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Abstract

Background: This paper aims to identify specific local roadway infrastructure design guidelines associated with the
construction and operation of sustainable energy source facilities, such as ethanol plants, biomass plants, and wind
farm facilities.

Methods: Data associated with sustainable energy facility traffic in Indiana were collected to develop Excel-based
tools (worksheets) and assist local agencies in the design of pavements in the proximity of ethanol plants, biomass
plants, and wind farms.

Results: To that end, a simple procedure is presented, which provides a design capable of withstanding heavy
traffic loads, while, at the same time, quantifies the effects that new sustainable energy source facilities may have
on local road networks. The procedure is accompanied by two MS Excel-based software tools that can be used in
the design of local roads adjacent to such sustainable energy facilities.

Conclusions: The developed worksheets can serve as a hands-on tool to assist local government engineers in
evaluating and in quantifying the probable effects of the construction and operation of a sustainable energy facility
in their jurisdiction.
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Background
Renewable, sustainable energy sources are being devel-
oped at a record pace throughout the USA and globally,
with multidimensional benefits, as they have the poten-
tial to boost local economies and generate new jobs
[1-20]. In Indiana, energy corporations have invested in
three main types of sustainable energy sources, namely,
ethanol, wind, and biomass energy, and have built nu-
merous wind farms and ethanol and biomass plants. It is
expected that the number of plants and wind farms will
triple by 2022 [21]. Increased loads, increased traffic, or
both can negatively affect road networks (with respect to
the existing infrastructures, the environment, the aes-
thetics of the local communities, and the safety of the
neighboring residents) when sustainable energy projects
are introduced into a community [22-28]. Wind farm
construction increases the loads on roads leading to and
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from the wind farm during turbine construction, but
once the turbines have been constructed, there is nearly
no increase in traffic [26,27]. Conversely, when a fixed-
point energy source that must be serviced by trucks is
constructed, such as an ethanol or biomass plant, it re-
sults in additional traffic, and on many occasions, in-
creased loads [22-25]. While it may be possible to
mitigate these effects by the use of barge or rail [29], at
some point, the road network will need to be used to
move the turbine components, or the biomass or etha-
nol products.
In Indiana, ethanol plants, biomass power plants, and

wind farms are typically built in rural areas. Most local
road networks were not designed or constructed to ac-
commodate the increased traffic and loads produced by
such facilities. When sustainable energy developers de-
cide to locate facilities within a given governmental en-
tity, local officials need to have a sound understanding
of the proposed facilities' probable effects on their local
road network and some methods to quantify those ef-
fects. The local highway engineers and supervisors also
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need to be familiar with the resulting traffic and load
problems associated with these facilities and be in a pos-
ition to make decisions as to which pavement structure
is needed to bear such heavy loads and traffic near the
facilities.
Previous research in biomass and ethanol usage has

pointed out the importance of designing access roads or
considering the capacity of access roads to the plant
[30,31]. However, the existing literature, to the authors'
knowledge, does not illustrate how loads can be calcu-
lated or access roads be designed for these facilities. Fur-
thermore, research that has focused on wind farm
technology suggests that local roads should handle the
heavy construction loads from the wind mill parts [32-36].
On one hand, the focus has been on detailed design meth-
odologies aiming to handle these loads, while on the other
hand, guidelines to develop temporary access roads for
wind farms were also presented [37].
As illustrated herein, the aforementioned design prob-

lems are solved using existing design guides, such as the
American Association of State Highway and Trans-
portation Officials (AASHTO) method. However, such
methods may often be intricate, which would inevitably
require consultation with expert designers. Even though
third-party expert consultation is welcome, local author-
ities generally do not have the necessary funds for this
process.
This paper aims to develop tools that can be used by

local government agencies in quantifying the effects of
proposed sustainable energy projects on their local road
networks. The tools are designed and developed, bearing
in mind that local agencies do not typically employ
personnel with specific expertise in pavement analysis
and design. These tools are therefore expected to assist
local agency personnel in determining appropriate pave-
ment sections and quantifying their costs. The paper is
organized as follows. First, background information on
renewable energy resources is given, along with biofuel
transportation practices. Next, the method and data are
presented, followed by the design development descrip-
tion of the proposed tool. Finally, the tool validation re-
sults are discussed.
The contribution of this paper lies in the development

of local roadway infrastructure design guidelines associ-
ated with the construction and operation of sustainable
energy source facilities, such as ethanol plants, biomass
plants, and wind farm facilities. The proposed procedure
is designed to be simple and is accompanied by hands-
on tools to assist local government engineers in evaluat-
ing and in quantifying the probable effects of the con-
struction and operation of a sustainable energy facility in
their jurisdiction. Therefore, the procedure is anticipated
to provide designs capable of withstanding heavy traffic
loads, while, at the same time, it has the potential to
quantify the effects that new sustainable energy source
facilities may have on local road networks.

Renewable energy resources
In order to better comprehend the local effects of the
construction and operation of sustainable energy pro-
jects, such as ethanol, biodiesel, biomass, and wind en-
ergy, some background information is briefly presented.
Ethanol can be produced from a number of agricultural
products, such as sugar and starch [38]. The ethanol
production process yields several byproducts, such as
dried distillers grains with solubles (DDGS), which are a
high-nutrient feed valued by the livestock industry [39].
Ethanol demand is difficult to capture, given its dual na-
ture, i.e., being both an additive to and a substitute for
gasoline. However, the market for ethanol significantly
increased (over 500%) when flexible fuel vehicles (FFV)
were made available to the public [21,39,40]. In Indiana,
there are 11 ethanol plants, plus 2 under construction
(see Figure 1).
Biomass is a plant matter grown to generate electricity

or produce heat, with agricultural waste being the most
common type of solid biomass that can be used as a
source of energy [41]. Biomass currently provides about
10% of the world's primary energy supplies, most being
used in developing countries in the form of fuel wood
or charcoal for heating and cooking [42,43]. In the
USA, 85% of the wood production industry waste is
used for power generation, with approximately 80 oper-
ating biomass power plants (and 40 operable but idle
plants) located in 19 states across the country [44]. De-
mand for power derived from biomass is generally in-
creasing, having surpassed hydropower as the largest
domestic source of renewable energy [45]. In Indiana,
there is currently one biomass plant near Milltown in
Crawford County [46].
The power of the wind can be harnessed and con-

verted to electricity by the use of tower-mounted wind
turbines. Wind turbines can be used to produce electricity
for a single home or building, or they can be connected to
an electricity grid for more widespread electricity distribu-
tion. Wind energy is not only ‘green’ but also cost effective
when compared to other sources of electricity in the USA.
The growing wind power market has attracted many
energy corporations to the field [47,48]. In the USA,
not all regions have wind speeds that are high enough
to support wind energy production [49]. However, a re-
cent study showed that building wind farms on only 3%
of the area of the USA will produce enough electricity
to meet all US energy demands [50]. In Indiana, there
are currently 18 wind farms in operation, with over a
1,500 MW of wind electricity-generating capacity [51].
Indiana has the potential to produce 150,000 MW of
electricity from wind farms [51].



