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EXECUTIVE SUMMARY

To adequately maintain the infrastructure and allocate the necessary funds for
reconstruction, an effective damage assessment is required. Stakeholders such as state
departments of transportation (DOTS) are interested in assessing the degree of damage
caused by overweight vehicle operation. In this study, a damage assessment approach
was developed to calculate the monetary consumption caused by overweight permitted
vehicles on bridges and pavements in Florida.

The representative bridge parameters were established based on the sample bridge
database, the Florida Department of Transportation (FDOT) new bridge construction
cost data, the National Bridge Inventory database, and weigh-in-motion datasets. An
extensive study was conducted to find parameters such as bridge cost, average daily
truck traffic (ADTT), span length, and material and structural type. The cost per mile of
road was estimated at $1M/mile and was used as the representative cost of a bridge in
Florida for permit vehicle operation. The damage assessment analysis is based on the
fatigue damage measured by the equivalent bending moment on a representative
bridge in Florida. The consumption analysis was conducted separately for each gross
vehicle weight (GVW) group, and the results of the bridge consumption analysis are
given in $/miles.

To compute the pavement damage cost, roads were categorized into Interstates (1S),
principal arterials (PA) (expressways, Other), and minor roads (MR) (minor arterial,
major collector). This classification was based on different road structures and traffic
levels. Thirty-seven different road segments (different road categories, traffic levels,
construction costs, and milling and resurfacing (M&R) practices) were used to estimate
pavement damage cost (PDC). Life cycle cost and damage analysis were rendered for
each of the road segments. The damage was presented as equivalent single axle loads,
using t hpeo wiefroulratvh, 6 a popul arAmeripap Aseogiatibnofb a s ed cC
State Highway and Transportation Officials (AASHTO) Pavement Design Guide. A
model was then developed to estimate the average pavement damage for a given
number of ESALSs. Using the average ESALSs at each road category, the average
pavement damage was estimated at $0.018 for IS, $0.049 for PA, and $0.147 for MR
per mile ESALs. The type of the road (IS, PA, MR) that a truck will use during a trip and
its number of axles were the determining factors used in computing the permit fees
associated with each truck.

To match the current permit fee structure used in Florida, the damage cost was
averaged across all road categories, vehicle types, and number of axles. Averaging was
weighted based on road length and frequency of each vehicle type and number of axles
in Florida. This matched the current permit fee structure and enabled determining the
fees based only on the Gross Vehicle Weight and total miles traveled. While this



approach simplifies the computational and enforcement effort, it reduces the equitability
of the charged fees because damage cost can increase ten-fold depending on the
number of axles and road category, given the same Gross Vehicle Weight.

The pavement and bridge damage costs were combined and presented in the same
format as the existing overweight permit structure. Hence, multi-trip permits are used as
a fixed price; the $/mile is multiplied by the average length of the trip (180 miles) and the
estimated number of trips (25 trips for 3-month and 100 trips for 12-month permits).
With respect to multi-trip permits, the damage cost was significantly higher than current
imposed fees. Thus, various percentage discount rates (90%, 80%, 70%, 60%, and
50%) were applied to multi-trip permits.

The proposed permit fees were then comparedto FI|l ori dadésTheurrent ffees
comparison showed that assuming the same traffic as at present, the proposed fees will

increase the revenues of single-trip permits by a factor of 1.6, multi-trip 12-month

permits by a factor of 1.5, and multi-trip 3-month permits by a factor of 2.7. This is

based on a 90% discount for multi-trip permits. The department can choose an

appropriate discount rate based on economic considerations. The proposed change

brings Floridabdés over wei ght pahermstatts. f ees mor e
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PART A: INTRODUCTION AND BACKGROUND INFORMATION
1. Introduction

The collection of fees is intended to help pay for additional wear and tear to highways
caused by overloaded permit vehicles. To adequately maintain the infrastructure and
allocate the necessary funds for maintenance, an equivalent damage assessment and
cost analysis is required. Therefore, there is a need to check the adequacy of the
current permit fee structure. Stakeholders such as state DOTSs are interested in
assessing the degree of damage caused by overweight vehicle operation. Almost all
state DOTs have sponsored studies to determine the impact of overweight traffic on
infrastructure. This report seeks to find the damage costs of bridges and pavements as
two principle road structures impacted by overweight vehicles in Florida. The report is
organized in four major parts (Parts A, B, C, and D).

Part A. Background information: Part A contains chapter 2-4. The primary objective of
chapter two is to conduct a literature review of the available published documentation,
similar research work, and manuals as pertaining to the impact of overweight vehicles
on highway structures. Then, in chapter three, the major sources of information related
to the fees associated with heavy trucks and overweight loads are reviewed. The
vehicular traffic on highways can be categorized into legal loads, oversize and/or
overweight (OS/OW) permitted loads and illegal loads. Each vehicle consumes a small
portion of the service life of bridges and pavement. Assessment of life consumption due
to live load requires thorough consideration of these groups of vehicles. Historic fees
related to heavy trucks such as permit fees, registration fees and fuel tax for the state of
Florida are reviewed in chapter four.

Parts B and C. Bridge and pavement damage cost assessment: This report assesses
the damage on bridges and pavement caused by permitted overweight vehicles in
Florida. The objective of the damage assessment analysis is to assign fair costs to the
various vehicles and permit types. This may be achieved by using the issued permit
database to determine the total monetary consumption of bridges caused by permit
loads. The real traffic data of permit vehicles operating on the roads and bridges in
Florida is utilized to determine the total damage. Then, the current permit fee schedule
is used as a reference to compute monetary damage.

Part D. Compilation of bridge and pavement damage costs. The consumption of bridges
and pavements are combined. Then, the results for single and multi-trip permits are
compared with other states. Finally, the revenue generated by the proposed and current
permit fees is presented and compared.



2. Literature Review
2.1. Federal and States Legislations on Overload Traffic

2.1.1. Weight Limits and Permitting

There are many factors contributing to the service life of asphalt pavements, such as
traffic, environment, type of material and design. Research shows that the actual load
applied on pavement is heavier than what is estimated during the design phase. These
types of overloads accelerate pavement deterioration and shorten the service life of
pavement [1]. Since the structural design of pavement depends on the characteristics of
road traffic, the pavement on low functional routes incurs more damage compared to a
road with more demands like interstate highways [2]. A study about the effect of
overloaded trucks showed that trucks with 6,000 pounds above the legal limit of 20,000
pounds could reduce the pavement service life to half [3]. In addition to load magnitude,
the number of axles and the axle grouping (e.g., single axle: the distance between axles
is large; tandem axle: two axles close to each other and far from other axles; tridem
axle: three axles close to each other and far from other axles) affects the performance
of pavement. Generally, trucks with a single axle or tandem axles cause cracking
distresses in the pavement due to the concentration of load in a limited contact surface
area. On the other hand, trucks with multiple axles that spread the load over a larger
contact surface area cause more rutting distresses [4]. However, in addition to the
configuration of axles, there are other factors like intertwined traffic or environmental
factors that result in different types of distresses [5].

