent states [7]

State Start of SLR | End of SLR Restriction Deter mination of
around around restriction
North differsbetween deflection
March 15 June 1 trunk highways | measurementsand
Dakota .
and county roads experience
South deflection
February 28 April 27 6-, 7-ton per axle | measurementsand
Dakota i
experience
Road Rater and
lowa March 1 May 1 no overloads experience
deflection
Wisconsin March 10 May 10 no overloads measurementsand
experience
70% of gross
Michigan early March late May weight for HMA experience
roads
Minnesota March May 5, 7-, tonper | design testing and
axle experience

The Minnesota Department of Transportation (Mn/DOT) became more concerned with SLR
program in the mid 1980s, as a response to the increases in pavement damage noticed in
successive springs. Three methods were used to determine when restrictions should be in
place: observations of water movement and seepage near cracks were a primary focus, and
the frost depth measured by frost tubes (installed in certain locations) and resistivity probes.
Also, the weather conditions were collected in the spring. Even if the deflections proved to be
a valid parameter in the evauation of the seasonal variation, using deflections to analyze
62751 km (39,000 miles) of roadway is not afeasible approach [8].



When conditions warranted load restrictions, 7-day notices were given prior to the
implementation. It was found that using this policy the SLR start dates were 7 to 10 days later
than the critical point when the base starts to thaw. Thus, the system was found to be
inefficient and in 1996 a study was done to improve the system by providing more protection
for the roadways. An additional study was conducted in 2000 [6] producing a new method
that provided a much more efficient and successful system, as described next.

Six frost zones (Figure 1.1) were used, in which analyses would be performed to determine
separate starting dates for SLR. These were created based on general weather trends in spring
and aso on the traffic level, as indicated by the separate metro zone, which experiences a
great deal of truck flow. The cumulative thaw index (CTI) was aso considered as a primary
tool to determine when SLR should be in place. Mn/DOT uses 3 to 7 days of weather
forecasts to determine the CTI. The reference temperature has been determined by
experiments, and varies linearly from -1.5°C (29 degrees F) on February 1 to -4.5°C (24
degrees F) on March 15. When the CTI exceeds -4°C-days (25 F degrees-days), a three-day
notice is given to the public via internet and telephone. After the notice, restrictions are in
place and remain so for approximately eight weeks. This time period is set for every zone,
regardless of the SLR start date to ensure that the roadways have enough time to fully regain
their strength. [6]

For pavements constructed with a 10-ton capacity, SLR is not necessary, since the structure is
designed and constructed to handle standard loads. The Mn/DOT report “Improved Spring
Load Restriction Guidelines Using Mechanistic Analysis’ [6] estimates that “1,600 miles of
state trunk highways, 23,600 miles of county state aid highways, 2,400 miles of municipal
state aid city roads, and roughly 11,000 miles of other local roads’ are subject to SLR. Based
on the program in place in Minnesota, expected benefits are 10% in the pavement lifetime,
which, based on an HMA overlay cost, save approximately $12,000,000 annualy; these
estimates were based on caculations performed with an earlier version of MnPAVE
pavement design software.
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Figure 1.1 Minnesota frost zones [9]

The main conclusion of this review is that currently, there are different approaches in dealing
with the consegquences of the freeze-thaw phenomena on the pavement, but these phenomena
concern al the countries and the US states located in cold-climate. It is very difficult to
identify a general pattern for spring load restrictions around the world. The level of reduction

of axle load varies from country to country, and the same diversity is encountered in the
lengths of the restriction.



1.3 Factorsthat Affect Pavement Behavior

Introduction

In order to quantify the SLR effects it is necessary to understand the factors that have a
significant contribution to the damage of the pavement. These factors are: the traffic load, the
pavement structure, and the environmental conditions.

Traffic load is frequently given in the format of the daly average traffic flow. From the
pavement designer’s perspective, another important characteristic is the traffic distribution by
vehicle type and weight. Not all the vehicles have the same damage potentia on the
pavement; an increase in weight is commonly associated with an increase in the amount of
damage received by the pavement. Almost all current design procedures consider the number
and the type of heavy vehicles as an important parameter. Other important components
associated with the traffic are the axle type and the load distribution per axle. For example, it
has been shown that a super single axle induces more damage on the pavement than a dua
axle with a similar load. [10] Other traffic parameters such as tire pressure and tire type
influence the damage potential.

The pavement structure is represented by a layered system, with the highest quality materials
on top and the lowest at the bottom, which is designed to transmit the traffic loads to the
ground foundation. Similar to other structural designs, the load that is transmitted to the
foundation should be less than the foundation bearing capacity, and as a consequence, based
on the material properties and costs for these materials, an optimum thickness design is
selected for the pavement structure. In the case of pavement design, the failure criteria are
more related to the quantity of damage visible on the pavement surface; the current pavement
design criteria are concerned with providing a safe and smooth ride during the whole lifetime
of the road and are based on definite limits on the distresses that occur on the surface of the
pavement.

One of the most important, however, very difficult to analyze and quantify factors is the
environment. It can be considered as a load factor because it induces thermal loading in the
pavement layer, but at the same time it is an important source of variation in the pavement
layers’ material properties. Temperature, rainfal, and water table level are components that
have a significant influence on the pavement layers properties. If a design procedure
neglects these variations in properties, it is more likely to produce a pavement structure that
either overestimates or underestimates the pavement capacity.

In orckr to evaluate the quality of the road and the impact of a particular factor on the road
lifetime, the whole complex of inputs that affect it must be analyzed. For this purpose, a
survey to evaluate the Minnesota road network was conducted and the results are presented
next. In order to have a clear picture of the current condition of the local roads, a detailed
review of the current design procedures and the traffic data is also presented. At the end of
this section, considerations related to the material properties and environmental factors that
influence the road performance are given.
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Minnesota L ocal Road Networ k
Road network review
Minnesota Network Size and Administrations

Minnesota's public road system has about 217215 km (135,000 miles) spread out in 87
counties. From this system, only 9 percent is administrated by MnDOT. The large majority
of the road network is under the jurisdiction of various other agencies. The size of the
different road networks"' is presented in Table 1.6.

As can be seen in Table 1.6, the majority of the roads reside in townships. However, this is
not the case for all counties. An analysis of the first two largest local road networks (St. Louis
— 9068.536 km (5,636.136 miles) and Hennepin — 8009.636 km (4,978.021 miles)) indicates
a significant difference between their structures. Figure 1.2 shows that county roads represent
around 50 percent of the St. Louis network, but only 10 percent of the Hennepin network.
These facts suggest that there are a large variety of roads and traffic distributions on the local
roads network. A statistical analysis of the distribution of the roads by jurisdiction for all
Minnesota counties indicates the same lack of uniformity. (Table 1.7)

Table 1.6 Minnesota road network (mileage from Mn/DOT, Transportation
Information System - prepared by State Aid, 2004)

% of .
A”Ss;aedr;"s""y Kilometers (Miles) Total La”e(*,\(/l'i'geters
System

Township & Other | 95776.91 (59,525.74) 439% | 191,574.69 (119,064.44)

Trunk Highway 19,176.74 (11,918.42) 8.8% 46,779.81 (29,073.85)

County State Aid | 48,922.37 (30,405.45) 22.4% 99,445.69 (61,805.90)

County 24,206.10 (15,044.19) 111% | 48,453.42(30,113.995)

Municipd State Aid | 4,568.61 (2,839.41) 21% 10,306.91 (6,405.78)

Municipal Streets | 25,474.39 (15,832.44) 11.7% 51,043.03 (31,723.45)

Grand Total 218,125.15 (135565.64) | 100.0% 447,603.56 (278187.42)
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Figure 1.2 Distributions of roads by jurisdiction for the largest road networks
in Minnesota

Table 1.7 Types of roadsin the Counties’ Networks"

Type of Roads ﬁﬁij&%&?ﬁ ?)t/ FI)VI e: r;ier:ttgge FI)VI erac);(oirrﬂ ;;ne Median
Trunk Highway 9.08% 4.8%% 2303% | 848%
ﬁféﬁ VC;S 23.18% 1050% | 3101% | 2331%
County Roads 11.56% 0.00% 33.92% 10.84%
City Roads 11.01% 82.28% 028% | 5.90%
TOV‘(’)rtf;irp & 45.17% 1.11% 62.94% | 47.76%

In order to have up-to-date records of the county road networks, a survey was conducted in
May 2003. This survey was addressed to the county engineers and contained questions
related to the conditions of the local road network. Thirty-four out of eighty-seven counties
(40%) responded to this questionnaire’. These counties were spread out all other the state as

shown in Figure 1.3.



Figure 1.3 The distribution of the respondent counties

The road system of the counties and most cities are divided into 10-, 9-, 7, and 5ton roads
during the spring season (Figure 1.4). The network administrators make this distribution
based on the quality of the roads. Most of the local roads are 3ton roads throughout the year
except during SLR, when they are reduced to 7 or 5ton [7]. Figures 1.5 and 1.6 depict the
way in which the gravel and paved roads are restricted. Data for these figures are based on
the information collected from 87 counties. Tables 1.8 and 1.9 provide a brief datistical
analysis of road distribution in these counties.
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Figure 1.4 Road network compositions in some Minnesota counties during SLR

Table 1.8 Statistical analysis of the local gravel road network in 87 counties”

Statistics 10-ton 9-ton 7-ton 5ton Others
parameters

km (miles) | km (miles) | km (miles) km (miles) km (miles)
Average 0.0 (0.0) 1.3(0.8) 51 (3.2 269.9 (167.8) 20.0 (12.4)

Std. Deviation | 02(0.16) | 9.4(58) | 21.3(132) | 334.1(207.6) | 66.7 (415)
Median 0000 | 00(00) | 00(0 | 201.1(1250) | 0.0(0.0)

Minmum | 00(00) | 00(00) | 00(00) 0.0 (0.0) 0.0 (0.0)
. 387.0
Maxmum | 16(10) | 869 (540) | 1201(802) | 24586(15280) | .o
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Table 1.9 Statistical analysis of the local paved road network in 87 counties

Statistics 10-ton 9-ton 7-ton 5-ton Others
Parameters 1= miles) | km (miles) | km (miles) | km (miles | km (miles)
Average | 27.7(172) | 211.3(131.3) | 211.8(1316) | 509(3L7) | 110(68)
Std. Deviation | 54.1 (336) | 187.9(116.8) | 1737 (1080) | 1434(892) | 285(17.7)
Median 9.8(6.1) | 164.1(1020) | 1706 (1060) | 108(6.7) | 0.0(00)
Minmum | 00(0.0) | 00(0.0) 0.0(0.0) 00(00) | 00(00)
. 3315 12458 12084 1448
Maxdmum | o0gg) | 992(620L0) | 7745 (751.0) (90.0)
10-ton_9-ton

7-ton
Others 204

7%

5-ton
91%

Figure 1.5 Gravel roads distribution on the Minnesota local network during SLR
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Figure 1.6 Paved roads distribution on the Minnesda local network during SLR
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The 10-ton roads account for less than 10 percent of the county network. Only three counties,
Nicollet, Redwood, and Watonwan have a large part of the network (around 35 percent) as
10-ton roads. These roads have a very good structural capacity and are not affected by a
restriction program.

Another category of unrestricted roads during the SLR period is represented by 9ton roads.
All counties, except Clearwater, have 9-ton roads in their network. A typical 9-ton road has a
cross section of 89 mm (3.5in) to 254 mm (10 in) of bituminous surface on a granular base of
102 mm (4 in) to 381 mm (15 in). The largest 9ton network is in Stearns County: 803 km
(499 miles). Other counties in which 9-ton roads constitute a significant part of their network
are Nobles (522 km / 324 miles), Polk (539 km / 335 miles), Morrison County (789 km - 485
miles), and Saint Louis ( 573 km / 356 miles).

The *#ton roads are the prevaent type in the county road networks. The largest number of
kilometers is registered in Otter Tail County (1245 km / 774 miles) and Blue Earth County
(949 km / 590 miles), where 7-ton represents 76 percent and 82 percent of their networks,
respectively. For this category of road, the typical cross sections have a bituminous surface
ranging from 51 mm (2 in) to 153 mm (6 in) on an aggregate base of 153 mm (6 in) to 254
mm (10 in)

The 5ton roads are either gravel roads or paved roads with 51 mm (2 in) of bituminous
mixture. Four counties Cass, Marshall, Norman, and Roseau have more than 650 km (404

miles) of 5ton gravel roads comprising more than half of their network.

The data indicate that in Minnesota, some roads are not included in any of the typica
restricted categories. Usually, these roads are 6ton roads and their proportion in the network
is not significant (amost 4 percent). The largest number of kilometers can be found in
Olmsted County where there are 296 km (184 miles) of 6ton roads, and 242 km (151 miles)
of them are gravel roads.

Based on State Aid daia provided in 2004, Table 1.10 and Figure 1.7 present the distribution
of roads for an “average’ county, which could probably be representative for Minnesota.

Table 1.10 Distribution of roads for the average Minnesota county based on data from 87

counties
10-ton 9-ton 7-ton 5-ton Others
Type of road
km (miles) km (miles) | km (miles) | km (miles) km (miles)
Gravel Roads | 0.04 (0.03) | 1.34(0.83) | 5.11(3.18) (i?;?)%) (fg'g)
27.65 211.28 211.77 50.93 10.97
Paved Roads | (17'1q) (13131) | (13162) (3L65) (6.81)
Totd 27.70 212.62 216.88 320.84 30.97
Network (17.21) (132.1) (134.79) (199.40) (19.25)
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Figure 1.7 The network for the average county designed based
from 87 counties

Another purpose of the survey was to evaluate the quality of the network. The first step in
this process was to look at the quality of the soil because this parameter plays an important
role in the way in which a road is designed and managed. Currently in Minnesota, two
methods are frequently used to classify soils: the Soil Factor and the R-value. Because most
of the respondents used the soil factor to express the quality of soil, this parameter was
chosen to organize the data. Another fact that supports this approach is the availability of
established relations between the Soil Factor and the R-value™".

Almost one quarter of the counties that responded to the survey have al the roads built on
poor quality soil with a Soil Factor equal to 130. Another 20 percent of the respondent
counties have more than 80 percent of the roads built on a similar type of soil (Figure 1.8).
Only two counties do not have any soil with Soil Factor equal to 130 (Waseca County and
Winona County). The survey seems to indicate that A7 is the most frequently encountered
soil in Minnesota. However, Mn/DOT provides contrary information in its reports. [11] [12]
[13] These reports show that A6 is the most frequent type of soil.
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Figure 1.8 Frequency of different types of soil in Minnesota

High qudity soil is not the predominant type of soil in Minnesota; 13 percent of counties
have between 25 percent and 50 percent of roads in their network built on a soil with soil
factor 75 or less. Conversely, 40 percent of respondent counties do not have any soil with soil
factor equal to 75. Dakota County and Morrison County seem to have the best quality of soil.
Dakota County reported 10 percent soil with SF=130, 50 percent soil with SF=100, 30
percent soil with SF=75, and 10 percent soil with SF=50. Morrison County reported 75
percent soil with SF=100, 10 percent soil with SF=75, and 15 percent soil with SF=130.

The survey also requested information about the design methods used today in Minnesota.
The results indicate that there are only two methods: the Soil Factor method and the R-value
method, and that there is no clear option for one of these methods (Figure 1.9).

SFandR SF
29%
vaue
35%

R-vdue
36%

Figure 1.9 Current roads design methods used in Minnesota
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The Soil Factor method is an old design procedure that has been used for more than 50 years
and it is ill used very often today. The R-value method was adopted in the early 1970s and
many counties that use it have not given up completely the Soil Factor method. A few
counties reported that they use the R-value method exclusively in the design of 10- and 9ton
roads.

Benton County seems to be one of the first counties that adopted R-Value for its road design
in 1978. Currently in this county, 25 percent of roads are designed with the R-Value Method,
20 percent with the Soil Factor Method and 65 percent are designed using other design
procedures. Because of this variety of methods used to design roads, it is very difficult to
relate the effect of using R-value methods to the current quality of the Benton County’s road
network using only the answers from the survey.

The results show that 25 percent of counties have only used the Soil Factor method to design
their roads and 90 percent of respondent counties have more than half of their road network
designed based on the Soil Factor method. Only three counties: Nicollet, Dakota, and
Chisago have more than 50 percent roads designed using R-Va ue method.

Design methods, ather than the Soil Factor and R-Value are used in 15 percent of counties.
No county indicated what other design methods they used. One of the methods seems to be
the typical cross section method. [11]

For the traffic data used in pavement design, only 20 percent of counties used only ESAL to
guantify traffic and another 20 percent used only Average Daily Traffic (ADT) (Figure 1.10).
Almost half of the respondent counties considered traffic as a combination between HCDT
and ESAL or ADT. All counties using the R-value method also consider ESAL for traffic
quantification.

80%

60% T
2
€
>
38
B 40% 1

20% +—

0% T T .
ESAL ADT HCDT Max. load

@ Combination between this type of loads and other types 0O Only this type loads |

Figure 1.10 Types of traffic used in road design in Minnesota

Mn/DOT is the main traffic data provider for al counties. (Figure 1.11) However, 12 percent
of counties combine the data from Mn/DOT with data from their own counts and 12 percent
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of that use only traffic data from their own counts. Counties using the R-value method tend to
do traffic measurement by themselves. However, these data clearly indicate a significant lack
of traffic measurements on local roads.

Mr/DOT and Count

by Agency
13%

Count by Agency
13%

Mn/DOT
74%

Figure 1.11 Traffic data providers

Almost all respondent counties evaluate the quality of their road networks. The most
frequently used method to evaluate the performance of the loca roads is the conditions
survey. In some cases, however, the answers regarding the most frequent distresses were not
relevant because it referred to the cause of the distress and not the distress. For nearly 20
percent of the counties, the heavy \ehicles represent one of the major causes of distress, and
for 15 percent of the counties, the age of the road is a mgor problem.

The county responses point out that cracks are the main pavement distress on the loca
network. From the 70 percent of courties that indicated this fact, nearly 20 percent identified
therma cracks as their main distress and another 17 percent identified transversal cracks.
These data lead to the conclusion that the environment is a major cause of distress. Only 15
percent of the counties reported rutting as the main distress. Rutting is the distress typicaly
caused by the variation of the quality of the granular materials due to an increase in the
moisture content during springtime.

The repair and rehabilitation procedures are selected in correlation with the most frequent
distresses. Thus, most counties seal the cracks. In terms of rehabilitation, the respondents
have indicated that they overlay and try to increase the structural capacity at the same time.

The main conclusion of the survey is that it is very difficult to establish a structural pattern
for the local road network. The length and the distribution of the roads in categories (10-, 9-,
7-, and 5ton) can vary significantly from one county to another. Moreover, even when the
same design procedures are employed, the results in terms of pavement structure are very
different. There are counties that on their 5- ton road network have paved roads with 51 mm
(2 in) of hot-mix asphalt on 102-153 mm (46 in) of granular base, and other counties that
have a similar pavement structure on the 7-ton network. Also, there are counties with roads
with thick granular base layer 254-305 mm (10-12 in) or thick asphalt layer of more than 153
mm (6 in), even for the 7-ton roads.
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Evauation of the network performance seems to indicate a more uniform outcome. All the
respondent counties declared that they evaluated the quality of their network, most frequently
using the condition survey. However, in many cases the data are not stored in an easy-to-use
format for research purposes. The collected data indicate that environmental factors (low
temperature and/or freeze-thaw phenomena) are the main causes of pavement damage.

Design M ethods Used for Pavement of the L ocal Roads

The Soil Factor Method

One of the first methods used for pavement thickness design in Minnesota is the Soil Factor
Design Method. This method was developed based on field observations and its main results
were synthesized in adesign table. It uses asinput: 20 years projected twoway average daily
traffic (ADT), heavy commercial average daily traffic (HCADT), maximum allowable spring
axle load and type of soil.

Principles of the method

The method is based on the correlation between the pavement design thickness established
for a road with an A6 embankment soil American Association of State Highway and
Transportation Officials (AASHTO) Soil Class and the thicknesses of pavements built on
different types of soil. In the first step of the development of this method, the design
thicknesses of the pavements were established for the roads with an A6 soil as embankment
and for various sets of traffic loads. An A6 soil was used as reference soil because it is the
predominant soil in Minnesota. The pavement thickness is expressed in terms of Granular
Equivaent (GE) because in this way it is independent of the material used for the pavement
layers. In the second step, a relation between the pavements built on the A6 embankment soil
and the pavements built on other types of soil, was determined. A soil factor was introduced
to quantify this relationship. The factor expresses the variation of the thickness of the
pavement built on another type of soil relative to the thickness of the pavement built on the
A6 soil, under the hypothesis of the similar loads. In some cases (e.g. A4 soil), the soil factor
is expressed as an interval because it has to quantify the frost susceptibility of soil. This
implies that in cold regionsit is recommended to assign a value of the soil factor thatis larger
than the minimum value of the soil factor interval [13] [14] Table 1.11 is the design table that
is currently recommended by the Mn/DOT State Aid Manua [14].

Granular Equivalent (GE) and Granular Equivalent Factor

Granular Equivalent (GE) is a quantification of pavement thickness based on the idea that the
pavement is built entirely from a granular material. By cmmparing the strength properties of
this standard granular material with the strength properties of al other materials used for
pavement layers, a set of Granular Equivalent Factors (GE factor) has been established.
These factors are used to transform the granular material in any other material and this
transformation reflects the contribution of each layer to pavement performance.

Minnesota Specification 3139 assigns GE Factor equal to 1 for aggregates from Class 5 or 6
which characteristics are specified in Table 1.12.
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Table 1.11 Table for flexible pavement design using Soil Factors from “State Aid

Manual”
FLEXIBLE PAVEMENT DESIGN USING SOIL FACTORS
Required Gravel Equivalency (G.E.) for various Soil Factors (S.F.)
For new construction or reconstruction use projected ADT. For resurfacing or reconditioning use present ADT.
All units of G.E. are in inches with millimeters (mm) in parenthesis.
7TON @ LESSTHAN 400 ADT 9 TON -150-300 HCADT 9TON - MORE THAN 1100 HCADT
SF. "g:["g”Em Total G.E. SF. '\éi':'g”: Totd G.E. SF. Minimum Bit. GE.  Total G.E.
50 30 (75) 7.25 (180) 50 70 (175)  14.00 (350) 50 8.0 (200) 20.30 (510)
75 3.0 (75) 9.38(235) 5 7.0 (175)  17.50 (440) 5 8.0 (200) 26.40 (660)
100 30 (75  11.50 (290) 100 70 (175)  21.00 (525) 100 8.0 (200) 32.50 (815)
110 30 (75  12.40(310) 110 70 (175)  22.40 (560) 110 8.0 (200) 35.00 (875)
120 3.0 (75) 13.20 (330) 120 7.0 (175) 23.80(595) 120 8.0 (200) 37.40 (935)
130 30 (75  14.00 (350) 130 70 (175)  25.20 (630) 130 8.0 (200) 39.80 (995)
7 TON @ 400 - 1000 ADT TON - 300-
SF. . Total G.E. SF. . Total GE. -
Bit. G.E. Bit. G.E. Superpave Hot Mix Spec. 2360 225
50 30 (75) 9.00 (225) 50 70 (175) 16.00 (400) | Plant Mix Asp Pave Spec 2350 2.25/2.25/2.00
75 30(75)  12.00(300) 75 7.0 (175)  20.50 (515) Plant-Mix Bit. Type 41,61 2.25
100 30(75  15.00 (375) 100 70 (175)  25.00 (625) Plant-Mix Bit. Type31 2
110 30 (75  16.20 (405) 110 70 (175)  26.80 (670) Aggregate Base (Class5 & 6) 3138 1
120 3.0 (75) 17.40 (435) 120 7.0 (175 28.60(715) Aggregate Base (Class 3 & 4) 3138 0.75
130 3.0 (75) 18.60 (465) 130 7.0 (175)  30.40 (760) Select Granular Spec 3149.2B 0.5
AASHTO SOIL SOIL FACTOR ASSUMED
9TON @LESSTHAN 150 HCADT 9TON - 600 @ 1100 HCADT CLASS (SE) % RVALUE
SE M?mmum Totdl GE. SE. M.lnlmum Totd GE. A-1 50-75 70-75
Bit. G.E. Bit. G.E. A-2 50-75 30-70
50 7.0(175  10.25(255) 50 8.0 (200) 18.50(465) A-3 50 70
75 7.0(175)  13.90 (350) 7 80 (200) 23.70 (595) A-4 100-130 20
100 7.0(175)  17.50 (440) 100 80 (200) 29.00 (725) A-5 130+ -
110 70(175)  19.00 (475) 110 80 (200) 31.10(780) A-6 100 12
120 70(175)  20.50 (515) 120 80 (200) 33.20(830) A-7-5 120 12
130 7.0(175)  22.00 (550) 130 80 (200)  35.30 (885) A-7-6 130 10
NOTE: If 10 ton (9.1 t) design is to be used, see Road Design Manual 7-3.
For full depth bituminous pavements, see Road Design Manual 7-3.
* Granular Equivalent Factor per MNnDOT Technical Memorandum 98-02-M RR-01.

Table 1.12 Base and surfacing aggregate [16]

Total Percent Passing Class5 Class 6
Sieve Size
75 mm - N
50 mm -
25.0mm 100 100
19.0mm 90-100 90-100
9.5 mm 50-90 50-85
(A) 35-80 :
4.75 mm (B) 35-70 35-70
(A) 20-65
425 mMm 10-35 10-30
. (A) 3-7
75 mMn 3-10 (B)4-8

Notes.
(A) Applies when the aggregate contains 60 percent or less of crushed quarry rock.
(B) Applies when the aggregate contains more than 60 percent crushed quarry rock



Equation (3.1) is used to establish the relation between the layer of standard granular material
and the materials used in layers of the pavement.

GE=aD, +a,D,+aD, +........ (3.1
where: GE — granular equivalent
D — thickness of asphalt mix surface
D,— thickness of granular base course
D3— thickness of granular subbase course
a, &, & — are GE factors for the materials of layers 1, 2 and 3

The values of GE factors and total GE in equation (3.1) are tabulated. (See Table 1.11). Also,
a set of standard limits for assigning the minimum value of the thickness of asphalt mix layer
(D1) must be considered in the design process. Table 1.13 presents all the values that are

assigned to the GE factors and the specifications that explain the way these values were
determined.

Table 1.13 Values of GE factors used in Minnesota [12]

Material Specification G.E. Factor

2360 225

Hot-Mix Asphalt 2350 2.25
2331 2.00

Road-mix Surface (base) 2321 1.50
Bituminous-treated Base 2204 (rich) 150
2204 (lean) 125

Aggregate Base Class5 or 6, 3138 1.00
Aggregate Base Class 3,4, 7, 3138 0.75
Sdlect Granular 3149.2C 0.50

If the traffic and the soil properties are known, the total granular equivaent can be
determined from Table 1.12. Using total granular equivalent and equation (3.1), the thickness
of each pavement layer can be determined.

Thus, the designer has the freedom to impose the thickness for al layers except one, which is
determined from the design equation. However, care must be takenin the design process, as
the load received by each individua layer ought not exceed its maximum allowable load. The
minimum thickness for the bituminous layer is provided in Table 1.11 and the thickness for
the subbase course can than determined.

AASHTO Soil Classification System

The AASHTO Soil Classification System is one of the first attempts to quantify the soil
quality with applications in pavement design. It uses three basic characteristics of soil:
gradation and Atterberg Limits - plagtic limit and liquid limit. Washed sieve anaysis
(AASHTO T-27 Procedure) is used to determine gradation. The plastic limit is determined
using the AASHTO Method T-90 and the liquid limit is established usng AASHTO Method
T-89. AASHTO Method T -90 requires establishing the moisture level of a set of small rolled
samples of the soil of 3 mm diameter. Method T-89 requires determining the moisture level
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using the Casagrande Method. Based on these three characteristics, a parameter named Group
Index is determined using equation (3.2). This parameter has a range between 0 and 20 and it
represents the main criterion for soil classification. Table 1.14 shows AASHTO Soil
Classification and the main characteristics of each soil type.
Gl =0.2a + 0.005ac + 0.01bd (32
where: Gl — Group Index
a — the portion of the percentage passing No. 200 sieve that is greater than
35 percent and less than 75 percent, expressed as a positive whole
number (0 to 40)
b — the portion of the percentage passng No. 200 sieve that is greater than
15 percent and less than 55 percent, expressed as a positive whole
number (0 to 40)
c — the portion of the numerica liquid limit that is between 40 and 60,
expressed as a positive whole number (0 to 20)
d — the portion of the numerical plasticity index that is between 10 and 30,
expressed as a positive whole number (0 to 20)

Table 1.14 AASHTO soil classfication from “Mn//DOT Geotechnical and Pavement

Manual” [16]
Ribbon|AASHTO Group |Group|Rating For Upper

Textura Class Identification by Feel Length |(H.R.B. Class) |Index |JEmb.
Gravel (G) Stones: Pass 3" sieve, Retained on #10 0 A-l-a 0 |Excellent
Fine Gravel (FG) Stones: Pass 3/8" sieve, Retained on #10 0 A-l-a 0 |Excellent
Sand (S) 100% pass#10. Lessthan 10% silt & clay. 0 A-1-a 0 |Excellent
Coarse Sand (CS) Pass #10, Retained on #40 0 A-l-aor A-1-b 0 |Excellent
Fine Sand (FS) Most will pass#40. Gritty - non plastic 0 A-1-bor A-3 0 |Excellent to Good
Loamy Sand (LS) Grains can be felt, Forms a cast 0 A-2-40rA-3-5| 0O |Excellentto Good
Sandy Loam (SL)

a dlightly plastic 0-10% clay. Gritty 0-1/2"| A-2-6orA-2-7| O |Excellentto Good

b. plastic 10-20% clay. Gritty 1/2"-1 A-4 0-4 |Excellent to Good
Loam (L) Gritty, but smoother than SL 1/4"-1 A-4 0-4 |Excellent to Good
SiltLoam (SiL) Smooth, slippery or velvety. Littleresistance] 0-1" A-4 0-4 |Fair to Poor
Clay Loam (CL) Smooth, Shiny, considerable resistance. 1"-2" A-6 0-16 |Good to Fair
Silty Clay Loam (SICL) | Dull appearance, slippery, less resistance. 1"-2" A-6 or A-5 0-16 |Fair to Poor
Sandy Clay Loam (SCL) | Somewhat gritty. Considerable resistance. 1"-2" A-6 or A-5 0-16 |Good to Fair
Clay (C) Smooth, shiny, long thin ribbon. 2"+ A-7 0-20 |Fair to Poor
Silty Clay (SIC) Buttery, smooth, dippery. 2"+ A-7orA-7-5 | 0-20 |Poor
Sandy Clay (SC) Very plastic but gritty. Long thin ribbon. 2"+ A-7orA-7-6 | 0-20 |Fair to Poor

Note: Where the group index is expressed as arange, such as 0-16, the lower values are the better foundation soils.

The AASHTO classification of soil does not illustrate the mechanical characteristics of the
soil because it was not developed directly on a stiffness or strengthtest. In Investigation No
183 [13], M. Kersten and E. Skok showed that for a given type of soil the strength
characteristics can vary significantly. For example, they noticed that for an A4 soil the R
value has arange from 10 to 68, CBR has arange from 2 to 40 and E modulus from 23.2 and
48.8 MPa (3370 and 7080 psi). Moreover, the stiffness and strength of the soil varies with the
density and moisture content.
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Because of the inability of the soil factor to quantify the quality of the soil more precisely and
because of the impossibility to use the soil factor in any mechanistic anaysis, the researchers
tried to find another parameter to accurately characterize the mechanical properties of the
soil. In order to define this parameter, E. Skok and M. Kersten analyzed the following tests:
CBR, Stabilometer R-Value test and plate test. The CBR and Stabilometer R-Value test are
laboratory tests frequently used to establish the strength of soil. On the other hand, the plate
bearing test was often used to evaluate the E modulus in field. Performing a statistical

analysis of the data obtained from the laboratory tests and the data resulted from the field
tests, the researchers have established that the E value measured in the field is best correlated
to R-values obtained at exudation pressure of either 1.38 or 1.65 MPa (200 or 240 ps).
Moreover, practice has demonstrated that the R-value test is easier to run than the CBR test.
Based on these observations, a design method with the R-value as an input was developed in
the late 60's.