Figure 1 Ethanol plants in Indiana.
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Transportation of biofuels
Biofuels can be transported by trucks, rail, or barge.
Trucks are used when the material needs to be trans-
ported from one mode to another. Rail transportation is
effective for long hauls, while barges are the least expen-
sive transport method. Barges can carry large amounts
to export terminals, and then ocean vessels are used to
carry them to foreign markets. Transportation of bio-
fuels using pipelines is limited in the USA due to the
adverse impact of the former (mostly their chemical
properties) on the pipeline integrity and safety. Also,
pipelines are not largely available where biofuel plants
are located. However, pipelines are a feasible option for
the transportation of conventional fuel types. Air trans-
port is not a viable option either, due to its high cost.
From a capacity standpoint, a truck can accommodate

approximately 25,000 liters, a railcar approximately
95,000 liters, and a barge approximately 1,500,000 liters.
On the other hand, it would not be economically effective
to use rail or barges to transport biofuels to short dis-
tances, such as locations within less than 80-km distance
from the facility [52]. In general, truck transportation is
considered to be an efficient mode of transportation up to
a distance of 500 km [52]. A railcar can transport the
freight 2.5 times farther than a truck, for the same cost
per liter, whereas barges can move freight across long dis-
tances and oversees (e.g., from the Midwest to the Gulf).
Rail is used to transport 41% of US corn exports and

14% of corn domestically [53]. In 2005, rail was the pri-
mary transportation mode for ethanol, shipping 60% of
ethanol produced, or approximately 11 billion liters. In
comparison, trucks shipped 30%, and barges 10%. Al-
though trucks are used to ship most of the corn used by
ethanol plants, some of the newer and larger plants use
rail for inbound corn shipments [54].
Barges move approximately 5% to 10% of ethanol, in

addition to the DDGS and fertilizers necessary for the
production of corn. Barges also move 44% of all grain
exports. In 2007, barges moved 55% of corn to ports,
and 1% of corn to processors, feed lots, and dairies [54].
An issue with barge transportation is related to the occa-
sional inadequacy of water depths that can lead to higher
transportation costs. Seasonal effects on barge transpor-
tation may also decrease the barge's moving capacity
(e.g., at a 2.75-m draft, if a barge has 1,500 tons of capacity,
every 2.5 cm of reduced draft will result in 17 tons of re-
duced capacity) [53].
In the Midwest, inbound corn being delivered to the

processing facility is most typically delivered by trucks
from corn farms within an 80-km radius. Standard gasoline
tanker trucks (DOTMC 3066 Bulk Fuel Haulers) are typic-
ally used to ship ethanol outbound from the plants to
the blending terminals. The total number of independ-
ently operated tank trucks is approximately 10,000,
excluding the tanker truck fleets that are owned by petrol-
eum companies [55].

Methods
The objective of this paper is to develop a design meth-
odology to assist local agencies in designing suitable
pavements for sustainable energy projects served by
local roads. In order to ensure a reliable pavement design,
the first step is to collect accurate data with respect to
the operation and traffic generation of sustainable energy
projects. Development of the design tools is completed
based on the following criteria: the tools should (a) be
simple and easy to use; (b) require minimum input from
the user and, at the same time, allow for more experi-
enced users to input more detailed data; and (c) be able
to produce several alternative pavement sections, when
applicable. The output of the study involves worksheet-
based pavement design procedures, one for ethanol and
biomass plants, and a second for wind farms. These tools
offer a user-friendly interface and several levels of input
regardless of the expertise of the user.
The design development phase is based on various

design guides and design elements that have been
proven useful in the design of specialized pavements
for sustainable energy projects. The design guides con-
sidered are the AASHTO Pavement Design Guide (for
flexible and rigid pavements and for low-volume road
design), the Asphalt Institute Pavement Design Guide, the
Mechanistic-Empirical Pavement Design Guide (MEPDG),
and the Portland Cement Association (PCA) [56-59].
Reviewing of these sources shows that rigid pavement
design is not typically used in the design of local low-
volume roads. Thus, the AASHTO Rigid Pavement Design
Guide and the PCA Pavement Design were not utilized in
the proposed overall design methodology. The MEPDG
was found to be complex and was not geared toward low-
volume roads and was therefore not used either. The
AASHTO flexible pavement design was utilized due to its
simplicity, versatility, and robustness. The AASHTO low-
volume road design was also utilized in the ethanol and
biomass worksheet. As for the wind farm worksheet, the
Asphalt Institute's Manual Series No. 23 (MS-23), ‘Thick-
ness Design: Asphalt Pavements for Heavy Wheel Loads’
was the only design guide that addressed the large, one-
time loads expected during the construction of wind farm
facilities [60].
As a final step, the proposed design methodology is

tested to ensure that it produces realistic results. Ideally,
the proposed design methodology would be validated by
building a road conforming to the design methodology,
then monitor it over several years, and determine whether
it fails prematurely. Obviously, this falls out of the scope of
the current study. Instead, the proposed methodology is
validated by comparing it to in-service designs currently
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servicing sustainable energy projects. If the simplified pro-
posed design provides an output that falls close to the
outputs of the designs in place, the proposed design is con-
sidered adequate. This, of course, does not guarantee an
optimum design; it suggests, though, that the developed
designs are approximating actual design results.