According to the U.S. D O T &ederal Highway Administration (FHWA) report in 1990,
the number of trucks traveling along U.S. highways over a 10-year period has increased
by about 44%. This increase, which is more than double the number of heavy trucks on
the road, could result in an exponential reduction in the performance of the
infrastructural system [1], [6], [7]. This indicates less traffic safety and an increase in
infrastructure maintenance costs because the existing structural capacity of roads is not
increasing at the same pace as the growth of heavy traffic [8]. It is estimated that in the
1990s, the yearly cost caused by illegal overweight trucks ranged between $167 and
$670 million. Also, a more recent estimation for these costs shows that an average
impact per truck mile traveled equals to $0.08, which adds up to $1.1 billion per year [9].

To minimize pavement deterioration, states have enforced axle weight limits and gross
weight limits; however, trucks can carry more weight than the limit when they obtain
permits from state DOTSs. Thus, the cost of the fee can significantly affect the number of
overweight trucks on the road and consequently, the rate of deterioration of the
pavement and other infrastructure.



Taking into account the adverse effects of heavy truckloads, the federal government
issued the first national standard with the Federal-Aid Highway Act of 1956. This was
based on research by the American Association of State Highway and Transportation
Officials (AASHTO). The limitations set forth by this act are on axle and gross weight.
Since it is not easy to accurately weigh each axle, the weight per axle is usually used as
an estimation. Currently, the interstate federal weight limits for a single axle is 20,000
pounds per axle, tandem axles are 34,000 pounds per axle pair and the gross vehicle
weight is 80,000 pounds (Federal Bridge Formula (FBF)). However, some states have
higher weight limits than the federal 80,000-pound limit. Examples include Oregon, with
a maximum gross vehicle weight of 105,500 Ibs., Washington with a maximum gross
vehicle weight of 105,500 Ibs., and Wyoming with a maximum gross vehicle weight of
117,000 Ibs. Also, most state weight limits on interstate highways exceeds federal limits.
As shown in Figure 2-1, for five-axle semi-trailers, the most common permitted weight
ranges from 100,001 to 110,000 pounds. For single axle trucks under routine single-
trips, the maximum allowable load ranges from 22,000 to 45,000 pounds. This range is
between 34,000 to 65,000 pounds for tandem axles, which is not applied in twelve
states [10]. As shown in Figure 2-2, for a single axle, the most common permitted
weight ranges from 20,001 to 25,000 pounds, and for the tandem axle, it is between
45,001 to 50,000 pounds.
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Figure 2-1. Gross weight for five-axle semi-trailers versus the number of states [10].
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Figure 2-2. Axle weight limits versus number of states: (a) single axle; (b) tandem axle
[10].

If a truck exceeds the typical overweight load limits, it is called a superload. This type of
load demands states to ensure a sufficient capacity of the infrastructures on the route
and follow specific safety operations. A superload truck must have detailed information
about axle configuration and load applied by each axle. The most common way to deal
with superloads is on a case-by-case basis. However, some states prohibit superloads,
while others simply issue permits. According to a Dunning et al. article, the most
common maximum superload permit ranges between 140,001 to 150,000 pounds
(Figure 2-3).
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Figure 2-3. Maximum superloads permitted [10].

2.1.2. Issues Related to User Fees for Overweight Freight Trucks

The user fees, which are used to provide funding for rehabilitation and maintenance of
infrastructure on roads, should be proportional to the damage that each load induces.
Efficient user fees can reduce infrastructure life-cycle costs. Implementation of user fees
or any adjustment and change in existing fees should be carefully studied because it
has many direct and indirect effects. For example, depending on the changes in the
user fee, it could encourage truck drivers to take a route from another state or to break
down the load and use smaller trucks or not ship at all [11]. However, it must be taken
into account that any change in the freight shipment industry could affect the market,
price of goods, and consequently,t he consumer 6s deci s seann.
user fees could benefit the road infrastructure by decreasing the number of overloaded
trucks, their effects on the overall economy should be carefully investigated. Political
issues should also be considered in the decision-making process. For example,
providing specific facilities such as truck-only toll (TOT) lanes for truck facilities has
been in discussion at the national level. The advantage of using TOT lanes is that there
is no need to upgrade all lanes on the road. Also, the traffic will be separated into small
vehicle traffic and truck traffic, which are usually slower, thus promoting road safety.
However, the willingness of the trucking industry to pay for something they were using
for free is not determined, and the feasibility of financing such a facility depends on their
decision [12].

In addition to economic and political considerations, determining the appropriate user
fee demand requires the modeling of various traffic loads in their specific geographical

location. A study conducted in Iran used a deterioration model that considered
pavement material properties (asphalt layer thickness, pavement temperature,
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subgrade condition, and traffic speed). Results showed a significant increase in damage
when the load passed the weight limits [13].

However, based on a survey, not all DOTs have the same intent in determining the
permit fees for overweight trucks, and their objectives vary from one state to another.
The most common intents are [10]:

1. Discouraging overweight freight shipments, or deterring the overweight vehicles.
2. Providing enough funding for infrastructure maintenance.

3. Covering administrative costs associated with oversized and overweight trucks.
4. Adjusting fees proportional to neighbor states.

Different policies for each state regarding user permit fees make it difficult to estimate
the user fees of multistate freight operations. An online survey of state DOTs showed
that lobbyists and legislators play the main role in the determination of permit fees for
overweight trucks.

2.1.3. Permit Fees Categories in the U.S.

There are five main categories concerning overweight single trip truck permit fees in the
U.S.: flat-based, axle-based, weight-based, distance-based, and weight- and distance-
based. Figure 2-4 shows the number of states that use each type of permit fees. On the
other hand, the majority of the annual permits are flat-based, and they usually do not
consider limited distance or the level of weight above legal limits.
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Figure 2-4. The number of states using five different categories in 2011.

The flat user fee is the simplest type of user fee for both state permit offices and
trucking companies. There are two types of flat fee: one is the flat-fee single-use
permits, and the other is for annual permits. Providing a logical relation between single-
use and annual permits is important. In 2011, in one state, the annual permit was $10
and the single-use was $5. Based on the record, the trucker used the annual fee travel
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more than twice per year. Therefore, a survey should be conducted to have an
estimation of the number of annual trips of the truck. Although the flat user fee is
simplest to administrate, heavier loading is encouraged since the damage was
amortized unfairly across all <carrierso

Weight-based fees: This type of fee charged for tons of loads in excess of the legal
weight limit. Although this type of permit considers how much stress is induced on the
infrastructure, it does not take into account the length of time that the load is moving on
the road. Thus, two trucks with the same weight might pay equally, whereas one
traveling hundreds of miles will pay more than the other.

Distance-based: Indiana and Virginia are the only two states that consider travel
distance without taking into account the amount of excess weight shipped. There are
many issues with this type of fee. One is that determining and tracking the distance
traveled by the truck is hard to administrate and enforce. Thus, this difficulty for law
enforcement might make it easier for truckers to abuse it. To solve the problem of a
distance-based fee, some European countries use the global positioning system (GPS)
technology to track the miles traveled by trucks [14], [15]. However, there are some
political challenges when it comes to using this type of technology in the United States
[16].

Axle-based fee: This type of fee is commonly used for individual facilities such as toll
bridges.