STABILOMETER R-VALUE

Currently, the Stabilometer RVaue Method is another method used to design low-volume
roads in Minnesota. This method was developed from the research conducted to apply the
results from the AASHO Road Test to Minnesota conditions [13].

R-value is a measure of the resistance (stiffness) of embankment soil. It can be determined
from a standard laboratory test (ASTM D-2844) or estimated based on the soil type. In the
laboratory, the R-value is determined in a device caled stabilometer. A sample compacted
using a standardized kneading foot compactor is placed in the stabilometer, and the horizontal
pressure for a given vertical pressure (1.103 MPa) is measured. Equation (3.3) is used to
calculate the R-value as a function of the parameters from the stabilometer test. [18] The R-
value used in Minnesota is based on a 1.65 MPa (240 psi) exudation pressure. [16]

é u
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where: D — displacement of stabilometer fluid;
p, — vertical pressure (p=1103 kPa);
ph — horizontal pressure;

The early research related to this method was done in California and equation 3.4 shows the
first form of the design equation. [14]

GE=0.0032(T1)(100-R) (3.4)

where: GE — granular equivalent;
Tl —traffic index;
R — stabilometer R-value;

Based an equation (3.4) the granular equivalent is determined for each layer. Then, the values
are subsequently divided by the Granular Equivalent Factor to establish the true thickness of
each layer. The Traffic Index is a parameter that quantifies the effect of load on the road and
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it is determined as a function of traffic loads and admissible deflections. Because of this
characteristic of T, the R-Vaue design method has the possibility of limiting the deflection

of pavement.

Investigation No 183 [13] had as its main objective correlating the performance of flexible
pavement to traffic load, pavement structure and quality of the materials used. One of the first
conclusions of this research was that the most efficiert and complete parameter to quantify
traffic load is the number of ESAL. In establishing the effect of the loads on the pavement
structure, E. Skok and M. Kersten made a comparison between the total predicted lifetimes of
the road, which were determined using four methods: Soil Factor, AASHTO, Asphalt
Institute and Benkelman Beam Deflection. The results showed that the deflection method
provided the most conservative estimate. The same observation showed that the thickness of
the asphalt layer had a significant influence on the value of the deflection.

The researchers also wanted to find a method to quantify the thaw effects on the roads. They
found that the spring deflection is the best parameter to indicate the degree to which thaw
affects the strength d granular layers. The determined alowable values of deflections are
presented in Table 1.15. Based on these deflections, traffic load in ESAL, and the R-value, a
new design chart for 9ton roads has been developed and a new design method has been
established. The current format of the design chart for the R value method is presented in
Figure 1.12.

Table 1.15 Summary of recommended allowable spring deflection [13]

Oneway Daily N18 <25 25-50 50 -150 >150
Traffic | Twoway ADT <500 500 - 1000 1000 - 3000 >3000
Twoway HCDT <50 50-100 100 -150 >150

Surface Thickness (in) Allowable deflection (in)
lessthan 3in 0.075 0.070 0.060 0.045
3to6in 0.065 0.060 0.050 0.040
greater than 6in 0.055 0.050 0.040 0.035
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Figure 1.12 Bituminous pavement design chart (aggregate base) [16]

Currently, Stabilometer R-Vaue Method is the design method for flexible pavement used by
Mn/DOT and it is fully presented in Mn/DOT Geotechnical and Pavement Manual [16].

The R-Vaue method is based on limiting the spring deflections for a 3ton design axle load
for a given level of traffic. The method's input is the R-value and the cumulative design lane
ESAL. The output is the Granular Equivalent and the minimum thickness of bituminous and
base layers. The main data necessary for design are extracted from a design chart (Figure
1.12). To determine the thickness of each layer, the output values from design chart and
equation (3.1) are used.

Both design methods used in Minnesota for local roads are empirica methods. The Soil
Factor method is based on soil classification, traffic, and material properties. However, large
variations exist in pavement materials strength caused by the environmental factors and by
the materials themselves not being quantified in these methods. Moreover, the design of 7
ton roads is not affected by heavy traffic, because only average daily traffic is governing this
design. The minimum thickness of the bituminous layer for 7 ton roads is around 38.1 mm
(1.5 in), independent of soil type, which is questionable for the current traffic conditions.

Trying to minimize the drawbacks of the Soil Factor methods, the R-value method proposes
an approach that is based on a value that quantifies more properly the strength of the soil (R-
value). The minimum design thickness for the asphalt layer is 76.2 mm (3 in). The traffic is
guantified using the equivalent single axle load (ESAL), whch makes the procedure more
sensitive to the traffic composition. However, this procedure uses the granular equivalent
factor, which is a parameter that does not fully consider al seasonal variations in material

proprieties.
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The conclusion is that both methods are not very sensitive to the environmental effect. They
aso seem to be inadequate to reflect small variations in traffic loading and material
properties.

Traffic and Traffic Loading

As previoudy discussed, the three main parameters that quartify traffic are average daily
traffic (ADT), heavy commercia average daily traffic (HCADT), and equivalent single axle
load (ESAL). The average daily traffic is the result of a continuous traffic count for 24 hours.
The annual average traffic (AADT) is dten based on ADT, which is adjusted for season and
day of the week. Heavy commercial average daily traffic counts only the vehicles with at
least six tires that pass in one day through a road section in each direction. Currently,
Mn/DOT performs traffic counts on most of the Minnesota' s trunk and interstate highways,
and provides the results in a flow map format. However, there are only a few traffic counts
conducted on the restricted roads that represent the focus of this study.

ESAL is a traffic quantification developed based on the AASHO Roads Test, which
associates a quantity of damage induced in a standard pavement with one pass of a standard
load. This load is a single axle with dual tires. The axle load is 80 kN (18 kips), the wheel
load is 20 kN (45 kips), and tire pressure is 552 kPa (80 psi).

The predicted number of ESALS during the lifetime of the road is the traffic parameter in
many current design procedures. In Minnesota, it is used as input in R-Vaue design method
and is one of the inputs that can be used in the mechanistic empirical design software
Mn/PAVE, which will be described in detail in section 5. Each axle expected to pass on a
road is made equivaent to a number of ESAL passes, based on the hypothesis that the same
amount of damage has to occur in both cases. To simplify the computational process, the
axles are grouped according to vehicle type, and a load equivalent factor that transforms the
effect of the real load (vehicle load) in a number of equivalent load (ESAL), is assigned to
each type. The load equivalent factors used in Minnesota design procedures are presented in
Table 1.16. The factor is intended to represent the mix of fully loaded, partially loaded and
empty vehiclesin the traffic stream.

Table 1.16 Average ESAL factors by vehicle type [16]

Vehicle Type ESAL Factor
Cars and Pickups 0.0007
2 Axle, 6 Tire - Single Unit 0.25
3+ Axle - Single Unit 058
3 Axle Semi 0.39
4 Axle Semi 051
5+ Axle Semi 113
Bus/Truck Trailers 057
Twin Trailers 240

Equation (3.5) is used to compute the number of ESAL for the design lifetime of Minnesota
local roads:
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where:

Because the traffic distribution proposed by Mn/DOT Geotechnical Manual was determined
some time ago, E Skok et al. conducted a set of traffic counts on 29 local roads from three
Minnesota counties. Douglas, Kandiyohi, and Olmsted. The data were collected in two
consecutive years (1998 and 1999) duing the summer, by the Mn/DOT Office of
Management Data Services, Traffic Forecasts and Analysis Section. The final report of this
research [19] revealed significant differences between the distributions measured and the
distribution assumed by the Geotechnica Manual. Moreover, these distributions are not

ESAL= 8%_ P.F 2XAADT)>G XL X365 XY (3.5)
€i=1 4]

ESAL - number of equivalent single axle loads predictedfor the
pavement design lifetime
AADT - annud average daily traffic

m - types of vehicles (m=8, and the types of vehicles are presented
in Table 1.16, 1.17)

n - the percent of vehicles of typei in the traffic stream (Table 1.17)

F - equivaent axle load factor (Table 1.16)

G - growth factor

L - lane distribution factor (Table 1.18)

365 - days/year

Y - number of years (the lifetime of the road)

Table 1.17 Vehicle classification percentages — rural CSAH or

county road

Vehicle Type Percentage in Traffic Stream

Cars and Pickups 9.1

2 Axle, 6 Tire - Single Unit 2.6

3+ Axle- Single Unit 1.7

3 Axle Semi 0.0

4 Axle Semi 0.1

5+ Axle Semi 0.5

Bus/Truck Trailers 1.0

Twin Trailers 0.0

Table 1.18 Lane distribution factors [16]

Lane Digribution Factor
li\lnugrk]):rDci): e';ﬁg? S ngle[_)irection Two—Dj rection
Traffic Data Traffic Data
1 1 2 1 3 05
4 5 09 6 045
7 8 0.7 9 035
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uniform. For example, in Kandiyohi County section 3013 (Farmto-Market County Roads)
the count indicated 19.25 percent HCDT (ADT=575 vehicles) in 1998 and indcated 7.85
percent HCDT (ADT=650 vehicles) in 1999. By contrast, in the same county, for the same
category of road, section 3021 had 3.15 percent HCDT (ADT=1000) in 1998 and 4 percent
HCDT (ADT=850) in 1999. This study showed that there is a large variation in traffic
distribution on county roads, and in many cases, the traffic estimation specified in the
“Geotechnical Manual” underestimate the real traffic distribution. The authors also noticed
that the errorsincreased if the data measured and estimated was transformed into ESAL S and
compared after transformation.

The available data indicates that quantifying traffic into ESALS is not suitable for the scope
of this analysis. Its computational process may introduce new approximations in the model,
with dfects that are difficult to estimate. In addition, it is more complicated to compute
ESAL considering seasonal variations in traffic. Thus, the load spectrum seems to be a much
better approach. In the load spectrum method, the effect of each axle load on the pavement is
taken into account making this method more adequate for studying the axle weight impact.

Environmental Effects

The most important environmental parameters affecting the pavement behavior (mechanic
properties respectively) are: temperature, water table level, and rainfall. The degree to which
the material characteristics vary with the change in these parametersis related to the material
type and the range of variation. For example: the stiffness of a concrete dab is not influenced
by the temperature variation, but the stiffness of an asphalt layer is a function of temperature.
Also, an aggregate base is less sensitive to the variation of the moisture content than a fine
grained soil.

M odels of the climatic factors

The pavement is modeled as a multi-layer system subject to heat flow. The boundary where
this phenomenon is initiated is the top of the pavement, where heat is transferred into
convection and radiation processes. However, the other layers of the system frequently
become very important in the thermal energy transfer, since they are porous materials that
have significant variations in moisture content and thermal characteristics.

The most frequent way to describe the interaction between the pavement and environment is
to modd them as thermodynamic systems and to use the energy balance condition at the
surface of the pavement. Equation 3.6 (Berg [20]) gives the typical model for a heat transfer,
with the provision that for a paved surface Q.= Q= Q=0

Qs'Qr+QW'QpiQCiQ|iQUi miQing:O (36)

where: Qs - incident shortwave radiation
Qr - reflected short wave radiation
Qw -long wave radiation emitted by the atmosphere
Qp - long wave radiation emitted by the pavement
Qc - convective heat transfer.
Q' - effects of condensation, evaporation, sublimation, and transpiration
Qu - conduction into air
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Qg - conduction into the ground
Qm - massflow to surface
Qi - infiltration of moisture into ground

The quantities in equation (3.6) can be evaluated using quasi-theoretical considerations,
measurements or empirical considerations. However, to solve this eguation, iterative
numerical methods are proposed. [21] In order to reduce the camplexity of these algorithms a
more efficient approach has been advanced by CRREL’s researchers. [20] Here the problem
is cast in terms of determining the temperature at the surface of the pavement, which
repreents the key parameter in the computation of the heat flow in the pavement and
implicitly in the frost/thaw depth prediction.

A simple approach to predict the temperature at the surface of pavement is suggested by Berg
[20], [22] and adopted by the US Army Corps of Engineers. (Eq 3.7). The “n” factor is an
empirical parameter that varies with wind speed, rainfall, and evaporation. The CRREL’s
recommendation is that the “n factor” be computed using regression analysis for a particular
geographical region.

T,=n,T, (3.7)
where: T, - soil/pavement surface temperature (°C)
To - air temperature (°C)
No - empirical factor

Another equation that predicts the temperature at the surface of the asphalt layer is SHRP's
equation. (Eq. 3.8) [23] This is adjusted by Ovik et a. [23] to predict the average daily
temper ature at the pavement surface. (Eq. 3.9)

T. =0859T.  +17 (38

surf minair

where Tmingr - One day minimum air temperature (°C)

T o =0859T, +7.7 (3.9)
where Ta&r— mean daily air temperature (°C)
The next step in the evaluation of the climatic impact on pavement is to predict the
temperature variation in pavement and the freeze-thaw depth. Equation (3.9) presents a
simple formula used to estimate the temperature in the soil. [25] The prediction depends m

the air temperature and the thermal properties of the material (thermal diffusivity). This
equation is suitable for temperature prediction in a uniform material.

x Q s
T, t) =T, +Ae J;gn?_p(t)- x 222 (@10
P Pa

a
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where: T(x,t) - soil temperature as function of depth and time (°C)
X - depth (m)
t - time measured from the moment when temperature increase
more than T yen (days)
Tmen - Mean temperature at the surface (°C)

A - maximum temperature amplitude (Tmax— Tmen ) (°C)

a - thermal diffusivity (m7days)

P - period or recurrence cycle (days) and w = »_2
P 365

Another simple equation (Eg. 3.11) to predict temperature variation in pavement layer is
proposed by Witczak [26] and adopted in the MNPAVE modd [27]. This equation is
designed to compute the temperature in asphalt pavement at 1/3 of the thickness of the

asphalt layer.

T, =T, 81 0 3

: +6 (3.11)
e z+4g z+4

where: T-  temperature in asphalt pavement;
Tp - average seasona pavement temperature (°F)
Ta— average seasond air temperature (°F)
z— the depth at which the temperature is predicted (in) - The default
value of z is 1/3 of the HMA thickness.

More complex models for temperature variation in space-time coordinates are associated with
solving numericaly the parabolic equations of the heat transfer problems. PaveCool [28]
proposes a one dimensional model for evaluation of the heat transfer through the depth of the
lift. Figure 1.13 depicts the main elements of the model. Thermal properties of the granular
base are functions of temperature, while thermal properties of the lift are functions of
temperature and compaction level. The equations of the moded are presented in Table 1.19
and a temperature variation profile that represents the results obtained based on PaveCool
model, is shown in Figure 1.14.

The PaveCool model is a simplified model compared to a real climatic model, because it does
not deal with the moisture variation or with a large time and temperature domain.
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Table 1.19 PaveCool mode eguations

I. Heat flow equations

Asphalt Layer

Base Layer

m_Te Tmu
r.HMACHMA ﬂ-t - 1-|-Z Q(HMA ﬂZH
r uma— density of the lift (kg/m )

crma— Specific heat of the lift (Jkg K)
kima — thermal conductivity base layer

m_Te Tu
foCerqy = 1122(3 1z

r s —density of the base layer (kg/m?
cs—specific heat of the base layer (Jkg K)
ks—thermal conductivity of the base layer

(W/m-K) (W/m-K)
I1. Boundary Conditions
1. z=0 (no flux) — lower boundary condition: Kg ﬂﬂ =0
z
_ - . T m _ 1T
2. 7=Z pbase (Continuity of flux)— interface boundary condition : kBﬂ_ = kHMAﬂ—
z z

3. z=Ziwop (NON-linear convection with non-linear convection with convection,
radiation and solar input) — upper boundary condition:
e =h(T- T,,) tes(T*- Tg,)- aH,

HMA E
e - thetotd emissivity of the asphalt surface

s - the Stephan-Boltzman congtant (5.67 10-8 W/m?-K*)
a - thetota absorbance of asphalt

Tamp - the ambient temperature (K)

Ty - the effective sky temperature (K)

H; - the incident solar radiation (W/m’)

h, - convective heat transfer coefficient (W/m’.K)

A starting point in the prediction of the moisture content of the soil can be a rainfall model.
The amount of rainfall seems impossible to be computed via a deterministic model, thus the
few models currently developed are based on the probabilistic approach. One of these models
is proposed by Liang and Lytton [29] Using Monte Carlo simulations, the authors developed
an agorithm to predict the amount of rainfall based on the rainfall history and freeze-thaw
period. A large amount of rainfall can significantly reduce the pavement material’ strength
and increase the damage potential.

One of the most complex models that attempt to provide a complete smulation of the
environmental effect in the cold climate is the CRREL Model. [22] It is a one-dimensional
model that computes the variation of heat flow through the pavement layers considering the
variation in humidity, freez effect, and material parameters. It proposes an approach based
on a combination of probabilistic and deterministic models. The heat transfer model and the
material properties typical for a set of standard conditions represent the deterministic part of
the model. The problems associated with the variation of the parameters of the porous media
with moisture content and ice presence are solved probabilistically. After the researchers
proved that a stochastic analysis based on the Monte Carlo method is too time consuming to
solve their complex dynamic problem, a method based on Rosenbloueth’s point is proposed.
[30] [31] The final product of this work is a numerical code to predict frost heave, thaw
depth and frost depth range within a confidence interval.
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In order to find an easy-to-implement method to evaluate the effects of temperature on the
pavement using real-time climatic data, Departments of Transportation from US rorthern
states frequently use freezing index (FI) and thaw index (T1). Their research indicated that the
depth of frost and thaw depend in part on the magnitude and duration of the temperature
differential below or above the freezing index.

The Fl (Eq. 3.12) is defined as the positive cumulative deviation between a reference freezing
temperature and the mean daily air temperature for successive days. [32]

FI=? (0°C-T meer) (3.12)

where: T mean - Mean daily temperature, (T men = 1/2(T1+T») °C
Ta - maximum daily air temperature (°C)
T2 - minimum daily air temperature (°C)

The TI (Eg. 3.13) is the positive cumulative deviation between the mean daily air temperature
and a reference thawing temperature for successive days.

TI="7 (Tmem - Tref) (3-13)
where Tref= reference freezing temperature that varies as pavement thaws (°C)

One of the most frequent ways to compute the maximum frost penetration depth is by using
the modified Berggren's equation (MBE - (Eq.3.14)). [33]

x = h.f{48knF1)/L (3.14)

where: X - maximum frost depth (ft)
k - thermal conductivity (Btu/ft hr °F)
n - factor to convert an air freezing index to a surface freezing index
(dimensionless)
Fl - air freezing index (°F-days)
L - volumetric latent heat of fusion (Btu/ft3)
h — a dimensionless factor to account for the effects of the initial
temperature conditions not being isothermal at 32°F.

Chisholm and Phang [34] proposed for Ontario an equation that considers only air Fl to
compute the maximum frost depth (P) based on air Fl. (Eqg. 3.15)

P =-0.328+ 0.0578/FI (3.15)

The research conducted by Wa/DOT [35], developed a regression equation that relates the
freeze index and thaw index to the duration of the thaw period. (Eq. 3.16) This equation has
been deduced based on heat-flow simulation for a fine-grained subgrade soils and a FI range
from about 200 to 1000°C-days.

D=25+0.018F) (3.16)

where: D - thaw duration (days)
Fl - Freezing Index (°C —days)



Moreover, correlating the data obtained from the theoretical approach (heat flow simulation)
with the field data, the research indicated that thaw penetrated the base to a depth of about
150 mm (6 in.) a a Tl of 15°C-days (TI Thawing Index defined as a function of reference
temperature equal to -1.7°C). Because of this observation, it is recommended that SLR be
placed when the Tl reaches 15°C-days. However, Yesiller et al. [36] Wi/DOT) and Van
Deusen37] Mn/DOT), anayzing the field observations, showed that Washington State
overestimates the length of the thaw period. They noticed that Washington's method for
predicting the beginning of the thaw period skips the moment when the thaw occurs in the
base layer.

Based on the data from MNROAD,Van Deusen proposed equation (3.17) to predict the
duration of the thaw base on freeze index. He noticed that for the location where the frost
depth is unknown, equation (3.15) can be used to compute it. However, this model has a
standard error of estimation of 8 days and a correlation coefficient (R-square value) of 0.5.

D =0.15+0.010F +19.1P- 12090% (3.17)

where: D - thaw duration (days)
FI - Freezing Index (°C —days)
P— frost depth

Two major categories of data should be collected in order to estimate the effect of the
environment in a cold climate: the air temperature and data related to temperature and
moisture in the soil. Data related to air temperature and rainfall is availade from US Weather
Bureau and the local Climate Station. For measuring the temperature in the pavement layers
thermocouples are frequently used. The degree of saturation in the pavement layer is
measured with time domain reflectometry waveguides (TDR). The resistivity probes (TDRS)
are used to estimate the frozen depth in the granular materia. [23]

Many attempts have been directed to predict the variation of temperature and moisture
content in the pavement structure. A combination between the probabilistic and analytical

models seems to be the more successful approach. However, the development of the
analytical part requires a large amount of data related to thermal properties and permeability
of the materials

On the other hand, the prediction of the beginning of the thaw as a function of thaw index
seems to be avery efficient approach, especially sinceit iswell correlated with field data. [6]
[39]

Variation in materials properties caused by the climatic factors

Two important material parameters are used in pavement design to quantify the mechanistic
behavior: Poisson ratio and modulus. As will be shown in the following paragraphs, the
values of these parameters are affected by temperature, density, moisture content and
gradation, thus they are influenced by climatic conditions.



Poisson Ratio

Poisson ratio (n) is defined as the ratio of laterd strain (ey) to axia strain (e,) caused by aload
parallel to the axis. It is determined using equation (3.18) in which the values measured in the
triaxial test are input parameters.

lze 1DVY

—= (318
2 e. Vg (318)

where Vg is origina volume and DV is change in volume.

Poisson’s ratio ranges between 0.0 and 0.5 (Table 3.15). However, Huang [18] among many
others, noticed that Poisson’s ratio has little effect on the pavement’s response, in other words
atypica vaue can be successfully assumed for this parameter. The same observation is used
in AASHTO design method [38]

Modulus
The modulus of elasticity quantifies the linear range of stressstrain behavior of a material,

under the hypothesis of the perfect elastic material and is calculated using the following
expression:

E:% (3.19)
Table 3.15 Poisson Ratios for different materials[18]
Material Description Poisson Ratio Range Typical Value
Hot Mix Asphalt 03-0.4 0.35
PCC 0.15- 0.2 0.15
Untreated Granular Base 03-0.4 0.35
Clay (saturated) 04-05 0.45
Clay (unsaturated) 01-0.3 0.2
Sandy clay 02-0.3 0.25
Silt 0.3-0.35 0.325
Dense sand 02-04 0.3
Coarse-grained sand 0.15 0.15
Fine-grained sand 0.25 0.25
Bedrock 0.1-04 0.25

It characterizes the ability of a materiad to return to its origina shape and size immediately
after deformation and is part of the congtitutive law in the elastic theory.

The elastic modulus is often determined in the laboratory using repetitive loads tests and
recoverable strain, and in this case, it is referred to as resilient modulus (M,). (Eg. 3.20)

Sq

Mg =—2
R er

(3. 20)
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where s, - thedeviator stress (s =s;-S3)
e — recoverable strain

The deviator stress is the axia stress in an unconfined compression test or the axial stress in
excess of the confining pressure in atriaxial compression test.

Reslient modulus is the standard value recommended by AASHTO for the modulus of
elagticity for pavement materials because it is determined based on stress and strain
measurements from rapidly applied loads similar to those experienced from wheel loads. The
typical range for the resiliert modulus of HMA is between 150 MPa (at 49°C), 3,500 MPa (at
21°C) and 14,000 MPa (at 0°C). Crushed stone modulus values range between 150 and 300
MPa, silty soil modulus values range between 35 and 150 MPa, and clayey soil modulus
values range between 35 and 100 MPa. [39]

The change in HMA resilient modulus depends significantly on temperature fluctuations and
mixture characteristics. To determine HMA resilient modulus in the laboratory, the repeated
load diametral test and the indirect tensile test are frequently used. [18] Equation (3.21)
presents the formula used to determine this value.

_ P(n+0.2734)

M. "

(3.21)

where: M, - resident modulus of asphalt mixture
P - magnitude of the dynamic load
n - Poisson’sRatio
d - tota recoverable deformation
t - specimen thickness

Current design procedures use the dynamic modulus to quantify the properties of the asphalt
mixture. This value can be determined empirically based on the characteristics of aggregate
and binder, using equation (3.22):[40]

Y,
logE =a, + ap,+ aa(p200)2 +agp, ta,V, +a \Y be—if-fV ¥
beff a

+ A ta;p, +agP;,5 * ag(p3/8)2 ta P,

1+ ea11 +ay, logf +a3 logh (322)
wheree E—  asphalt mix dynamic modulus, in 10’ psi
h —  bitumen viscosity (1¢° poise)
f — load frequency (Hz)
Va— expected in-place air voids in the mix ( percent by volume)

Voai — €ffective bitumen content, ( percent by volume)
o —  percentage passing the No. 200 sieve, by total aggregate
weight ( percent);

pg—  cumuléative percentage of material retained on the No. 3/8 sieve,
by total aggregate weight ( percent)

pa— - cumulative percentage retained on the No. 4 sieve, by total
aggregate weight ( percent)

a-— regression coefficients i=1...10
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The resilient modulus of aggregate and soil materials depends on the material type, sample
preparation, deviator stress €4), confining pressure (S3), density and the moisture content
used in the test. The resilient modulus of a granular material is increasing if the density, the
confining pressure and the angularity of the granular particles are increasing. On the other
hand, it decreases with increases in the moisture content of the granular material. For the
fine-grained soil, the resilient modulus typically decreases with an increase of the deviator

stress, but it aso depends upon the soil type, moisture content and density. All these
observations lead to the conclusion that cohesion is the main factor influencing the resilient
modulus of an unbound material.

One of the most frequently used models for characterizing the resilient response of the
unbound material is K-q model (Eq 3.23). It was developed by Hicks and Monismith [41] in
the early 1970s. In the 1980s May and Witczak [41] and Uzan [43] showed that the K-q
model neglects the effect of shear stress, which seems to play an important role in the
resilient modulus calculation.

Mg =Ks, (3.3

where: sq -bulksiress sgq = Si1+2sS3
S1 - vertical pressure
S3 - confining pressure
K1, K2 — material regression constants

In order to eliminate the drawback of the K- g model, Uzan [43] proposed the model shown
in equation (3.24).

Mg = K;s, s,/ (324)

q
where: sq -bulkstress sq = s1+2s3

Sq - deviatorstress sq = Si- S3

S1 - vertical pressure

S3 - confining pressure

Ks K4,Ks — materia regression constants

This model was later updated (Eg. 3.25) to consider the dilatation effect caused by the large
principal stresses ratio. The model is aso known as the octahedral shear stress model [44].
Unlike the previous model, this one can approximate relatively well the fine granular soil
behavior.

8

My = KD goos g— (325
(4]

paﬂ

where: s -bulk stress sq = s1+2s3

tq — octahedral shear stress (t . = :;J(sl— )2+ (S,-5,)°+(s,-5.)7)

pa— amospheric pressure
Ke K7,Kg — material regression constants
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Attempts to simplify the process of determining the resilient modulus of the soil are related to
the development of empirical relations between the resilient modulus of a type of soil and the
value of a strength parameter (CBR or Rvaue). (Eq. 3.26 [44], 3.27 [46], 3.2938]). The
values of the coefficients in the equations (3.27) and (3.28) vary with the bulk stress. [38]

Mg (MPa) =10CBR (3.26)
Mg (psi) =1155+555CBR (3.27)
Mg (MPa) =17.6(CBR)*® (3.28)

Typicaly, the triaxial test is used to determine the resilient modulus for fine granular
material. Based on the results of this test, a bilinear model (Eq. 3.29) is used to describe their
behavior rather than the bulk stran model (Eq. 3.23) [47]. On the other hand, Thompson and
Elliot [47] noticed that the values where the dopes are changing can be used in soil
classification.

iM, =K, +K,(K;-s,) when s, <K, (329
iM, =K, - K,(s,- K,) when s ,>K,

where: sq - deviator stress S¢ = S1-S3
K1, K2,K3, K4 — materia constants obtained from laboratory test

Johnson et a. [49] proposed equation (3.31) in order to calculate the resilient modulus for an
unbound material. They developed this model based on their research related to seasonal
variations in materials properties in the cold climate. They showed that the resilient modulus
is strongly dependent on temperature and moisturecontent.

,.Ke
k2 @an)
toct 7]

where: % - second stressinvariant  ( J, =SS, +S,S;+S.,S,)

M, =K,

tog— octahedral shear stress (t —lJ(sl- S,)%+(S,-S5)°+(s,-55)%)

oct ~ 4
3

Ks, Kg— material regression constants

Currently, there are two categories of tests used to determine the resilient modulus of the
pavement materials: laboratory tests and in situ tests.

A triaxia test is the way in which the resilient modulus is determined in the laboratory.
Almost al models for the unbound material reflecting their nontlinear behavior were
developed based on triaxia results. ([41], [41], [44], [44], [47], [49], [51]) The study
performed for the unbound material from the LTTP sections, using repeated load tests [50],
shows that in most of the cases the values of the resilient modulus are significantly influenced
by the moisture content. On the other hand, the same Federal Highway Administration
(FHWA) report indicates that equation (3.31), a statistical adaptation of the octahedral shear
stress model (Eq. 3.25), seems to best fit the results obtained from the laboratory test.

K3 Ky

M =K1pa§%—_ Hal Poxral (331)
P. o &P o
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Over the last sixty years, many methods have also been developed to evaluate the strength of
the soil materia in the field. These methods include: the plate load test, the California
Bearing Ratio (CBR) test, and the Dynamic Cone Penetrometer (DCP). However, most of the
research conducted in the last fifteen years related to field evaluation of the material
characteristics has used Falling Weight Deflectometer ™" (FWD) (Figure 1.15) measurements.
This device measures the deflections at a few points (49) on the surface of the pavement
system (deflection basin) caused by an impulse load. These values are input in software based
on linear elastic theory that computes the moduli of the pavement layer. Table 1.20 provides
a brief description of some of the deflection basin parameters [37][39] and the way in which
they are related to the strength of the pavement.

All these models show that the temperature and moisture content have a significant impact on
the value of the modulus. However, most of the models require a large number of tests to
determine the coefficients of the models. On the other hand, the field determinations indicate
how the moduli of the flexible pavement materials vary with the change in temperature and
moisture, but there are issues related to their ability to provide exact values for this
parameter. [41][41] [44][47][49]

Figure 1.15 FWD Load Plate

Table 1.20 Deflection basin parameters

Parameter Formula Significance

Deflection under the load D, total deflection of the pavement that
provides information about the overall
pavement strength

Surface Curvature | ndex SCI=D;- D3 | may be related to the relative stiffness
of the upper layers of the pavement

Base Damage Index BDI=Ds- Ds | may be related to the relative stiffness
of the base layer of the pavement

Area of the basin deflection genera condition of the pavement

Deflection towards the end Ds tend to indicate the condition of the

of the basin subgrade layer
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1.4 Consideration of the Environmental Effect
in the Design Procedures

Introduction

One of the most important issues in the design of a pavement is how well a design procedure
considers the environmental influence on the pavement. This question arises more often when
the pavement is designed in a cold climate because, as shown previously, the freezethaw
phenomena induce a large variation in material properties. Neither the approaches that
consider the poorest quaity for the pavement material, nor the ones that completely neglect
the variations in material properties caused by environment impact, are completely efficient
approaches in pavement design.