Interviews with local officials
As part of the data collection process, interviews were
conducted with Indiana's local road agency representa-
tives in counties where biomass plants, ethanol plants,
or wind farm facilities are located. The interviews
entailed a set of questions about the provided provi-
sions in anticipation of the increased traffic and the current
condition of the road network. To that end, 12 counties
that have ethanol and biomass plants were interviewed. Of
those 12, only 4 had performed any type of upgrade to
their local roads in anticipation of increased traffic. Table 1
summarizes the representatives' responses.
Traffic associated with ethanol and biomass plants can

be classified as follows: (a) incoming traffic handling raw
materials and (b) outgoing traffic handling product dis-
tribution. Incoming traffic is mainly composed of trucks,
while outgoing traffic is composed of rail and truck traf-
fic, in most cases. For this reason, plants are typically lo-
cated near major highways and rail sites. In Indiana, all
plants are located within 4 km from the nearest state
highway or interstate and within 1.1 km from the near-
est rail freight facility. Of all the plants, 85% are located
within 1.6 km of a state highway. Of all operating etha-
nol and biomass plants in Indiana, 30% are located adja-
cent to a main highway, whereas 23% of all operating
ethanol and biomass plants in Indiana have rail tracks
leading into their facility. On average, the plants in Indi-
ana are 0.87 km away from a state highway and 0.5 km
from a railroad.
County officials and plant managers expected that all

truck traffic would use the nearby state highways or in-
terstates. Thus, no significant upgrades were performed
on local roads. In many cases, the expectation that
trucks would utilize the state highways or interstates was
not validated. Truck drivers use the shortest route unless
otherwise instructed, which may or may not be a state
highway or interstate. Also, farmers delivering raw mate-
rials to the plant came from all directions. This entailed
utilizing county roads.
Local county highway representatives were interviewed

in several counties in Indiana, in which wind farms are
located. In both cases, the wind farm developers signed
a road use agreement with the county specifying that the
developers are responsible for the road condition. The de-
velopers agreed to return the roadways used in the wind
farm construction process to their original condition and
further performed significant upgrades to the local roads.
However, detailed information was only available from
White County, which was used in the validation process.
Note that road use agreements typically include

warranty clauses, which provide an assurance to the
owner that the product/service will serve its useful life
without failure, and if it does not, the contractor will re-
pair or replace the product (for specifics on roadway
preservation through public-private partnerships, see
[61-69]). In the case of White County, a 2-year warranty
was defined. Benton County defined a 1-year warranty on
roads and a 5-year warranty on drainage.

Data
Biomass and ethanol plants
The amount of traffic associated with an ethanol plant is
directly related to the plant's capacity, most often mea-
sured in millions of liters per year (MLY). Because the
plants are normally located to take advantage of locally
produced raw materials, in this case corn, nearly all of
the incoming raw material is delivered to the plant by
tractor-trailers. The outgoing products are ethanol and
DDGS. In Indiana, nearly all of the ethanol leaves the
plant by train. The DDGS may be transported by train
or truck, depending on local livestock markets. Plant
capacities, amount of raw materials consumed, and plant
production rates for each of the ethanol plants in Indi-
ana are summarized in Table 2.
The amount of raw material consumed by a biomass

plant is governed by the plant's capacity, the amount of
electricity it can produce, and the plant's efficiency. Cap-
acity is measured in megawatt electrical (MWe), while effi-
ciency by the heat production rate is measured in watts
per kilowatt-hour (W/KWh). Each material, when burned,
produces a specific amount of heat energy measured in
watts per kilogram (W/kg). Herein, a constant value of
2,746 W/kg for all agricultural byproducts is adopted from
Wiltsee [70]. The average heat rate of 140 biomass plants
listed in the National Electric Energy System Database [71]
was also used, which was calculated to be 4,462 W/KWh.
Unlike ethanol plants, biomass plants do not produce

loaded, outgoing traffic. Raw materials are shipped to
the plant and burned to generate electricity. The type of
input materials varies and can be divided into four main
types: woody plants, herbaceous plants/grasses, aquatic
plants, and manures [72]. According to the local Indiana
farmers, woody and herbaceous plants are the most
commonly used raw materials in Indiana biomass plants,
with the most typical being corn stover, wood chips,
sawdust, and baled straw [72-74]. Each material has a
different density, as shown in Table 3. The less dense the
material, the more space per kilogram it occupies; thus,
more trucks are needed to transport less dense materials.
This was taken into consideration when calculating loads
associated with biomass plant operation.



Table 1 Summary of local agency survey responses

County Is the plant
operational?

General response Upgrades
performed

Cass Yes No response Unsure

Grant No No upgrades were performed on county roads. The nearest state highway
was widened to accommodate the large-radius turning paths of long trucks.
The plant does not have a county access road.

No

Henry Yes The plant is located right adjacent to a state highway; thus, there was no
need for any upgrades. However, roads are deteriorating quickly, and there
is no funding from the state or other sources.

No

Jasper Yes No provisions were needed because the plant is located adjacent to a
state highway.

No

Jay Yes Upgrades were performed on county roads. The plant created a tax
increment financing (TIF) district, and the new roads were paid for using
the money from the bonds sold. Upgrades included widening and
resurfacing of a section of a county road. The main problem is that truck
drivers do not always use that route; thus, other roadways may deteriorate.

Yes

Kosciusko Yes The Highway supervisor expressed concern about the highways. Attempts
were made to get funds to perform repairs. No legal agreement between
the plant and the county was made

No

Lake No No response No

LaPorte No No response No

Madison Yes No response Unsure

Montgomery Yes No response No

Posey Yes There are two plants; one is adjacent to a state highway, the other is not.
The latter required road upgrades. The upgrades were paid for through
setting up a TIF district. Also, there were two low-volume roads that the
plant wanted to build a bridge over. The county engineers were able to
reach to an agreement with the commissioners to close these two roads, saving
the expense of building an overpass. In return, the county received one million
dollars which they used to repair and upgrade highways. The upgrades
included mainly 5 to 7.5 cm of resurfacing on access roads.

Yes

Putnam No No response No

Randolph Yes The plant built a private access road to a county road that was partly
upgraded. The county is currently working on an agreement with the
plant to upgrade the roads used by farmers.

Yes

Shelby Yes No response Unsure

Wabash Yes The county established a TIF district in the area to be developed. The
county performed road upgrades which included digging up the existing
pavement, placing a 33- to 38-cm Portland cement-stabilized soil and
HMA on top. The project cost was $1.2 million. The county was later
reimbursed by the plant (as agreed before the start of the project by
selling TIF district bonds). The county also received an economic
development stimulus from the state of Indiana.