2.2. Truck Overloads and Enforcement

In order to discourage the illegal overweight operation of trucks in the future, it is
important that DOTs put enough effort into recognizing excess weight trucks and charge
them enough to compensate for the damage they cause to the infrastructure. In recent
years, weight monitoring is going through rapid changes. A few years ago, all trucks
carrying heavy loads had to wait in a line to get on a scale, but now, thanks to intelligent
transportation systems and minicomputers, it is easier and faster to weigh the truck and
avoid the waste of time and money. According to an online survey, the most common
techniques used for enforcement are weight-in-motion (WIM), mobile enforcement
team, and fixed weigh stations. The electronic bypasses help to reduce the processing
time and traffic operation at checkpoints by using multiple and regional statewide
systems such as PrePass, BestPass, NCPAss, I-Pass, etc. [10]. The use of WIM
technology has significantly increased between 1989 and 1995 by almost 60 million
units. However, based on recent weight enforcement statistics (data collected between
2006-2012) on the number of violations of overweight trucks, data show a similar trend
as at the time that the WIM system was not implemented as widely as it is now [17].

ee.



Although weigh stations help to control and recognize the illegally overweight trucks,
there are still trucks that find ways to avoid these stations by taking a bypass road or
traveling after hours of operation. Researchers have found a sudden decrease in the
number of overweight truck violations after deploying the stationary weigh stations.
However, this decrease is the result of heavy trucks switching to alternative routes [18].
A more recent study in Minnesota in 2005 revealed that 90% of the total number of
violations were recognized by mobile units carrying portable scales [19]. Based on an
FHWA report (Table 2-1), the stationary scales caught only 0.7% of violations. On the
other hand, the average percentage of all violations caught by inspections performed
with portable and semiportable scales were about 55%. This indicates that violators
avoid scales. However, increasing the number of trained inspectors to adequately
control the increasing number of illegal overweight trucks depends on the budget
allocated to transportation agencies, which is usually not enough for effective weight
enforcement measures [20]. Fiorillo et al. developed a model to optimize the number of
inspections in each country based on the "broken window principlea This principle is
used by criminologists and also widely implemented in many U.S. cities to reduce crime.
They concluded that their methodology is capable of improving the efficiency of the
enforcement by redistributing the number of inspections to areas that have more
frequent illegal trucks [21].

2.3. Studies on Overload Effects on Bridges

The study of truck weight and its effect on roads and bridges has been performed in
many states and dates back to the 1970s. Many states have sponsored studies to
develop methodologies to quantify damage and develop a cost analysis based on
assumed cost models. A cost impact study for the Indiana DOT was conducted in 1979
by [22] to determine the impacts of a gross vehicle weight (GVW) increase (from 73280
Ib (73.28 kip) to 80 kip) on bridges and pavements. A study for the New York State DOT
was conducted in 1987 by the BTML [38] on the effects of permit truck weights on
bridges. In 1991, the Minnesota DOT [23] conducted a study in response to a TRB
Special Report 225 [24] to investigate bridge-related impacts. A study for the lllinois
DOT [25] was conducted to determine the impact of weight limit change on bridges.
Another study was conducted in 1992 [26] for the Washington State DOT to estimate
the i mpact of Turner trucks on the #osast e0ds
1992 was conducted to develop a permit fee system based on bridge damage costs.



Table 2-1. U.S. commercial vehicle weight-enforcement activities 20061 2012 [17].

2006 2007 2008 2009 2010 2011 2012
All-Weighs ( 229450 | 217,444 | 200,419 | 182,256 | 198,564 | 185498 | 189,743
WIM 142,508 | 132,257 | 119,826 | 116,176 | 118,025 | 119,718 | 116,640
_Statl|c 86,851 85,186 80,593 66,080 80,538 65,780 73,102
Weighs
Semiportable 422860 | 425731 | 357502 | 373073 | 285484 | 323936 | 278308
Scales
Fixed Scales 85,900 84,213 79,644 65,182 79,703 64,922 72,258
Portable Scales 529,053 | 547,261 | 590,873 | 525350 | 549,844 | 533931 | 565,669
Violations? 621,391 | 530,350 | 555168 | 489,975 | 478576 | 415545 | 408,492
Axle Weight 269,758 | 233563 | 248,813 220,631 216,735 178,209 179,774
Violations
Gross Weight 1495561 | 126,761 | 120,384 | 116291 | 114171 84,490 91,006
Violations
Bridge Weight 202,072 | 170,026 | 185971 | 153,053 | 147.670 | 152,846 | 137,712
Violations
Permits? 4,598 4,827 5,215 4,528 4,838 4,944 4,918
Non-Divisible Trip 3,399 3,743 3,693 3,285 3,510 3,762 3,878
Permits
Non-Divisible 250,505 | 332,148 | 322,288 298,805 303230 | 320,767 | 296,870
Annual Permits
Divisible Trip 426381 | 398,003 | 489,712 369,906 341,737 | 334,650 | 201,633
Permits
D|V|sF|)t;I:amAi\tr;nual 521,006 | 354,194 | 710,476 574,142 683,395 | 526364 | 541,584

! Static weight includes the total number of vehicles weighed from semiportable,
portable, and fixed scales.

2 Violations include those from the axle, gross, and bridge formula weight limits.

3 Permits issued are for divisible and non-divisible loads on a trip or on an annual basis,
as well as for the over-width movement of a divisible load.

At the beginning of the 21st century, many states sponsored a study on overweight
loads. In 2004 conducted a study [28] on the behavior of steel bridges under specific
permit trucks for the state of Connecticut. The study was conducted [31] on the fatigue
of older steel bridges to overweight and oversized loads in Indiana in 2005. Another
study in 2005 for the state of Louisiana state was conducted by [30] on the effects of
specific commaodities transporting vehicles on Louisiana infrastructure. Later in 2012, a
multiphase study in Wisconsin was done by [31], [32] of the impact of overweight
vehicles. A laboratory test and numerical simulation were performed for deck
deterioration as part of the study.



The increase in the average gross weight, axle load of the vehicles and density of truck

traffic (ADTT) was frequently reported in this study, and the theoretical consequences to

the infrastructure were evaluated. In 1979, nationwide survey results [33] were

presented to the U.S. Congress, which showed that 86% percent of respondents
evaluated the i mpact of the OW trucks on the
the moderate extent." At the same, there has been a substantial increase in the weight

and the population of overweight vehicles over the past several decades [34]. The

summary of the possible forms of damage due to heavy traffic operation is to be

completed based on the extensive literature review. Potential sources of information

include:

w National Cooperative Highway Research Program (NCHRP) Synthesis reports,
w Technical and scientific reports published or sponsored by State DOTs, FHWA [35],
w Others.