Two categories of design methods exist today: empirical methods and mechanistic-empirical
methods.

An empirical method is based on field observations. In many cases the local experience is the
main factor on which an empiricad model is developed. Frequently, it is based on a
regression model whose dependent variable is an indicator of pavement performance (e.g.
riding quality, condition index, roughness, rutting, cracking, etc), and the independent
variables are pavement structural strength, traffic loading, and sometimes environmental
conditions.

A mechanistic-empirical method is based on a model for pavement behavior that considers
the most important mechanical characteristics of al the layers of the pavement. It uses a
physical model to establish the reaction of the pavement structure under the traffic loads, and
connects the results with the performance of the pavement structure. This type of model
combines the advantages of both empirical and theoretical models, while minimizing most of
their disadvantages. A mechanistic model is based on using the material behavior and
pavement response functions, which are believed to represent the actual behavior of the
pavement structure under the combined actions of traffic and environment.

Because of this complex structure, a design method based on a nmechanistic empirical model
has two major phases. In the first phase, the stresses, strains, and displacements of the road
are calculated using theoretical models that are solved with an analytica or numerical

method. In the second phase, the empirical models are used to relate the physical parameters
determined in the first phase with the performance of the pavement structure. For example,
one can use atheoretical model to determine the strain of the asphalt layer in correlation with
the pavement lifetime, and then use an empirical model to evaluate the expected performance
of the road at any moment of its lifetime.

Basically, the development of a mechanistic - empirical model requires two main steps:
- Obtaining the response (structural response) of the pavement against certain
load conditions, taking into consideration the material properties;
- Reating the structural response to a certain structural damage.

The first step consists of setting up a mechanical model that appropriately reproduces the
structural behavior of the pavement under the given climatic condition in time. Many
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different models are available, addressing different types of material behaviors and
particularities of the wheelpavement system. The main issues of these models are
guantifying the climatic effect and modeling different types of loads. The second step is
related to determining one or more failure criteria and to relate them to the mechanistic
response of the pavement. This involves the development and calibration of the performance
functions. The flexible pavement failure criteria considered in most mechanistic-empirical
design methods are traffic-induced fatigue and traffic-induced rutting.

Quantification of the Environmental Effectsin the Pavement Design M ethods

Even though it is an empirical design procedure, AASHTO method [38] considers the
seasonal variations in material properties. It requires estimating the loss of serviceability
caused by swell clay and frost heave over he pavement lifetime, and adds this to the
cumulative traffic loads. The serviceability loss due to frost heave depends on the frost heave
rate, the maximum potential serviceability loss and the frost heave probability.

Equation (4.1) is the design equation of AASHTO Design procedure for flexible pavement. It
considers explicitly the ability of the structural layer to drain water, but the decision related to
choosing of the “m” coefficients should be made based on engineering experience. The
structural rumber (SN) value is determined from a design chart as a function of reliability,
number of ESAL for the design lifetime, design serviceability loss, and effective resilient
modulus of roadbed soil.

SN=2aD, +a,D,m +a,D,m, (4.2)

where: SN - structural number
Dy D2,D3  -thickness of surface, base and subbase layers
a, &, & - layers coefficient for surface, base and subbase layers
my, Mg - drainage coefficient for base and subbase layers

In order to consider the seasona variations in the soil esilient modus, the relative damage
factor ur is introduced. Using equation (4.2), a damage factor can be computed for each
period of time (maximum 24 periods per year) when the resilient modulus has a significant
variation. Taking the arithmetic mean of all these values, an average damage factor is
computed and then an effective resilient modulus is determined. With this new value, which
considers the environmental effects, the designer uses the design chart and determines the
structural number that is further used in the calculation of the thickness layers.

u, =1.18" 10°m ** (4.2)
where:  Ug - relative damage factor for the period i
My - resilient modulus determined for the period i

[ - time period for which we assign a characteristic resilient modulus
(i can be between 2 and 24)

The AASHTO design procedure uses the physical characteristics of the material and a set of
design plots to determine the thickness of the pavement layer. However, the method only
considers the variation in the soil resilient modulus, while it completely neglects the variation
of the elastic properties in the other layers of the pavement structure.



Idaho has developed a mechanistic-empirical procedure for overlay design. [52] The method
is based on multi-layer system theory and Asphalt Institute failure criteria. It considers the
climatic effect on pavement material characteristics.

In order to consider the influence of the environment as accurately as possible, the state is
divided into six regions with freeze periods ranging between 126 and 82 days and the thaw
periods between 15 and 38 days. For these regions, the “normal period” (the period when the
characteristics of the material are close to reference values) represents between 71 percent
and 53 percent of the year.

Based on field observations, four periods that have a significant influence of the materia
properties were identified: summer, winter, spring thaw and spring wet. According to this
climatic dstribution, four resilient moduli for each unbound layer should be determined to
model their behavior in the multi-layer system. The moduli are computed as functions of the
summer modulus, using a set of adjustment factors (Ry, R, Ry) determined for each region.
(Eq 4.3) The HMA modulus variation is computed using equation (3.11) and (3.22) ™.

M i = M summerRi (43)
where: M; — resilient modulusin season i
i - season (winter, spring thaw and spring wet)
M aummer — SUMMer resilient modulus
Ri - adjustment factors that correspond for the i period

A similar mechanistic-design approach for overlay design was proposed in Ontario. [53]

They consider in their design procedure five seasons: January and February season * frozen
pavement condition; March and April season 2 — spring subgrade reduction; May to August
season 3 — low asphalt modulus; September and October season 4 — reference values for the
pavement layers elastic characteristics; November and December season 5 - beginning of the
freeze. Based on the FWD measurements, they have developed a set of adjustment factors for
the pavement materias that give them the possibility to consider the climate effects on the
material characteristics. In the next step, they proposed an evaluation of the admissible
number to failure for each season, a computation of the damage coefficient for each season,
and finally an evaluation of the overlay thickness.

Washington Department of Transportation [54] has developed a mechanistic-empiric design
procedure that considers the climate effect on material characteristics. Their method is
integrated in the “Everseries Pavement Programs’ software package. They consider in their
computation the adjusted pavement layers moduli that are determined based on the FWD
results and the climatic maps of the Washington State. Moreover, their approach can assume
a non-linear behavior for granular material. The failure criteria are fatigue, rutting and
maximum spring deflection. In order to mitigate the frost penetration they recommend
increasing the thickness of the base.

Another mechanistic-empirical approach was developed by Illinois in the form of Climatic-
Materia-Structural (CMS) pavement analysis software. [55] It proposes a combination
between a model that predicts the variation of climate factors during the year, and
consequently the variation in materia properties, and a mode that performs structural
analysis. The climatic model is based on the heat transfer model described by the one-
dimensional Fourier heat-transfer equation. In order to simulate the temperature profile
through different layers of the pavement, the method corsiders the thermal properties of the
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pavement materials. The moisture model is designed as an equilibrium model of the pore
water.

Based on the results of the climatic model the CMS predicts the strength variations in
pavement layers. The stiffness of he asphalt layer is a function of temperature, binder
properties and percent of aggregate in the mixture. For the unbound materias (except fine
grained materials), the values of frozen and unfrozen resilient moduli should be declared and
these values are used in correlation with temperature in these layers. For the fine-grained
material, the software uses the bilinear model correlated with the moisture model and state of
stress, and predicts the variation of the resilient modulus during the year.

The structural analysis is performed based on layer elastic theory, using a finite-element
code. The model considers failure criteria for granular and fine grained soil, and fatigue and
rutting criteria for computing the lifetime of the pavement.

Rutting Models

Because this research is mainly dealing with the effect of the thaw on the properties of the
materials, most of the review process has focused on models that are related to the permanent
deformation - rutting. Typically, this distress is caused by densification and plastic flow in
the pavement layers. These two components make the development of a predictive model for
the variation of the permanent deformation very difficult because of the large number of
parameters that vary with time and applied load. Among the difficulties that arise in the
design of a mechanistic model for rutting, Uzan [56] identified: nonlinearity and the
complexity of the constitutive relation of the material under the repeated loads, the time
dependency of the asphalt concrete material and the high variability of the material
characteristics with temperature and moisture.

In Figure 1.16 [57] two possible models for the increase in the depth of the rut are presented.
Curve A represents a uniform monotonic curve and depicts the case in which the properties
of the material do not vary significantly over time. Curve B is a non-uniform one and it is
typical for the case in which the materials are frequently affected by the variations in their
properties.

Rut Depth

Cumulative number of load
applications, N

Figure 1.16 Variation of the rut depth with the traffic load



Currently, there are two major categories of mechanistic empirical models for rutting. The
first category includes models that relate the maximum admissible rutting to the vertical
strain on the top of the subgrade. The second category compounds models that compute
rutting as a permanent deformation of the flexible pavement.

The first category of models was developed as part of the Asphalt Institute and Shell design
methods. [18] These assume that when the vertical strain on the top of the subgrade is
controlled, the depth of the rut in the pavement can be limited. (Eq. 4.4) In order to achieve
this limitation, the coefficients f and & have to be calibrated to the local conditions. The
limits imposed for the rut depth range between 10 mm (0.4 in) and 13 mm (0.5in).

Ny=f,(e) " (44)
where: Ng - alowable number of repetitions to limit rutting from one axle
€c - compressive strain on the top of the subgrade

fa,fs - model coefficients.

Equation 4.4 gives one of the most frequently used rutting models in the mechanistic-
empirical design methods for the flexible pavements. The advantage of this type of model is
that it does not require alarge number of laboratory tests for the materials from the pavement
system. If the model is calibrated for a region, it can be used for any type of flexible
pavement and traffic load. The main drawback of this modd is that it does not properly
account for the permanent deformation in the pavement layers. Because of this, the model can
cause error in the estimation of the lifetime of pavement when large seasonal variations occur
in the material properties.

The second category of models addresses the problem of the first category, but these new
models involve a large number of parameters that ought to be determined a priori. Currently,
there are two major tendencies in the evaluation of rutting considering the contribution of al
pavement layers. There are models that compute the permanent deformation in different
locations in the pavement and accumulate these deformations and there are models that
consider the rate of loading under each load application and integrate this over the lifetime of
the pavement.

One of the most recent models developed using the summation of the permanent
deformations of the pavement layers for computing the rut depth is proposed by 2002 Design
Guide (NCHRP 1999b) [58]. (Eq. 4.5)

PDTotaJ = PDAC + PDBase + PDSubgard( (45)
where:  PDiaa - depth of the rut in the pavement system
PDac - permanent deformation of the asphalt layer
PDgase - permanent deformation of the granular base layer

PDsungarde - permanent deformation of the subgarde

The permanent deformation is defined as a function of the plastic strain and the thickness of
the layer/sublayer in which this deformation occurred. (Eq 4.6)



n_sublayers
PD= &N (4.6)
i=1
For the asphalt layer, the plastic strain is determined as a function of the resilient strain of the
asphalt material, temperature, the number of load repetitions, regression coefficients
computed based on laboratory tests, and field calibration coefficients (Eq 4.7). This model for
plastic strain was developed based on the research [59], [60] , [61] conducted during the past

two decades.

D

2 =p aT**:N*" (4.7)
er

where:  ep -accumulated plastic strain at N repetitions of load
e, -reslient strain of the asphalt material as a function of mix properties,
temperature and time rate of loading
N - number of load repetitions
T -temperature
a - non-linear regression coefficients

Equation (4.8) presents the modd for permanent deformation occurred in granular material
(aggregate base and subgrade).

b
P a0

PDyy(N) =e,h = blgige MNog h 4.8)
€ o
where: PDuv(N) - permanent deformation in the unbound layer/sublayer after N

loads

b - material characteristic determined as a function of material,
water content in granular material and resilient modulus of the
material

r - materia characteristic depending on b and the resilient
modulus of the material

edep - materia characteristic depending on the resilient modulus, b,
andr

e - average vertical resilient strain in the layer/sublayer obtained
from the primary response model

N - number of load repetitions

h - thickness of the layer/sublayer

by - calibration factor

One of the well-known methods that takes into account the plastic deformation in the
evaluation of rutting is the VESY S method [18], [62], [63]. In this method, the rut depth
increment caused by each passing of the load is computed, and the total depth is calculated
using an integration over the lifetime of the road. To determine the rut depth increment, the
model assumes that the plastic strain is proportional to the resilient strain.(Eq 4.9, 4.10)

e,(N) =neN"* (4.9
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(4.10)

" N
€, = (F, (N)dN = mal
0

where:  ey(N) - plastic strain due to the application of the N™ single load

N - number of load applications
€p - permanent deformation after N load applications
e - resilient (elastic) strain at the 200" repetition

ma - permanent deformation parameter

Equation (4.10) gives the value of the permanent strain only for one material. In order ©
obtain the permanent deformation for a multi-layer system, permanent deformation
parameters must be determined. This is done under the assumption that the condition
described by equation (4.11) is valid for each load application. Starting from this assumption,
the model defines two elastic moduli, one for unloading (E;) and one for loading conditions
(E) for each layer. (Eq. 4.13)

e=e,(N)+e(N)=ct (4.11)
e (N) =e(l- N'®) (4.12)
where:  ep(N) - plastic strain due to application of the N thg ngle load
N - number of load applications
e(N) - recoverable strain due to each load application
e - resilient (elastic) strain at the 200" repetition
ma - permanent deformation parameters (To determine the values of

the plastic parameters (a,n), the VESYS manua [63]
recommends to perform a set of triaxial tests.)

E
1- nN°?

E,(N) = (4.13)

Using these vaues, the plastic deformation is computed as the difference between the elastic
and recoverable deformation. An approach similar to the one used to determine the plastic
strain for one layer is employed to get the plastic deformation for the pavement system. (Eq.
4.14)

W, (N) =w- w, (N) =m wN**  (4.14)

where:  wp(N) - plastic deformation due to application of the N single load

N - number of load applications
w{N) - recoverable deformation after N load application
w - elastic deformation due to loading

Mys, ags - Permanent deformation parameters of the multi-layer system
computed as functions of the permanent deformation
parameters of each layer of the system

Uzan and Lytton [64] developed a model for the computation of the increment of the rut

depth based on the primary response of a four-layer system and the plastic characteristics of
the pavement materials. This model is presented in equation (4.15).
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DRD, =P & (pire: 4 plra: (4.15)
Esg 2

log(aut1) f(al,az, az,as, m, mp, ms, m, W)

log(agt1l)=g(a s, az,az as, m, M, m, W)

where DRD; - increment of the rut depth caused by a given load during a period

p - contact pressure of the dual wheel

a - contact radius of each wheel

Eg - the subgrade modulus

a & - regression coefficients determined for canalized and non-canalized
traffic

W - non - dimensiona deflection defined as a function of pavement
layer system primary response. (Eq 4.16)

a1, azaz a4, m, Nk, N, Ny, - plastic parameters of the material determined

based on the laboratory tests

log W = 0.2847 - 0.2361 log®22- o.oa%logéeﬁ—- 02441I09§——— 0.1830 logFe2 2.
eag E.o
- 0. O46OIogg—3 +|og?fT 1€ 02075|oggel°+o 2015|og€éL9+ 00986loggé+ L2
a o8 a o
- 0. 2191Iogg 194 01246 log P22 2+ 0.1020 log R & +|og8éL—~ 01720109229+
E4ﬂ 4(2(] eag
+o.1143|og$é‘ +T59,4 001181062512 01019106222 0.00651092E: &+
e (%] g 4@ g_ gE %1}
+|og§g—§ 0.0474logm 2+ 0,02201og B2 8+ 0.022010g —$+
Zé g g E. e
+Iog§ & & 03315Iog§ —+00145Iogg 290,005 log e, o,
E, oo
2
UJ
+ IOgg—:éO 0216Iog§——+0 0074Iog ——u+ +0. O’B;Oo(d,ogg—m (4.16)
4
wheres. W - Non dimensional deflection

T, T2, T3 - the thicknesses of the pavement layer
E1 Ex Es - the moduli of the pavement layers

a - the radius of the load

EFEg - the subgarde modulus

Archillaet a. [57], [65] propose a particular perspective on the evaluation of the depth of the
rut. They developed an empirical incremental model that tends to be very sensitive to the
variations of the material properties. To this end, they conducted a statistical analysis of the
parameters that influenced the rut depth, and designed an incremental function for the
increase in rut depth. (Eq 4.17) Their modd is based on the observation that the effect of the
plastic flow is typically more significant in the bituminous layers and densification is more
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related the grarular layer. As can be seen from equation (4.18), they considered separately
the rut that occurred in the asphalt layer and the rut that occurred in the granular material.

t
RD, =¢ +&§ DRD, (4.17)

s=1

where: i - anindex that quantifies the section (“section i”)
RDj;  -therut depth at timet
DRDis -theincrement of rut depth during the time steps

G - aterm that indicates the rut depth immediately after construction
DRD,, = DRDAC + DRDY = m, ™ DN¢ +a €™ DN, (4.18)
where: i - aindex that quantifies the section (*section i”)
DRD - the increment of the rut depth during the time step t

it

DRDAC - theincrement of the rut depth during the time step t originated
in the asphalt concrete layers

DRDY - theincrement of the rut depth during the time step t originated
in the unbound layers

b'andb - mode parameters (negative values)

Mt - acoefficient that is afunction of mix characteristics, air
temperature, and loading
at - acoefficient that is a function of pavement layer thicknesses

and length of freezethaw period

DN, - a parameter that quantifies the traffic loads in the step t that
influenced the rut occurred in the unbound layers

DN¢ - a parameter that quantifies the traffic loads in the step t that
influenced the rut occurred in the asphalt concrete layers

N, - a parameter that quantifies the load from the traffic that caused

the rut in unbound layers (the traffic is counted from the beginning
of the lifetime of the road until the time t)
N¢ - a parameter that quantifies the load from traffic that caused the rut
in the asphalt layer (the traffic is counted from the beginning of the
lifetime of the road until the time t)

As shown above, a number of models have been developed to predict rutting in flexible
pavement. The more complex models are more adequate for a reasonable estimation of the
evolution of this distress. The main problem with this type of models is that they require a
large number of laboratory tests to be performed, because they have to deal with the plastic
behavior of the materials. These models seem to work properly if they are associated with a
model that can predict the variations in the moisture content in the pavement layers.

Unlike the first category, the models that consider only the rutting that occurred in the

subgrade are less accurate but they require considerably less data to be developed. The
models depend only on the elastic properties of the materials.



The Mechanistic Empirical Design Procedure Used in Minnesota - MnPAVE*

MnPAVE is software for flexible pavement design, developed by Mn/DOT and the
University of Minnesota. It is based on a mechanistic -empirical design procedure calibrated
for the climatic conditions, pavement structures, and materials used in Minnesota. To perform
the mechanistic part (linear elastic analysis of a multi-layer pavement structure), MNnPAVE
has integrated “WESLEA”, a software developed at the Waterways Experimental Station of
the Army Corps of Engineers.

As with any other structural design program, it requires a set of data that provide information
about the main characteristics of the structure, loading conditions, and the main properties of
the materials that are used. These data form the input parameters. The input information is
analyzed using software algorithms and a set of data is delivered to the user as output.
MnPAVE needs three mgjor categories of input: structural input, climate input and traffic
input. The current version of MnPAVE provides as output the following quantities: the
lifetime of the pavement, damage factor for asphat fatigue and subgrade rutting, the
percentage of damage that occurs in each season, the maximum stress on the top of the base,
and most of the values for stresses and strains determined using the elastic analysis.

The structural inputincludes the number of layers of the pavement structure, the thickness of
each layer, and the elastic properties of the material from each layer. All these characteristics
are necessary to construct the mechanistic model. MNPAVE has a set of options that alow
the user to choose the parameter that defines the elastic characteristics of the material. For a
complex project, the designer can odbtain the values of the resilient modulus for each season
and for each material used. In most cases, the user determines the typical elastic
characteristics for the optima conditions. Based on these values, MNPAVE computes the
value of the elastic parameter for each season using seasonal modulus multipliers. These
multipliers were determined based on the research done in Minnesota to evaluate the seasonal
effects on the material properties.[23]

The HMA layer can be divided into three lifts and for each lift the user can specify the binder
types and aggregate gradations. (MnNPAVE is cdibrated only for PG 58-28 binder, because
this binder has been used for most of the flexible pavements built in Minnesota) The values
of the elastic moduli are determined based on the characteristics of aggregate and binder,
using equation (4.19).

V,
log E =2, + a0+ as(pzoo)2 +agp, +a,V, +a ﬁ +
beff a
, 8+ 3Py + 8Pyss + B(Pys) + AP

1+ ea11+a12 logf +a43 logh

w (419)

where E - asphalt mix dynamic modulus, in 10° psi
h - bitumen viscosity (10° poise)
f - load frequency (Hz)
Va - expected in-place air voids in the mix ( percent of volume)

Vpeai - €ffective bitumen content ( percent of volume)
oo - percentage passing the No. 200 sieve, of total aggregate weight
( percent)

1-51



/s - cumulative percentage of materia retained on the No 3/8 of tota
aggregate weight ( percent)

P4 - cumulative percentage retained on the No. 4 sieve, by total
aggregate weight ( percent)

a - regression coefficients i=1..10

The value of Poisson’s Ratio is determined based on equation (4.20)

0.35

m=015+ =5

(4.20)

where i and by — the regression coefficients

The climate inputwas designed to provide the user the possibility of considering the variation
in materia properties caused by the environment. Based on the research done in Minnesota, a
year is divided into 5 seasons. The criteria used for this distribution are related to air

temperature and moisture, the parameters that have a mgjor influence on the road material

characteristics. The typical lengths of seasons and their influence on elastic moduli of the
material are presented in Table 1.21.

Table 1.21 Seasond distribution of atypical year for the design purpose [23]

Season | Season || Season 111 Season IV | SeasonV

Parameter Winter Early Spring | Late Spring Summer Fall
Layersare Base Thaws Base Recovers [ HMA Low | Layersare
frozen SG is frozen SG Thaws SG Recovers | standard

Estimated duration of each season

Beginning | FI>90°C-day | TI>15°C-day End of 3-day 3-day
Season | Tag>l7°C | Tag<l?C
Ending TI>15°C-day Approx 28 3-day 3-day FI>90°C-

days later Ta17°C Ta<l7°C day

Pavement layer moduli relative to fall values

Eqva High High Standard Low Standard
Eas High Low Low Standard Standard
Esx High High Low Low Standard

In MNPAVE, the lengths of the seasons are either suggested by the software in correlation
with the geographical location of the roads or declared by the user based an experience. The

pavement temperature based on air temperature is determined using Witczak equation (4.21)

16 34

T, =T,cl+ = +6 (421
P  Zvdy 2+ 4 “.21)

where: T, -average seasona pavement temperature (°F)
Ta - average seasonal air temperature (°F)

z  -the depth at which the temperature is predicted (in) - The default
value of z is at one third of the HMA thickness.
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Traffic inputis the section where the loads during the pavement lifetime are defined. There
are two ways to define these loads: using ESAL or using traffic spectrum.

If ESAL is used, the maximum anticipated axle load and the total number of ESAL during
the design period have to be specified. The maximum load value is used to check whether the
aggregate base can carry this load under the hypothesis that the materials characteristics are
the worst possible.

The load spectrum is used to quantify more precisely the variety of traffic loads, but in order
to obtain good results using this method, it is necessary to be able to input an accurate treffic
distribution. On the other hand, a good evaluation of traffic distribution requires a complete
set of traffic measurements (including weigh-in-motion) whose determination is typically
expensive and time consuming. Because of the limitations on accurate traffic data, the load
spectrum method cannot be employed for most of the local roads.

In MnPAVE, the load spectrum can be declared using two methods. The first one requires
declaring the number of axles enclosed in a given load range, which are expected to pass on
pavement during its lifetime. The second one is less complex and requires that the user
declares only the first year AADT, design life, annual growth rate, and the distribution of
traffic on Mn/DOT or FHWA traffic categories. Based on this information, the software
generates a complete load spectrum that is used in the design. The default distribution for the
traffic spectrum generation was developed based only on the measurements done on
highways and it assumed a uniform distribution of the traffic for all year long.

In order to quantify the effect of traffic load on pavement, MnPAVE considers a circular
footprint with an area that varies with the loads. Software provides a default tire pressure
equal to 689 kPa (100 ps) and the wheel spacing for each type of axle. These values are
considered as average values for the vehicles that traveled in Minnesota. It is recommendable
not to modify these values since the transfer functions used in the software are calibrated for
these default values.

The basic output of MNPAVE consists of the damage and lifetime of the pavement.
Nevertheless, these values represent only the main part of the output of the program. In
addition, the values of stresses strains and damages under various loads can be obtained.

Before determining the lifetime of the roads, MnPAV E checks the maximum allowable stress
criterion. This criterion, based on Mohr-Coulomb law (Eq. 4.22), is used to prevent the
failure of the aggregate base caused by an excessive load.

S; < Sygitical =s3tan2€;915+f—9+ 2ctandzs L0 (4.22)
e 2g e 2g
where:  sigiica - Maximum alowable stress at the middle of the aggregate
base
S1,S3 - principa stresses due to maximum axial load
c - cohesion
f - friction angle



MnPAVE is calibrated to perform the verification of the failure criterion only for Mn/DOT
class 5 aggregate. The research done related to this criterion showed that the critical stress
occurred at the middle of the aggregate base. The Mn/DOT Office of Materias and Road
Research determined the values of cand j for the Class 5 aggregate based on the triaxial test.
Because not enough triaxial tests were run for various moisture contents, the coefficients
obtained from laboratory tests are reduced by 30 percent. Consequently, MNPAVE has as
default input the characteristic values for Class 5 Aggregate: cohesion (c) equals to 41.37kPa
(6 psi) and friction angle (f ) equals to 24°. Based on these values, the maximum admissible
dtress is limited to 395.4 kPa (57.34 ps).

The damage analysis involves the investigation of the pavement using fatigue criterion and
rutting criterion under the hypothesis that Miner's law (Eq. 4.23) is valid. For the declared
pavement structure, the computational agorithms determine the value of admissible traffic
using one of these two criteria and compare this value to the traffic input. From this
comparison, it is established whether the designed pavement can carry the predicted loads
during its lifetime.

él (4.23)

|| QJOe_.

n;
Dam e: —L
0 \

where: | - axletypes
] - seasons (periods for which there are no variations in material)
nj - the estimated number of repetitions of the axlei in the season |
Nj; -theallowable number of repetitions of the axle i in the season |

It is considered that a pavement has failed when it exhibits fatigue/aligator cracks on more
than 20 percent of the total lane area (fatigue failure) or when it has 13 mm (0.5 inch) rut
(rutting failure). Equations (4.24) and (4.25) represent the fatigue law and the rutting law
respectively.

(= hEe)(E" (4.24)
where: Nt - number of repetitions to fatigue failure
& - horizontal tensile stress at the bottom of the HMA layer
E - HMA dynamic modulus

fy fo f3 - constants determined from the laboratory fatigue tests;

The coefficient f; is adjusted in order to provide a correlation with the observed field
performance. Equation (4.25) is the most common way to compute f;.

fi=H-C-Sfi (4.25)

where: H - height adjustment
C - correction factor related to the quality of HMA

c=10" dMC Vi

5
+CF2:
(7]



V' (percent) — volume of asphalt
V a(percent) — volume of air voids (in MnPave V,=8.0 percent at
the bottom of HMA)
Cin =484
Ci, =-0.69
fL - coefficient determined from the laboratory fatigue test
S - calibration coefficient (S=278 for MnPAVE)

N, =f,(e)" (4.26)
where: N, - number of repetitions to rutting failure
e - vertical strain at the top of the subgrade
fy f5 - constants determined from road tests or field performance.

Both models involve a set of coefficients related to materia characteristics and local
conditions. MNnPAVE alows the user to choose the values of these coefficients, but only the
default coefficients are calibrated for the Minnesota local conditions. The values of the
coefficients of damage models that can be used in MNPAVE are presented in Table 1.22 and
1.23.

Table 1.22 Rutting models used in MNPAVE

Rutting models N, = f,(e,)"
M nPave fa | =0.0199
f5 =-2.35
Roadent fs | =1.11-e008
fs | =-3.949
Asphalt Ingtitute | fa | =-1.365-e009
fs =-4.4477
Chevron fs | =-1.388-e009
fs | =-4.4843
CRREL-A4 f4 | =0.0025
fs | =-3.138

Table 1.23 Fatigue models used in MNPAVE

Fatigue models N, =CK_,(e,) "2 (E)"
MnPave fo =-3.291
f3 =-0.854
K" | = 1.2 for Huywa 3 11475 mm
(4.5in)
=0.342 for Hywa <114.75
C =0.314
Roadent fa =-3.20596
f3 =0
Kn | =283e-006
C =1




Asphalt Institute | f, =-3.291
f3 =-0.854
Kn | =0.07949
C =0.314
Illinois f2 =-3.16
f3 =-14
Kn | =259.2
C =1

Most of the models usedin MNPAVE are calibrated to local conditions. In order to reflect the
seasonal variations in materia properties, it considers 5 seasons in which significant
variations in the elastic properties of the materials occur. The elastic parameters of the
materials frequently used in pavement layers, were determined and set as default values. The
effect of different traffic loads and material properties are combined using Miner’s law, in
order to determine the damage of the pavement structure.



1.5 Mechanistic— Empirical Analysisfor
Evaluation of the SLR Impact on the Lifetime
of theMinnesota L ocal Roads

Introduction

Based on the traffic and pavement information available for local roads and on the review of
available mechanistic -empirical models it was decided to use MnPAVE software to evaluate
the effect of spring load restriction on the restricted roads in Minnesota. The reasons that
sustained this decision were:

MnPAVE has a climatic model developed for Minnesota

The failure criteria are calibrated to match the predictions for the local conditions using
the R-value and the SF methods

Most of the pavement materials parameters used in the calculations are known for each
season based on research performed at MNROAD feacility.

The traffic input options and the capability of running large numbers of scenarios in a
short time makes MNnPAVE ided for use in performing a detailed economic analysis of
the costs incurred by hauling companies during SLR.

Similar to al the other models used for pavement design or performance prediction, this
approach has a number of limitations that can affect the results of this analysis:

The calibration factors currently used in MNPAVE were developed for well-maintained
asphalt pavements with thickness greater than 4 inches while many county roads have
thinner and less maintained structures. The historical performance data needed for the
calibration of the model for typical county roads does not exist and obtaining it would
require millions of dollars and many years of well documented pavement condition
surveys. The research team believes that the performance of pavements does not change
abruptly when the thickness of the asphalt layer drops under 4” considering that the traffic
is lower on these pavements than on the thicker ones (thinner pavements are designed
thinner to address less traffic than a thicker pavements, unless the pavement was under
designed). In addition, the thinner layers affect the behavior of the pavement over the
entire year, not only in spring, and therefore the ratio of the damage accumulated in
spring over year-long damage most likely is not significantly (one order of magnitude)
affected when changing from a thicker pavement to a thinner pavement. With respect to
the pavement age effect on performance, currently there is no data available to document
the age of local roads in Minnesota and therefore this analysis cannot be performed even
if amodel to take this into account was available.

MnROAD rutting model neglects the non-linear behavior of the unbound materials and
assumes that rutting occurs only in the subgrade. This assumption underestimates the
damage that occurs in early spring, however, this damage is underestimated for both
restricted and unrestricted scenarios and therefore it is expected that the ratio between the
two, which is used in the economic calculations, is not considerably affected. In addition,
this damage is accounted for in the calibration factors used in the transfer functions of the
model. The development of a model that accounts for these limitations would require
extensive laboratory material characterization and the development of a different distress
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model. One option to check the reasonableness of the MNPAVE results is to use the
distress model proposed in the new Design Guide once this becomes available. However,
this approach has its own limitations as the calibration factors are not based on typical

Minnesota conditions.