Yes

Wells Yes There were no upgrades performed. However, there were discussions at
the time of construction that the plant had a budget set for upgrading
the roadway. Due to technical difficulties on the county/city side, the roads
were not upgraded. The plant did not spend any of the allocated budget.
The county engineers tried to mitigate the damage by channelizing the
truck traffic produced by the plant onto roadways that could accommodate the
traffic. The county engineers provided this channelization through verbal
coordination with truck companies and drivers. The highway supervisor
stated that the truck companies were very cooperative.

No
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Wind farms
The increased truck traffic associated with wind farm facil-
ities is mostly limited to construction traffic, which can
be divided into transportation of construction materials
(concrete, aggregates, and steel reinforcing), transportation
of construction equipment (cranes), and transportation
of wind turbine components (nacelle, rotor, blades, and
tower sections). The construction materials represent
the heaviest loads per truck axle. The turbine compo-
nents can be heavy, but additional axles are added to



Table 2 Indiana ethanol plant data

County Annual liters of
ethanol produced

(millions)

Annual bushels
of corn used
(millionsa)

Corn used per liter
of ethanol produced

(bushels)

Annual tons of
DDGS produced
(thousands)

Annual tons of DDGS
produced per liters of

ethanol produced (millions)

Plant

Anderson Ethanol Cass 416 39 0.0937 354 0.850

Cardinal Ethanol Randolph 379 37 0.0977 321 0.848

Central Indiana Ethanol Grant 151 15 0.0991 145 0.958

Indiana Bio-Energy Wells 416 37 0.0889 321 0.771

Iroquis Bio-Energy
Company

Jasper 151 15 0.0991 129 0.852

New Energy Corp. St. Joseph 379 37 0.0977 328 0.866

POET Jay 246 24 0.0975 193 0.784

POET Madison 227 22 0.0969 193 0.850

POET Wabash 246 24 0.0975 209 0.849

Valero Energy (formerly
Vera-Sun)

Montgomery 379 37 0.0977 350 0.925

Altra (not operating) Putnam 227 22 0.0969 192 0.845

Abengoa Bioenergy Posey 333 32 0.0961 282 0.847

Total 3,551 341 1.16 3,017 10.25

Average 296 28 0.10 251 0.85
aOne bushel of corn weighs about 25 kg.
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the truck trailer as needed so as to comply with axle
weight limits. In most cases, the length of the turbine
components is the most critical concern. Wind turbine
components, such as blades and tower sections, are ex-
tremely long and require long trucks to haul them.
Blades are typically 45 m in length and weigh 11,340 kg
[26]. While the weight is distributed over a large num-
ber of axles, the challenge is making sure that trucks
have sufficient turning radii when using local roads.
Table 4 summarizes the weight and truck axles needed
for various wind turbine components [71].
The erection of wind turbines includes two major ac-

tivities: off-loading and stacking out. Off-loading nor-
mally requires a 200-ton crawler or hydraulic crane.
Stack-out requires a 400-ton crane [75]. Both cranes are
transported in pieces and assembled on site. Table 5
summarizes the weight of each component and the
number of truck axles required to carry it. Each crane is
assembled in 20 to 25 truck trips, which are per-
formed at least twice (assembling and disassembling) in
Table 3 Biomass raw material densities

Material Density (kg/m3)

Corn stover 128.15

Wood chip 200.23

Sawdust 120.14

Baled straw 150.57
the project lifetime, regardless of the number of wind tur-
bines being built [26,76,77].
As mentioned earlier, the heaviest load associated with

wind farm construction is the construction materials.
Wind tower foundations require 282 to 480 yd3 of con-
crete and 20 to 38 tons of steel reinforcement [75].
Truck traffic is also generated by the need to transport
aggregates to the site. Table 6 presents the number of
trucks needed to construct the foundation of a single
turbine and the weights of each construction material
used [23]. Finally, data on local pavement construction
materials were collected from local suppliers and used in
the proposed design process. One of the design outputs
is the cost of the recommended pavement. The specific
gravity and cost data collected and utilized in the ana-
lyses are illustrated in Table 7.

Results and discussion
Design development
Two MS Excel-based pavement design procedures (Excel
worksheets) were developed, one for ethanol and bio-
mass plants, and a second for wind farms. Both work-
sheets follow the logic outlined in Figure 2.

Ethanol and biomass design specifications
The ethanol and biomass design procedure is based on
the standard AASHTO Pavement Design Guide [56]. As
discussed previously, ethanol and biomass plants pro-
duce significant traffic, which is mainly composed of



Table 4 Truck information for various wind turbine components

Component Weight (kg) Longest
dimension (m)

Minimum number of truck axles
needed to carry component

Weight per axle
(kg/axle)

Weight per tire
(kg/tire)

Base section 41,958 14.66 4 10,490 2,622

Lower-middle section 41,241 19.81 6 6,874 3,789

Upper-middle section 28,111 19.90 6 4,685 2,583

Top section 28,876 22.59 6 4,813 2,653

Hub 17,010 3.84 3 5,670 3,125

Blades 6,486 33.99 6 1,081 596

Rotor 32,024 70.47 6 5,337 2,942

Nacelle 57,153 8.81 3 19,051 10,500
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trucks. The traffic produced is typically above one million
equivalent single axle loads (ESAL) over a 20-year period,
which merits a design governed by pavement fatigue
standards.
There are primary and secondary design inputs, which

are summarized in Table 8. Primary inputs are project-
specific, which vary significantly from one project to
another. Secondary inputs are approximately constant
across projects, either due to the nature of these factors,
or because they tend to be standardized. These inputs
are set at default, but can be customized by the user if
desired.
In order to simplify the design process, a number of

assumptions are made. It is important to note that these
assumptions could be easily changed by the user if so
desired. The following are the assumptions considered
in this design procedure:

� The capacity of a typical truck is assumed to be
90.6 m3.
Table 5 Crane components

Equipment 200-ton crane

Weight (kg) Number of
axles

W
ti

Basic crane 39,689 4

Car-body and adapter N/A N/A

Crawler assembly 19,622 4

Counterweight tray 9,548 3

Upper-center counterweight 10,659 3

Upper-side counterweight 7,938 3

Lower car-body counterweight 9,979 3

Upper car-body counterweight 8,165 3

9 m boom butt 4,910 3

12 m boom top 2,544 3

3 m boom insert 971 3

6 m boom insert 1,397 3
� An average number of bushels of corn (0.091
bushels/liter of ethanol) is used to calculate the
amount of corn needed to supply the ethanol plant:
Unit analysis (1 bushel = 25 kg)
For one million liters of ethanol, 91,000 bushels
are needed (0.091 × 1,000,000); using a 25-ton
(25,000 kg) truck, the number of trucks needed
per day in a year is equal to 91,000 × 25 /
(25,000 × 365) = 0.25.