Some of the early efforts sponsored by national and state DOTSs in order to evaluate the
impact of increased truck loads on roads and bridges in terms of accumulated damage
and corresponding costs were summarized in [36], [76]. Thus, the impact of the
increase of the legal limit for GVW by 11% was studied by [37] for the Indiana DOT.
Based on considered cases (overstress, the fatigue of the steel components and deck
deterioration), the increase of the legal weight limit will result in a $2-3 million increase
annually. One year before the study performed by BTML Division of Wilbur Smith
Associates, (1987) predicted a $23,500 annual cost of fatigue damage (as the cost of
repairs at the end of fatigue service life) to the steel bridges in New York due to heavy
truck traffic. The cost of damages was proposed to be distributed to the annual
overweight permits. Professor Moses (TRB, 1990) considered the effects of different
truck-weight limits on the duration of the fatigue service life. The resultant estimated
annual cost varied substantially, up to $50 million, depending on the load scenario.
However, the cost of the bridge failure due to overstress was recognized as having
dominated over the fatigue life reduction. Later, the Minnesota DOT, (1991) sponsored
a study that adopted the recommendations of TRB Special Report 225 [39] to assess
the cost impact of weight-limit increases. The model considered the impact of the
overstresses of bridge components as weak as service life reduction due to fatigue. The
consequences in terms of dollars included the cost of bridge maintenance and
replacement, as well as weight enforcement, posting, and safety means. The moment
increase factor (the maximum bending moment due to a truck divided by the moment
produced by the rating truck) was determined for each loading scenario in the study. At
minimum, the MIF was determined to be 1.20.

A similar study sponsored by the lllinois Department of Transportation [40], [59] was
conducted after the increase inthe s t a tweightdimit from 73.3 to 80 kip.The cost
model was based on the replacement of the selected bridge (one of 15) at the end of its
service life. The estimated costs of damage at the end of the 6" year after the weight
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limit increase varied from $12.3 to $30 million annually. At the same time, authors
recommended relying on the alternative cost-estimate model since the exhaustion of the
fatigue capacity of a fatigue-prone detail rarely leads to bridge failure and replacement.

The study sponsored by the Washington State DOT and performed by [41] focused on
the evaluation of the impact of Turner trucks on the bridges in the state. As a result,
65% of the s t a troadivay system was recognized as structurally deficient. The cost
analysis was based on the load rating procedure and one-time bridge replacement cost
through the remaining life factor. In Ohio, Professor Moses proposed a permit fee
system that would reflect the corresponding fees for truck overweight. Later on, the a
study to evaluate the impact of the [27] permitted OW trucksonthes t at e 6 s
transportation infrastructure. The impact of heavy trucks on bridge structures was
determined using the incremental methods earlier proposed by [36]. The total resultant
annual cost of bridge damage was reported to equal $22 million.

Comprehensive research [20] to develop the bridged sost-responsibility portion for
different types of vehicles. Thirty-nine bridges (with a 30 to 240-foot span) were
selected nationally and evaluated in terms of the fatigue resistance of the steel
components and concrete decks. The cost allocation model included the cost of
construction, replacement, and minor and major bridge rehabilitation of the new bridges.

Another study tittedi Ef f ect of Truck Weight on Bridge Ne:
evaluation of the truck weight effects on infrastructure. This study was sponsored by

AASHTO and FHWA in 2003 with an objective to develop a methodology to estimate

bridge network costs due to a change in truck weight limits [36]. Based on the state-of-

the-practice literature review, the four cost-impact categories were recommended.

Bridge damage was categorized into the fatigue of existing steel bridges, decks, and

deficiency due to overstressing. Also, deficiency due to the overstress of new bridges

was considered. A level one- and level two-type analysis was proposed based on the

extent of data availability, and a group of bridge Archetype bridges was developed.

In 2013, the South Carolina DOT sponsored a study to analyze the impact of heavy
vehicle traffic on infrastructure and develop policy recommendations. Several alternative
fee structures were proposed, such as an axle-based system and flat fee. Stakeholder
interviews were conducted as part of the study [42].

The effect of OW trucks on New York infrastructure was investigated by [43]. The study,
which was sponsored by the New York State Department of Transportation (NYSDOT),
focused on the development of a methodology for estimating the effects caused by
heavy trucks on New York St a tinérastsucture.. In modeling the effects of overweight
trucks on bridges, the overweight WIM traffic data was categorized to probable divisible
permits, special hauling permits, and illegals. The response of overweight traffic data
was considered using the overstress of main bridge members and cyclic fatigue
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accumulation. To assess the effects on pavement, an incremental cost approach was
considered using an increase in the design thickness of pavement layers and a possible
increase in the maintenance schedule. The cost effect was calculated based on the
response of bridge material and construction. The cost effect was studied on a
representative sample of 22 bridges along the 1-88 corridor in New York State. Based
on the cost allocation study, it was found that the total cost for the entire New York State
infrastructure is $240 million per year, $95 million per year for bridge network, and $145
million per year for pavement. The study initiated by the FHWA within the Moving Ahead
for Progress in the 21st Century Act (MAP-21) [44] was patrtially focused on the analysis
of the effects of the overweight and oversize vehicle operations on the New York State
infrastructure. The potential benefits and costs in this study were evaluated, along with
the enforcement policy. Six different scenarios of the legally allowable truck
configurations were considered (Figure 2-5). The 5-axle tractor-trailer truck with GVW
80,000 Ibs. was used as a reference truck for comparison. The fatigue analysis was
performed for the various fatigue-prone details of the simply supported and continuous
steel bridges.

The cost analysis is based on the reduction of the fatigue service life of the bridge
component and corresponding one-time cost to repair the damaged component. The
negative effect of the increased axle (or group of axles) weight on bridge fatigue life,
while the number of overweight vehicles is called the most impacting factor or
parameter. In terms of the cost, the fatigue-induced repairs create a non-significant
portion of the total bridge cost.
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trailers (pounds)

STAA! vehicle; has broad mobility rights on
80,000 entire Interstate System and National Network
including a significant portion of the NHS

5-axle vehicle tractor, 53 1 5 88,000 Pt
foot semitrailer (3-S2)
6-axle vehicle tractor, 53

1 6 91,000 S s Abovi
foot semitrailer (3-53) dﬂm i : i
6-axle vehicle tractor, 53 N

1 6 97,000 Same as Above
foot semitrailer (3-S3) m 2 ’ RIS 450 0ONG
A actor s Ty m 80,000 maximum

) VO .
28 or 28 ' foot trailers (2- 2 5 wowshic \\cnghl_ Same as Above
$1-2) 71,700 actual weight
used for analysis®
Tractor plus twin 33 foot -
trailers (2-S1-2)
74,500 mile roadway system made up of the
Tractor plus three 28 or Interstate System, approved routes in 17

Comml 5-axle vehicle tractor, 53
Slngle foot semitrailer (3-S2)

Control
Double

()
v

80,000 Same as Above

28 /2 foot trailers (2-S1-2- 3 7 105,500 western states allowing triples under ISTEA
2) Freeze and certain four-lane PAS roads on east
coast’

Tractor plus three 28 or
"8 /2 foot trailers (3-S2-2- 3 9 129,000 Same as Scenario 5°

Figure 2-5. Truck configuration and weight scenarios analyzed in the 2014 CTSW study
[44].

The national representative bridges (500 bridges of the 12 most common types) were
selected based on the National Bridge Inventory (NBI) database, including the Interstate
System (IS) and National Highway System (NHS). The structural parameters and the
geometry of the structural components were used based on selected bridges. The
LRDF and LFR rating procedures were applied to the selected bridges and load trucks
in order to investigate the impact of increasing the legal limit on the bridge rating. It was
concluded that the 17% increase in the legal truck GVW will result in a 4.6% and 9.5%
increase in the number of IS and NHS bridges being rated below 1.0. The
corresponding cost of a one-time repair for the 17% GVW increase is $2.2 billion.