Many pavements fail due to the combined effects of traffic and environmental loads. For
example a pavement may crack initially due to low temperature thermal stresses followed
by water infiltration and failure in rutting or fatigue. At this time there is no well

documented model available in the area of asphalt pavement research, including the
newly released AASHTO Design Guide, that addresses this issue.

Taking into consideration that the development of a more robust model would require
substantially more time and funding to acquire the required field and traffic data and that the
main focus of the project was the economic analysis of the costs associated with spring load
restrictions, it was decided to pursue the pavement damage analysis using MNnPAVE design
software.

The Analysis Input Parameters

The Minnesota climatic model has five seasons. The lengths of these seasons can be found in
Table 1.24, and the variation of material properties during these seasons is presented in Table
1.25.

Table 1.24*" Climatic parameters

Season Fall Winter gparrilzg é_p?ti:g Summer
Length (Days) 8 B 14 56 109
Tair (°C) 5 -7 0 10 Y/
Tpave (°C) 9 -6 4 15 2

Table 1.25""" The variations of the elastic properties with seasons

Elastic Modulus (M Pa)

Materia Fall Winter gparrilr%/g é_p?tier:g Summer
HMA (PG 58-28) 7009 18640 10490 4258 1328
Agg Class 5 151.70 344.70 4551 106.20 128.90
Soil - A-7-6 31.72 317.20 317.20 22.20 26.96
Soil - A-6 44.13 344.70 344.70 30.89 37.51

The values of the elastic moduli for fall are considered the reference values. In early spring
the aggregpte base is only 30 percent of the fall value; this low value is assumed only for two
weeks. As thawing progresses during late spring, the fall elastic modulus of the soil reduces
by 30 percent. The most significant reduction, however, occurs in the asphalt mixture
modulus, which in summer reduces to 18 percent of the fall modulus.

The asphdlt layer is defined as a hot-mix asphalt layer with a binder PG 5828. This is the
only type of mixture for which software has default values. The aggregate class 5 is the most



frequently used type of material for the base layer. A6 is the soil considered in this model
because it is the most frequent type of soil in Minnesota.

The typical cross-section on the restricted local roads has a bituminous layer with the
thickness ranging from 51 mm (2 in) to 153 mm (6 in) on a base layer of minimum 253 mm
(6in).

The information about the composition of traffic flow on the local road network in Minnesota
[19] shows that 2, 3- and 5-axle trucks are the most frequent types of vehicles. In order to
model this traffic, a representative truck from each category is chosen. The main parameters
of these representative trucks are presented in Table 1.26. The axle parameters (distance
between wheels and tire pressure) have been considered similar to the MNnPAVE values.

Table 1.26 Truck fleet parameters [66]

Truck Gross | Tarred | Front | Middle Rear Disvt\i?b%rgon Weight
Type Weight | Weight | Axle Axle Axle per axle Distribution per
® ®) Type Type Type (empty truck) axle (full truck)
Dual ! ]
2-axle 12 34 Steer - Whedls 1.00:1.15 1.00:1.65
Dual
3-axle 21 8.0 Steer 1.00:1:36 1.00:1.98
Tandem
Saxe | 39 144 | ser | P9 | DU 405150000 | 1.00:3.00:307
Tandem | Tandem

In order to evaluate the effect of SLR, these trucks are assumed loaded with the maximum
admissible load. The weight distribution under different scenarios is presented in Table 1.27.

Table 1.27 Axle weight distribution

Truck A . Front Axle| Middle Axle Rear Axle
Restrictions | Weight (t
Type i ) (® (®
Empty 3.400 1581 - 1.819
5 ton road 7.276 2.746 - 4530
2 Axles
7 ton road 10.186 3.844 - 6.342
9 ton road 12.000 4528 - 7472
Empty 8.000 3.387 - 4613
5ton road 12.922 4.366 - 8.557
3 Axles
7 ton road 18.091 6.112 - 11.979
9 ton road 21.000 7.095 - 13.905
Empty 14.400 4114 6.171 4114
5 ton road 19.968 2.797 8.613 8.558
5 Axles
7 ton road 27.870 3.885 12.006 11.979
9 ton road 35.833 4995 15.402 15.436

To separate the effects of different types of traffic during the non restricted period of time and
the SLR period of time, different indices were used for the daily traffic for each of the 3 types
of trucks considered in the analysis, as shown in Table 1.28.
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Table 1.28 Traffic indices

Truck Type No of trucks Restrictions Weight (t)

N N N.° 5 ton road 7.276

2 axles N, N;~° 7 ton road 10.186
Ny, N’ 9 ton road 12.000

N2°, N2” " )N2™° 5 ton road 12.922

3axles N,', N,° 7 ton road 18.091
N, N, 9 ton road 21.000

N2, Na° ' N3™° 5 ton road 19.968

5 axles Ng', Ng° 7 ton road 27.870
Na, Ny’ 9 ton road 35.833

The meaning of each index™" is provided below.

- Nj, N2 N3 — the number of trucks per day for each type of truck during the
unrestricted time of the year (44 weeks).

- N2° N2° N3° —the number of trucks per day on a 9-ton road during SLR (8

weeks).

- N1/, NY/, N3’ — the number of trucks per day on a 7-ton road during SLR (8
weeks).

- N2°, No°, Ng° — the number of trucks per day on a 5-ton road during SLR (8
weeks).

- N1, No™°, N3™ — the number of trucks per day traveling from the Zton roads to
a9 ton road during the SLR (8 weeks).

- N22% N»>° N3 — the number of trucks per day traveling from the 5ton roads
to a 9-ton road during SLR (8 weeks).

- N1¥’, N7, N3®' — the number of trucks per day traveling from the 5ton roads
to a 7-ton road during SLR (8 weeks).

The model assumed that half of the vehicles are empty and half of them are full, and the load
per axle is the lowest of the maximum admissible load for the road category or the maximum
load admissible by the reference truck capacity. This seems a reasonable assumption since
most of the heavy vehicles that travel on the local roads are operated by various industries
and not by the transportation companies. Moreover, in this way the effect of the increase in
the number of trucks can be better quantified.

A Model which Evaluatesthe SL R Effect on the Lifetime of the Roads

The first step in this aralysis was to establish the relevant failure criteria. For this, MNnPAVE
was run for a few particular pavement structures and loads™. The results are presented in
Tables 1.29 and 1.30 and show that rutting is the critical failure criterion that determinesthe
lifetime of a pavement in the local road network.
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Table 1.29 Relevant failure criteriaanalysis for an HCDT =20 heavy vehicles

Pavement Structure

Criterion 51 mm (2') HMA 51mm (2") HMA 102 mm (4") HMA
153 mm (6") agg base | 204 mm (8") agg base | 153 mm (6") agg base
Fatigue
lifetime (years) 19 23 50
Rutting
lifetime (years) 4 / 19

Table 1.30 Relevant failure criteria analysis for an HCDT =200 heavy vehicles

Pavement Structure

Criterion 51 mm (2") HMA 51mm (2") HMA 102 mm (4") HMA
153 mm (6") agg base | 204 mm (8") agg base | 153 mm (6") agg base
Fatigue
lifetime (years) ! 2 9
Rutting
lifetime (years) 0 0 !

These preliminary MnNPAVE runs aso indicate that during spring the largest amount of
rutting occurs during later spring. Thus, the efforts related to determining the impact of the
heavy traffic focused on this period. Note that MNPAVE aso indicates that a large part of the
damage occurs in summer due to the substantial reduction in the asphalt modulus, which
reduces the effect of SLR damage compared to the year long pavement damage.

The main purpose of the model developed in this chapter is to provide a tool that can evaluate
the lifetime of the roads for atraffic flow with heavy trucks similar to the trucks presented in
Table 1.28 and variable heavy traffic distributions. The model is based on a linear
accumulation of the damage (Miner’s Law, EqQ. 4.23). When Damage = 1, the service life of
the road is reached.

The following procedures were used to determine the lifetime of the roads with and without
SLR:

1. Based on the weights per axle showed in Table 1.27 and the type of axle, the traffic
was distributed according to MNPAVE weight classes from the traffic spectrum
section, which resulted into 11 types of weight classes. The range d each classis 9
KN (2 kips) and the computation uses the mark value for each class.

2. Each passing of an axle causes damage to the pavement. The amount of damage
depends on the season (the material characteristics) and on the load. Using MnPAVE,
the number of cycles to failure for rutting was determined. Assuming that each pass
results in the same amount of damage regardless of the time in the pavement life
when it is applied, the values of damage caused by one passing of each of the axle
types in each season were calculated.

3. Next, the value of damage caused by each type of truck (full + empty) in one pass, in
each season was calculated. This was done by adding up the damage caused by each
axle corresponding to the particular type of truck and the particular type of loading
(restricted for 5tons, restricted for 7-tons or unrestricted) for that truck.

4. Knowing the length of each season and assuming that in each day of the year a full
truck and an empty truck from one category are passing, the damage caused by this
pair in each season was calculated.

1-61



5. Next, the damage values calculated for each season were added up and the damage
caused by a pair of trucks in one year was calculated for each truck type - load
restriction combination. These values were divided by 2, to obtain the damage per one
truck, represented by the a; and &' coefficients.

6. The damage per year from the total number of passes for a particular type of truck is
simply calculated by multiplying the “N” coefficients with the corresponding “a’
coefficients.

7. The summation of all “aN” products for a particular traffic - road combination give
the total damage accumulated during one year.

8. Considering that the pavement fails when the accumulated damage is 1, the lifetime of
the road, in years, is caculated as the inverse of the yearly damage.

9. The ratio or the difference between the lifetimes determined with SLR in place and
without SLR can quantify the savings of the SLR palicy.

The results of the procedure are the functions given in Table 1.31. The meaning of the N and
“a’ coefficients was explained in the previous paragraphs.

Table 1.31 Equations for calculation of the pavement lifetime in years for various
scenarios
9-ton road— no restriction on the network

Lifetime (pavement structure, N3, N2, N3 = (a,N, +a,N, +a,N,)*

9-ton road —-SLR on the network
Lifetime (pavement structure, N1, N2, N3 N1°, N2, N3®, N1 N2"®, N3™ N,

N N) =(@N, +aN, +a, +2EN +aNG +aING -+ N+ NG O+
+ag-9N§-9 +az—9NZ—9+a72-9N;—9 +a;—9N;-9)-l

7-ton road - SLR on the network
Lifetime (pavement, N1, N2, N3 N1/, N2',N3', N.¥7, N2>7, N2°7) =

= (&N, + a,N, + aN, + &/ N] + alN] + alN] + & NS 7 +a3 "NS 7 +a5 NS

5-ton road - SLR on the network
Lifetime (pavement, N1, N2, N3 N2°, N2, N35) =

= (&N, +a3,N, +aN, + a’N® +a3NS +aSNs )

The Seasonal Variationsin the Damage Caused by Heavy Trucks

Table 1.32 and 1.33 present the damage caused by heavy trucks™' assumed on different types
of roads. The daily damage during SLR to aroad with 51 mm (2”) HMA layer and 153 mm
(6”) isplotted in Figure 1.17. The plot clearly indicates a significant reduction in the amount
of damage induced in the pavement when the load of the trucks is reduced. If the road is
posted as a 7-ton road, the amount of daily damage accumulated in the pavement during late
spring is reduced by 20 to 36 percent. If the same road is posted as a 5ton road, the

reduction of daily damage during later spring is between 51 and 59 percent. These values
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become much smaller if asimilar analysis is perfor med for the annual damage™", as shown in
Figure 1.18. The annual reduction in damage is between 5 to 9 percent if the road is posted
asa7-ton road and between 13 to 14 percent if the road is posted as a 5-ton road.

0.00012

0.00010

0.00008

0.00006

0.00004 —

0.00002 _—

Damage per later spring day

0.00000 T T
2-Axle 3-Axle 5-Axle

Trucks

||:| 9-ton road O 7-ton road O 5-ton road |

Figure 1.17 Load restriction effect on the daily damage in later spring for
aroad with 51 mm (2 in) HMA layer and 153 mm (6 in) base layer
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Table 1.32 The distribution of damage per seasons (SLR=later spring) for one pair of trucks (1 empty and 1 full with admissible loads)

9ton roads 7 ton roads 5 ton roads
ot | s

2 Axle 3 Axle 5 Axle 2Axle 3Axle 5 Axle 2 Axle 3 Axle 5 Axle
Trucks Trucks Trucks Trucks Trucks Trucks Trucks Trucks Trucks
Fall 15.38% 15.48% 15.52% 1653% 16.26% | 17.04% 17.98% 17.71% | 17.84%
51mm (2") HMA |  Winter 0.22% 0.22% 0.22% 0.23% 0.23% 0.24% 0.25% 0.25% 0.25%
153 mg‘ag) 9 | Eqly Spring | 0.33% 0.31% 0.33% 0.35% 0.32% 0.36% 038% 035% | 0.38%
Soil A6 Later Spring | 24.31% 24.49% 24.50% 18.62% 20.70% | 17.10% 11.52% 13.62% | 13.20%
Summer 50.77% 50.50% 50.44% 64.26% 6249% | 65.26% 69.87% 68.07% | 68.33%
Fall 17.37% 17.11% 17.49% 1887% 1810% | 19.50% 20.79% 1994% | 20.57%
51mm (2")HMA |  Winter 0.20% 0.20% 0.20% 0.22% 0.21% 0.22% 024% 0.24% 0.24%
204 mg‘ag) 9 | Ealy Spring | 0.31% 0.29% 0.32% 0.34% 0.31% 0.36% 0.33% 0% | 038%
Soil A6 Later Spring | 26.87% 26.61% 27.03% 20.55% 2233% | 18.63% 12.46% 14.45% | 14.20%
Summer 55.25% 55.79% 54.96% 60.02% 50.04% | 61.29% 66.13% 65.03% | 64.62%
Fall 11.75% 1117% 11.79% 12.45% 1163% | 12.75% 13.33% 12.42% | 13.24%
102 mm (4") HMA | Winter 0.25% 0.26% 0.25% 0.27% 0.27% 0.27% 0.29% 0.28% 0.28%
153 mg‘ag) 9 | Ealy Spring | 0.57% 0.53% 0.58% 0.60% 0.56% 0.63% 065% 059% 0.65%
Soil A6 Later Spring | 19.08% 18.21% 19.13% 14.28% 14.82% | 12.56% 8.18% 903% | 9.18%
Summer 68.35% 69.83% 68.25% 72.40% 7273% | 73.80% 77.55% 7767% | 76.64%




Table 1.33 Totd damage per years (SLR=later spring) caused by one pair of trucks (1 empty and 1 full with admissible |oads)
Pavement Layers Thickness 9ton roads 7 ton roads 5ton roads
Soil HMA Base 2 Axle 3 Axle 5 Axle 2 Axle 3 Axle 5Axle 2 Axle 3 Axle 5 Axle
Trucks Trucks Trucks Trucks Trucks Trucks Trucks Trucks Trucks
51mm(2’) | 153 mm (6”) | 1.14E-02 | 2.18-02

2.52E-2 1.06E-02 2.08E-02 2.30E-02 9.74E-03 1.91E-02 2.20E2

A6 [ 51 mm (2") | 204 mm (8") | 6.30E-03 | 1.21E-Q2 1.41E-02 5.78E-03 1.14E-02 12.6E-02 5.26E-03 1.04E-2 1.20-02

102 mm (4") | 153 mm (6") | 2.42E-03 | 4.44E-8

5.44E-(B 2.28E-03 4.28E-03 5.04E-03

2.12E-03 4.00E-08 4.84E-08
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Figure 1.18 Load restriction effect on the annual damage for aroad
with 51 mm (2 in) HMA layer and 153 mm (6 in) base layer

The difference between the percent savings occurring in one later spring day and the percent
savings occurring in one year can be explained by the large amount of daily damage that
occurred in summer, as shown in figure 1.19, combined with the longer duration of summer
time (109 days) compared to the later spring (56 days).

7.00E-05

6.00E-05
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Fall Winter Early Spring Later Spring Summer
Season

E51 mmHMA 153 mm agg base E51 mm HMA 204 mm agg base 00102 mm HMA 153 mm agg base

Figure 1.19 Variation of daily damage per season for a 2-axle truck

Figure 1.19 also indicates that based on the rutting criterion used in MNPAVE an increase of
the quantity of freight transported during the summer time to offset the reduced operations of
the carrier during the SLR season on the three types of roads analyzed can cause more
damage than if no load restriction were imposed.
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The results presented in Table 1.33 and Figure 1.18 indicate that a 5axle truck induces the
largest amount of damage in the pavement structure. However, if the problem is posed in
terms of the damage caused by one ton transported, the order is changed. When the freight is
caried with a 5axle truck, the amount of damage caused by one ton transported is
approximately 30 percent smaller than when the transportation is provided by a 2 or 3axle
truck, as shown in Figures 1.20 and 1.21. This observation is independent of the road
category.

The results also indicate that any increase in the quality of the materials or the thickness of
the pavement layers decreases the damage. An increase of the thickness of the asphalt layer
has the most significant reduction in the damage caused by heavy vehicles during spring. A
comparison between a pavement structure with 51 mm (2 in) and 153 mm (6 in) granular
base and a structure with 102 mm (4 in) and 153 mm (6 in) granular base shows that 51 mm
more in the thickness of the asphalt layer reduces the annual damage by 80 percent and the
value of the daily later spring damage by 84 percent.

The analysis presented in this chapter illustrates the effects of the three most representative
types of heavy trucks on local roads under different SLR scenarios. Note that the yearly and
seasona damage results were based on the assumption of a uniform traffic during the year
and dd not take into account the variation in the numbers of trucks during SLR period and
the truck distribution during the seasons. The economic calculations, however, do take into
account these variations based on the traffic counts collected from the counties included in
the anaysis.
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Figure 1.20 Damage per transported ton for a pavement with 51 mm (2 in)
HMA layer and 153 mm (6 in) base layer
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1.6 Conclusions

Observations

This research quantifies the effects of the spring load restriction on local roads in Minnesota.
The data collected from the State Aid Office and the counties indicated that loca roads in
Minnesota are designed based on various empirical design methods. Currently, there is a
large diversity of pavement structures on the local roads network; in many instances the same
pavement structure was posted as 9ton, 7ton, and 5ton depending on the location of the
road.

The research showed that, given the lack of traffic and pavement condition data for local
roads and the large degree of empiricism associated with pavement design and performance
in general, a reasonably approximate model for the evaluation of the SLR impact on the
lifetime of the roads can be developed based on a mechanistic-empirical approach calibrated
on trunk highway pavements, for which traffic and pavement condition data is less scarce.
Unlike the empirical design methods, this approach is sensitive to the variation of truck loads
caused by the restriction program and to the seasonal variation of the traffic flow and can be
easily integrated in the more complex economics anaysis required v evaluate the cost
benefit of SLR.

Conclusions

The analysis performed in this task led to a number of important conclusons. However,
these conclusions should be interpreted with caution due to the inherent limitations associated
with any type of pavement evaluation analysis, as described in chapter 5:

The pavement structures that are posted as 5, 7, and 3ton roads vary from county to
county. In many cases the decision concerning the roads classification is made by
considering the performance indicators (distresses and deflections) measured at
different times during the pavement life

Based on the mechanistic-empirical analysis performed using MnPAVE software,
rutting represents the most frequent cause of failure of the local roads. However, the
survey performed as part of this task indicates low temperature thermal cracking as
the primary distress (smilar to trunk highways in Minnesota). This distress can be
significantly reduced by a better selection of the asphalt binder grade used in the
asphalt pavement. The effect of traffic or of spring thaw on thermal cracking is
unknown and has not been researched so far.

MnPAVE rutting model indicates a significant reduction in the damage accumulated
during spring when load restrictions are imposed. For a road with a 51 mm (2”)
asphalt layer and 153 mm (6”) aggregate base posted as a 7-ton road, the amount of
daily damage accumulated in the pavement during later spring is reduced by 20 to 36
percent. If the same road is posted as a 5ton road, the reduction of daily damage
during later spring is between 51 and 59 percent. However, these numbers drop to
less than one third if the analysis considers the damage accumulated in one full year
due to the large amount of damage that accumulates in summer as a esult of the
substantial decrease in the asphalt mixture modulus. The annual reduction in damage
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is between 5 to 9 percent if the road is posted as a 7-ton road and between 13 to 14
percent if the road is posted as a 5-ton road. Thisisin agreement with data published

for Quebec flexible pavements, which indicates an increase of between 6 to 14
percent in the average life expectancy of pavements due to SLR. [67]

The amount of damage induced in the flexible pavement by trucks increases with the
number of axles. In terms of transported tons, a ton transported with a Saxle truck
induces 30 percent less annual damage than a ton transported with a 2~ or 3-axle
truck. This observation is independent of the assumed SLR scenario. An increase in
the quantity of freight transported on the road during the summer as a consequence of
the reduced operations of the carrier during the SLR season most likely can cause
more damage to the pavement than the case when no load restriction would be
imposed.

An increase in the thickness of the asphalt layer significantly decreases the values of
the annual damage. A comparison between a pavement structure with 51 mm (2 in)
and 153 mm (6 in) granular base and structure with 102 mm (6 in) and 153 mm (6 in)
granular base shows that addition of 51 mm in the thickness of the asphalt layer
reduces the annual damage by 80 percent and the value of the daily later spring
damage by 84 percent.

Recommendations

The research performed to evaluate the effect of the spring load restrictions program on local

roads resulted in the following recommendations:

- The input data required to design and evaluate loca roads in Minnesota is very scarce.

This includes traffic distribution and axle load information as well as pavement condition
information, such as cross section, age, and distresses. It is therefore recommended that
this data is collected and stored periodically; traffic and distress data need to be collected
during the different critical seasons of the year to better evaluate the damage bvel that
occurs during spring load restriction.
The SLR damage evaluation can be improved if a rutting model based on the
accumulation of permanent deformation in al layers is developed and calibrated. As a
first step, MNPAVE results should be compared to the new Design Guide software. In the
near future, as more performance data becomes available for typical local roads,
MnPAVE should be calibrated for pavements with thinner asphalt layers.

The most direct and reliable approach to investigate the effect of spring load restrictions is to
perform asimplefield experiment as follows:
Build two test sections with cells that are representatives of the cross sections
characteristic of typical local pavements.
Load the first section with unrestricted traffic loads during SLR and load the second one
with restricted traffic loads during SLR.
Monitor their performance in time and determine the pavement life savings due to the
application of SLR.

Until such an experiment is performed and completed it is recommended that the conclusions

of this analysis should be used in policy making only after consultations with experienced
state, county and city engineers.
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Endnotes

'A detailed explanation of these indicesis given in Part 3 of Task 1.

' From this point on, restricted roads refer to County and State Aid paved roads for which traffic and
information was available.

" An excerpt from State Aid Manual with the definition of the main type of roads is given in Appendix 1.

" In thistable, city roads embed municipal streets and municipal state aid system.

¥ A table with the responses of the county engineers at the survey can be found in Appendix 2.

¥ The data used for the computation are presated in Appendix 2. The data count only state aid highways and
county highways.

" The explanation of the Soil Factor and the R-value is provided in Section 3.2.2. “Design Methods Used for
Pavement of the Local Roads”.

" There are other devices to measure the deflection but FWD is the most frequently used. Moreover, alarge
part of the research done is based on the results obtained using FWD device.

¥ Equations 3.11 and 3.22 have been presented and explained in Chapter 3.

*The description of the MNnPAVE software is based on [27], on personal experience using this program and
discussions with Bruce Chadbourne — Research Project Engineering Mn/DOT.

* Theincrease in the value of the coefficient K rrwhen the thickness is less than 114.75 mm (4.5 in) is not
calibrated and it is recommended that it be used in design of the new pavement when MnPAVE runs in standard
mode.

* The climate parameters are typical for Lyon County.

" The values from the table are the default values in MnPAVE.

™ Note that the superscript index indicates traffic during the SLR period time, while an unsuperscripted index
indicatestraffic during unrestricted period of time.

¥ The load distribution assumed for heavy commercial traffic is: 24.4% 2-axle trucks (half empty half fully
loaded), 11% 3-axle trucks (half empty, half fully loaded), and 64.5% 5-axle trucks (half empty, half fully
loaded).

xvi The results were obtained for one pair of trucks, one empty and one loaded with admissible load.

i The annual damage is the damage caused to the pavement by a pair of trucks traveling daily, all year long.



Chapter 2

Task #2: Conduct surveys of shippers and carriers.

2.1 Introduction

To determine the economic impacts of SLR, surveys of commercial road users were performed.
The cost of SLR on commercial vehicle operators is the consequence of aternate behavior
resulting from the imposition of the restrictions. This aternate behavior can be summarized as
any combination of the following options: shift the seasonal timing of shipments, reduce load
size per vehicle (resulting in more trips), change vehicle type, or change routes (to longer but less
restricted roadways). All these behaviors add costs to the operation of commercial vehicles.

This research describes the study and calcul ates the average and marginal truck operating cost in
Minnesota by using models estimated from data collected from a large sample of different
trucking companies. Using more detailed adaptive stated preference surveys, the research also
calculates value of time. Truck operating cost per km were used, along with data from the freight
demand model, to determine the cost of the SLR on the freight industry.

This report consists of severa parts. Section 2 discusses the framework and process of the mail-
out/mail-back survey. Section 3 estimates a cost model from the survey data. Section 4 provides
an overview of the theory that was used as a building block for the stated preference analysis to
estimate value of time. It details the methodology used in the interview and surveying process.
Section 5 presents the results of the interviews and explains the variation in results. Finally, the
conclusion summarizes the findings and their relation to the benefit/cost study, and discusses
further analysis.
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2.2 Mail-Out/Mail-Back Survey

The objective of the mail-out/mail-back survey was to obtain values to enable the estimation of
truck operating costs, appraise the effect of SLR on freight transportation among different sectors
of the freight industry and collect general information about their operation, and willingness to
participate in an in-depth interview. The survey collected data which was believed to affect value
of time and operating cost, such as size of company, type of trucks and company strategy.

Data were collected for different trucking companies in Minnesota. The target was the decision
maker in each company, who was thought to be able to give accurate information of how their
trucks operate. Contact information was obtained from different sources: Minnesota Department
of Transportation (Mn/DOT) Freight Facilities Database, Minnesota Trucking Association
(MTA) board of directors, Mn/DOT overweight permit list, Mn/DOT filed insurance list, and a
list of significant local trucking companies in Minnesota identified by city and county engineers.
The surveys were mailed during the spring of 2003 in three waves: before SLR, during SLR, and
after SLR. Table 2.1 displays our response rates.

The mail-out/mail-back survey comprised two different types of questionnaires. about half of the
firms received along form consisting of 19 questions, the others received a short form consisting
of 7 of those same 19 questions. It was estimated to take twenty minutes for a person to complete
the long-form questionnaire. The two different forms were used to test the loss in responses due
to survey fatigue, as some respondents might be unwilling to spend significant time answering
the questionnaire.

Results show there is a difference between the response rates for these two forms, (Table 2.2),
the long form resulted in an 18% response rate (both overall and for the subjects obtained from
the freight facility database), while the short form had a 25% rate. No follow-up contacts with
potentia respondents were made to increase the response rate.

As previously stated, the survey questionnaires were mailed in three different waves, pre-SLR,
during SLR and post-SLR, to study the difference between responses. Results show the response
rate is higher before SLR (26%) than during (18%) or after (20%) the period of SLR, while
controlling for subjects from the same source database.

Respondents were asked if they would be willing to participate in future interviews for more
information, of which, 50.9% said they were willing to be interviewed. Interviews were
conducted later to estimate value of time from a stated preference survey, as described in later
sections of this report.

Important information was obtained from the survey, including: type of trucks and number of
axles, overall distance traveled by a firm's trucks, number of employees, type of products that a
firm hauls, if the company is assessed financial penalties for late or missed delivery, who
chooses the route, total truckloads per year, operating cost per unit distance, if they impose a fuel
surcharge, and how do they pay their drivers. These descriptive results from the survey are
summarized in Appendix 2-3.
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Table 2.1 Response Rates For Mail-Out/Mail- Back Survey

Actual
Count Response Bad Actual  Response
Rate By Survey  Total  Return Bad Address Actual Response  Rate
Sample Group Returned Rate Addresses Rate Responses Rate  (Adjusted)
MTA February 2003
-PreSLR, Long
Form A 12 353% 0 0.0% 12 35.3% 35.3%
FF March 3 2003 -
Pre SLR, Long Form 165 27.3% 27 164% 18 10.9% 13.0%
FF March 3 2003 -
Pre SLR, Short Form 200 76 38.0% 31 155% 22.5% 26.6%
FF March 6 2003 -
Pre SLR, Long Form 51 24 47.1% 12 235% » 23.5% 30.8%
FF March 6 2003 -
Pre SLR, Short Form 50 27 54.0% 4 8.0% 46.0% 50.0%
FF March 10 2003 -
Pre SLR, Long Form 50 24 48.0% 6 12.0% 18 36.0% 40.9%
FF March 10 2003 -
Pre SLR, Short Form 50 23 46.0% 11 20% » 24.0% 30.8%
FF March 21 2003 -
SLR, Long Form 300 79 26.3% 39 13 13.3% 15.3%
FF March 21 2003 -
SLR, Short Form 300 103 34.3% 51 17.0% 52 17.3% 20.9%
MnDOT April 4
2003 - SLR, Long
Form 459 104 22.7% 53 115% 51 11.1% 12.6%
FF May 23 2003 -
Post SLR, Long
Form 300 9B 3R2.7% 5 18.7% 42 14.0% 17.2%
FF May 23 2003 -
Post SLR, Short
Form 300 % 32.0% 39 13 57 19.0% 21.8%
CC June 5 2003 -
Post SLR, Long
Form 264 77 29.2% 18 6.8% 59 22.3% 24.0%
2523 788 3L.2% 347  13.8% 441 17.5% 20.3%

Note: MTA refers to Minnesota Trucking Association as the mailing list source, FF refers to the Mn/DOT Freight
Facilities database as the source, Mn/DOT refers to the filed insurance and overweight permit lists as the source, and
CC refersto the city/county engineer surveys as the source.
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Table 2.2 Summary Response Rates For 1st Cut Survey

Bad Actua
Total Return Bad Address Actua Response Actua Response
Count Returned Rate Addresses  Rate Responses Rate Rate (Adjusted)

Response Rate By
Form Type
Long
Form 1623 463 28.5% 211 13.0% 252  15.5% 17.8%
Short
Form 900 325 36.1% 136 15.1% 189 21.0% 24.7%
Response Rate By
Wave
PreSLR
(MTA,
FF) 600 231 38.5% 91 15.2% 140 23.3% 27.5%
SLR (FF
&
MnDOT) 1059 286 27.2% 143 13.5% 143  13.5% 15.6%
Post SLR
(FF, CC) 864 271 31.4% 113 13.1% 158 18.3% 21.0%

Table 2.3 summarizes the results of average trip length per truckload by industry. Truck loads
are assumed to be round trips. Results gow food products have the most km per truckload
compared to other industries. Table 2.3 also summarizes the percent of trip length that a firm’'s
trucks spend on roads subject to SLR (Based on Question 15 of the Long Form). One can see
that the rubbish industry is most affected by the imposition of SLR. It should be noted that there
were only three respondents in this industry.