� Using unit analysis, it is found that for each one
million liters per year of ethanol to be produced,
0.25 trucks per day are needed to supply the plant.
The number of ethanol tanker trucks is calculated,
assuming that tankers haul on average 30,000 liters.
Using an ethanol density of 0.789 kg/liters, the
weight per truck is calculated as 23,000 kg [55].

� One million liters of ethanol has a byproduct of 845
tons of DDGS and a truck can haul approximately
25 tons of distiller's grain [55], leading to a factor of
0.0926 trucks per day:
400-ton crane

eight per
re (kg/tire)

Weight (kg) Number of
axles

Weight per
tire (kg/tire)

2,480.58 39,612 4 2,475.76

N/A 28,161 3 2,346.77

1,226.40 32,665 4 2,041.59

795.68 19,958 3 1,663.17

888.28 8,165 3 680.39

661.49 6,804 3 566.99

831.59 13,608 3 1,133.98

680.39 N/A N/A N/A

409.18 21,609 3 1,800.76

212.02 5,595 3 466.25

80.89 N/A N/A N/A

116.42 2,563 3 213.57



Table 6 Wind-tower foundation construction materials

Construction
material

No. of trucks
required

Truck
loads (kg)

Load per
tire (kg)

Aggregate 10 22,680 5,670

Concrete 20 to 40 22,680 5,670

Steel 1 18,144 4,536
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Unit analysis
For one million liters of ethanol, 845 tons of DDGs
is needed; using a 25-ton (25,000 kg) truck, the
number of trucks needed per day in a year is equal
to: 845 / (25 × 365) = 0.0926.

� The ESAL of the trucks are calculated using the
fourth power law load equivalency factor (LEF). This
law uses the weight over a constant based on axle
type raised to the fourth power [78]:

LEF ¼ Weight of axle
Weight of constant

� �4

ð1Þ

ESAL ¼ LEF�Number of vehicles with that axle weight

ð2Þ

For a single axle, the constant used is 8,160 kg. For a
tandem axle, the constant used is 15,060 kg.

� For the biomass facility, the weight of product
produced is calculated using typical heat and
production rates: 4,103 W/kWh heat rate and
2,746 W/kg fuel production rate.

� For biomass facilities, the densities of the raw materials
are used to calculate the weight and number of trucks
going into the plant. The densities of these raw
materials are listed in Table 3.

� The AASHTO design guide's [56] ESAL equation is
used to find the pavement's structural number:

logW 18 ¼ ZR þ S0 þ 9:36 log SNþ 1ð Þ−0:2ð Þ

þ log ΔPSI
4:2−1:5

0:4þ 1;094
SNþ1ð Þ5:19

þ 2:32 log MRð Þ−8:07ð Þ;

ð3Þ

where W18 = ESAL (reflects road traffic), ZR = standard
normal deviation (reflects the reliability of design),
Table 7 Pavement construction materials, specific gravities, a

Material Specific gravity Density (kg/m3)

Hot mix asphalt 2.65 2,643

Compacted dense aggregate 2.75 2,739

Coarse aggregate 2.45 2,435

Excess excavation
S0 = standard deviation (reflects variability of pavement
material), ΔPSI = reflects the difference between pave-
ment condition right after construction and the end of its
service life, and MR = resilient modulus (PSI) (reflects
subgrade strength).
The design normally consists of three layers. Layer co-

efficients, a, are assumed to take the following values:
a1 = 0.4 (in the range of 0.2 to 0.4; 0.4 is typically used),
a2 = 0.14 (recommended by AASHTO for granular base
layers), and a3 = 0.11 (recommended by AASHTO for
granular sub-base layers). Drainage coefficients, m, are
assumed to take the following values: m2 = 0.8 and
m3 = 0.8 (these values reflect fair drainage with 75%
reliability). Initial pavement serviceability (Po) is assumed
to be 4.2 (this value is the AASHTO design guide [56]
recommended value for flexible pavements). The resilient
modulus introduced in the design's internal calcula-
tions is a function of the California bearing ratio or CBR
(a penetration test for the evaluation of the mechanical
strength of road subgrades and base courses, with higher
values representing harder surfaces) and is calculated
using the following equation:

MR ¼ 2; 555 CBR0:64
� �

: ð4Þ

� The assumed specific gravities and costs of materials
are listed in Table 7. Note that these costs are highly
recommended to be updated regularly to reflect
actual costs.

Table 9 provides a summary of all input parameters,
default values, and assumptions.
For ethanol plants, the number of trucks carrying prod-

ucts and raw material (or empty) is determined by multi-
plying the amount of ethanol produced per year (in MLY)
by the number of trucks needed to ship one million liters
of ethanol in a day (i.e., 0.25 for ethanol, and 0.0926 for
the added value product DDG) or dividing by the average
liters of ethanol carried by each truck daily (30,000 liters/
truck). The weight of each truck is calculated using the
weight of the truck empty plus the weight of the cargo
(raw materials or products carried). The steering axle has
a fixed load. Driver and trailer axles share the weight of
the load equally. The loads are converted to load equiva-
lency factors (LEF) using Equation 1.
nd costs

Tons/lane-km/cm Price/ton/lane Price/lane-km/cm

106.66 $90 $9,599

110.82 $13 $1,441

98.83 $9 $889

$245



Figure 2 Conceptual illustration of the pavement design procedures.

Table 8 Primary and secondary inputs needed for the ethanol and biomass procedure

Primary inputs Description Secondary inputs Description

Plant capacity This value represents the maximum amount
of biofuel that could be produced by the
plant considered. This value should be
reported in million liters per year for ethanol
plants and megawatts electrical (MWe) for
wind farms.