The study that investigated the impact of the OW/OS permit fee structure on the
infrastructure was conducted for the State of Texas and was sponsored by the Texas
Department of Transportation (TxDOT) and the Federal Highway Administration. The
objective was to conduct a study of infrastructure damage caused by oversized and
overweight vehicles (OS/OW) and to provide recommendations for permit fee
adjustments if required.

The methodology to quantify the pavement and bridge consumption rate per mile was
developed as part of the project. Also, the new fee schedule was developed to account
for the costs associated with OS/OW vehicles. Also, the revenue analysis was
conducted to compare the revenue generated from permit sales and the revenue
estimates from the new permit fee structure. It was concluded from the permit sales of
financial year 2011 that the revenue collected was $111.4 million, compared to the
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estimated revenue of $671.4 million, resulting from the revenue estimates based on the
new permit fee structure.

The bridge consumption portion of the report is discussed herein. The study proposes a
bridge consumption cost per mile to support the revision of Oversize/ Overweight
(OS/OW) fees. The following steps were used to calculate bridge consumption:

1. Overlay bridges on the permit routes traveled using Geo-reference software.

2. Characterize the routed and non-routed permit loads.

3. Summarize the bridge information such as span lengths to calculate bending
moment.

4. Calculate the bending moment for each OS/OW vehicle.

5. Calculate the bridge consumption using the following formula:

v ) 4 4 r 3 e 7oy ey oy B [ i-‘)
ossloanoQSSOIonwméppD— cht mhet n Eg. 1

where:

Minventory I Live load bending moment for the Inventory Rating Load for each bridge in
the permit dataset;

Mosow i Live load bending moment for the Oversize Overweight Load for each bridge in
the permit dataset;

m 1 Constant: material dependent;

19071 Asset value for a bridge in dollars per bridge deck square foot;

0.117 The bridge asset value responsibility for heavy trucks;

2,000,000 7 Number of allowable load cycles that define bridge design life according to
AASHTO.

6. Calculate cost per bridge on each segment.
7. Estimate cost-per-mile for each permit GVW weight category.

A broad study to assess the damaging effects of truck traffic in New Jersey was
conducted in 2015 by [45], which was sponsored by the New Jersey Department of
Transportation (NJDOT). A model was proposed based on a literature review of the
effects of overweight vehicles from other states and deterioration models.

A software tool, ASSISTME-WIM, was developed to estimate the actual damage costs
on New Jersey highways due to overweight trucks. The Life Cycle Cost (LCCA) was
conducted, and it was estimated that the average cost of moving one ton of load by an
overweight truck per mile in New Jersey is about $0.33, and 40% of the damage is
attributed to bridges and 60% to pavement.

The evaluation of concrete decks under loading was part of the main objectives. In that
study, a flowchart was developed in order to obtain a complete life cycle of a deck rating
curve without the interruption of repair events or cycles. A regression analysis was
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performed for the filtered condition rating data on each highway, and the method of
least squares was used to estimate the parameters. The deterioration curves for
interstate highways are shown in Figure 2-6.

In the following study, [46] have shown that the average expected service life of bridge
decks on interstate highways, U.S. numbered, and New Jersey State highways are
40.4, 48.0, and 64.6 years, respectively, assuming that service life ends when the deck
rating downgrades to four. However, a high variation among different highways is
observed within the same type of highway, which could be attributed to the variations of
loading level and frequency. It was found that both axles per day and wheel load played
roles in determining the service life of decks. The capacity of bridge decks was defined
as the lifetime axle count, NA, which represents the total number of axles passing the
bridge over the predicted service life span, as shown in Equation 2.

y
N, =3 APD 365 Eq. 2
i=0

The lifetime axle count was plotted versus the equivalent wheel load, as shown in
Figures 2-7, and linear regressions were performed for three highway types using the
method of least squares. With the obtained correlation, the service life of a concrete
deck can be estimated based on a given wheel load and axles per day, as shown in
Figures 2-8. This information is illustrated in Figures 2-8, which would be obtained
based on bridge inventory, as well as WIM-based truck load data, and can be very
useful in calibrating and validating prediction models for the service life of concrete
decks. Table 2-2 presents a summary of relevant studies on the estimated cost of
damage due to overweight traffic.

10
——|-80(R2=0.76) ——1-78(R2=0.68)
——|-676(R2=0.74) 1-295(R2=0.67)
1-195R2=0.55) 1-95(R2=0.76)
1-287(R2=0.91) ——1-280(R2=0.87)

404 years

0 10 20 30 40 50 60 70
Deck Age(Years)

Figure 2-6. Deterioration curves for decks on interstate highways in New Jersey.
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Table 2-2 Summary of relevant studies on the estimated cost of damage due to

Source

Oversize/Over
weight Vehicle
Permit Fee
Study

Oversize/Over
weight Vehicle
Permit Fee
Study

Effects of
Overweight
Vehicles on

NYSDOT

Infrastructure

Effects of
Overweight
Vehicles on

NYSDOT

Infrastructure

Impact of
Freight on
Highway
Infrastructure
in New Jersey

Comprehensiv
e Truck Size
and Weight
Limits Study

State

Texas

Texas

New
York
State

New
York
State

New
Jersey

Washi
ngton
D.C.

Transportatio
n
infrastructure

Pavement

Bridge

Bridge

Pavement

Bridges

Bridges

Mechanisms
considered

Rutting,
fatigue
cracking, and
roughness

Fatigue and
different
fatigue
curves
depending
upon the type
of material

Overstress of
main
members

2. Cyclic
fatigue
accumulation
in main
members and
decks

Incremental
cost
approach

Fatigue in
steel bridge
girders, pre-

stressed
bridge girder
tendons, and

RC decks

Fatigue
damage to
bridges and

bridge decks,
girder
overstress.
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2.3.1. Evaluation of Load Effects Due to Heavy Vehicle Operation

A variety of technical approaches and models were proposed, discussed and published
by researchers and transportation agencies in order to evaluate the response of the
infrastructure to the increase of the truck traffic volume (ADTT) and GVW [44]. The
objective remains challenging and requires a commonly accepted methodology.

However, there are a few criteria to be considered in order to evaluate the impacts of
overweight vehicles, including structural impact (overstress) and fatigue wear
(accumulated damage) of the bridge girders or decks (Figure 2-9). The latter is not
widely studied or reported in the literature due to the unavailability of a reliable durability
model for concrete bridge decks [44].

The assessment of the actual impact of any changes in truck traffic is not a trivial task.
In addition, inspection and maintenance reports have not been analyzed with regard to
OW truck traffic. The National Bridge Maintenance Database (NBMD) [47] can be used
once completed in order to keep track of bridge performance through inspection and
maintenanced ur i n g aserpice ipatiad eD&éwelopment of the NBMD mainly
includes the structure and format of how the information about bridge parameters,
inventory condition, and inspection and repair history are collected from state
transportation agencies. The database will contain the cost of construction and
maintenance of the bridge structure and could be applied to the development cost
analysis of the damage accumulation process.
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Figure 2-9 Bridge overweight effect quantification procedure flowchart [43]
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In order to evaluate the cost effect of the girder overstress due to heavy truck operation,
different load scenarios can be considered. The load effect caused by the
oversize/overweight vehicles can be compared to the reference load scenario that
corresponds to the federal weight limit or design load. The cost effect can be
determined as a fraction of the one-time replacement or repair cost needed prior to the
end of the design service life.