The average cost from data collected was $0.69/km ($1.11/mile). This was for a sample of 186
different trucking companies. The answers ranged between $0.087/km and $2.98/km ($0.14 -
$4.79/mi), which shows the diversity of cost per km by industry and size of company (see Figure
1). Typica labor cost for commercia trucks is around $0.22/km ($0.35/mi). Vaues below
$0.3V/km ($0.50/mi) may exclude or undervalue labor cost. The data around $0.69/km
($1.11/mi) more accurately represents the total cost of operating a truck per km, such that the
respondents correctly interpreted the question as total cost including labor. A follow up study
was conducted to get a better result for cost per km. All respondents who reported operating cost
per km less than $0.31/km were re-contacted by phone to verify survey answers. There were
total of 26 responses less than $0.31/km. Of these respondents, sven of them re-verified their
operating costs while five respondents revised them. The remaining 14 respondents could not be
reached. None of the responses were removed from the data, since it is uncertain as to whether
the responses were incorrect.
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Table 2.3 Responses by Industry Type

% of Trip Length
Km/Truckload Miles/'Truckload Affected by SLR Response Count

Ag Chem 151 242 38.5% 14
Aggregate 66 106 20.6% 23
Agricultural 312 499 28.7% 61
Beverages 259 414 15.0% 3
Construction 392 627 12.6% 10
Dairy 635 1016 1.8% 3
Food Products 1446 2314 9.7% 15
General Products 989 1582 6.3% 23
Industrial Supplies 1058 1693 5.6% 16
Paper 354 566 1.7% 4
Petroleum 235 376 35.1% 12
Rubbish 161 258 100.0% 3
Timber 379 606 45.8% 10
Average 503 805 22.2% 198

Note: % Of Trip Affected by SLR from Long-Form respondents only.

Owner/operators have higher operating cost compared to non owner/operators, as shown in
Table 2.4, perhaps a result of having fewer trucks to distribute their fixed operating costs. If
economies of scale exist, it makes sense that smaller firms have higher operating cost. Figure 2.1
displays a histogram of costs.
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Table 2.4 Operating Costs

Table4a Response Standard
Cost/km Count Average Mode Median Deviation
Overadll 186 $0.69 $0.62 $0.60 $0.44
By Industry

Rubbish 2 $1.54 $1.54 $1.30
Dairy 3 $1.03 $0.84 $0.47
Food Products 18 $0.90 $0.60 $0.64 $0.66
Paper 4 $0.85 $0.86 $0.29
Petroleum 11 $0.81 $1.86 $0.78 $0.62
Timber 5 $0.76 $0.56 $0.40
Aggregate 22 $0.70 $0.30 $0.61 $0.37
Industrial Supplies 12 $0.68 $0.56 $0.59 $0.43
Construction 13 $0.67 $0.40 $0.59 $0.35
Ag Chem 15 $0.62 $0.80 $0.48 $0.67
Agricultural 55 $0.61 $0.50 $0.55 $0.32
General Products 24 $0.60 $0.78 $0.65 $0.29
Beverages 2 $0.50 $0.50 $0.54
Ownership

Owner/Operator 21 $0.84 $0.93 $0.50 $0.69
Non Owner/Operator 165 $0.67 $0.80 $0.61 $0.39
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Table4b Response Standard
Cost /Mile Count Average Mode Median Deviation
Overall 186 $1.10 $0.99 $0.96 $0.70
By Industry
Rubbish 2 $2.46 $2.46 $2.08
Dairy 3 $1.65 $1.34 $0.75
Food Products 18 $1.44 $0.96 $1.02 $1.06
Paper 4 $1.36 $1.38 $0.46
Petroleum 11 $1.30 $2.98 $1.25 $0.99
Timber 5 $1.22 $0.90 $0.64
Aggregate 22 $1.12 $0.48 $0.98 $0.59
Industrial Supplies 12 $1.09 $0.94 $0.69
Construction 13 $1.07 $0.64 $0.94 $0.56
Ag Chem 15 $0.99 $1.28 $0.77 $1.07
Agricultural 55 $0.98 $0.80 $0.88 $0.51
General Products 24 $0.96 $1.25 $1.04 $0.46
Beverages 2 $0.80 $0.80 $0.86
Ownership
Owner/Operator 21 $1.34 $1.49 $0.80 $1.10
Non Owner/Operator 165 $1.07 $1.28 $0.98 $0.62
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Figure2.1 Histogram of Reported Operating Cost Per Km
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2.3 Operating Cost M odels

There are many approaches to estimate the operating cost for trucks. Each of them employs a
different methodology and models to calculate the variable costs of operating trucks. Fuel, repair
and maintenance, tire, depreciation, and labor cost are the most important costs that are
considered to estimate operating cost.

Daniels divided vehicle operating cost into two different categories, running costs and standing
cost [1]. Running cost includes fuel consumption, engine oil consumption, tire costs, and
maintenance cost. Standing cost includes license, insurance, and interest charges. Speed was
reported as the most important factor in fuel consumption and maintenance costs rise with
increasing speed. If fuel consumption and maintenance cost change, operating cost will change
as well. Vehicle size is another factor that affects fuel consumption and it will change operating
cost. Vehicle size was included in the model by using average axle number for each firm.

Watanatada divided the variables that affect the truck operating cost to the following categories
[2]:

1) Truck characteristics (e.g., weight, engine power, maintenance)
2) Local factors (e.g., speed limit, fuel price, labor cost, drivers attitude)
3) Road characteristics (e.g., pavement roughness, road width)

Operating cost is considered a function of road characteristics and so is policy sensitive.

Barnes estimated operating cost for commercial trucks based on fuel, repair, maintenance, tires
and depreciation costs [3]. He also considered adjustment factors for cost, based on pavement
roughness, driving conditions and fuel price changes. He estimated an average of truck operating
cost at $0.27/km ($0.43/mile), not including labor cost. If one assumes labor costs are around
$0.22/km ($0.35/mile), total operating cost using Barnes model will be around $0.49/km
($0.78/mile). This number can be used as a check for operating cost per km data obtained from
the survey.

Firms seek to minimize their cost including truck operating cost. Truck operating cost for each
firm can be divided into fixed and variable costs. Fixed costs are not sensitive to the volume of
output, but variable costs change with the level of output.

Waters has explained different costing methods that are useful to estimate the relationship
between outputs and costs [4]. One of the methods that has been used in transportation studies is
the statistical costing method. In this method the relationship between outputs and costs are
estimated using statistical techniques across observations. Multiple regression analysis shows
how cost changes by changing any of the variables. In this study this statistical method will be
used to estimate the effect of different variables on operating cost. The primary factors which are
posited © be important in estimating total operating cost for different firms include firm size,
strategy, type, and if economies of scope are present.
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Size of firm:

Transportation cost, including the question of economy of scale, has been of interest to decision
makers in different transportation sectors for many years. Managers need to have enough
information about their costs to make the right decision about the type of services to provide and
the prices to charge [5]. There are many factors that can be used to determine the presence of
economies of scale for firms in the transportation industry. In railroads, economy of scale can be
estimated for traffic dengity, length of haul, size of firm, and number of products. The studies
that were conducted to estimate economies of scale for railroad industry during the 1950s and
1960s showed there was no economy of size or traffic density. Later studies in 1970s showed
increasing returns and economies of traffic density for large railroads [6]. Results show that to
reduce railroad cost, the flow of traffic over existing lines should increase or the lines with light
traffic need to be eliminated. In the airline industry, cost studies have found the unit cost of
service within any city-pair market decreases quickly, there are roughly constant returns to scale
exist for U.S. trunk carriers, and there are economies of scale for smaller airlines [6]. Economies
of density in the airline industry exist because average costs decline as a plane filled and because
larger planes can move more passengers at a lower average cost. Most of the studies for motor
carriers, for example Winston et al. (1990) and Allen and Liu (1995), show that they operate
subject to constant returns to scale, however smaller carriers may operate with some increasing
returns to scale [5].

Economies of scale in larger firms would reduce operating cost. This means larger companies
should have a lower cost per unit distance. In this case two factors give us size of firm: km per
truckload and number of truckloads. These factors are considered important and are expected to
be significant in the model. Km/Truckload (K/T) is calculated by dividing the total kilometers
traveled by firm’s truck in a year by total annual truckloads. It measures average length of haul
for each firm. This variable is expected to be datistically significant in the model as total cost
should increase by increasing km/load. The Number of Truckloads (T) was asked directly from
each firm and is another indicator of the size of the firm. The expectation is that it will be
statistically significant and the total cost increases with number of truckloads.

Firm Strategy:

Each firm develops its own strategy based on management policy, which may lead to differences
in operating costs for firms. In this study firms were asked if they were assessed financial
penalties by clients for late or missed delivery. Firms were also asked how they determined
driver compensation and if compensation is linked to ontime delivery, and if they have a fuel
surcharge. All these policies could be used as variables in the model. Financial Penalty (P)
indicates the company was assessed a financial penalty by clients for late or missed deliveries.
By paying a financia penalty to the client, operating costs should increase, o it is expected it
will be positive and significant.

Typeof Firm:
Different industries have different lengths of haul for their products. Owner/operator (O)

indicates the company owns and operates its own trucks. Survey results revea the difference in
operating cost for owner/operators versus non owner/operators. Owner/operators have larger cost
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per km. The reason for this may be the absence of economies of scale and that they have fewer
trucks over which to distribute their firm's fixed costs. The models are estimated separately for
each type of firm.

Economy of Scope:
A firm is said to operate with economy of scope if for outputsy,and vy,
C(y,,¥,) <C(0,y,) +C(y,,0) (1)

That means the cost of producing two outputs with one firm is less than the cost of producing
each output with two different firms. In this case economy of scope has been tested by
considering the number of goods that a firm hauls as an output. An indicator for multi-product
firms (H) indicates if a firm hauls more than one good. Using H as a categorica variable in the
model allows testing to see if economies of scope exist in the trucking industry.

Total Cost Model

To measure the effects of the hypothesized independent variables, statistical models with total
operating costs as the dependent variable are estimated. Total operating cost (C) is calculated by
using the following formula

C=K*(C/K) 2
Where:C iscogt, K isoverall kilometers, and C/K iscost per kilometer.
Both overall kilometers and operating cost per km have been asked directly of each firm.
Linear Regression model

First a linear model is tested with Ordinary Least Squares (OLS) regression. The following
model has been generated using total cost as a dependent variable and kilometers, the number of
truckloads, financial penalties, owner/operator status, and whether or not the firm hauls more
than one good as independent variables.

C=b,+b,(K/T)+b,T+b,P+b,0+b.H (3
Where:
C isTotal Annual Cost
K iskilometers
T is number of truckloads
Pis1if firmis assessed afinancia penalty for late delivery, O otherwise
Ois 1if the firm is owner/operator, O otherwise
His1if the firm hauls more than one product, O otherwise
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From the correlation matrix (Table 2.5), one can see number of truckloads (T) is highly
correlated with number of drivers (D) and overall kilometers (K); because al of them represent

sze of firm, just one of them is used in the modd.

Table2.5 Correlation Matrix

T D K P 0 (KM [H
T 1.0000
D 0.7441 | 1.0000
K 0.3867 | 0.7418 | 1.0000
P 0.3108 | 0.3088 | 0.2520 | 1.0000
O | -0.1207|-0.1289] -0.0748| -0.1710| 1.0000
K/T | -0.0417|-0.0185] 0.0076 | -0.0245 ]| -0.0116 | 1.0000
H -0.0134 | 0.0254 | 0.0324 | -0.0634 [ -0.1447 | -0.1877 | 1.0000

Cobb-Douglas M odé€l

Cobb-Douglas models are often used to estimate cost functions and may provide a better fit than
the linear modedl.

The form of the Cobb-Douglas model used in this mode is:

C =€ (KIT)" TP (€)™ (%) (e")" @

The coefficient b on the independent variable is the elasticity of cost with respect to that

independent variable such as output. It shows the percentage change in total cost resulting from a
1 percent increase in the level of output.

Using a Cobb-Douglas model produces the following:

Ln(C)=b, +b,Ln(K/T) +b,Ln(T) +b,Ln(e") + b,Ln(€°) + b.Ln(e") (5)

The results from fitted models are shown in Table 2.6. The linear model is not a good fit for our
data. Just two of the independent variables are significant and the Rsquared is 0.180. In the
Cobb-Douglas model three independent variables are statistically significant with p-value less
than 0.05, R-sgquared is about 0.95.

Results show the elasticity of total cost with respect to the km/load and truckload is close to 1,
(the coefficient on Ln(K/T)) and Ln(T)), which means that as the km/load rate or truckload rate
increase by 1 percent, the total cost will increase roughly by 1 percent as well, which is expected.
However coefficients are dightly greater than 1, indicating overal diseconomies. The

coefficients on Ln(e”)and Ln(e°)show the easticity of total cost with respect to the two
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categorical variables. O and P. Total cost increases with both variables. Because the coefficients
are smaller than 1 (both are around 0.3), it means if the variables increase by 1 percent, cost

increases by 0.3 percent. The coefficient on Ln(e") is statistically insignificant and indicates no
economies of scope.

Table 2.6 Estimated Models of Total Operating Cost

Variable Linear Model Cobb-Douglas Model
3 45.27 1.015
K/T
Std-Error 117.130 0.033
T-stat 0.390 30.620
p-vaue 0.700 0.000
T 3 117.34 1.043
Std-Error 28.8 0.029
T-at 4.07 35.87
p-vaue 0.000 0.000
P 3 3973163 0.297
Std-Error 1791364 0.118
T-stat 2.22 2.52
p-vaue 0.028 0.013
O 3 -43952 0.312
Std-Error 2597629 0.172
T-at -0.02 181
p-vaue 0.987 0.072
H 3 1095115 -0.012
Std-Error 2100002 0.13
T-stat 0.52 -0.09
p-vaue 0.603 0.927
Constant 3 -948570 -1.037
Std-Error 2111996 0.328
T-at -0.45 -3.16
p-vaue 0.645 0.002
R-Squared 0.180 0.945
N 145 145
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To determine if the Cobb-Douglas is a good fit for our data, one can look at the summary graph
of the final model. Figure 2.2 shows the actual values versus predicted values. Results show the
predicted total cost by using the Cobb-Douglas model is close to the actual values.

To determine if economies of scale exist in the trucking industry, each industry type can be
looked at individually. Models 3-6 (Table 2.7) show the results of the Cobb-Douglas model for
four industry types that had a relatively large number of observations. It isimportant to note that
trandog models were also employed, but since they provided no improvement in explanatory
power, their results were not included.

Table 2.7 Cobb-Douglas estimate of total cost for different industry

Model 3 Model 4 Model 5 Model 6
Variable Agriculture  Generad Aggregate  Food Product
Product
3 1.047 1.023 0.718 0.509
K/T
Std-Error 0.50 0.145 0.120 0.227
T-sat 20.910 7.070 5.960 20240
p-value 0.000 0.000 0.000 0.055
T 3 1.102 1.125 0.809 0.905
Std-Error 0.043 0.083 0.119 0.182
T-sat 25.630 13.500 6.800 4.980
p-vaue 0.000 0.000 0.000 0.001
P 3 0.214 0.335 0.712 0.128
Std-Error 0.161 0.440 0.34 0.446
T-sat 1.330 0.810 2.100 0.290
p-vaue 0.191 0.433 0.075 0.782
O 3 0.659 0.179 -0.317 0.364
Std-Error 0.227 0.353 0.626 0.657
T-dat 2.910 0.510 -0.510 0.550
p-vaue 0.006 0.622 0.625 0.595
H 3 -0.339 -0.498 0.250 0.807
Std-Error 0.191 0.302 0.428 0.470
T-sat -1.780 -1.650 0.580 1.720
p-vaue 0.084 0.124 0.574 0.124
Constant 3 -1.414 -1.390 2.016 3.026
Std-Error 0.441 10171 1.299 2481
T-dat -3.180 -1.650 1.550 1.220
p-vaue 0.003 0.124 0.155 0.257
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R-Squared 0.970 0.967 0.917 0.944
N 45 19 15 14

The coefficients of km/truckload and number of truckload for Agriculture and General Products
are greater than 1, this shows there are diseconomies of scale in Agriculture and Genera
Products. Diseconomies of scale in Agriculture and General Products may be the result of
smaller firms, more owner/operators or having shorter hauls. However there are economies of
scale in Food Products and Aggregate which may be aresult of larger firm size and longer hauls
(Table 2.3).
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Figure2.2 Actual total costsversus predicted total costs from model

Average Cost Function

The average cost function is found by computing total costs per unit of output. Assuming total
truckloads is the output of each firm, the average cost function for each firm can be calculated as
following:

Average cost = (total cost) / (total truckload)

Averagecost: C/T = (e (K /T)™TPz2e™Pebe’H) /T (6)
Averagecost: =g KT P2 PirighP gPghsht 7
—e 1.037 K 1.015T - 0.972e0.297P eO.3120e- 0.012H (8)

Using the mean of each variable in equation (8), gives an average cost of $232 per truckload.
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To compare this value with the average cost from survey data, the mean of cost per km and the
mean of overall kilometers can be used to calculate the average total cost. Average cost can be
calculated by dividing average total cost by average truckload (output). This gives an average
cost of $249 per truckload. One can see the average cost calculated from model is less than the
average cost that was obtained from the data.

Assuming total kilometersis the output of each firm, the average cost function for each firm can
be calculated as following:

Average cost = (total cost) / (total kilometers)

Averagecost: C/K =(e™(K/T)>» TP ze>PebOe™") /K (9)
Averagecogt: =g K™ IT Pz PghPgbOghsH (10)
—e 1037 K 0.015T 0.02860.297Pe0.3120 e 0.012H (11)

Using the mean of each variable in equation (11), gives an average cost of $0.64 per km.
Marginal cost function

The marginal cost function is found by computing the change in total costs for a change in
output. If output is total truckloads then:

Marginal cost = (change in total cost) / (change in truckloads)
The marginal cost function is
IC/9T= (b, - b,)ePo KT Pz PrighPgliOgtsH (12)
Using coefficients from Table 2.6, the margina cost function will be
MC = (1.043 - 1.015)e MK 015T -0-972g0297P g0.3120 g 0012H (13)
Using the mean of each variable in equation (13), gives an overall marginal cost per truckload of
$6.51. The average cost per truckload is much higher than the margina cost, indicating

economies of scalein truckloads.

Assuming total kilometersis the output of each firm, the marginal cost function for each firm can
be calculated as following:

The margina cost = (change in total cost) / (change in kilometers)
The margina cost function is
IC/IK = b,e K P'T Pz PP gbOghsH (14)

Using coefficients from Table 2.5 the marginal cost function will be
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MC - 1015e— 1.037 K 0.015T 0.028e0. 297Pe0.3120e— 0.012H (15)
Using the mean of each variable in equation (15), gives an overall marginal cost per km of $0.65.
The marginal cost is dightly higher than the average cost, indicating slight diseconomies of scale
per km. Table 2.8 summarizes economies of scale by variable and industry classification.

Table2.8 Economies of scale by variable and industry classification

Industry Agriculture  General Product ~ Aggregate  Food Product
Variable

AC per truckloads 188 597 20 588
MC per truckloads 9.94 60.93 1.80 233.18
Economies of Scale 18.90 9.79 11.11 2.52
AC per km 0.67 0.76 0.54 0.66
MC per km 0.70 0.78 0.37 0.33
Economies of scae 0.95 0.97 1.46 2.00

AC = Average Cost
MC = Marginal Cost
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2.4 Value of Time Theory and Methodology

The value of time for vehicles has been evaluated for over 40 years, since it was noted to be an
important part of economic analysis in transport planning [7] Haning and McFarland published
one of the first reports estimating the value of time for commercial vehicles [8]. They evaluated
time savings through the net operating profit approach. This approach makes the assumption
that business oriented travel time saved is used for productive purposes, whereas persona travel
time saved may be used for productive purposes or leisure activity. Thus commercia vehicle
value of time should be greater even when no cargo is being carried. Their methodology fixed
most vehicle and labor costs so that with improved speeds, a vehicle will be able to travel farther
in the same time and contribute more profit. The difference was the value of time savings.

Adkins, Ward, and McFarland used a cost savings model to estimate the value of time for
commercia vehicles, which is “based on a reduction of those costs that are not variable with
miles of operation.” [9] They aso reviewed two additional methods of estimation: the cost-of-
time method in which the value of time is “derived by determining the cost of providing time
savings’ for a specific project, and the willingness to pay method in which “individuals are faced
with a decision between time savings and other benefits.” A summary of some previous results
is provided in Table 2.9, adapted from Kawamura [10]. The Consumer Price Index was used to
adjust the figures to reflect 2003 prices.

Table2.9 Summary of Previous Vaue of Time Studies

Authors Y ear of Publication Focus Adjusted to 2003  Average
Haning and McFarland 1963 Truck Operators $19.57 t0 $25.42  $22.50
Waters et al. 1995 Truck Operators  $6.86t0 $38.92  $22.89
Kawamura 1998 Truck Operators  $30.14 $30.14
Brownstone et al. 2002 Autonbiles $30.58 $30.58
Small and Yan 2001 Autombiles $21.36 $21.36
Adkinset a. 1967 Cargo Vehicles  $25.81 $25.81

Overdl Average  $25.55
Standard Deviation $4.01

Over the past decade, several European papers have used willingness to pay methods
[11][12][13]. They used both revealed and stated preference methods to derive choice data

Revealed preference (RP) refers to preferences observed in actual market situations. Stated
preference (SP) refers to preferences recorded in hypothetical situations. While economists
typically are reluctant to rely on stated consumer preference compared with observing actual

consumer behavior, in many situations the choice for researchers is to take consumers at their
word or do nothing [14].
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SP methods have severa advantages over RP methods. Louviere, et al. [14] show how SP
surveys can be designed to control for outside influences whereas data from RP methods
sometimes cannot satisfy model assumptions, thus observed relationships cannot provide reliable
and valid inferences. SP data are often less expensive to collect and such methods are used
widely in marketing studies to explain preference for items that are not in the actual marketplace.
SP can introduce variability in explanatory variables to estimate preference where little variation
exists in the marketplace.

In the case of this cost-benefit analysis of SLR, we have very little available market choice data
in instances where we could derive proper demand equations and estimate a value of time. We
are limited to the use of SP methods, from which one can apply econometric models to estimate
the value of time from the stated choices of commercial truckers.

A sample of commercial vehicle operators is necessary to conduct an analysis on their value of
time. An interview was chosen for the SP component rather than telephone and mailed methods
because the interviewer can be available for clarifying and follow-up questions, alowing the
subject to gain a clearer grasp of the scenarios presented and their trade-offs [10].

As previously noted, of the 441 good responses from the mail-out/mail-back survey, 50.9 percent
were willing to be interviewed. It was decided for the benefit/cost analysis of SLR that four
Minnesota counties would be modeled: Olmsted, Lyon, St. Louis, and Clay; which were chosen
based on available data and geographic location. These four counties are located at different
extremes in the state and represent a different mix of commodity flows representative of their
respective locations. (Due to time constraints and the addition of the city of Crystal, St. Louis
County was excluded from this study). To remain consistent, the interviews were to be
conducted in these same counties. Only 40 candidates were willing to be interviewed from these
four counties, so the sample area was increased to include neighboring counties. A pilot study
was conducted in Hennepin County because of its close proximity to the University of Minnesota
and to include some metropolitan data. In al, 50 interviews were conducted throughout twelve
different counties during July and August of 2003 (see Figure 2.3).

Severa options are available in designing an SP survey. Preferences can be reported as
rankings, or choices between two or more options, or as ratings of each individual option. Stated
choice was chosen for this experiment because ranking and rating of aternatives seems to be an
unusual activity in transportation [10]. Also, discrete choice data has been shown to be less
sengitive to bias when compared with other methods such as rating and ranking [13]. The
options are described by attributes set to particular levels. “It is usual, because it provides useful
data, to choose attribute levels such that alternatives do not dominate each other, i.e. are not
better in al respects. Instead, trade-offs are built into the experiment, where respondents are
given more of one good (or less of a bad) in return for less of another good (or more of a bad)”
[15].

The chosen design for our analysis employed adaptive stated preference (ASP) methodology.
ASP surveys differ from conventional SP surveys in four major ways. options presented in
subsequent games depend on the answers recorded in previous games, fewer aternatives and
attributes are presented in individual games, the subject is often presented with more games, and
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it is possible to obtain estimates of parameters at the individual level [16]. The last reason is the
most important reason this methodology was chosen, value of time is estimated at the
disaggregate level.
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The design of the commercial vehicle survey included the often utilized permit schemes of
Mn/DOT and several municipalities as an attribute, in addition to time per truckload, total truck
loads, and the expected value of the fine. The permit would allow the truck to travel on an
otherwise restricted route to save travel time for afee. Two options of permits were presented, a
seasonal permit that would allow atruck to travel at the legal load limit imposed during the non
restricted period for the entire duration of SLR, and a single use permit that would alow this
type of travel only once. The expected value of a fine is the product of the fine and the
probability of getting caught. Fines for overweight trucks are on the order of hundreds of
dollars, but the probability of getting caught is low. The expected value of fine displays the
product of full fine value and the probability, one figure for smplicity.

The adaptive technique presented one no cost option and one cost option in exchange for time or
reducing number of truckloads. There were five scenarios (each with six games):

trading a reduction in time per truck load for a single use permit
trading a reduction in total truck loads for a single use permit

trading areduction in total truck loads for a seasona permit

trading a reduction in time per truck load for an expected value of fine
trading a reduction in total truck loads for an expected value of fine

The interviews were conducted in person and the survey was administered on a laptop computer.
A computer program running through a Microsoft Access database was used to alter values in
the separate presentations. The computer program used bisection techniques to focus on each
subject’s maximum willingness to pay. It started at a midpoint of an appropriate range and
increased or decreased the cost attribute by half depending on the alternative chosen by the
subject. This process continued until a reasonable amount of precision was reached; in this case
we were looking for values to the nearest $1 or $2. A reasonable starting point should be two to
three times the final mean [16]. The average values in previous studies indicated that the starting
point should be around $50/h, but instead $40/h was chosen for its meaningful integer values
when bisected up to the 4" iteration. This makes the range of possible values of time from
$1.25/h up to $77.75/h for the six iterations. The full range is $0 to $80, but these values
represent the limits to which infinite iterations would be bound.

A screenshot of the database displays the instructions and layout of presentation two, the first
tradeoff scenario (see Figure 2.4). The question would repeat atotal of six times with a different
value for option B after each response. The subsequent values would depend on the previous
choice for each scenario, with the program resetting at $40 for each of the other scenarios. The
complete list of questionsis given in Appendix 2-2.

The range was tested for validity in a pilot study, along with the language of the instructions, SP
and interview questions, as well as SP format and database functionality. The average vaue
given was $19.74/h, the minimum was $0/h, the maximum was $45.00/h, and the average of the
maximums was $33.33/h. These values confirmed that the chosen anchor and maximum points
were sufficient, and all bugs in the operation of the database and al misinterpretations of
instructions were eliminated prior to travel to the four study areas.
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Extraction of value of time estimates from SP data can be obtained with two different methods,
switching point analysis and statistical analysis. Switching point analysis estimates the value of
time from the level of trade-off where the choices switch from the cost option to the free option
[20]. An example would be a traveler who chooses to pay a toll for a given amount of time
savings on all options up to $5, but then chooses the alternate route without a toll for al tolls
presented over $5. The switching point for thisindividua is $5, and this would be an estimate of
that traveler’s value of time. The second method, statistical analysis, employs a logit model to
estimate the value of time from discrete choice data. It assumes that the error terms are Gumbel
distributed. Using the logit model for aggregate estimation yields utility coefficients that reflect
average behavior. If the objective of the analysis is to measure differences in coefficient values
across individuals, aggregate estimation is contradictory [10]. Various suggestions have been
presented to handle this problem including introducing socioeconomic variables, relaxing
assumptions, or segmenting the data. Fowkes suggests fitting individual models for each
respondert [15]. Further analysis can be conducted by aggregating the fitted disaggregate
models.

In cases of truncated data, data that has lower and/or upper limiting values, there may be a
number of responses that take on the limiting value. In this Situation, logit analysis would be
inappropriate. Probit analysis would provide a suitable model of the probability of responses
taking on the limiting value, and regression analysis would be appropriate for the nontlimited
values. Tobin proposed a model that is ahybrid of these two techniques for cases of truncated
data[17].
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about your operation. If you could pay for a single use permit per truck load for
ck load to t an otherwise restricted, shorter route during the spring load
restriction period that would save each truck load one hour, which option would you
choose?

Option A Option B
Truck Leads: | [

Time per Truck Load: 160 |' minutes

Cost per Permit {$): 40 [

Figure24  Scenario 1 — A tradeoff of a reduction in time per truck load for a single use
permit
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2.5Value of Time Results

The first presentation measured the preference for saving truckloads for a particular shipment
versus time per truckload for that same shipment. The mean fina value of truck loads and time
per truckload were near the midpoint of the analysis, thus no clear indication of preference for
time savings or truckload savings was indicated. For the value of time analysis, the estimates
from the two scenarios of truck load savings and time per truck load savings will be based on the
product of the two, the total time savings.

The results of the switching point analysis yielded an overall mean of $24.10/h (see Table 2.10).
The values presented are descriptive statistics based on the greatest value of the non-free
aternative that the respondent chose in the ASP survey.

Table2.10  Switching Point Analysis

P2 P4: P5:

Permit, P3: Seasonal Fine, Pe6:

Time  Permit, Permit, P4/40. Time Fine

Savings Total  Totd Seasonal Savings Total

Per Truck Truck  Adjusted Per Truck

Pl Truck Load Load to SingleTruck Load

P1: Time Load  Savings Savings Savings Load  Savings Mean Max
Trucks (min.) ($) ® 6 ) 6 ® ® P@®

Mean 5.82176.61 36.70 30.23 65341 16.34 1950 17.35 24.10 46.78
Median 5.00176.00 38.75 13.75 300.00 750 3.75 1.88 10.00 48.75
Mode 4.00 120.00 0.00 0.00 0.00 0.00 0.00 0.00

Max 8.00 240.00 78.75 78.75 3,150.00 7875 7875 78.75

Min 4.00 120.00 0.00 0.00 0.00 0.00 0.00 0.00

Standard

Deviation 1.85 5544 2810 30.34 857.82 2145 27.86 25.88 27.98 27.07

Notes:
- Prefersto presentation

P2 is a scenario where there is a trade-off between an hour of time savings for each truck with a single-use

permit versus no time savings for zero cost.

P3 is a scenario where there is a trade-off between a savings of one truck load with a single-use permit

versus no truck load savings for zero cost.

P4 is a scenario where there is a trade-off of having to run fewer truck loads over the SLR period for the

cost of a seasonal permit, or more truck loads for the same amount of product for zero cost.

P4/40 adjusts the 40 hour s of time savings to one hour.

P5issimilar to the second presentation except in this case, fines are used instead of single-use permits.

P6 is the same as P3, except that fines were used in the place of single-use permits. The second set of data

presented in this table averages the two single-use permit scenarios and the two fine scenarios.

The second presentation, time savings in exchange for a single-use permit, has the greatest

switching point mean of $36.70/h. The lowest mean corresponds to the seasonal permit scenario,
followed closely by the fine scenarios. The mean of all the presentations for all 50 survey
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participants is $24.10/h. This is in line with the past studies estimates of the value of time (see
Table 2.9).

Typicaly in value of time analysis, the mean of the switching points is referred to as the estimate
of the value of time. Most SP surveys have a similar structure as was used in presentation two
where time is saved as a result of paying a fee, in most cases a toll, but in this case, a single-use
permit. Brownstone et al. have noted that SP studies generaly yield lower values than RP
studies [18]. Avoidance of paying additional fees for a public good that people believe they
aready pay enough for in the form of taxes may be the reason behind this underestimate. Some
respondents noted that they would not purchase permits, but were more willing to pay fines to
save time. Using only permits to estimate value of time would not capture this group of
respondents’ actual willingness to pay. The maximum switching points for each respondent
would take into account those who are unwilling to pay additional fees, but ill have a
willingness to pay using other means (e.g. fines) in other scenarios; similarly it would account
for those who would not be willing to break the law and receive fines, but would pay extra for
permits. The mean of those maximum switching points is $46.78/h (see Table 2.10). The use of
this value is likely to represent a varied samples maximum willingness to pay and therefore
more accurately estimate the value of time.