Yearly growth factor If the plant is expected to increase its capacity
in the future, the designer may add a reasonable
growth factor. However, it is uncommon for a
plant to be built and have its capacity increased
later on in its service life. The default value is 0%.

Capacity factor for
biomass plants

Biomass plants produce power but are not
exclusively consistent in doing so. The capacity
factor is a percentage that represents the
average power output of a plant. It ranges
from 15% to 100%. When this value is
unknown, an average value of 67% is assumed.

Ethanol plant products
and raw materials

Amount of corn hauled to the plant by trucks,
as opposed to be transported by another
means, or grown within the plants' grounds,
thus not using any local roads. Therefore, the
default value assigned is 100%.

Ethanol hauled from the plant by trucks, as
opposed to stored or sold locally. Most ethanol
plants are located close to rail freight tracks. For
this reason, most (if not all) of the ethanol
production will be shipped by rail. The assigned
default value is conservatively set to 20%.

DDGS hauled from the plant by trucks. This
has a default value of 20%.

Design period The amount of time the road is expected to
remain in service without major rehabilitation.
This value is typically 20 years; however, for
county roads, it can be lower.

Biomass fuel type Biomass fuel can be produced using various
components and ratios of these components.
Different component raw materials have
different weights. It is important to determine
the different percentages of each raw material
to avoid underestimating the weight of
incoming trucks. The four typical components
are corn stover, wood chips, saw dust, and baled
straw. Each is set at a default value of 25%.

California bearing
ratio (CBR)

This value reflects the strength of the
underlying soil. To get the actual field CBR
of the soil, soil bores need to be drilled in
the construction location. However, the value
can be closely estimated by knowing the type
of soil in the area. Highway supervisors can
resort to previous experience or soil maps to
determine the soil type in the area.

Reliability (R%) The designer should choose the level of reliability
of the design. For local county roads, the reliability
is typically low. This value ranges from 50% to
99%; 75% is the default value.

Terminal serviceability
index (Pt)

This is the value that reflects the condition of
the pavement at the end of its service life. This
value ranges from 3 (for major highways) to
1.5 (minimum). The default value is 2, as
recommended for county roads by the AASHTO
design guide [49].

Overall standard deviation This number reflects the variability within the
pavements' materials. It typically ranges from
0.3 to 0.5. A value of 0.5 is recommended by
the AASHTO design guide [49] and is set as
the default value.
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Table 9 Ethanol and biomass worksheet input parameters

Parameter Default value Range Comments

Plant capacity User input N/A Input in MLY or MWe

Design period (years) 20 1 to 40 A service life of 20 years should be adequate for low-volume
pavements.

Yearly growth factor (%) 0 0 to 100 This is capacity growth associated with the plant alone. It is
not expected that a plant at full capacity will increase its
capacity with time; thus, this value is set at 0%.

Ethanol plants only

Percentage of corn used that is trucked to the plant (%) 100 0 to 100 The model assumes all corn is supplied to the plant by trucks.

Ethanol leaving the plant by truck (%) 20 0 to 100 The model assumes 20% ethanol is hauled from the plant
in trucks.

Dried distillers grain leaving the plant by truck (%) 20 0 to 100 The model assumes most of the dried distiller grains leave the
plant by rail.

Biomass plants only

Capacity factor (%) 66.6 19 to 100 The average capacity factor of biomass plants across the USA
is 66.6%.

Fuel type for biomass

Corn stover (%) 25 0 to 100 Each plant uses different raw materials with different densities.
This, in turn, affects the number of trucks supplying the
materials. Currently, there is no dominant material in Indiana,
thus the equal division.

Wood chips (%) 25 0 to 100

Sawdust (%) 25 0 to 100

Baled straw (%) 25 0 to 100

Structural parameters

California bear ratio User input N/A CBR is then converted to resilient modulus (MR) using Equation 4;
a value of 3 or less can be used for conservative results.

Standard normal deviate (based on percent reliability), ZR 75 50 to 99 The designer should choose the level of reliability of the
design. For local county roads, the reliability is typically
lower than high-volume roads.

Terminal serviceability, Pt 2 3.0 to 1.5 This is the value that reflects the condition of the pavement
at the end of its service life. The AASHTO design guide
recommends a value of 2 for county roads.

Standard deviation, So 0.5 0.3 to 0.5 This number reflects the variability within the pavements' materials.
A value of 0.5 is recommended by AASHTO design guide.
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In biomass plants, raw materials are burned to pro-
duce electricity. Each kilogram of raw material can pro-
duce a certain amount of heat energy. Typically, 1 kg of
biomass can produce 2,746 W of heat energy; this is la-
beled as the production rate. The heat is then used to
convert liquid water into steam, which in turn, rotates a
steam turbine to produce electricity. The amount of heat
needed to produce 1 KWh of electricity is the heat rate
of the process. The heat rate is typically 4,103 W/KWh.
The amount of material needed per day can be obtained
by multiplying the heat rate by the number of KWh pro-
duced in a day and then dividing by the production rate.
The next step is to calculate the number of trucks

needed to carry the raw material. First, the weight of
each raw material is calculated; next, it is divided by its
density and converted into volume. The total number of
trucks is then calculated by dividing the total volume of
that material by the capacity of each truck, which is typ-
ically 90.6 m3. The weight of each truck can be obtained
by multiplying the total truck capacity (90.6 m3) by the
density of the raw material used. The raw material used
by the worksheet can be corn stover, woodchips, saw-
dust, and baled straw, or any combination of these. The
loads are converted to LEF using Equation 1.
In both ethanol and biomass worksheets, the total

number of ESAL is calculated by multiplying the LEF by
the number of trucks in the design period that have that
axle, and then by summing up all the ESAL.
The structural number (SN) for all layers is calculated

using Equation 3. The thickness of each layer is calcu-
lated using the attained structural number, and the layer
and drainage coefficients. The AASHTO [56] structural
number equation is

SN ¼ a1D1 þ a2D2m2 þ a3D3m3: ð5Þ

For full-depth asphalt, the depth of the layer is ob-
tained by dividing SN by a1. The worksheet calculates
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various layer thickness combinations. The first layer is
initially set to the minimum recommended by AASHTO
[56] for the number of ESALs attained. The base and
sub-base are calculated by satisfying two simultaneous
equations. The first is the structural number equation,
and the second is the ratio of base to sub-base thickness
set by the user. The tool computes various combinations
of the three layer thicknesses: D1, D2, and D3. The user
can chose any combination or change the values to pro-
duce a unique design. For full-depth asphalt, the depth
of the layer is obtained by dividing SN by a1.
The worksheet automatically estimates the costs for

the thickness combinations using the assumed cost
values listed earlier. However, the users have the option
of specifying their own costs.