For the damage accumulation analysis of the fatigue-prone details [48] of girder bridges,
a basic fatigue life analysis can be performed. The resultant fraction of time consumed
by the truck traffic flow (based on the WIM records) can be then compared with the
duration of the design fatigue life. However, this analysis will evaluate the impact of
each truck in the fleet independently and ignore the accumulated damage due to the
previous load cycles. A study by [44] proposes an alternative approach of comparing
the load effects of individual trucks (incremental load effects) by considering different
load scenarios.

The study by [44] also summarizes the main approaches to evaluate the effect and cost
of bridge damage due to overweight traffic. The incremental damage cost analysis is
based on the comparison of the fatigue damage caused by the considered OW truck
and control vehicle. The simplified structural analysis of the idealized bridges (more
applicable for the overstress criteria) can be based on load effect evaluation and the
AASHTO [49] bridge rating procedure. Theuse ofthefial | ocati ono factor
fraction of the bridge damage cost is associated with the responsibility of the bridge
component. While different studies adopted different approaches to quantify the
damage and damage costs to the transportation infrastructure, there is no commonly or
nationally accepted method. The purpose of this review is to select the most common
conservative technique to evaluate the relevance of the existing permit structure in
Florida.

2.3.2. Fatigue Damage to the Bridge Deck

Although there are several studies that focus on the development of the reliable
deterioration model for bridge decks, there is still no nationally acceptable procedure to
evaluate the structural and cost effect of OW vehicles. AASHTO [50] defines the
durability service limit state for bridge decks. While the strength limit states determine
the required ultimate carrying capacity of the deck, the durability limit state regulates the
required duration of its service life. The magnitude of the service load cycle
corresponding to the axle weight of the design truck is below the ultimate carrying
capacity of the deck [36].

A series of studies recommended by the National Academy of Sciences was performed
by FHWA [44] to evaluate the effects of changes in the Federal Truck Size and Weight
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on bridge structures. Among a variety of existing techniques, the most straightforward
approach was selected. It is based on the comparison of the load effects and structural
behavior of the deck due to the different load scenarios. The cost analysis included
possible posting issues. The rating procedure was based on the heaviest axle of the
considered truck scenario.

2.3.3. Fatigue Damage to the Bridge Girders

The evaluation of the fatigue resistance of the steel girders, as well as the procedure to
guantify the amount of accumulated damage, is widely studied. The fatigue analysis of
the steel bridge can be reduced to the evaluation of fatigue-prone details, such as web
stiffeners or cover plate ends. The fatigue limit states consider the loss of the carrying
capacity due to the cyclic load-induced accumulated damage. In this case, fatigue crack
formation occurs under the cyclic stress magnitudes lower than the ultimate capacity.
Therefore, the magnitude, especially the frequency of the stress range, is critical in the
fatigue analysis. The procedure of estimation of the fatigue service life is presented as
the nominal-stress life approach in the AASHTO LRFD Bridge design specifications
[48].

The performance of fatigue prone details can be represented with a commonly known
S-N curve, as shown in Figure 2-10. The fatigue resistance of the bridge component
can be expressed in terms of the magnitude of the constant amplitude stress range (S)
and number of cycles (N).

The stress range and fatigue life relationship are:

u 0Y Eq. 3

where:

m 1 slope constant (3 for steel),
ST nominal stress range,

N T number of cycles to failure,
I T constant for a given detail.

The evaluation of the damage accumulated by bridges due to heavy vehicles is always
associated with the fatigue analysis. One important question that must be addressed in
the discussion of fatigue damage accumulation is: Do all traffic-induced stress cycles
contribute to the accumulation of damage and potential formation of a fatigue crack?
The current U.S. practice is that all stress cycles are considered, even if only a small
percentage [51] of the traffic-induced stress ranges are above the constant amplitude
fatigue limit.
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Figure 2-10 Fatigue failure on S-N curve [52]

Another question that should be asked is: What truck configuration should be selected
as the representative for the current truck traffic and be used as a reference truck in the
analysis? The first proposed fatigue truck dates back to 1978 [53] and was proposed
based on FHWAOGs | [61id Ondeltwasa 3sudertruck with a 14-ft. and
30-ft. axle spacing and a GVW of 50 kip distributed at 0.122, 0.444 and 0.444 of GVW
for axles 1, 2 and 3, respectively. In the NCHRP 299 [54], which was based on 27,000
WIM measurements from 30 sites nationwide (California, Oregon, Michigan & New
York), the GVW was modified to 54 kip without any modification to axle configurations.
Hence, the current fatigue truck was developed in 1978, but it was validated in 2012 by
WIM data from seven states (California, Florida, Idaho, New York, Michigan, Texas and
Vermont) [55]. The truck traffic, excluding panel, pickup, and other 2-axle/4-wheel
trucks, are considered for effective GVW. Truck traffic from Class 6-13 is considered for
calculating effective truck weight.

With the constant increase of truck traffic size and weight, it is reasonable to project the
future increase of the federal limit for OW vehicles. A number of studies were focused
on the evaluation of the possible consequences of the weight limit change [35], [36],
[44], [56]i [60]. The impact of truck traffic weight increase can be evaluated as a fraction
of the effective stress magnitude due to controlled and proposed truck configurations
[44]. This approach is based on the cumulative damage theory used to calculate the
magnitude of the effective stress range. Based on the Palmgren-Miner [61] rule, the
fatigue life depends on the magnitude of the stress ranges to a certain power (Table 2-
3). This makes the fatigue damage very sensitive to even very small changes in the
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magnitude of a stress range. The baseline fatigue damage [44] due to the reference
truck can be presented as:

- p
(o) v
v Eq. 4
where: Y'Y - calculated the effective stress range for the control vehicle;
The same fraction of damage can be determined for an alternative/proposed load
scenario:
v o p
(o) o
V&Y, Eqg. 5

where: Y'Y - calculated effective stress range for an alternative load scenario;

The comparison of these fractions will result in the percentile of fatigue life change due
to the change of the weight limit:

60
60

0@ e "QQ P Eq. 6

The general procedure of the fatigue life evaluation [48] includes the following steps:

1. Selection of the fatigue critical details of the considered bridge.

2. Determination of the magnitude of the effective stress range of the selected fatigue-
prone detail due to the live load spectra.