One problem that was encountered in this analysis is that some cases were bounded by the
survey instrument’s computer program that adaptively adjusted the values of the fines and
permits based on previous answers. The program was bounded at $0 so that no one would
receive payment for time savings. The expectation was that no individual vaue of time would
exceed $78.75/h throughout the experiment; this was corroborated by the pilot study. However,
eight subjects reached the maximum willingness to pay during at least one presentation. Two
options are available when working with bounded data: either throw out the bounded cases due
to the fact that they violate the homogeneity assumption for the data, or use al the data with a
model that accounts for limited cases. A tobit model accounts for limited cases; this model will
be fit to the data in a later section.

The estimate for value of time with the bounded cases eliminated reduced the previous estimate
by $4.06 to $42.72 (see Table 2.11). In Table 2.11, the two lower bounded cases and the eight
upper bounded cases were eliminated, leaving 40 for the analysis.

The results for the logit mode when analyzed a the extreme disaggregate level of each
presentation for each subject are equivalent to the switching point analysis.

Utility = b, + b, (DCost) + b, (DTime) (12

If the data are aggregated to the individual level, the results of the logit analysis are roughly
equivalent to the mean over presentations for the switching point analysis as shown in Table
2.12. One difference is that the mean increases by eliminating the bounding cases, whereas the
mean decreases in the switching point analysis. These results should not be given much
consideration because only three out of 40 individuals had significant coefficients for time and
cost at the 95 percent confidence interval. This is consistent with previous research [14][19].
Aggregating the data at the presentation level will result in large differences in value of time
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estimates (see Table 2.13). Logit analysis must be done at the disaggregate level, and in this case
the results are equivalent to those presented in the switching point analysis section.

Table2.11  Switching Point Analysis - Bounded Cases Eliminated

P2: P4
Permit, P3: Seasonal P5: PG:
Time  Permit, Permit, P4/40: Fine, Fine,
Savings Total Tota  Seasonad Time  Totad
Per Truck  Truck Adjusted Savings Truck
Pl  Truck Load Load toSingle Per Load
PL. Time Load  Savings Savings Savings Truck Savings Mean Max P

Trucks (min.) ($) %) %) %) Load (%) ($) %) %)
Mean 550184.09 $34.81 $26.44 $605.88 $15.15 $15.44 $13.56 $21.22 $42.72
Median 450192.00 $36.25 $10.63 $325.00 $8.13 $250 $1.88 $10.00 $48.75
Mode 4.00240.00 $5.00 $0.00 $0.00 $0.00 $0.00 $0.00
$2,800.0
Max 8.00240.00 $77.50 $77.50 0 $70.00 $70.00 $70.00
Min 4.00120.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00

Standard
Deviation 1.76 5493 $25.85 $26.89 $792.75  $19.82 $23.31 $20.00 $24.67 $24.12

Notes:
P refer sto presentation
P2 is a scenario where there is a trade-off between an hour of time savings for each truck with a single-use
permit versus no time savings for zero cost.
P3 is a scenario where there is a trade-off between a savings of one truck load with a single-use permit
versus no truck load savings for zero cost.
P4 is a scenario where there is a trade-off of having to run fewer truck loads over the SLR period for the
cost of a seasonal permit, or more truck loads for the same amount of product for zero cost.
P4/40 adjusts the 40 hours of time savings to one hour.
P5issimilar to the second presentation except in this case, fines are used instead of single-use permits.
P6 is the same as P3, except that fines were used in the place of single-use permits. The second set of data
presented in this table averages the two single-use permit scenarios and the two fine scenarios.
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Table2.12  Logit Results— Individual

All CasesBounded Cases Eliminated

% (%)
Mean 24.92 26.58
Median 14.70 14.80
Mode
Max 85.33 85.33
Min 0.46 1.89
Standard Deviation 23.60 24.19

Table2.13  Logit Results - By Presentation - Bounded Cases Eliminated

Presentation 2T ?C ?T/?C VOT ($) Significant
2 1 0.0106 93.9 93.92

3 1 0.0116 86.3 86.34

4 1 -0.0002 -115.7 115.74

5 1 0.0177 56.5 56.48 *

6 1 0.0148 67.7 67.69

Mean 84.04

Median 86.34

Max 115.74

Min 56.48

Standard Deviation 23.10

The main problem with the previous analysis is the limited cases. The tobit model can be fitted
to truncated data without eliminating cases. It provides additional information, and thus will
provide a better estimate of the value of time in this analysis. The tobit model used in this
analysis uses the maximum switching point as the dependent variable with a constant as the
independent variable and an upper limit of $78.75/h. The estimate for the independent variable
parameter is $49.42/h using all 50 cases. The estimate is statistically significant with at-statistic
of 11.07.

The best result from these data to be used as an estimate of the commercia vehicle operator’s
value of time is $49.42/h. It accounts for people’s aversion to paying for something that they
feel they have already paid for by including fine scenarios and choosing the maximum from all
presentations. It also uses al data collected in the derivation of the estimate.

A check for this estimate of value of time would be to take the stated cost per kilometer reported
by the subjects and multiply that by a reasonable estimate of kilometers per hour. The average
stated cost for these subjects is $0.65/km ($1.05/mi). From the interviews, 80 km/h (50 mi/h)
was considered a reasonable expectation for the speed of trucks. The product comes out to be
$52.36/h, which isin line with the estimate from the tobit anaysis.
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One aim of this study was not only to provide an accurate estimate for commercial vehicle
operator’s value of time in Minnesota, but also to account for the variation in value of time. The
recorded values of time comprise a very flat distribution with variance exceeding the mean
exponentially. The mailed survey recorded many operational and economic details of each firm
so that they could be used in further analysis as independent variables to test for a statisticaly
significant relationship.

Kawamura showed that the value of time varies at a significant level based on the operation of
the trucking firm, whether it is has a private or for-hire truck fleet [20]. Using the tobit model,
this hypothesis is tested. The indicator variable for firms with private fleets was significant at
the 90 percent level. The results are consistent with Kawamura's findings that firms with private
fleets have a considerably lower value of time (see Table 2.14). This can be explained by for-
hire firms having a better idea of their operating costs, and the greater flexibility to pass most of
the additional cost on to the consumer.

Table2.14 Tobit Modd - Private vs. For-Hire

Standard 95% Confidence
Estimate Error t-statistic P-vaue Interval
Constant 59.5962 6.715904 8.87 0 46.10009 73.09232

Private -17.23666 8.641082 -1.99 0.052 -34.60156 0.1282455

The freight facility database has records organized by facility type (see Table 2.15). The
hypothesis that for- hire fleets have a higher value of time is tested, and the results are consistent
with previous studies. Three facility types are significant at the 90 percent level, with two more
being amost significant.

Table2.15 Tobit Mode - By Freight Facility Type

Standard 95% Confidence
Estimate Error t-statistic P-vaue Interval

Constant 78.09 16.04 4.87 0 45.77 110.42
Ag Chem -56.43 21.98 -2.57 0.014 -100.72 -12.13
Gran -34.80 20.03 -1.74 0.089 -75.18 5.57
Manufacturing  -34.34  20.65 -1.66 0.103 -75.97 7.28
For-Hire Trucking-19.79  16.82 -1.18 0.246 -53.68 1411
Waste -50.59 30.57 -1.65 0.105 -112.21 11.02
Wholesale -5452 1881 -2.9 0.006 -92.44 -16.60

Note: Ag Chem refersto Agriculture Chemical Distribution Centers

2-27



Most variables, especially continuous variables, failed to account for the variation in value of
time estimates across individuals. This is consistent with the literature; only Kawamura's study
has postulated and provided evidence for an explanatory variable or variables[20].
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2.6 Conclusions

During SLR periods, trucking companies report changes in their operating behavior mostly by
changing routes and reducing load size, which imposes additional cost on their operation. The
average cost for commercial trucks in Minnesota is $0.69/km ($1.11/mi). This number is the
result of using data collected from 186 different firms in Minnesota. Owner/operators have a
higher cost as aresult of having less output to distribute their fixed cost over.

A Cobb-Douglas model gives the best fit to estimate the total cost from the survey data. Tota
truckloads represent the size of firm in the total cost model. From the model one can see roughly
constant returns to scale. If output (total truckloads) increases by 1%, total cost will increase by
1.04%. Results from the model for each industry type show there are economies of scale in food
product and aggregate industry. It may be result of having longer length of hauls or larger firms.

Average cost for trucks obtained from the model is $0.64/km ($1.02/mi) and $250/truckload (for
an average truckload size). That is very close to the average cost from the survey data. Margind
cost is $6.51/truckload and $0.65/km ($1.04/mile). Therefore there are economies of scale in
additional truckloads but diseconomies in additional trip distance.

A caveat on the analysis is that some of the respondents may have misunderstood the survey
guestionnaire. There is a possibility that the number of respondents (26 of 186) who reported
operating cost less than $0.31/km ($0.50/mi) may not have included labor cost in their answers.
This may cause the estimated value to be somewhat lower than the actual number.

The total operating cost model estimation also does not show the impact of road quality on
operating cost. It may be an important factor in operating cost as low quality roads can reduce
the life of tires, increase fuel consumption and aso increase the maintenance cost. It may also
reduce speed which increases labor cost.

This research study used six scenarios of Adaptive Stated Preference (ASP) to estimate the value
of time for commercial vehicle operators in Minnesota. The games within each scenario were
bounded by reasonable estimates of the value of time, and during the course of the analysis
severa subjects reached the upper limit of the survey. The best model for truncated data of this
type is the tobit model. The tobit model provided an estimate for the average commercial

vehicle value of time in Minnesota of $49.42/h. This result is very similar to the median of the
maximum of presentations of $48.75/h using switching point analysis with bounded cases
eliminated. Comparisons between for-hire firms and those with private fleets indicated that for-
hire firms have a considerably higher value of time.

The primary limitation in the analysis of the value of time is the lack of RP data, which led to the
use of SP methods. In the absence of economic data derived from observed behavior,
researchers are left with taking consumers at their word. While it has previously been shown
that SP methods routinely underestimate value of time, most of the underestimate should be
accounted for by using many different scenarios and taking the maximum of the presentations as
the maximum willingness to pay for each subject.
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The truncation of the data provided some limitations in the modeling that could be done in order
to extract the estimate for the value of time. The truncation could account for the data not
following the expected log-normal distribution.

The small sample size limited the number of variables that could be used to explain the variance
in value of time. The budget and time horizon for the study limited the sample size when
interviews were used to corduct the analysis, but it was felt that the quality of the data from
interviews overcame this limitation.

Previous SP surveys estimate the value of time using trade-offs that involve fee scenarios. Many
respondents in this analysis indicated preferences to avoid them. Considering the maximum of
fines versus fees provides a new way of looking at the question. Further research is needed to
corroborate SP estimates with existing RP data. Little RP value of time data exist in the field of
commercial trucking, but the analysis should be done where both sets of data are obtainable.

Future freight value of time analysis using the ASP technique should increase the upper bound to
eliminate the truncation problem that was encountered. A reasonable upper limit would be
$160/h; this would still possess al the attractive properties that $80/h had for meaningful integer
values when bisected repeatedly.
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Chapter 3

Task #3:. Develop Model of Freight Shipments in Minnesota and Estimate Traffic Impacts of
Load Restrictions

3.1 Introduction

To estimate the impact of SLR quantitatively, it is necessary to build a freight demand model to
measure how truck Vehicle Kilometers of Travel (VKT) (or vehicle miles of travel (VMT))
changes during the SLR period. A pavement performance model is also needed to estimate how
pavement life changes under different traffic scenarios. Lyon, Olmsted and Clay County will be
modeled to represent typical areas of Minnesota. Lyon County, Minnesota is modeled first to
test the methodology. A flowchart of the framework for analyzing the Benefit/Cost of SLR is
shown in Figure 3.1 and is detailed below.
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Ereight Demand ]

Thefirst step is to obtain the data needed for modeling. A GIS map with total traffic volume on
most of the roads is obtained from the county GIS coordinator, together with a detailed road
restriction map [1]. The GIS map is transformed to EMME/2 format using Arc/Info and Matlab

programming [2]. Freight facilities in the county are located in the map using the Mn/DOT

Flowchart of SLR Benefit/Cost Analysis
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Figure 3.1: Flowchart of the SLR Benefit/Cost Analysis

freight facilities database.

As discussed in Chapter 2, atwo-round survey was conducted in 2003 using both mail-out/mail-
back and on-site interview methods. The object of the survey was to provide SLR background
information, parameters like truck total operating cost, value of time, and truck trip generation

rate for each freight facility type, which could be used in the Benefit/Cost analysis.
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A freight demand model was implemented to emulate the truck freight pattern in three Minnesota
counties (Lyon, Olmsted, Clay). The model calculates truck trip demands generated in each
freight facility within each county, determines their destinations and truck type used based on
data derived from the survey, and assigns them to each link.

A transportation-planning software package, EMME/2, was used to run the freight demand
model’ s traffic assignment to the network. The roads in each county are classified into four types
during the SLR period: 5, 7-, 9 and 10-ton roads. Outside the SLR period 5, 7, and 9-ton roads
can accommodate 9-ton axle loadings unless otherwise posted, (and 10-ton roads can
accommodate 10-ton axle loadings). These numbers represent the maximum allowable axle
weight limits during the SLR period. It is important to note that some roads are restricted year
round. Lyon County restricts a portion of their roads throughout the year, while engineers from
Olmsted and Clay counties stated that “virtually all” of their restricted roads revert back to 9 tons
outside of the spring load restriction period. In the basic analysis, the freight demand model is
run using two scenarios. The first scenario does not have SLR policy (without SLR), indicating
that 3ton trucks can run on al roads without restriction. The second scenario (with SLR)
imposes the SLR policy (with 100% compliance) so that the all trucks are subject to the load
restriction policy. The two scenarios are compared to see how SLR changes truck traffic patterns
and VKT. Subsequent chapters consider additional scenarios.

Thetotal truck VKT can be calculated for each scenario. In the subsequent Benefit/Cost Analysis,
the change in truck travel due to SLR can be converted to costs using the truck operating cost
estimated from the survey as described in Chapter 2. Similarly, the change in truck travel can be
converted to changes in pavement damage, using the pavement performance model developed in
Chapter 1, and can be considered benefits for road owners associated with the existing SLR
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3.2 Truck fleet composition

The freight demand and pavement performance model require vehicle classification counts and
the truck fleet composition. To ssimplify the modeling process, three types of trucks are defined:
2-, 3, and 5axle. Truck parameters are listed in Table 3.1. It is worth noting that the gross
weight and tare weight data comes from a Canadian study [3] and weight distribution per axle
data comes from lowa Department of Transportation [4].

Table3.1 —Truck parametersin the model

Tare* Front Middle Rear . . . .
Truck \(/ngsi . A are Al Weéf’g;ﬁl Szgr?]“tt' O \Weight Distribution
Type (tog) Weight P truck) Pty per axles (full truck)”
(ton) Type Type Type
Dud . .
2 axles 12 3.4 Steer wheds 1.00:1.15 1.00:1.65
3axles 21 8.0 Steer - Dua 1.00:1:36 1.00:1.98
Tandem
5 axles 39 144  Seer P4l Dua 1.00:1.50:1.00 1.00:3.09:3.07

Tandem  Tandem

Detailed truck classification and traffic counts were conducted by Mn/DOT both during and after
the 2004 SLR period in Lyon County (some additional data was aso collected in Olmsted
County, which arrived too late for analysis, but is used in the calibration of the Olmsted County
model). Counts collected during the SLR period in Lyon County are used to calculate the truck
fleet composition, which shows the percent of each category of truck in the fleet. Counts were
taken at 63 sites throughout Lyon County, Minnesota for 48 hours at each site. The counts were
halved to give the 24-hour ADT for each site. The sample consisted of ten 5-ton roads, twelve 7-
ton roads, seven 9-ton roads, and twenty-one 10-ton roads (as classified during the SLR period).
Counts were conducted at another ten sites, but these were considered unusable by Mn/DOT
because they were unreliable due to equipment malfunctions. Another three sites were also not
reported. Of the sites not used, two were 10-ton roads, four were 9-ton roads, two were 7-ton
roads, and five were 5-ton roads. Three sites reported no trucks over the 48-hour time and these
sites were included in the average truck ADT, but were excluded from the truck category
breakdown.

For each site, data was available for passenger vehicles per day, single unit 2-axle trucks, single
unit 3+-axle trucks, 3-axle semis, 4-axle semis, 5+-axle semis, trucks with trailers and buses, and
trucks with twin trailers.

As noted above, the trucks were categorized into 2-axle, 3-axle, and 5+-axle. All 2-axle single
unit trucks, trucks with trailers, and buses were categorized as 2-axle vehicles. All 3-axle single
unit trucks and 3-axle semis were categorized as 3-axle vehicles. The 4-axle semis make up a
very small percentage of all truck traffic, and were categorized as 3-axle vehicles. All 5+-axle
semis were combined with twin trailer traffic to obtain the category for 5axle vehicles. The
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percentages of each of the three categories of trucks for each of the categories of roads as well as
the truck ADT for each category are in Table 3.2. This truck fleet composition is adopted in the
freight demand model.

Table3.2 —Truck ADT and breakdown of trucks by road category
Road Category  Truck ADT % Trucks % 2-axle % 3-axle % 5-axle

5-ton 4 6.5% 85.4% 14.6% 0%

7-ton 29 8.3% 54.2% 29.7% 16.1%

9-ton 27 9.1% 47.5% 27.1% 25.3%
10-ton 410 17.3% 24.8% 9.8% 65.4%

According to the above truck parameter and truck fleet composition, the actual carrying capacity
of each type of truck on each different road type can be calculated.

In Table 3.3, truck net vehicle weight, gross vehicle weight and payload parameters come from a
Canadian study by TRIMAC Consulting Service [3]. Weight restriction is clculated using the
“Restricted Gross Weight Table” from Mn/DOT [5]. Axle weight distribution data is from the
1985 Truck Weight Index from the lowa Department of Transportation as shown in Table 3.1 [4].
The net weight that a truck can carry is the minimum of the gross weight limit and gross vehicle
weight minus vehicle tare weight. Truck fleet composition used in subsequent modeling is shown
in Table 3.3.



Table 3.3 - Truck fleet parameters on each type of road

Truck Net Vehicle  Gross Payload Weight Actual Proportion
Configuration Weight Vehicle (ton) - carrying of fleet
(ton) Weight Restriction capacity
(ton) (ton) (ton)
5ton road Carrying capacity of atypical 5ton truck 4.0
2 Axle 34 12 8.6 7.3 3.9 85.4%
3Axle 8 21 13 12.9 4.9 14.6%
7tonroute Carrying capacity of atypical 7 ton truck 8.8
2 Axle Truck 34 12 8.6 10.2 6.8 54.2%
3 Axle Truck 8 21 13 181 101 29.7%
5Axle
Truck 144 39 24.6 27.8 134 16.1%
9tonroute Carrying capacity of atypical 9ton truck 13.0
2 Axle Truck 3.4 12 8.6 131 8.6 47.5%
3 Axle Truck 8 21 13 23.6 13 27.1%
5 Axle Truck 144 39 24.6 35.7 213 25.3%
10tonroute  Carrying capacity of atypical 10 ton truck 174
2 Axle Truck 34 12 8.6 >13.1 8.6 24.8%
3 Axle Truck 8 21 13 >23.6 13 9.8%
5 Axle Truck 144 39 24.6 35.7 24.6 65.4%
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3.3 Road network and zone structure

To run the model, it is necessary to define a network and traffic zone structure. The network
geometry needs to be coded to a standard node-link format, such as that used by EMME/2. The
easiest way to do that is to transform a network obtained from GIS maps into this node-link
format, using a program developed in Matlab, and described in Appendices 1 and 2 [2]. InLyon
County, there are 225 traffic analysis zones (TAZs) evenly located within the county. Since Lyon
County is largely an agricultural county, each of these TAZs represents a virtual farm. In
Olmsted County there are 212 TAZs, and in Clay County there are 222 TAZs. In Clay County,
the traffic analysis zones are evenly spaced across a 16 x 14 matrix. Each zone is approximately
3256 m (10682 ft) (east-west direction) by 3502 m (11490 ft) (north-south direction). Two of
the zones that were not close enough to any roads (the northrcentral portion of the map) were
deleted to make room for more external stations. Network summary statistics are given in Table
3.4.

Table 3.4 — Descriptive Network Statistics

County Lyon Olmsted Clay

Total number of zones 250 250 250

Internal zones 225 212 222

External zones 25 38 28

Number of Freight facilities 59 126 63

Number of Links 4494 5032 5888
(including centroid connectors)

Number of Regular Nodes 1379 1866 1891

10 ton roads km (mile) 266 (166) 309 (193) 332 (208)
9 ton roads km (mile) 191 (119) 183 (114) 241 (151)
7 ton roads km (mile) 260 (163) 604 (378) 123 (77)
5 ton roads km (mile) 1437 (898)  818(511) 2286 (1429)

The freight facilities in Lyon County were located using the Mn/DOT freight facility database
and input into the transportation network. In Lyon and Olmsted counties, each freight facility is
assigned to a unique Traffic Analysis Zone (TAZ). In Clay County, each of the firms generating
trips is assigned to the TAZ with the nearest centroid. When connecting centroids to the network,
it is assumed that any and all freight facilities and trips generated within a TAZ have access to
the highest rated (least restricted) road available in that zone. Thus, if a TAZ has both 5-ton and
9-ton roads available, the centroid will be connected to 9-ton road.

In the network, four corresponding types of modes. ‘c’,’I’,)m’,’h’ were set up. Mode ‘C
represents trucks with a small load (5-tons per axle or less), which can run on all four types of
roads. Mode “I” represents trucks with light loads (7-tons per axle or less), which can run
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on 7-ton or higher-level roads. Mode ‘m’ represents trucks with moderate loads (9-tons per axle
or less), which can run on 9-ton or higher-level roads. Mode ‘h’ represents heavy trucks, which

can only run on 10-ton roads.
In accordance with the road restriction map [1], different modes are assigned to each link in the

road network as link attributes, resulting in a road network with a hierarchy of 5, 7, 9 and 10-ton
roads (See Figure 3.2 for a Clay County example).
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Figure 3.2. Road Network for Clay County in Emme/2 for mat
Bar thickness indicates road type. The thickest bars represent 10-ton routes, while successively
thinner barsrepresent 9, 7, and 5-ton roads, respectively.
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A different speed function is assigned to the different level of roads. It is worth noting here that
the speed specified on each type of road is only used to determine the fastest route in the trip
assignment process, and therefore, the absolute value of speed does not significantly affect the
result of the freight demand model. Only the relative speed difference has impact to the results of
freight demand model. Generally speaking, higher grade roads have higher average speed than
lower grade roads. For instance, most 9-ton roads have shoulders (and/or wider shoulders versus
5- and 7-ton rural routes), which make drivers feel more comfortable traveling at a higher speed.
Here 5, 7, 9 and 10-ton roads are assumed to have speeds of 48, 64, 80, and 96 km/h (30, 40, 50
and 60 mph), respectively. The speed specified here is used solely for modeling of truck demand
(i.e. the flows were calibrated, and the speeds were adjusted to make the flows match better) and
is not necessarily the actual running speed on these roads.
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3.4 Trip Generation

Trip generation is the first step of the modeling process. It requires estimating the truck demand
generated within the county. It is assumed that the truck demand is generated from various kinds
of freight facilities within the county. According to the Mn/DOT freight facility database
classification, there are eight land-use categories associated with freight transportation: Farm,
Agriculture Chemical Center, Grain Elevator, Manufacturing Plant, Retail Outlet, Trucking
Facility, Wholesale Distribution Center, and Other Freight Facilities. Figures 3.3 and 3.4 map the
locations of these facilities in Lyonand Clay County, respectively.
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Figure3.3: Freight facility locationsin Lyon County
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Clay County GIS map with Freight Facilities
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Trip generation for non-farm facilities

In the process of developing a thorough freight demand model for Minnesota as part o the
Spring Load Restriction (SLR) Cost-Benefit Study, research was undertaken to develop freight
generation models by freight facility type. This section will provide an overview of previous
freight generation studies, the methodology used in the surveying and analysis process, and the
results.

Iding et al. [6] introduce a freight trip generation model from their native Netherlands. They
noted that freight trip generation has been given little research over the past though it accounts
for a growing percentage of the traffic congestion on today’s roads. They discovered that in
different industry sectors trip intensities can vary by an order of magnitude, thus atrip generation
model should be fit for each sector independently. They used employee count and site area as
independent variables describing trip generation depending upon the type of activity performed
at the firm. The model of choice was simple linear regression. Simple linear regression is aso
used in ITE's Trip GenerationManual [7], where the independent variable used to describe the
number of trips varies by facility.

As noted in Chapter 2, a survey was mailed to 2,523 freight industry candidates during the first
half of 2003. The thirteenth question on the long form asks, “How many truckloads did your
firm carry last year?” The god of the analysis was to explain the variance in this number as a
function of a scale variable. The fourth question asks, “How many direct employees does your
firm have?” The number of direct employees was chosen as the scale variable because the data
provided by the firms is thought to be more precise than other responses, and it has been shown
to explain trip rates in previous studies.

The data was further divided into seven common freight facility types by matching the firm with
its listing in the freight facilities database and analysis of the products that the firms' trucks carry.
The seven types are: Agriculture Chemical Distribution Center, Agriculture, Grain Elevator,
Manufacturing, Trucking Facility, Waste and Recycling Center, Wholesale Distribution Center.
Table 3.5 displays descriptive statistics for the responses received from these freight facility

types.

Table 3.5 — Descriptive Freight Facility Statistics

Direct Employees Truck Loads

Standard Standard

Facility Type N Mean Deviation Mean  Deviation
Ag Chem 18 23 32 1866 1480
Agriculture 28 28 52 2342 3282
Grain 38 20 25 3410 4700
Manufacturing 15 569 1925 5005 8602
Trucking 90 63 134 16471 33619
Waste 4 68 38 25280 27891
Wholesale 13 216 289 18367 41536
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Four model types were used in this analysis. Simple linear regression has been used in al
previous studies. Box-Cox, Cobb-Douglas and quadratic models account for some nonlinearity;
these were aso fit to see if the fit to the data improved. The number of truckloads (TL) carried
was the dependent variable and the number of direct employees (DE) on staff was the
independent variable. All nil and zero responses were eliminated prior to modd fitting.

Linear Regression: TL =3; + 3, * DE
Quadratic Model; TL = 31 + B, * DE + R3 * DE?
Cobb-Douglas Moddl: TL =€”*” DE"?

Severa models were fit during the analysis, from the ssimple linear model as used in the ITE Trip
Generation Manual to Box-Cox, Cobb-Douglas and quadratic variants that account for curvature
in the data. After fitting four options, shown in Table 3.6, it was determined that the Cobb-
Douglas model provides the best fit. The Cobb-Douglas model accounts for nontlinearity in the
relationship between the number of employees and the number of truckloads. The relationship
varies greatly between freight facility type, thus it is best to use a separate model for each facility
type.

The model fit well with the exception of the manufacturing freight facility type. This is the best

model that is available for these data, however in further research this freight facility type should
be further broken down to account for the wide variationamong firms.

For retail facilities, which are not in the model above, a linear trip generation model described in
Iding’s report was used [6], which gives detailed freight trip generation rates classified by firm
types. It is assumed these retail facilities are food stores.

Table 3.7 shows summary results under the “without SLR” scenario. Under the SLR scenario,
truckers have to increase truck trips if they choose the lower level roads. The truck trip increase
is determined by the actual carrying capacity of each type of roads. For instance, assuming the
above proportion, the average carrying capacity on a 7-ton road is 8.8 tons per truck while on a
9-ton road the capacity is 13.0 tons per truck. Theoretically, during SLR, if only a 7-ton roue is
available, the trucker has to undertake 1.48 times the normal number of truck trips (1.48=13/8.8).
Similarly, the trucker has to use 3.25 times as many truck trips if a 5-ton route is chosen
(3.25=13/4.0). This overestimates the truck trip during the SLR period for the following reasons:

Some industries will choose to shift cargo transportation to the No SLR period. They do
not transport cargo during the period. For example, some farms will store grain during
SLR period.

The SLR does not affect some industries because their products, when fully loaded onto
trucks, do not exceed the load limits.

The SLR survey (Chapter 2) provided some information on how each industry is affected by
SLR as shown in Table 3.8. The table lists the percentages of industries that are affected by SLR
and must reduce their load size. The truckload increase factors due to SLR are calculated in the
following method. It is assumed only a percentage of trucks are affected by SLR for each
industry. Among those affected, only a certain proportion reduced load size, the other trucks
shifted their timing to avoid SLR.
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Table3.6 — Trip Generation Models

Industry Type N Ry t-statistic 3 t-statistic s t-statistic R?
Linear Regression Model
Ag Chem 18 1355.90 3.43 22.18 2.16 - - 0.225
Agriculture 28 2073.22 2.90 9.58 0.78 - - 0.023
Grain 38 946.75 1.29 123.31 5.38 - - 0.446
Manufacturing 15 4629.34 1.94 0.66 0.54 - - 0.022
Trucking 90 5333.62 191 176.23 9.31 - - 0.496
Waste 4 -23850.53 -3.54 727.86 8.11 - - 0.971
Wholesale 13 -1358.44 -0.12 91.22 2.73 - - 0.404
Quadratic Model
Ag Chem 18 711.03 151 82.64 2.74 -0.51 -2.11 0.402
Agriculture 28 764.06 0.93 132.69 2.70 -0.64 -2.58 0.228
Grain 38 -22.11 -0.02 245.60 2.64 -1.43 -1.35 0.474
Manufacturing 15 5218.77 1.96 -8.22 -0.52 0.00 0.56 0.047
Trucking 90 -749.01 -0.25 388.83 7.08 -0.34 -4.08 0.577
Waste 4 -2120.00 -0.23 38.33 0.14 4.41 2.55 0.996
Wholesale 13 -7447.02 -0.57 198.82 1.67 -0.14 -0.94 0.453
Cobb-Douglas Model
Ag Chem 18 5.41 10.82 0.68 3.70 - - 0.461
Agriculture 28 5.05 9.83 0.77 4.01 - - 0.382
Grain 38 5.47 12.76 0.78 4.75 - - 0.385
Manufacturing 15 5.35 3.30 0.26 0.66 - - 0.033
Trucking 90 5.67 23.71 0.92 12.73 - - 0.648
Waste 4 0.48 0.72 2.23 13.67 - - 0.989
Wholesale 13 1.87 2.28 1.34 7.50 - - 0.836
Box-Cox Model

Ag Chem 18 2.42 2.16 3.81 4.24 - - 0.529
Agriculture 28 4.68 8.74 1.18 452 - - 0.440
Grain 38 5.54 13.40 0.71 4.80 - - 0.390
Manufacturing 15 5.38 181 0.43 0.32 - - 0.008
Trucking 90 5.37 20.79 1.30 12.82 - - 0.651
Waste 4 0.48 0.71 2.23 13.67 - - 0.989
Wholesale 13 2.84 3.9 0.84 7.22 - - 0.825
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Table3.7— Summary Truck trip rate of other freight facilities

Freight Catalog Minnesota model
Agriculture chemical distribution center 129.84
Grain elevators* 834
Manufacture plant 29.0

Retail outlet 128.7
Trucking facility 388.4
Whole sale outlet 29.87

*Note that we do not adopt the grain elevator truck-trip rate from the trip generation model.
According to our survey, many grain elevators use rail to transport grain. Through talking to
staff in several grain elevators, 60% of the outgoing freight from grain elevators are assumed to
use trucks and the remaining 40% rail. The trips required from a grain elevator are based on the
freight entering that elevator, which is considered more accurate than using a trip rate based on
number of employees. The amount of grain leaving by truck is the amount of grain entering
discounted by 40%. The number of trucks required is computed based on tonnage.