Wind farm design specifications
Wind turbines have very large and heavy components.
These components, when transferred to the wind
farm location, can accelerate the deterioration of the
road assets and their components. Similar to the etha-
nol and biomass procedure, there are two levels of
input, primary and secondary. These are presented in
Table 10.
To simplify the design process, a number of assump-

tions are made. It is important to note that all these as-
sumptions could be changed manually in the design
guide spreadsheets. The following are the assumptions
considered in the wind farm design procedure:

� One-time heavy wheel loads during construction:
Use Asphalt Institute's manual ‘Thickness Design:
Asphalt Pavements For Heavy Wheel Loads’. The
loads necessary for a single wind turbine to be built
(components and construction) are shown in
Tables 4 to 6.

� Turbine loads based on a GE 1.5 s (1.5-MW design):
Loads are assumed to be similar for all turbines near
this size.
Table 10 Primary and secondary inputs needed for the wind

Primary inputs Description S

Number of wind
turbines

To transfer each wind turbine, a certain number of
trucks are required, which typically use the same
transfer routes. In the case that several turbines are
transferred by different routes, each route should
be designed for the number of turbines that will
be moved across.

T

California bearing
ratio (CBR)

This value reflects the strength of the underlying
soil. To get the exact value, soil bores are needed
to be drilled in the construction location. However,
the value can be closely estimated by knowing the
type of soil in the area. Highway supervisors can
resort to previous experience or soil maps to
determine the soil type in the proximity.
� The resilient modulus introduced in the design's
internal calculations is calculated using
Equation 4.

� The specific gravities and cost of materials assumed
are listed in Tables 6 and 7.

Table 11 lists all input parameters and their default
values, where applicable.
Traffic counts are calculated by multiplying the heavi-

est truck used for design, by the number of trucks per
wind turbine (assumed 91), and by the number of wind
turbines (inserted by the users). To estimate the layer
structural numbers, two values are needed to be calcu-
lated: the tire coefficient, a, and the tire pressure. The
tire contact area coefficient, a, is calculated as follows:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tire Contact Area=πð Þ

p
ð6Þ

whereas the tire pressure, p, is calculated as

p ¼ Maximum Load
Tire Contact Area

: ð7Þ

The structural number is calculated as

SN ¼ 0:3a 0:773 ln pð Þ−2:535þ 15−MR

10:5
0:049 ln pð Þ þ 0:116ð Þ

� �
:

ð8Þ
To estimate costs of various alternatives, the cost of

the calculated thicknesses is computed using the as-
sumed cost values listed in Table 7 (the worksheet does
this computation automatically); however, the users have
the option of including their own cost values.

Validation
The ethanol and biomass worksheets are based on
the AASHTO pavement design guide [56], inheriting
its strong points and its limitations. For the purposes
of developing a user friendly design procedure, the
AASHTO design method is preferred over the more
farm procedure

econdary inputs Description

ire contact area Different tires have different contact areas. This value
could be obtained from the manufacturer. The load
and internal pressure are factors that affect and are
affected by these values. If this value is unknown,
1,935 cm2 is recommended as default.



Table 11 Wind farm worksheet input parameters

Parameter Default value Comments

Number of turbines User input The number of wind turbines to be installed.

Soil CBR User input CBR is converted to resilient modulus (MR) using Equation 4.

Tire contact area (cm2/tire) 1,935 This value could be obtained from the manufacturer. One thousand nine
hundred square centimeters was used for dual-tire configurations [72,73].

Maximum load per tire (kg) 4,536 Only construction loads are considered.
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recent mechanistic-empirical design method, as the former
is well known for its empirical approach. Moreover, it does
not need calibration or validation, because it is linked to
the validated AASHTO design guide. For more conser-
vative results, the reliability factor (ranges from 50% to
99.9%) can be increased in the worksheet.
Finding structural data associated with local roads is a

tedious task. However, Jay, Posey, and Wabash counties
did collect the pavement layer thickness values after they
were upgraded for the construction and operation of the
biomass and ethanol plants. For the ethanol plant in Jay
County, provisions were made to accommodate the new
increased truck traffic, and the road was resurfaced;
however, the assumptions made related to the preferred
truck-driver routes fall short, causing excessive deterior-
ation to the adjacent roads. For the ethanol plant in
Posey County, to handle the excess traffic, the county
resurfaced all access roads. Similarly, to accommodate
the anticipated increase in traffic associated with the
ethanol plant in Wabash County, a 1.2-km road section
was reconstructed. With these exceptions, the inter-
views with various county officials showed that there
Table 12 Ethanol and biomass worksheet results

Design Alternativ

Jay County, POET Plant, capacity 65 MLY

Surface layer (cm) 7.62

Base layer (cm) 26.67

Sub-base layer (cm) 34.29

Pavement cost ($) 246,74

Posey County, Abengoa Bioenergy Plant, capacity 88 MLY

Surface layer (cm) 7.62

Base layer (cm) 26.67

Sub-base layer (cm) 35.56

Pavement cost ($) 249,06

Wabash County, POET Plant, capacity 65 MLY

Surface layer (cm) 7.62

Base layer (cm) 29.21

Sub-base layer (cm) 38.1

Pavement cost ($) 260,08
were generally no provisions made for ethanol and biomass
plants due to their close proximity to state roads.
The second step in the validation process is to pro-

duce designs for these three counties using the devel-
oped worksheets. Table 12 presents the recommended
pavement sections for each plant based on the ethanol
and biomass worksheet, along with an estimated cost for
each alternative. A CBR value of 3, representing tilled
farmland, was used for Jay and Posey counties, and a
value of 2 (representing softer surfaces) was used for the
Wabash County. The county highway engineers men-
tioned that the soil is weak in that particular area. A de-
sign period of 20 years was assumed in all three cases.
The final step in the validation process is to compare

the pavements designed by the county engineers and
private contractors, with the pavement designs proposed
by the developed tool. Table 13 lists the capacities of
various plants, and compares as-built thickness to those
proposed by the worksheets. The structural numbers ob-
tained by the worksheet are higher than the actual num-
bers from both cases. Wabash County pavements were
designed by an engineering consulting firm. The other
e 1 Alternative 2 Alternative 3 Alternative 4