Table 3.8 - SLR impacts on industry

Industry Count Affected by Reduce Load Industry 7-tonroad  5tonroad
SLR Sze reclassification increase increase
factor factor
Agricultura 9 86.9% 79.8% Agriculture 116 2.38
Agriculture Chem 28 100.0% 96.4% Chemical 143 3.13
Aggregate 16 87.5% 75.0% Manufacture
Timber 7 85.7% 85.7% Manufacture
Construction 23 82.6% 43.5% Manufacture 101 204
Beverages 5 100.0% 40.0% Retail
Petroleum 19 89.5% 73.7% Retail
Food Products 20 60.0% 40.0% Retail 081 157
Dairy 6 66.6% 33.3% Wholesale
General Products 52 46.2% 19.2% Wholesale
Paper 7 28.6% 14.3% Wholesale
Industrial Supplies 32 21.9% 18.8% Wholesale 0.74 0.91
Overall 315 71.4% 79.1% 112 212

The reported industry type from the survey was categorized to be consistent with the freight
facility category in the freight demand model. From this, the average increase factor in each
industry was calculated. For industries that are not included in the survey, the sample average
was used to approximate the increase factor.
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Although waste and recycling centers and post offices are missing from the freight facility
database, their existence is still assumed. It is assumed a 2-axle postal truck will run on all roads
once a day in both with and without SLR scenarios, and a 3-axle garbage truck will cover all
roads once aweek in the without SLR scerario and twice aweek during the SLR period.

Truck trips generated by farms

Truck trips generated by farms are associated with the amount of agricultural product that needs
to be transported. First the total production of grain in Lyon County was obtained, followed by a
determination of the truck fleet carrying the grain. From this data, the truck trip rates can be
calculated. Crop production for each of the counties (Lyon, Olmsted and Clay) for the year 2001
are summarized in Table 3.9 [8].

Table 3.9— Major Crop Production

Crop Lyon County Olmsted County Clay County
(Tons) (Tons) (Tons)

Corn 558,911 391,429 82,973

Soybean 140,593 68,875 106,005

All wheat 4,515 0 221,869

Oats 2,465 5882 819

Total 706,484 466,186 411,666

In Lyon County, assuming the crops are evenly distributed among the 225 virtual farms and are
evenly transported each day, 8.6 tons needs to be transported from each farm every day.
(8.6=706,484/(225* 365)).

In Clay County, assuming the crops are evenly distributed among the 222 virtual farms and are
evenly transported each day, 5.08 tors needs to be transported from each farm every day.
(5.08=411,666/ (222* 365)).

In Olmsted County, assuming the crops are evenly distributed among the 212 virtual farms and
are evenly transported each day, 6.02 tons needs to be transported from each farm every day.
(6.02 = 466,186/ (212* 365)).

During the SLR period, farms may transport less grain than usual to avoid extra shipping costs.
To explore the fluctuation of grain hauling due to SLR, data was obtained from All- American
Coop, which runs grain elevators in Stewartville and Viola, both in Olmsted County, Minnesota.

A comparison was made between the quantity of commaodities hauled to and from the elevator in
April and the commodities hauled during the other months of the year. April was specificaly
chosen because it is the only month that SLR is in effect for the entire month. March and May,
the months before and after April did not experience a decrease due to SLR because extra loads
could be hauled immediately before and after the SLR period. For commodities hauled from the
elevator from 1995 to 2003, there was an 8.5% decrease in hauled-in tons during April compared
to the average bns hauled in other months. The monthly fluctuation of tons hauled out is
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illustrated in Figure 3.5. The haul-in data al'so showed a decrease in the month of April. This
decrease was more pronounced at 11.5%. Monthly tonnage isillustrated in Figure 3.6. Because
there is a conservation of mass, over time, the tons hauled in equals the tons hauled out. Because
of this equality, the average of the two percentages— 10% — approximates the percent decrease
of tons hauled during the month of April. This 10% percent decrease of grain hauling during
SLR is taken into account in the modeling.
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Figure 3.5: Outgoing grain tonnage from All American Co-op in Olmsted County 1995-
2003.
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Figure 3.6: Incoming grain tonnages from All American Co-op in Olmsted County 2002-
2003.
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Considering the seasonal fluctuation of grain hauling, in Lyon County, 8.67 tons of grain per day
will be hauled in the period without SLR and 7.88 tors grain per day will be hauled during the
SLR period. In Clay County 4.65 tons would need to be transported each day during the month
of April, while 5.12 tons needs to be delivered during the remainder of the year. In Olmsted
County, 6.02 tons would need to be transported each day during the month of April, and 5.47
tons the rest of the year.

If SLR is not implemented, 9-ton routes are available for farms to carry grain to nearest grain
elevator. The carrying capacity of atypical 9-ton truck is 13.0 tons as shown in Table 3.3. The
daily truck trip for each farm outside the SLR period is shown in Table 3.10.

Table3.10— Trip Ratesfor Farms

Highest Road Lyon County Olmsted County  Clay County
Accessiblein Zone

Ouitside the Spring Load Restriction Period
9-ton 0.67=8.67/13.0 0.46=6.02/13.0 0.39=5.08/13.0

During the Spring Load Restriction Period

5-ton 1.97 =7.88/4.0 1.37=5.47/4.0 1.16 = 4.65/4.0
7-ton 0.90 = 7.88/8.8 0.62 =5.47/8.8 0.53=4.65/8.8
9-ton 0.61=7.88/13.0 042=5.47/13.0 0.36=4.65/13.0

If SLR is implemented, each farm has to determine what kind of roads to use to reach its
destination. Table 3.3 shows average carrying capacity of atypical truck on each type of road. In
Lyon County 7.88 tons of grain needs to be carried out for each farm every day during the SLR
period. In Clay County, 4.65 tons of grain needs to be carried out. Using the truck fleet
information, it is assumed that truck fleet composition on different types of roads follows the
patterns in Table 3.3 during the SLR period. The trip rates during the SLR period are shown in
Table 3.10.
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3.5 Trip Distribution

Trip distribution is based on the origin-destination sketch map in Figure 3.7. It is assumed that
each farm will deliver its grain product to the nearest grain elevator and return empty. Each farm
receives deliveries from the nearest Agricultura Chemical (Ag-Chem) facility and the trucks
return to the Ag-Chem facilities empty. For the other types of freight facilities, it is assumed all
traffic is bound for external stations. The trips to each external station will be distributed in
proportion to the real traffic count at these external points. There is also externa to external
traffic, which is assumed to be 20 percent of the total traffic stream at each exit. A Matlab
program (Appendix 3) was written to realize the above function.
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Figure 3.7: Freight demand pattern in Lyon County
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3.6 Vehicle Type Assignment

It is assumed that truckers will choose the most economically beneficial vehicle. In the absence
of restrictions, truckers will tend to choose the trucks with the highest payload capacity they have
so they can carry more goods. However, weight restriction limits may prevent this, especialy if
a trucker would face a significant amount of detouring. Truckers faced with weight restrictions
must compare the costs of detouring versus the costs of using trucks with a lower weight or
payload capacity, which may result in using more trucks. The total cost for atrip is:

C=(T,+T)*N*c

where:

C —Tota cost

Tt — Travel time for each trip (hour)

T. —Time for loading and unloading (30 minutes is required for loading and unloading cargo for
each truckload)

N — Number of Truckloads
¢ —Value of time (dollar per hour)

The trucker will find the route that has the least total cost. For example, if a 9-ton route is the
highest level of route they can find between the origin and destination, they will check to see if
using a 7-ton route will lower their costs. Choosing a 7-ton truck means they will have to use
1.48 = 13/8.8 truckloads instead of 1 and will spend 18.9 = 0.69* 30 minutes more on loading
and unloading, but they will travel over a shorter route. The trucking firmwill calculate the total
cost of each choice and then select the most economical one.
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3.7 Route Assignment

In the route assignment, it is assumed that truckers will behave according to user equilibrium
assignment theory in which they will choose routes with the least travel time (T). Since rura
areas are being modeled, congestion effects are ignored, which makes this equivalent to an al-
or-nothing shortest path assignment. (Although congestion may occur, it is for a fairly short
time).

T=60*L/v
T: Travel time (minutes).
L: road section length (kilometer)

V: vehicle speed (km/h), assumed to be 48, 64, 80 and 96 km/h (30, 40, 50, and 60 mph) for 5, 7,
9 and 10-ton roads respectively.

The constant “60" converts the unit of hour to minutes.

It should be noted that interstate highways are assigned a speed of 104 km/hr (65 mph), which
distinguishes them from other 10-ton roads.
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3.8 Calibration and Validation

The freight demand model was run using the Emme/2 software, providing truck volumes for
each road section. It isimportant to know if the model can sufficiently simulate actual conditions.

Two methods were used to check and calibrate the model. The first method used the observed
total traffic count map. Lyon County data is shown in Figure 3.8. If trucks are assumed to be a
certain proportion of the total traffic spread evenly on the roads, the truck pattern should be
similar to the real total traffic pattern. Fortunately, the result this study’s freight demand model
(without SLR scenario) (Figure 3.9) has a similar pattern to the observed total traffic counts in
Lyon County (after SLR).

Another method was wsed to compare observed truck traffic on links outside the SLR period to
their counterpart link counts in the model. Appendix 6 summarizes all the sites that reported data
during the no SLR period and their modeled truck average daily traffic during the 10 months
without SLR.

Figure 3.10 compares the model with observations. It can be seen from the plot that the two data
sets have a strong linear relationship. In order to find how close the model reflects the actual
conditions, a regression of this data was performed. The Rsguared value for the regression of
this datais 0.836. This value shows a strong correlation between the model and observed AADT.

To proceed in calibrating the model, a scaling factor was determined to transform the modeled
truck rates to more accurate rates. The sum of the daily truck traffic for all the observation sites
was found and compared to the sum of the daily truck traffic on the links representing those sites
in the model. The sum of the actual truck traffic is 7611.5 trucks while the sum of the modeled
truck traffic is 6284.9 trucks. The actua traffic was found to be 1.21 times the modeled traffic.
Therefore, the traffic volume for each scenario was scaled up by a factor of 1.21. Table 3.11
gives the adjusted VKT with and without SLR for the three counties. A 21 percent adjustment

factor was aso applied to Clay County, for which there was inadequate data to conduct a
localized calibration.
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Figure3.8: Total observed traffic countsin Lyon County
Bar thicknessindicatestraffic levels. The thickest bars represent the heaviest levels of traffic.
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Figure3.9: Truck volume map from Model (Scenario 1-without SLR)*
Bar thicknessindicatestraffic levels. The thickest bars represent the heaviest levels of traffic.
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Figure 3.10: Plot of model vs. observed truck AADT for Lyon County
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Table3.11—- Truck VKT from Base Runs

Lyon County Olmsted County Clay County
Scenario  Scenario Raw Calibrated Raw Cdlibrated
Number VKT VKT VKT VKT Cdlibrated
Raw VKT VKT

1 NoSLR 83,184 100,653 264,420 319,948 182,708 221,077
2 With SLR 108,496 131,280 346,200 418,902 171,951 208,061
3&2 Lift SLR on 7

and 9 only 102,594 124,138 320,100 387,321 181,983 220,199

3.9 Conclusions

The freight demand model estimates truck volumes on each section of the roads under different
policy scenarios. The model shows an increase of 30.4%, 30.9%, and 6.3% in truck distance
traveled in Lyon, Olmsted, and Clay counties respectively if SLR isimplemented strictly on all 5,
7, and 9-ton roads compared to the scenario without SLR. The model also concludes a 23.3%,

21.1%, and 5.8% increase of truck distance traveled in Lyon, Olmsted, and Clay counties,

respectively, if restrictions are imposed only on 5-ton roads.
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Chapter 4

Task #4: Conduct Benefit/Cost Analysis of Alternative Load Restriction Policies (including
current policy) Using Mechanistic Models.

4.1 Introduction

Benefit/cost analysis combines the results of the Freight Demand Model (FDM) (Described in
Chapter 3) and the Pavement Performance Model (PPM) (Described in Chapter 1). The FDM
estimates truck volume on each link of the road network and the PPM estimates the pavement
life under these truck volumes in different policy scenarios. Knowing the overlay cost of each
road type, pavement savings due to SLR can be calculated. The FDM also provides the amount
of additional truck VKT dueto SLR, which can be used with information about operating cost or
truck value of time (described in Chapter 2) to calculate cost to truckers due to SLR. Combining
these numbers over the life of the road, and dscounting back to the present to obtain a Net
Present Value, alows for the computation of a benefit/cost ratio of lifting or retaining the policy.

4.2 Benefit/Cost Analysis M ethodology

Changing the current SLR policy has the potential to provide benefits to the trucking industry, in
terms of operating costs and time savings, while imposing costs upon the road owners, in the
form of shorter pavement life. Thus, it is important to calculate how much the SLR saves on
pavement costs. The cost estimates for Lyon County roads come from cost estimates from State
District Engineers and a statewide study performed by Goodhue County Engineer Greg Isakson
(See Appendix 4-1). The average cost for each road category in Minnesota is calculated. It is
worth noting that the Metro area is not included in the average for its unique higher cost than all
other districts. Tables 4.1a and 4.1b lists al the average costs for each road category in
Minnesota.

Table4.1a Average costsfor each road category in Minnesota (per km)

Average Cost per center-line kilometer by Category

Category Reconstruct Structural Overlay Functional Overlay
CSAH 9,10-ton $235,938 $66,875 $39,063
CSAH 7-ton $190,625 $72,813 $40,625
CR 9ton $258,333 $64,583 $34,375
CR 7-ton $171,875 $64,063 $35,938
CR 5ton paved $112,500 $34,375 $28,125

CR 5ton Agg $87,500 $31,250 N/A

MSA 9,10-ton $932,813 $233,333 $77,083
MSA 7-ton $729,167 $191,667 $77,083
Residential Streets $1,443,750 $450,000 $51,667



Township Rd, Paved $725,000 $240,625 $50,625
Township Rd, Agg $68,750 $18,750 $18,750

Table4.1b Average costsfor each road category in Minnesota (per mile)

Average Cost per center-line kilometer by Category

Category Reconstruct Structural Overlay Functional Overlay
CSAH 9,10-ton $379,624 $107,602 $62,852
CSAH 7-ton $306,716 $117,156 $65,366
CR 9ton $415,658 $103,914 $55,309
CR 7-ton $276,547 $103,077 $57,824
CR 5ton paved $181,013 $55,309 $45,253

CR 5ton Agg $140,788 $50,281 N/A

MSA 9,10-ton $1,500,896 $375,433 $124,027
MSA 7-ton $1,173,230 $308,392 $124,027
Residential Streets $2,322,994 $724,050 $83,132
Township Rd, Paved $1,166,525 $387,166 $81,456
Township Rd, Agg $110,619 $30,169 $30,169

The average structural and functional overlay cost for 7 and 9-ton roads in Lyon County was
calculated based on cost and length percentage for each type of road (Tables 4.2a and 4.2b). The
functional overlay cost was adopted to calculate the cost of pavement for 7 and 9-ton roads. Thus,
afunctional overlay of a 7-ton road in Lyon County has an average cost of $42,113 per center-
line kilometer ($67,380/mile) and a functional overlay of a 9-ton road has an average cost of
$42,853 per center-line kilometer ($68,565/mile). Similar calculations were performed for Clay
County (Table 4.3a and 4.3b). Re-graveling of 5ton roads has an average cost of $18,750 per
center- line kilometer ($30,000/mile) according to the FHWA manual [1].



Table4.2a Cost estimates of different road types (Lyon County weighted average, km)

Road Category Structural overlay cost Functional overlay cost Length* Percentage
per center-linekm ($)  per center-line km ($) (km)

5ton road (gravel)

Average 18,750 1,437

Annual cost (6 years)

7ton road

CSAH 7-ton 72,813 40,625 179 89.60%
County road 7-ton 64,063 35,938 11.2 5.60%
MSA 7 ton 191,667 77,083 9.6 4.80%
Average cost 78,028 42,113

9ton road

CSAH 9ton 66,875 39,063 216.8 90.00%
County road 9-ton 64,583 34,375 0 0%
MSA 9ton 233,125 77,083 24 10.00%
Average cost 83,450 42,853

*The length of classified roads comes from a survey by the pavement group (See Chapter 1, Appendix 2),
which differs slightly from the total length in the GI S database we obtained and implemented in the
Emme/2-based Freight Demand Model.

Table4.2b Cost estimates of different road types (Lyon County weighted average, miles)

Road Category Structural overlay cost per  Functional overlay Length* Percentage
center-line mile ($) cost per center- (mile)
line mile ($)

5ton road (gravel)

Average

30,000 893
Annual cost (6 years)
7ton road
CSAH 7-ton 117,156 65,366 111 89.60%
County road 7-ton 103,077 57,824 7 5.60%
MSA 7 ton 308,392 124,027 6 4.80%
Average cost 125,547 67,760
9ton road
CSAH 9ton 107,602 62,852 135 90.00%
County road 9-ton 103,914 55,309 0 0%
MSA 9ton 375,098 124,027 15 10.00%
Average cost 134,271 68,950
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Table4.3a: Cost estimates of different road typesin Clay County (weighted aver age,

costsper km)

Structural overlay cost per

Functional overlay cost per

center-line km ($) center-line km ($) Length Percentage
(km)

Road Category
5 ton road
Average Cost 18,750 2618 100%
7 ton road
CSAH 7-ton 72,813 40,625 94.92 77.50%
CR 7-ton 64,063 35,938 27.57 22.50%
MSA 7-ton 191,667 77,083 0 0%
Average Cost 70,844 39,570
9 ton road
CSAH 9ton 66,875 39,063 226.5 93.89%
CR 9ton 64,583 34,375 13.72 5.69%
MSA 9-ton 223,125 77,083 1.02 0.42%
Average Cost 67,401 38,956

Table 4.3b: Cost estimates of different road typesin Clay County (weighted aver age,

costs per mile)

Functional overlay
cost per center-line

Structural overlay
cost per center-

linekm ($) km ($) Length Percentage
(km)

Road Category
5 ton road
Average Cost 30,000 1627 100%
7 ton road
CSAH 7-ton 116,501 65,000 59 77.50%
CR 7-ton 102,501 57,501 17 22.50%
MSA 7-ton 306,667 123,333 0 0%
Average Cost 113,350 63,312
9ton road
CSAH 9ton 107,000 62,501 141 93.89%
CR 9ton 103,333 55,000 9 5.69%
MSA 9-ton 357,000 123,333 1 0.42%
Average Cost 107,842 62,330

In both scenarios (with and without SLR), it is assumed that a functional overlay is conducted for
7 and 9-ton roads when the road serviceability drops to a certain level. The functional overlay is
assumed to last 17 years for 7 and 9-ton roads with SLR, which means the road will be overlaid
whether or not rutting failure is the dominant failure mode.
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Pavement life extension benefit on 7 and 9-ton roads are calculated on a link-by-link basis. The
pavement performance model estimates the years before rutting failure, which may be longer or
shorter than the actual pavement life. It is assumed an overlay will be undertaken every 17 years
due to other types of pavement failure. Thus, when the pavement performance model estimates a
pavement life to be more than 17 years, 17 years of pavement lifetime is adopted. For each link,
the pavement life is estimated for two scenarios. For most links, the pavement lasts longer in the
scenario with SLR than in the scenario without. The overlay costs in both scenarios are
discounted to the present value in an analysis period of 42.5 years. The difference (without —
with SLR) is the pavement life extension cost associated with lifting the SLR policy.

The following cash flow diagrams (Figures 4.1 and 4.2) show the cash flow of overlays in the
two scenarios. For 7 and 9-ton roads, it is assumed that overlays will be performed during a
pavement life cycle to maintain a certain level of serviceability. It is assumed 7 and 9-ton roads
are on average in the middle of one overlay, which is haf of the previous pavement’s time
between overlays. An example to show how the pavement life savings due to SLR is calculated
follows below.

+ Pavement overlay cost

| s T T T T T T T s - — — — —
|
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|
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overlay / overlay Agg 425 year
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Figure4.1 Cash flow chart for With SLR scenario
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| d
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Figure4.2 Cash flow chart for Without SLR scenario

One 7-ton road section in Lyon County has a length of 1.584 km (0.98 mi). The functiond
overlay cost of 7-ton roads is $42,112 per km ($67,758/mi). Each overlay will cost $66,706 for
this road section. This road section has estimated life of 14.2 and 14.5 years for the scenarios
with and without SLR respectively. In the without SLR scenario, the first, second and the third
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overlay happen at 7.1, 21.3 and 35.5 years espectively. The first and second overlay cost
$66,706.

It is worth noting that the third overlay has aresidual life outside the analysis period. The cost of
third overlay is multiplied by the ratio of the usable life in the analysis period versus its actual
life. Here the road will be used for 7 years (42.5-35.5) in the analysis period while it has a 14.2
years actud life. Thus the third overlay cost is estimated as $32,839 = (7/14.2*66706).

Each overlay cost is discounted to obtain the net present cost (NPC) assuming a 3.5% interest
rate (i). Thus the NPC of the first overlay is calculated as $66,706* a ! =$52,248. The NPC

+i)7.2

of these three overlay adds up to $93,981, which is the total overlay cost for this road section in
the following 42.5 years.

Similarly, the total overlay cost of this road section in the scenario with SLR can be calculated,
which has a NPC of $91,652. Thus the net present value of total savings due to SLR on this road
section is $93,981 - $91,652 = $2,329. The calculation process is listed in Table 4.4.

Table4.4 Pavement life extension benefit for one link

Link 1 From nodeid: 41 Tonodeid : 9
Length (km) 1.584 Cost per km ($) $42,112
No SLR scenario With SLR Scenario
Estimated life (year ) 14.2 Estimated life (year) 145
Number of Year Cost($) NPC($) Y ear Cost($) NPC($)
Overlay
1% overlay 7.1 66,706 52,248 7.3 66,706 51,962
2"% overlay 21.3 66,706 32,053 21.8 66,706 31,530
3 overlay 35.5 32,839 9,680 36.3 28,455 8,161
Sum of Net 93,981 91,652
Present Cost
(NPC)
Savings dueto 2,329
SLR

For each link, the net present value of the overlay costs NPC1 and NPC2 in the two scenarios are
calculated, respectively. The pavement life savings due to SLR is NPC2-NPC1.

Because the calculation involves thousands of 7 and Ston links, the data is exported into a
spreadsheet and macros are written to perform the analysis.



4.3 Benefit/Cost Analysis Results

The baseline analysis compares the existing SLR policy with an alternative that lifts SLR on
some roads. (Other scenarios with different policies, as well as model sensitivity, were tested
and are presented in Chapter 6). It is expected this will increase pavement maintenance and
reconstruction costs to the road agency and simultaneously reduce shipping cost to truckers. In
this section, a benefit/cost analysis of lifting SLR on 7 and 9-ton roads while retaining SLR on 5-
ton gravel roads is conducted (this scenario is called 2° — pronounced 2-prime). Thus, all 7-ton
roads become 9 ton roads, while 5-ton, 9-ton and 10-ton roads keep the original axle load limits.

According to above methods, the present value of increased pavement costs due to lifting SLR
on 7-ton roads for the following 42.5 years is summarized in Table 4.4. For instance, the total
increased pavement overlay cost in Lyon County in the following 42.5 years adds up to $438,642
under the 17 year pavement life assumption (as shown in Table 4.5).

Table4.5 Increased pavement cost on 7 and 9 ton roads (Cost of Lifting Policy).

Default Lyon Olmsted Clay
Pavement Life Assumption County County County
15 $278,446 $1,901,101 $205,986
17 438,642 1,939,797 233,192
20 500,782 1,993,094 286,291
25 644,082 2,047,814 344,159
30 763,415 2,110,108 394,596

The reduced costs to truckers can be calculated using total truck operating cost per kilometer.
The method calculates the reduced cost to the truckers due to lifting SLR as the reduced VKT
(VMT) multiplied by total truck operating cost per kilometer. According to the freight demand
model Chapter 3), lifting SLR caused a 7,142 decrease of daily ruck VKT (4,439 VMT) in
Lyon County. The truck operating cost is $0.69/km (Chapter 2). Thus, the total reduced cost to
all freight shippers and carriers is $4,927 per day. Assuming 8 weeks enforcement of SLR, the
total annual cost is $275,963. The cash flow diagram is shown in Figure 4.3. The net present
value of the reduced cost to truckers in the following 42.5 years are shown in Table 4.6. For
Lyon County, this adds up to $6,057,602, assuming a 3.5% interest rate.

Reduced cost to truckers End of

analyis

EEEEEEEEEEEEIEE R AR DA

0 2 4 6 81012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Figure 4.3 Cash flow diagram of reduced cost to truckers
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Table 4.6 Reduced Cost to Truckersfrom Lifting SLR (Benefit of Lifting Policy)

County Reduced Cost to Truckers
Lyon 6,057,602
Olmsted 30,549,655
Clay 744,030

In Clay County, lifting SLR on 7 and 9-ton roads (Scenario 2’ versus Scenario 1) caused a daily
VKT decrease of 877 kilometers. Thus, the total reduced cost to the trucking industry in Clay
County is $605 per day. Assuming 8 weeks enforcement of SLR, the total annual cost is $33,897.
The net present value of the reduced cost to truckers in the following 42.5 years is $744,030,
assuming a 3.5% interest rate.

If al other costs and benefits due to SLR are ignored, the benefit of lifting SLR (the reduced
costs to truckers) can be compared to the cost of lifting SLR (increased pavement maintenance
cost). The benefit/cost ratio of lifting SLR can be calcul ated.

The assumptions of the cycle onan overlay that must be implemented on 7 and 9-ton road is also
an important factor affecting the results. Included are the results of aternative assumptions,
which assume (in the absence of rutting failure due to lack of SLR) 17 (standard), 15, 20, 25 and
30 years before failure on 7 and 9-ton roads. It can be seen from Table 4.7, lifting SLR on 7 and
9-ton road results in a benefit/cost ratio well above 1.0 under the 5 assumptions for all three
counties.

Table 4.7 Benefit/Cost ratio from removing SLR on 7 and 9-ton roads only (retaining SLR
on 5-ton roads) assuming different time before failure (Scenario 1 vs. Scenario 2')

Default Benefit/Cost Ratio  Benefit/Cost Ratio  Benefit/Cost Ratio
Pavement Lyon County Olmsted County Clay County

Life
Assumption
15 21.76 16.07 3.61
17 13.81 15.75 3.19
20 12.10 15.33 2.60
25 9.41 14.92 2.16
30 7.93 14.48 1.89

The results from all three counties argue that the costs to truck users of maintaining the SLR on 7
and 9ton roads exceeds the benefits in terms of preserved pavement life. Further sensitivity
analyses will test the robustness of this finding.
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Special Report: Benefit Cost Analysisfor Spring Load Restriction in the City of Crystal

INTRODUCTION

During the 7-8 week Spring Load Restriction period, the City of Crystal in Minnesota restricts all
of their roads, including State Aid Roads, to 4 tons. This limits trucks to a maximum load per
axle of 4 tons. While these restrictions provide benefits to the city and other municipal agencies
in the form of pavement life savings, there are costs borne by various trucking industries. This
chapter outlines the methodology used in determining the costs and benefits associated with this

policy.
Background

The City of Crystal is a western suburb of Minneapolis with 22,500 residents. The maority of
the land use is residential, with 9,400 housing [1][2]. Most residential streets are classified as 5-
ton, with the exception of those located south of 36" street. These roads were recently rebuilt to
a7-ton standard [3]. Nearly al of the commercial and industrial uses are adjacent to County and
State Aid roads (Figures 4.4, 4.5).

It should be roted that the State Aid roads classified as 9-tons north of 36" street are in their
original 1960s 5-ton state [ 3].

Most of the industrial and commercia establishments that generate truck traffic are located in
two sections of the city. The roads surrounding these areas are all 9 and 10-ton County or State
Aid roads. In addition, many of the residential neighborhoods have signs posted prohibiting
truck traffic. Given these conditions, an assumption is made that the only heavy trucks traveling
onresidential (5-ton) streets are garbage/recycling trucks and school buses.
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Figure 4.4. Zoning Map for Crystal, MN
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Garbage and Recycling Trucks

The City of Crystal regulates garbage and recycling pick-up by dividing the city into three zones.
Each zone is assigned a day (Monday, Tuesday, or Wednesday) in which refuse and recycling
haulers are permitted to service the area (Figure 4.6). Typical fleet composition data such as

truck types and weights were obtained from one of the area's major service providers (Table
4.8).
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Figure 4.6 — GIS map of road types for the City of Crystal, MN

Source: City of Crystal Website — Zoning and Trash pickup maps
http://www.ci.crystal.mn.us/index.asp
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Table 4.8 - Garbage Truck Fleet Compositions

Peterbuilt 320 - 31 Yard Streetforce

Maximum Weight

Front axle Rear axles Total
Empty weight — kg (Ibs) 7,155 (15,742) | 8,905 (19,591) 16,060 (35,333)
Payload weight — kg (Ibs) | 708 (1,558) 5,745 (12,640) 6,454 (14,198)
Total weight — kg (Ibs) 7,850 (17,269) | 14,650 (32,231) [ 22,500 (49,500)

Peterbuilt 320 - Composting Truck - 20 yd packer

Maximum Weight

Front axle Rear axles Total
Empty weight — kg (Ibs) 3,747 (8,244) | 10,348 (22,766) | 14,095 (31,010)
Payload weight — kg (lbs) | 1,567 (3,448) | 7,574 (16,662) 9,091 (20,000)
Total weight — kg (Ibs) 5,315 (11,692) | 17,872 (39,318) [ 23,186 (51,010)

Source: Randy’s Sanitation, Telephone interviews with various waste haulers, March-June, 2004

Telephone interviews reveal the typical garbage and composting trucks employed by each
company are capable of serving 500-600 customers [4]. During SLR, the weight restrictions
require the companies to operate their trucks to half of their capacity. Thus, a company that
serves 500-600 customers on each of the three days must run two routes per day, assuming full
compliance. Each route is also followed by a composting truck.

Due to the load restrictions, the composting trucks operate to roughly half of their payload
capacity. The total weight is not to exceed 18,180 — 18,640 kg (40,000 — 41,000 lbs). (Payload
weight is 4,550 kg or 10,000 Ibs less than its capacity). The genera garbage collection vehicles
(the 31 yard Streetforce trucks) are also restricted to 18,180 — 18,640 kg (40,000 — 41,000 Ibs).

It is assumed that each company’s customers are randomly distributed throughout the City of
Crystal, with at least one customer on every block. Therefore, each company must drive on al
of the roads in a zone to service the customers. Since there are six companies that operate in the
City of Crydtd, it is assumed that each road in a zone is driven on six times that day by regular
garbage trucks, and six times by composting trucks.

Waste Management provides recycling service in the City of Crystal. It is assumed that all of the
streets in a zone are driven on by the recycling truck on either Monday, Tuesday, or Wednesday.
Unlike garbage pick-up, recycling service is offered every other week. An interview with a
Waste Management operator revealed that they typically employ a single-axle truck (steer plus
tandem) that serves 300 households before reaching its capacity (Table 4.9).