8.89 10.16 10.16

15.24 30.48 19.05

40.64 15.24 30.48

4 247,468 262,624 259,417

8.89 11.43 10.16

15.24 30.48 21.59

44.45 15.24 30.48

0 254,417 282,769 266,306

8.89 12.7 10.16

15.24 30.48 25.4

49.53 15.24 30.48

2 263,182 302,414 276,160



Table 13 Structural numbers of designed and actual upgraded pavements

County Capacity
(MLY)

Actual as-built pavement layer thickness (cm) As-built structural
number

Proposed structural number

Surface Binder Base 5-year design
period

10-year design
period

20-year design
period

Jay 246 5.08 5.08 15.24 min 1.8 2.8 3.1 3.4

Posey 333 7.62 5.08 15.24 2.2 2.9 3.2 3.6

Wabash 246 10.16 10.16 17.78 stabilized 3.8 3.1 3.4 3.8

Table 14 Wind farm worksheet and county consultant
inputs and results

Input criteria Consultant
design

Worksheet
design

Number of turbines 127 127

Truck traffic assumed 14,150 11,557

California bearing ratio 3 3

Soil resilient modulus (Mpa) 41.37 35.58

Allowable rutting (cm) 5 to 7.5 N/A

Allowable loss of service 3 N/A

Aggregate base modulus (Mpa) 206.4 N/A

Percent heavy trucks (%) 80 100

Maximum load per tire (kg) 4,536 4,536

Recommended structural number 1.3 1.9

Recommended pavement layer thickness - -

Hot mix asphalt surface (cm) 0 5.08

Stabilized aggregate base (cm) 30.5 30.5
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counties used developer and local suggestions. The re-
sults of the worksheet are closest to the engineering
firm's recommendations. With all inputs (except the
plant capacity and the design period) being set at default
values, this suggests that a proper design may be consist-
ent with the worksheet's default output. If more infor-
mation was available, such as the soil CBR or the design
period, the results would likely be more accurate.
Turning to the wind farm spreadsheet validation, it

is noteworthy that in 2008, several lease agreements
were signed with local farmers and land owners in
White County, with the intention of building electricity-
generating wind towers. A private consultant was hired
to insure that the adjacent roads would be capable of
handling the transportation of the wind tower compo-
nents. The engineering firms performed an extensive
field evaluation which included soil borings from all
adjacent pavement sections, lab testing and soil clas-
sification of the collected soil samples, and performing
non-destructive pavement testing using a falling weight
deflectometer (FWD). Note that pavement surface deflec-
tion is typically used to evaluate the flexible pavement
structure and the rigid pavement load transfer and is
measured as the pavement surface's vertical deflected dis-
tance as a result of an applied static or dynamic load
[79-82]. The FWD is the most common type of equip-
ment to measure the surface deflection in Indiana, and
the units used are thousandths of centimeters from a
FWD center-of-load deflection, corrected to a 11,340-kg
load applied on a 30-cm-diameter plate, adjusted for
temperature (18°C) [83,84].
The engineering firms along with the White County

highway department concluded that pavement upgrades
were required. The engineering firm assumed the con-
struction of 127 wind towers (phase I of the project)
which included 5,000 concrete trucks, 8,000 gravel haul
trucks, 1,150 semi-trucks for turbine component deliv-
ery, and numerous passes by medium and heavy cranes.
This resulted in a total of 14,150 vehicles (plus crane
passes). This value is more conservative than the 11,557
vehicles assumed by the wind farm worksheet. Even
though the worksheet underestimates the number of
trucks, it is important to note that the design method-
ology is based on the maximum truck weight for any
truck category that constitutes more than 10% of the
truck traffic. The consulting firm and the worksheets
both used 4,536 kg per tire as their maximum weight.
The engineering consulting firm developed a pavement

design that included the pavement layer thicknesses to
carry the wind turbine components and construction
materials. The SN was attained by the consultant using
the AASHTO design guide for low-volume aggregate
surfaced roads [56] and considered allowable rutting.
Table 14 lists the consultant and worksheet results.
As expected, the worksheet provides a higher SN than

the one proposed by the consultant. This could be due
to the fact that the consultant has more accurate infor-
mation on this specific project due to the tests that were
performed, or it could be due to the selection of design
procedure. It can be argued that a low-volume road design
is also applicable because the number of ESAL is expected
to be small. However, the developed worksheet uses the
heavy wheel design, which more closely matches the given
traffic scenario (the heavy construction loads).

Conclusions
Data associated with sustainable energy facility traffic
(such as number, type, and weight of trucks with or
without cargo) were collected, to develop Excel-based
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tools (worksheets) and assist local agencies in the de-
sign of pavements in the proximity of ethanol plants,
biomass plants, and wind farms. The worksheets pro-
vide a user-friendly environment for engineers with any
level of expertise to produce a pavement design for the
aforementioned facilities in an easy and timely fashion.
Experienced designers have the option to change the
default values of the worksheets in order to produce
more cost-effective designs. Otherwise, the worksheets'
default values can be maintained and still provide a
conservative design.
From the comparison of the worksheet-generated de-

signs and those practically implemented, it was found
that the worksheet-proposed pavements were slightly
thicker than the actual implemented designs, and thus
less likely for the pavement to fail. This could reflect a
need for collection of additional data points, or for fur-
ther calibration of the tool through additional validation
tasks. To that end, the as-built pavement sections will be
revisited after 1- to 5-year intervals to assess their condi-
tion and further validate the worksheet tools.
The developed worksheets can serve as a hands-on

tool to assist local government engineers in evaluating
and quantifying the probable effects of the construction
and operation of a sustainable energy facility in their jur-
isdiction. Further recommendations to assist in achiev-
ing this goal involve inclusion of biodiesel plants, further
validation of the worksheets using measures of pavement
distress (rutting or cracking), and comparison of the de-
sign outputs with actual data from constructed roads.
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