The Waste Management operator stated in a telephone interview that when the truck reaches its
“capacity” of 300 households (due to volume, not weight), the total weight is typically less than
13,640 kg (30,000 Ibs). Although this requires 31 routes running through the City of Crystal
every other week, it is assumed most roads are driven on only once.
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Table 4.9 — Typical recycling truck weight distributions

2-axle recycling truck

Front axle Rear axles Total

Empty weight — kg (Ibs) | 3,636 (8,000) | 7,091 (15,600) | 10,727 (23,600)

Payload weight — kg (Ilbs) | 1,455 (3,200) 2,818 (6,200) 4,273 (9,400)

Total weight — kg (Ibs) 5,091 (11,200) | 9,909 (21,800) | 15,000 (33,000)

Source: Randy’s Sanitation, Telephone interviews with various waste haulers, March-June, 2004
Buses

Buses represent another class of heavy vehicles that frequently travel on residential streets. Data
from the Robbinsdale Area School district (which Crystal Ies entirely within) was obtained to
determine the routes of school buses, as well as how many children they picked up so that
average weights could be estimated.

Metro Transit runs severa bus routes through the City of Crystal. Route information obtained
from them revealed that all of the buses travel exclusively on County and State Aid roads [5].

METHODOLOGY
Deter mining Pavement Damage

It is unlikely that Metro Transit and the Robbinsdale Area School district would alter their
practices to comply with the Spring Load Restrictions. Furthermore, school buses are exempt
from weight restrictions. However, the garbage and recycling service providers are affected by
the policy and have atered their practices (reducing truck loads but increasing the number of
routes) to comply.

Since the garbage and recycling truck types and axle weights are known, this data can be input
into the MNPAVE model to determine the damage coefficients, based on the assumption that
rutting is the dominant failure mode. It is assumed that the garbage and compost trucks operate
at 50 percent of their payload capacity half of the time, and spend 25 percent of their time
operating at 25 and 75 percent of their capacity, respectively (Table 4.10). Both the Garbage and
Composting trucks are 2-axle trucks (steer plus dual tandem).

Waste Management uses a 2-axle truck for recycling operations. Although the maximum weight
the vehicle can obtain is 15,000 kg (33,000 Ibs), the 25, 50 and 75 percent “full” values are based
off a maximum of 13,640 kg (30,000 |bs), as cited by the Waste Management operator (Table
4.11).

During SLR, the trucks are restricted to half of their payload capacity. It is assumed that the

trucks operate at 25 percent of their payload capacity half of the time, and spend 25 percent of
thelr time operating at 12.5 and 37.5 percent of their full capacity, respectively (Table 4.12).
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Table 4.10 — Axle weight distributions at 25, 50 and 75 percent of capacity

Peterbuilt 320 — 31 Y ard Streetforce

Maximum Weight

Front axle Rear axles Total
Empty weight — kg (Ibs) 7,155 (15,742) | 8,905 (19,591) | 16,060 (35,333)
Payload weight — kg (Ibs) | 708 (1,558) | 5,745 (12,640) | 6,453 (14,198)
Total weight — kg (Ibs) 7,850 (17,269) | 14,650 (32,231) | 22,500 (49,500)

Lower
50% 25% Upper 25%
Steer | Tandem | Total Steer | Tandem | Total Steer | Tandem | Total

Empty wt - kg 7,156 8,905 16,060 | 7,156 8,905 16,061 | 7,156 8,905 16,061
(Ibs) (15,742) (19,591) (35,333) | (15,742) (19,591) (35,333) | (15,742) (19,591) (35,333)
Payload wt - kg | 354 2,873 3,227 177 1,436 1,614 531 4,309 4,840
(Ibs) (779) (6,320)  (7,100) | (390) (3,160) (3,550) | (1,169) (9,480) (10,649)
Total wt - kg 7,510 11,778 19,288 7,333 10,341 17,674 7,687 13,214 20,901
(Ibs) (16,521) (25,911) (42,433) | (16,132) (22,751) (38,883) | (16,911) (29,071) (45,982)
Peterbuilt 320 — 20 yard packer (composting truck)

Maximum Weight

Front axle Rear axles Total

Empty weight — kg (Ibs) 3,747 (8,244) | 10,348 (22,766) | 14,095 (31,010)

Payload weight — kg (Ilbs) | 1,567 (3,448) | 7,574 (16,662) | 9,091 (20,000)

Total weight — kg (Ibs) 5315 (11,692) | 17,872 (39,318) | 23,186 (51,010)

Lower Upper
50% 25% 25%
Steer | Tandem | Total Steer | Tandem | Total Steer | Tandem | Total

Empty wt -

kg 3,747 10,348 14,095 3,747 10,348 14,095 3,747 10,348 14,095
(Ibs) (8,244)  (22,766) (31,010) | (8,244) (22,766) (31,010) | (8,244) (22,766) (31,010)
Payload wt -

kg 780 3,766 4,545 392 1,893 2,273 1,175 5,680 6,818
(Ibs) (1,715)  (8,285)  (10,000) | (862) (4,166) (5,000) | (2,586) (12,497) (15,000)
Totalwt-kg | 4,527 14,114 18,641 4,139 12,242 16,368 4,923 16,028 20,914
(Ibs) (9,959) (31,051) (41,010) | (9,106) (26,932) (36,010) | (10,830) (35,263) (46,010)
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Table4.11 — Axle weight distribution for the Recycling Truck

Maximum Weight

Front axle Rear axle Total

Empty weight — kg (Ibs) 3,636 (8,000) | 7,091 (15,600) 10,727 (23,600)

Payload weight — kg (Ibs) | 1,455 (3,200) | 2,818 (6,200) | 4,273  (9,400)

Total weight —kg (Ibs) 5,091 (11,200) | 9,909 (21,800) 15,000 (33,000)
Lower Upper
50% 25% 25%
Steer | Rear axle | Total Steer | Rear axle | Total Steer | Rear axle | Total

Emptywt-kg | 3,636 7,091 10,727 | 3,636 7,091 10,727 | 3,636 7,091 10,727
(Ibs) (8,000) (15,600) (23,600) | (8,000) (15,600) (23,600) | (8,000) (15,600) (23,600)
Payload wt - kg | 485 970 1,455 242 485 727 727 1,455 2,182
(Ibs) (1,067) (2,133) (3,200) | (533)  (1,067) (1,600) | (1,600) (3,200) (4,800)
Total wt - kg 4,121 8,060 12,182 | 3,879 7,576 11,455 | 4,364 8,545 12,909
(Ibs) (9,067) (17,733) (26,800) | (8,533) (16,667) (25,200) | (9,600) (18,800) (28,400)

4-17




Table 4.12 — Axle weight distributions at 12.5, 25 and 37.5 percent of capacity.

Peterbuilt 320 — 31 Y ard Streetforce

Maximum Weight - under SLR

Front axle Rear axles Total
Empty weight — kg (Ibs) 7,155 (15,742) 8,905 (19,591) 16,060 (35,333)
Payload weight — kg (Ibs) | 354 (779) 2,873 (6,320) 3,227 (7,100)
Total weight — kg (Ibs) 7,510 (16,521) 11,778 (25,911) 19,288 (42,433)

Lower Upper
50% 25% 25%

Steer | Tandem | Total Steer | Tandem | Total Steer | Tandem | Total
Empty wt - kg 7,155 8,905 16,060 | 7,155 8,905 16,060 | 7,155 8905 16,060
(Ibs) (15,742) (19,591) (35,333) | (15,742) (19,591) (35,333) | (15,742) (19,591) (35,333)
Payload wt - kg 177 1,436 1,614 89 718 807 266 2,155 2,420
(Ibs) (390) (3,160)  (3,550) | (195) (1,580) (1,775) | (584) (4,740)  (5,325)
Total wt - kg 7,333 10,341 17,674 7,244 9,623 16,867 7,421 11,060 18,481
(Ibs) (16,132) (22,751) (38,883) | (15,937) (21171) (37,108) | (16,326) (24,331) (40,658)
Peterbuilt 320 — 20 yard packer (composting truck)
Maximum Weight - under SLR

Front axle Rear axles Total
Empty wt — kg (Ibs) 3,747 (8,244) 10,348 (22,766) 14,095 (31,010)
Payload wt —kg (Ibs) | 780  (1,715) 3,766 (8,285) 4,545 (10,000)
Total wt — kg (Ibs) 4,527 (9,959) 14,114 (31,051) 18,641 (41,010)
Lower Upper
50% 25% 25%

Steer | Tandem | Total Steer | Tandem | Total Steer | Tandem | Total
Empty wt - kg 3,747 10,348 14,095 | 3,747 10,348 14,095 | 3,747 10,348 14,095
(Ibs) (8,244)  (22,766) (31,010) | (8,244) (22,766) (31,010) | (8,244) (22,766) (31,010)
Payload wt - kg 390 1,883 2,273 195 941 1,136 585 2,824 3,409
(Ibs) (858) (4,143) (5,000) | (429) (2,071) (2,500) | (1,286) (6,214) (7,500)
Total wt - kg 4,137 12,231 16,368 | 3,942 11,290 15,232 | 4,332 13,173 17,505
(Ibs) (9,102)  (26,909) (36,010) | (8,673) (24,837) (33,510) [ (9,530) (28,980) (38,510)
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Full compliance with SLR is also assumed. Dueto its lower “full” weight versus garbage trucks
and exemptions, the recycling truck does not reduce its loads during SLR.

These three different payload cases (three different axle weight distributions) are input into the
MnPAVE modd for each type of truck (Table 4.13). The calculated damage coefficients (based

on rutting failure) are then substituted into the damage equations.

The trucks are considered 25, 50 and 75 percent loaded.

Table 4.13 — Axle weight distribution

No of Total Weight
. Front Axle Rear Axle

Truck Type Restrictions trucksper | kg (Ibs) ka (Ib ka (Ib

day g (Ib) g (Ib)
25% Full N1 17,674 (38,883) | 7,333 (16,132) 10,341 (22,751)
Peterbuilt 320 - 50% Full Ni.o 19,288 (42,433) | 7,510 (16,521) 11,778 (25,911)
3lYard 75% Full N3 20,901 (45,982) | 7,687 (16,911) 13,214 (29,071)
Streetforce 25% Full - SLR | Nis 16,867 (37,108) | 7,244 (15,937) 9,623 (21,171)
(P1 Type) 50% Full - SLR | Naas 17,674 (38,883) | 7,333 (16,132) 10,341 (22,751)
75% Full - SLR | Nias 18,481 (40,658) | 7,421 (16,326) 11,060 (24,331)
Peter built 320 - 25% Full N2 16,368 (36,010) | 4,139 (9,106) 12,242 (26,932)
Compostin 50% Full N> 18,641 (41,010) | 4,527 (9,959) 14,114 (31,051)
TrucE 9 75% Full N2.3 20,914 (46,010) | 4,923 (10,830) 16,029 (35,263)
20 vd packer 25% Full - SLR | Nas 15,232 (33,510) | 3,942 (8,673) 11,290 (24,837)
(P)2/ Tp o 50% Full - SLR | Na-2s 16,368 (36,010) | 4,137 (9,102) 12,231 (26,909)
yp 75% Full - SLR | Nass 17,505 (38,510) | 4,332 (9,530) 13,173 (28,980)
25% Full N34 11,455 (25,200) | 3,879 (8,533) 7,576 (16,667)
Recycling (R) 50% Full N3 12,182 (26,800) | 4,121 (9,067) 8,060 (17,733)
75% Full N33 12,909 (28,400) | 4,364 (9,600) 8,545 (18,800)

Considering the notation from Table 4.13:

- thedaly average heavy traffic flow, no SLR is:
Nl-l + N1-2 + N1-3 + N2-1 + N2-2 + N2-3 + N3-1 + N&Z + N3-3

- thedaily average heavy traffic flow during SLR is:
Nl—ls + Nl—Zs + N1—3s + N2—Js + I\IZ— 2s + N2—3s + N3—1 + N3—2 + N3—3

where N is the daily traffic flow and the subscripts refer to the different truck types

and weight distributions, respectively.

Each of the daily traffic flow terms are multiplied by a damage coefficient, aij to determine a
pavement’s lifetime before rutting failure. Thus, the pavement lifetime before rutting failure for

aroad with no SLR is given by the equation:
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Lifetime (pavement structure, Ny 3Ny 5Ny 5 Ny N, 5 NG 5 NG NG, N3_3) =
(a1_1N1_1 + a1_2N1_2 + a1_3N1_3 + a’z_lNZ_l + az_zNz_z +‘5‘2_3’\|2_3 + a3_1N3_1 + ae_st_z + as_st_z)-l

The lifetime (before rutting failure) for a pavement structure with SLR in placeis:

Lifetime (pavement structure, N; ,N; ,,N; 5, N; o, N; 5, N, N, ,,N, 4,

N, 160Ny 56Ny 5Ny Ny 5 N, 5) =

(&, 3Ny, +a Ny, +a 5Ny s +a (N o +a Ny o +ay o N 5 +a, (N, +a, ,N, , +
a, ;N, ;+a, ([N, o +a, N, ,o+a, N, , +a, N,  +a, ,N; ,+a, ,N; ,)"

Using the assumptions of pavement structures for the various types of roads (Table 4.14), the
damage coefficients, a,’ were calculated (Table 4.15).

Table 4.14 — Pavement Structure on Crystal’s city streets

5 ton streets 7 ton streets (south of 36" Ave) 9ton (MSA) - streets
2’ bituminous layer | - 3.5” (8.9 cm) bituminous - 3.5” (8.9 cm) bituminous
(5.1 cm) layers layers
6" aggregate base = 11/2"(3.8cm) = 11/2"(3.8cm)
(15.2cm) bituminous wear |ayer bituminous wear layer
soil - sandy clay = 2" (5.1cm) = 2" (5.1 cm) bituminous
loam bituminous base layer base layer
8" (20.3 cm) reclaim base - - 8 (20.3 cm) aggregate base
aggregate Class 5 Class5
soil —clay - 12" (30.5 cm) select granular
borrow
soil —clay

Source: (Mathisen and Frietzke 2004)

The daily traffic flows (Ni;j) were determined based on several assumptions. Each road has 6
garbage and 6 composting trucks driving on it once per week. Since the weights on the trucks
vary, it is assumed for each type (garbage and composting), 2 of the trucks that drive over each
particular road are 25 percent full, 2 of them are 50 percent full and 2 trucks are 75 percent full.
Recycling trucks drive over a road once every two weeks. Because there is only one truck, it is
assumed that 0.33 trucks that drive over each particular road section are 25 percent full, 0.34
trucks are 50 percent full, and 0.33 trucks are 75 percent full. These flows are converted into an
average daily flow (Table 4.16).
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Table 4.15 — Damage coefficients

A1 &2 A 3 D1 D2 23 &1 X2 &3
5 ton |_NOSLR 1.22E-02 | 1.25E-02 | 1.36E-02 | 6.58E-03 | 7.79E-03 | 8.73E-03 | 6.27E-03 | 8.81E-03 | 8.81E-03
street [ with SLR | 9.19E-03 | 9.43E-03 | 1.03E-02 | 5.00E-03 | 5.89E-03 | 6.59E-03 | 4.75E-03 | 6.65E-03 | 6.65E-03
7 ton LNoSLR 3.19E-03 | 3.31E-03 | 3.73E-03 | 1.75E-03 | 2.21E-03 | 2.59E-03 | 1.88E-03 | 2.66E-03 | 2.66E-03
street | with SLR | 2.52E-03 | 2.61E-03 | 2.94E-03 | 1.37E-03 | 1.73E-03 | 2.02E-03 | 1.46E-03 | 2.06E-03 | 2.06E-03
MsA | NoSLR 1.11E-03 | 1.17E-03 | 1.42E-03 | 7.12E-04 | 9.80E-04 | 1.20E-03 | 8.06E-04 | 1.12E-03 | 1.12E-03
9ton | with SLR | 8.02E-04 | 8.49E-04 | 1.02E-03 | 5.11E-04 | 7.02E-04 | 8.59E-04 | 5.80E-04 | 8.05E-04 | 8.05E-04
3 1s A 25 9 35 D 1s & 25 D 35
5 ton | No SLR 0 0 0 0 0 0
street with SLR 2.99E-03 | 2.99E-03 | 3.07E-03 | 1.11E-03 | 1.58E-03 | 1.68E-03
7 ton | No SLR 0 0 0 0 0 0
street with SLR 6.68E-04 | 6.68E-04 | 6.95E-04 | 2.69E-04 | 3.76E-04 | 4.09E-04
MSA No SLR 0 0 0 0 0 0
9ton with SLR 3.07E-04 | 3.07E-04 | 3.26E-04 | 1.48E-04 | 2.00E-04 | 2.24E-04
Table 4.16 — Traffic flows, no SLR
Traffic every pickup day (Monday, Tuesday, or Wednesday)
N1-1 N2 N3 N2-1 N2.2 N2.3 N3z.1 N3-2 N33
Scenario 1
— 6 trucks 2 2 2 2 2 2 0.333 0.334 0.333
Scenario 2
— 9 trucks 6 2 1 6 2 1 0.333 0.334 0.333
Daily Traffic flow
Ni1 | Ni-2 | Ni.3 | N2-1 | N2-2 | N2-3 | Na3.1 | Na-2 | N33
Scenariol | 0.286 0.286 0.286 0.286 0.286 0.286 0.024 0.024 0.024
Scenario 2 | 0.857 0.286  0.143 0.857 0.286 0.143 0.024 0.024 0.024

In the first scenario (Scenario 1), it is assumed that each company serves the same number of
garbage and compost customers each day of collection (Monday, Tuesday and Wednesday).
This means that each truck handles approximately 550 customers and that the even distribution
of the 3 different truck weights previously mentioned hold true.

In the second scenario (Scenario 2), it is assumed that each company serves a different number
of customers each day. Some companies may serve only 200 customers, requiring 1 truck for
garbage and 1 for composting, while others may serve 1000 customers, therefore needing 2
In this scenario, it is assumed that no more than 9 trucks are need for each day of

trucks.
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collection. Also, the weight distributions will be different, with fewer trucks that are 75 percent
full, but more that are 25 percent full.

During SLR, the number of trucks used and their weight distributions change. All of the trucks
are overweight to begin with. In the first scenario, the payload capacity is reduced by 50%, so
the number of trucks used by each firm to serve their customers must double (assuming full
compliance). The total number of trucks required for each collection day s 12, with 4 trucks at
12.5 percent of their full capacity, 4 trucks at 25 percent of their capacity, and 4 trucks at 37.5
percent of capacity.

In the second scenario during SLR, the number of trucks needed by each firm does not double,
since some of the trucks were not operating to full capacity. The number of trucks needed, asin
the first scenario, increases by 6 trucks, bringing the total to 15 trucks per collection day. The
weight distributions change as well, and are accounted for (Table 4.17).

Table 4.17 — Traffic flows, with SLR

Traffic every pickup day (Monday, Tuesday, or Wednesday)

N1 Ni-2 Ni-3 N2-1 N2.2 N2-3 N3.1 N3-2 N33
Scenario 1
— 12 trucks 4 4 4 4 4 4 0.333 0.334 0.333
Scenario 2
— 15 trucks 8 3 1 8 3 1 0.333 0.334 0.333

Daily Traffic flow

Ni-1 | Ni-2 | N3 | N2-1 | N2-2 | N2-3 | N3-1 | N3-2 | N3-3

Scenariol | 0.571 0.571 0.571 0.571 0.571 0.571 0.024 0.024 0.024

Scenario2 | 1.143 0.429 0.143 1.143 0.429 0.143 0.024 0.024 0.024

It is important to note that the number of trucks traveling on 5 and 7-ton roads will not change
during SLR. When nearing their capacity or restricted weight, waste haulers will complete a
block or street before returning to a waste handling facility so that they do not have to return to
the same block. Thus, each waste hauler will drive on the 5 and 7-ton roads only once. Because
the trucks must drive on 9ton roads to get to the waste transfer facility, it is assumed that the
increase in truck traffic due to SLR primarily impacts 9-ton roads (the effect on 10-ton roads is
neglected).

The corresponding numbers and coefficients (the N's and a's) are substituted into the relevant
equations (with and without SLR) to compute the time before rutting failure. The benefit
provided to the road owners from the SLR policy is determined by calculating the difference in
rutting failure times for each scenario (with and without SLR) and trandating them into
monetary benefits in terms of cost savings. These benefits are compared to the costs the policy
imposes on waste haulersin the City of Crystal.
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CALCULATIONSAND RESULTS
Coststo Truckers

The total cost to truckers is measured in two ways, via operating costs per kilometer and value of
time. To compute the cost to truckers using operating costs per kilometer, the increase in vehicle
kilometers traveled (VKT) due to SLR must be determined. Chapter 2 reveaed that the average
operating costs for rubbish firms is $1.54 per kilometer. Extra truck trips due to SLR means
additional trips that must be made to a waste transfer facility. The trucks travel to the waste
transfer facility in Brooklyn Park to unload. It is assumed they take the fastest path along the 9
and 10 ton roads, including US-169. Assuming the trucks are in the geographic center of Crystal
on average when they need to go to the dump, the distance is 11.41 km (22.82 km roundtrip) [6].
Since both scenarios require 6 additional trucks to serve their customers during SLR, the annual
cost to the truckersis:

A extratrucks 6

B timesaweek 3

C weeksof SLR 8

D kilometers per truck 22.82
E Cost per kilometer $1.54
A*B*C*D*E = $5,060

Using a 3.5% interest rate, the present value over 42.5 yearsis:

| NPV = $111,066 |

Calculating the cost to truckers using the value of time requires knowing how much extratimeis
imposed on the trucking companies due to SLR as well as what the hourly value is. A recent
study by Smalkoski revealed the average industry-wide value of time is $49.42 per hour (Chapter
2). Interviews with waste haulers that operate in the city of Crystal stated that a trip to the waste
transfer facility took anywhere from 40 to 80 minutes, depending on how many trucks where
using it at the time. For the purposes of this analysis, an average of 60 minutes (1 hour) will be
used. Since both scenarios required 6 extra trucks per day to serve customers during SLR, the
annual cost to the truckersis:

A extrahoursperday |6
B daysaweek 3
C weeksof SLR 8
F Cost per hour $49.42
A*B*C*F = $7,116

Using a 3.5% interest rate, the present value over 42.5 yearsis:

| NPV = $156,205 |
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Benefitsto the Road Owners

The benefits to the road owners were determined by calculating the differences between the time
before rutting failure for each scenario (Table 4.18) and transforming them into monetary
benefits using the equation (1) below. Note that the time before rutting faillure exceeds the
expected life of the road. In other words, the MNPAVE rutting model indicates that roads will
fail for some other reason rather than rutting failure associated with spring loadings. If the road
fails for some other reason before it would fail due to rutting, then the economic costs associated

with rutting are nil. Thisis discussed more below.

Table 4.18 — Time before rutting failure

Time before rutting

Scenario 1 failure (years)
5ton 7 ton 9ton
roads roads roads
6
trucks noSLR | 55.22 201.33 511.14
12 with
trucks SLR 58.01 209.09 440.06
ratio 1.05 1.04 0.86
Time before rutting
Scenario 2 failure (years)
5ton 7ton 9ton
roads roads roads
9trucks | noSLR | 39.01 145.24 381.33
15 with
trucks SLR 40.20 149.75 369.52
ratio 1.03 1.03 0.97

The pavement life extension benefit due to SLR is calculated using the formula described in

Chapter 4.

Where:

PLB = pavement life extension benefit (in U.S. Dollars, USD)
AC = Annua overlay cost
PLE = Pavement life extension (difference in years before rutting failure)

PLB = AC*PLE*L

L = Section length (in kilometers)
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Similar to the assumptions outlined for Lyon County, it is assumed that two functiona overlays
are performed during a pavement life cycle. It is assumed the pavements are 8.5 years old on
average, or half of a pavement’s 17 year life cycle. Since pavement life extension occurs at each
overlay, then overlays occur 8.5 years, 25.5 years and 42.5 years from the present. Thus, the
analysis period covers 42.5 years (consistent with values used in Chepter 4). Using the number
of kilometers of each type of road (5, 7 and 9 ton), overlay costs (See Chapter 4, Appendix 1)
and the equation above, the future benefits are transformed to a single net present value (NPV)
using adiscount rate of 3.5% [7]. (Table 4.19)

Table 4.19 — Benefits for 5, 7, 9 ton roads due to SLR

Scenario 1 Scenario 2
Benefits (Net Present Value) Benefits (Net Present Value)
5 ton 5 ton
8.5 year overlay $95,658 8.5 year overlay $155,278
25.5 year overlay | $106,602 25.5 year overlay | $173,043
42.5 year overlay | $59,398 42.5 year overlay | $96,420
Subtotal $261,658 | Subtotal $424,741 |
Benefits (Net Present Value) Benefits (Net Present Value)
7 ton 7 ton
8.5 year overlay $31,602 8.5 year overlay $38,933
25.5 year overlay | $35,217 25.5 year overlay | $43,388
42.5 year overlay | $19,623 42.5 year overlay | $24,176
| Subtotal $86,442 | | Subtotal $106,497 |
| Total Benefit = $348,100 | | Total Benefit = $531,238 |

Including the disbenefits to the 3ton roads (lighter trucks but more traffic) gives the results
shown in Table 4.20.

Table 4.20 Including the disbenefits to the 9 ton roads (lighter trucks but more traffic)

Disbenefits (Net Present Value) Disbenefits (Net Present Value)
9 ton 9 ton
8.5 year overlay ($14,551) 8.5 year overlay ($73,570)
25.5 year overlay | ($16,215) 25.5 year overlay | ($81,987)
42.5 year overlay | ($9,035) 42.5 year overlay | ($45,683)
Subtotal ($39,801) Subtotal ($201,240)
| Total Benefit = $308,299 | Total Benefit = $329,998
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Assuming roads are only subject to rutting failure, a comparison of the benefits of SLR for the
road owners versus the costs to the trucking industry might suggest that the benefits outweigh the
costs for every scenario. However, an examination of Table 4.18 reveals that without SLR, the
pavement on 5ton roads will last at least 39 years before failing, based on rutting criterion
(Scenario 2). The other scenarios show pavement lasting much longer before failing due to
rutting.

Since roads are ideally given a functional overlay every 17 years (as other failure modes often

are reached by this time), road failure in the City of Crystal is due to some other mode largely
independent of spring loading.
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Conclusions

According to the MnPAV E model, the SLR policy produces no benefit to the road owners in the
City of Crystal, as it does not extend the life of the pavement within its normal lifetime. The
roads would fail for other reasons (which MNPAVE is unable to model) before they would fail
due to excessive loadings in the springtime. However, distresses due to the spring thaw can
manifest themselves in other forms besides rutting. Based on rutting failure criteria, the SLR
policy imposes costs upon the waste hauling industry. It is recommended that more
sophisticated models be developed and better data on actual pavement structure and conditions
be collected to gain further insight into various road failure phenomena.
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Chapter 5

Task #6: Conduct a sensitivity analysis to estimate distribution of costs and benefits under
different conditions (mild, normal, severe) with current regulations, new regulations, and
pricing scenarios. Improving roads will be considered as an alternate.

5.1 Introduction

Sensitivity analysisis an important part of Benefit/Cost analysis. Insection 2, various road
upgrading scenarios are discussed. In section 3, the cost to truckers iscalculated using the

value of time method. In section 4, a sensitivity analysis is conducted for pavement life
savings. In section 5 a different pavement performance model isused to compare the result

with the M nPAV E modd.

5.2 Road Upgrading
Since removing SLR on 7 and 9ton roads (without upgrading the roads) appears to have a

Benefit/Cost ratio above 1.0, alternative policies of upgrading both the paved 7 and 9ton
roads and lifting restrictions are tested Table 5.1 desribesthe scenarios:

Table5.1 Summary of upgrading scenarios

Scenario Scenario 7 ton road 9ton road Road type Road type Roadtype  Roadtype
Number information overlay type overlay type (Axle (Axle (Axle (Axle
(First/ (first/ tonnage tonnage tonnage tonnage
second) second) limit) limit) limit) limit)
. functional/ functional/
1 With SLR functiona functional 5 7 9 10
Modified No functional/ functional/
2 SLR functional functional 5 9 9 10
scenario
. structural / functional/
3 Scenario 3 functional functional 5 9 9 10
. structural/ structural/
4 Scenerio 4 functional functional 5 9 10 10
. structural / structural/
5 Scenario 5 structural functional 5 10 10 10

Scenario 1 is the “with SLR” scenario, which is the current SLR policy. The roads in the
network are classfied into 5 7, 9 and 10ton roads. A functional overlay will be
implemented every 17 years on 7 and 9-ton roads, which keeps the road type unchanged.

Scenario 2' (scenario two prime) is amodified “without SLR” scenario, wherein SLR s
retained on 5ton paved and unpaved roads, but removed from 7 and 9ton roads. In other
words, #ton roads are reclassified as 9-ton roads during the SLR period. Again, afunctional

overlay will be implemented on 7 and 9ton roads every 17 years, which keeps the road types
unchanged. Thiswas analyzed in the Task 4 report.

In addition to these scenarios, policy options of upgrading 7 and 9ton roads using structural

overlaysaretested A structural overlay increases the strength of the road significantly, and
alows it to be classif ied as able to accommodate ahigher tonnage. A functional overlay also
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adds strength, but less strengththan a structural overlay (the overlay is thinner), and so is not
credited for increasing the allowable tonnage.

Scenario 3 only upgrades 7-ton roads to 9-tonroads, which means a structural overlay is
performed on 7%ton roads at the first overlay and a functional overlay at the second overlay.
Two functiona overlays are conducted on 9-ton roads.

Scenario 4 is the result of upgrading the 7-ton and 9ton roads at the first overlay, which
means a structural overlay is performed on 7 and 9ton roads on the first overlay and a
functiona overlay on 7 and 9-ton roads at the second overlay. Thus, the #ton roads are
reclassified as 9ton and 9ton roads become 10-ton roads after first overlay. The road
classification stays the same after the second overlay.

Scenario 5 is the result of upgrading 7 and 9-ton roads to 10-tons roads during their two
overlays. The 7-ton roads experience two structural overlays and 9ton road experience one
structura overlay, thus they al become 10 ton roads ultimately.

Scenarios 3, 4 and 5 are alternative policies tothe current SLR policy (Scenario 1). It isworth
noting that 5-ton gravel roads remain unchanged during all these processes.

The upgraded road network will result in a change in the truck volumes on the network. The
truck volume should decrease due to the improvement of road conditions (trucks can now
obey the law and be loaded heavier, thus there should be fewer trucks). There will be a cost
reduction due to reduced truck VKT. However, there is an increased agency cost due to the
structural overlay. The net benefit of each scenario is compared to determine which policy is
more favorable.

Due to the complexity of calculations, some aggregating assumptions are made to avoid
conducting the analysis on a link-by-link basis. An analysis of Scenario 2’ vs. Scenario 1
showed aless than 10% difference in the two methods, giving confidence that the aggregate
approximation is sufficient for these purposes.

There are three timing sub strategies of upgrading roads for scenario 3, 4 and 5. These control
when the upgrades are undertaken, and when the restrictions are removed.

A: upgrade 7 and 9ton roads and remove restrictions on 7 and 9ton roads at the first
scheduled overlay.

B: remove 7%ton road restrictions immediately and upgrade the 7 and 9-ton roads at
the first overlay.

C: upgrade 7 and 9ton roads and remove restrictions on 7 and 9ton roads
immediately.

The calculations and cash flow diagrams underlying these analyses are detailed in A ppendix
51

Tables 52, 5.3, and 5.4 summarize the benefit/cost ratio of each road upgrading strategy,
compared with the current Scenario 1 (retaining SLR) in Lyon, Olmsted, and Clay Counties,
respectively.

These results show in Lyon and Clay Counties that a general upgrading strategy is not
economically sound, as all of these strategies have a benefit/cost ratio less than 1.0. In
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Olmsted County, severa upgrading strategies have a benefit/cost ratio above 1.0. In both
Lyon and Olmsted (but not Clay) strategy 3B (lifting SLR on 7 and 9 ton roads now and

upgrading 7 ton roads at the first overlay) has the highest Benefit/Cost ratio.

None of thisisto say that upgrading specific facilities is not warranted (or that upgrading al
facilities is the best option in Olmsted County), as 