3. Infinite fatigue life check: Is the calculated stress range below the threshold for the
selected detail?

4. In the case of finite fatigue life, the formula for Fatigue Il limit state will be
rearranged and applied.

5. Comparison of the computed duration of the fatigue life with the alternative load
scenario.

2.3.4. Overstress of Bridge Superstructure Components

The overstress criteria are often used to evaluate the impact of OW vehicles on the key
components of bridges regardless of the bridge type or material of the superstructure
[36], [43], [44]. The level of overstress can be determined through the comparison of the
load effect (bending moment and shear force) due to the considered load spectra with
the reference load scenario. The reference load scenario can be represented by the
design truck (HS-20) or AASHTO rating truck, the vehicle representing federal weight
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limit. [43] proposed the direct comparison of the load effects determined based on the
WIM data with the HS-20 truck as a moment ratio. Therefore, the vehicles producing the
moment ratio above 1.0 were considered damaging trucks. The HS-20 was picked up
as a design truck load for most of the bridges in New York State. The damaging
vehicles were further divided by the following categories: legal trucks (LG), divisible
vehicles (DV), special hauling vehicles (SH) and likely illegal (IL). The highest
percentage of vehicles producing overstress were the DV and SH vehicles, while the
highest impact in ($), the cost allocation model, is produced by IL vehicles.

An alternative method used to evaluate the overstress of the bridge girders is the use of
the evaluation procedure [44], [49]. The corresponding cost effect was evaluated
through a one-time bridge improvement cost, taking the rating factor (RF) equal to 1.0
as a baseline criterion. Each of the six load cases were considered and the cost effect
was evaluated. The exceedance of the baseline rating factor indicated the need for the
load carrying capacity of the superstructure (the most economical option).

2.3.5 Estimation of Cost of Bridge Damage Due to Impact of Heavy Trucks

The methodology adopted by [62] focused on 22 bridges along the 1-88 corridor in New
York and then estimated a whole bridge network in New York.

The procedure was divided into three phases:

1. Estimate the percentage of Legal and Overloaded vehicles.

2. The maximum moment response of each bridge is found by running each
overloaded truck through the influence line. The following two types of bridge
response effects are considered:

1 Overstress of main bridge members.
1 Cyclic fatigue accumulation for main members and decks.
3. Using the truck response to estimate the cost effect caused by each truck.

The general overview of the procedure is shown in Figure 2-9. The procedures were

developed by using a concept of safety margin utilization (S.M.U.). In the first phase,

two primary databases, traffic data and bridge data, were used. The traffic database is

from WIM-collected records. The traffic data is sorted to extract only overloaded

vehicles that cause damage to bridge superstructures. The bridge data is from sources
suchastheNat i onal Bridge | nvent,owhghisakilge) and @& WI N
database created by the NYSDOT. It is used to obtain information about bridge

influence line information. Information about span lengths, or the number of spans to

obtain influence lines for bridge critical sections, was collected in the second phase.

In the third phase, the overstress effects and fatigue effects were calculated for the
longitudinal members of the structure and compared with the HS-20 loading. In the
calculation of overstressing effects, the response created by the WIM truck is
normalized with the HS-20 load. The HS-20 load was considered since many bridges in
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New York were designed for HS-20. The number of overloaded vehicles in terms of HS
categories are categorized.

2.3.6 Girder Fatigue Damage

For the fatigue damage model [43], the procedure used in the LRFD fatigue analysis is
used [48]. The reduction of life of the bridge by truck i Is calculated using:

0 006 0 Eq. 7
Where:

Ln = life reduced by design truck
U= parameter is shown in Table 2-3

AFB i Amplification of girder fatigue damage which can be determined, as shown
below:

5 05 2 ydi Eq. 8
°©¥0%o Vor

The cost of bridge damage in dollars ($) can be determined using Eqg. 9:

6ei o ., Eq. 9
Y N~ NNz T~
© 500 O°

where:
CTrs 1 Cost of fatigue damage per crossing ($)

HS-JiDesign envelope of | evel R@tblSH0)t he ef f ect

Costus-a 1 Cost of the bridge ($)

AFB 1 Amplification of damage (Eg. 8)
ADTT T Average daily truck traffic

DL i Design life in years assumed 75 [48]
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Table 2-3 Ufor different bridge components

Bridge Type

parameter (o)

Alpha

Concrete slab

4.1

Concrete T Beam

4.1

Concrete Box Beam

41

Concrete Continuous Slab

41

Concrete Continuous T Beam

41

Steel Girder

3.0

Steel Continuous Girders

3.0

Prestressed Concrete

3.5

Prestressed Concrete Box Beam

3.5

Concrete bridge decks

17.85

2.3.7 Deck Fatigue Damage

The proposed fatigue analysis for a bridge deck is similar to the one adopted for the
bridge girders. It was also followed by the model proposed by Perdikaris [63]. In the

fatigue design truck, instead of the 24 kip second and third axles, it is split into two 12
kip tandem axles. The reduction of life of a bridge deck by truck, i is calculated using

Equation 10. The amplification factor in the case of a deck analysis is based on the

effect of the WIM truck axle load versus the proposed design fatigue truck (Figure 2-11).

6 "00 —

Where:

Eq. 10

AFD i Amplification factor of deck fatigue damage due to a crossing of truck i
Pi T Weight of axle j of the truck (Figure 2-11)

The cost of bridge damage in dollars ($) for a single truck crossing can be determined

using Eq.11:

6Y — 0
Where:

00

CTrp 1 Cost per crossing per truck for deck fatigue ($)

HS-Ji Desi gn

envel ope of

Costpeck i Cost of the deck ($)
ADF i Amplification of damage from the analysis according to Eq. 10
ADTT 1 Average daily truck traffic
DL 17 Deck design life in year assumed equal to 40 years.
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6kip  12kip 12kip 12 kip 12 kip

Figure 2-11 Proposed fatigue truck to evaluate deck durability.

The fourth and final phase wastheiin Saf ety Mar gi n Ut i lalyss.dhei on o
concrete deck cost model was obtained from the RSMeans database. Moreover, the
superstructure model for different types of superstructures such as concrete slab, pre-

stressed girder bridge, and steel bridge were considered.

2.3.8 Overstress Safety Margin Utilization

FHWA cost allocation method was proposed to evaluate the effect of the truck traffic
stream that exceeds the load effect due to the design truck. The cost ($) of the bridge
design for truck J is:

0¢Ei 0 0€¢i 0

0"Y — Eq. 12
O Y 9

Where:

HS-IT HS design class from 20 to 55,

HS-J 1 The next design class above | from 25 through 60,

CThs- 1 Cost per crossing per truck that exceeds the design class | ($),

Costrs-20 1 Cost of the bridge for the design truck HS-20 ($),

NThs-a T Number of vehicles that exceed the effect of the design load HS-I per year,
DL T Deck design life in years is assumed to be equal to 40 years.
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2.4. Studies on Overload Effects on Pavement

2.4.1. Equivalent Single Axle Approach

This method was a result of the AASHTO Road Test conducted from 1958-1960 in
lllinois. This method considers an equivalent single axle load equation that was derived
to convert axles of various configurations and load magnitudes into an equivalent
number of passes of a standard axle, which is an 18,000Ib. single axle with dual tires.
Load equivalency factors are obtained based on the loss of present serviceability index
(PSI) and do not directly address the individual distresses such as fatigue cracking and
rutting. The equation for Flexible pavement is:

4 DPSI §
10 45-15+
g, (W) = Z.3 S, +9.36° log,,(SN+1)- 0.20+ ——&=>" =2 42323 |og, (M,)- 8.07
1094 Eqg. 13
040+ —— q.
(SN+12)>
And for Rigid pavement is:
e 7]
é u
é U
0g & OPS! 8 é g
10 - e e . 0.75 _ u
l0g,,(W,) = Z,3 S, +7.35% log, (D +1)- 0.06+J1%+(4.22- 0.32p,)° log, & (Si)C, (o7 1132 o Eq. 14
. & a o
1+ 8.46 e & 0
. e =U
(D+1) 21563107 18426y
e 2 B
é ¢ ¢k

where:

W18ipredi cted number of ESALs over the pavemen

SN i structural number, abstract number expressing structural strength requirement,
P Silchange in serviceability index over the useful pavement life, typically from 1.5 to
3.0,

Mr T subgrade resilient modulus, typically from 3,000 to 30,000 psi (10,000 psi is pretty
good),

D1 slab depth,

S & CC modulus of rupture, a measure of PCC flexural strength, usually between 600
and 850 psi,

Cd i drainage coefficient, relative loss of strength due to drainage characteristics and
the total time it is exposed to near-saturated conditions, usually designated as 1.0,

J 1 load transfer coefficient, accounts for load transfer efficiency, lower J-factors = better
load transfer, between 3.8 (undoweled JPCP) and 2.3 (CRCP with tied shoulders),

Ec T PCC elastic modulus, 4,000,000 psi is a good estimate,

KT modulus of subgrade reaction, estimates the support of the PCC slab by the
underlying layers, usually between 50 and 1000 psi/inch,
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ZR T the probability that serviceability will be maintained at adequate levels from a user's
point of view throughout the design life of the facility. Accounts for the inherent uncertainty
in design,

So i standard deviation in traffic, variability in materials and construction practices.

This method is also called the i f o ypowerblaw.0 F or e asmghepaklelgaded to
60,000 pounds is three times more than the interstate legal limit, and causes 81 times
more damage compared to a single axle loaded to 20,000 pounds [10]. This approach is
used by many researchers. Meyburg calculated ESALs/truck and then multiplied by the
miles driven and a cost coefficient ($/mile) to get an infrastructure cost. They tested
ESALs from both per vehicle and per axle basis and concluded that per axle better
represents the actual pavement damage [64].

In another study conducted by Barros et al. [65], the ESAL method is used to quantify
the damage effects of overloaded vehicles and developed a model based on violation
data. First, he assumed that a limited number of trucks are carrying a larger amount of
freight. Barros estimated 38146 ESALs of pavement damage per year based on 9,060
overweight violations per year, which corresponds to a 7.63% loss in pavement life
caused by overload and considering 500,000 ESALSs per year. In the second analysis,
he increased the number of trucks for the given weight of cargo to remove any
overweight trucks. He observed that the increase in the volume of traffic resulted in a
6.17% loss in pavement life, which is slightly less than the first assumption. Thus, he
concluded that given a total weight of cargo, using a heavy load truck or more load
trucks but a lesser load could result in almost the same reduction in pavement life [65].

2.4.2. Mechanistic-Empirical Approach

This approach uses mechanistic pavement models to model pavement responses under
applied loads, and the responses are correlated to pavement performance.

Chen et. al used the same method and took into account the repeated load rather than

the damage due to a single pass. The finding shows that even for super heavy trucks,

the induced strain is not necessarily the critical strain. Thus, it is important to consider

the repetition of the load throughthe As phalt I nstituteds fatigue a
function [66].
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where:
N¢T allowable number of load repetitions to control fatigue cracking,

Nci allowable number of load repetitions to control rutting,
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R Z tensile strain at the bottom of the asphalt layer,
% AZasphalt modulus, psi,
R Z vertical compressive strain on top of the subgrade.

If the load configuration, load magnitude and final serviceability are known, this equation
can be used to find the relative damage in effect of any axle type and convert it to the
standard 18,000-Ib equivalent.

According to Chen's observations, the rutting is the predominant distress for super heavy
traffic loads.

Jooste and Fernando provide a method to assess pavement damage on super heavy
routes [67]:

1. Estimate pavement layer thicknesses along the route using ground penetration
radar (GPR).

2. Use non-destructive testing along with a falling weight deflectometer (FWD) to
assess the structure of the pavement.

3. Use an automated road analyzer to measure pavement roughness.

4. Use Texas Triaxial Class data to evaluate potential subgrade pavement failure
under super heavy loads.

Finally, in order to determine the spots that are vulnerable to failure, the Mohr-Coulomb
stress analysis, Texas Triaxial data and computed stress will be used.

Sadeghi et al. conducted research to evaluate the deterioration pattern of flexible
pavement under overloaded traffic. They tried to develop a practical method to calculate
fines for overweight vehicles. First, they developed a theoretical method to make a
sensitivity analysis to determine the most influential parameter in the deterioration of the
pavement. The parameters in the study were layer thickness, pavement temperature,
subgrade conditions, and vehicle speed. Then, these parameters where formulated
based on their effects on the pavement at different loading conditions. Rutting and
fatigue damage were two main distresses that were considered in the modeling. The
procedure included the following steps [13]:

1. Modeling the pavement (model geometry and mechanical feature, loading pattern,
failure criteria, and analysis method).

Recognizing the effective parameters on pavement damage.

Mathematical modeling of the load-operational life.

Modeling the deterioration under two, three, and five-axle trucks.

Determining the ticketing amount based on the life reduction factors and total cost
of pavement.

akrowpd
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To use their model in practice at road checkpoints, the following information should be
known:

the amount of overweight load,

the lengthoftheve hi cl eds trip,
average cost of pavement per meter,

thickness and temperature of the pavement,
California bearing ratio (CBR) of subgrade, and
vehicle speed and type.

E ]

Sadeghi et al. suggested developing a software that can perform the calculation and link
it to a digital truck scale to obtain the appropriate amount of fines for each overload.

Two researchers worked on the fatigue cracking performance of the asphalt mixture by
simulating various truck axle configurations and using the indirect tensile cyclic load
test. The analysis was based on dissipated energy to determine the number of load
cycles to failure. Then, a fatigue curve was fitted for each axle configuration. Based on
the results, multiple-axle groups cause less fatigue damage per tonnage compared to
single axles. The damage decreased at a significant rate between single, tandem and
tridem axles [68]. Salma conducted a similar laboratory test evaluating the rutting of
asphalt mix and concluded that the rutting damage is proportional to axle configuration
and vehicle weight [4].

The Ohio Department of Transportation [105] studied the effects of Michigan heavy
vehicles on pavement performance by observing trucks traveling from Michigan to
northern Ohio. The following equation was obtained by the use of traffic, rutting,
cracking, roughness and deflection data, and regression analysis: :

YYYOBtouvm@pdpo mrad 6 18T InKE £ Eq. 17
where:
RUTF is the rutting in flexible pavement (inch),
C13 is the number of FHWA class 13 vehicles in the lane per day in thousands,
B= Total number of trucks in FHWA classes 8-12 in thousands,

C=total number of trucks in FHWA classes 4-7 in thousands; and the month is the number
of months of testing.

However, the study did not compare the damage caused by different axle loads and
configurations, and a limited number of four roads were studied. In another research
study at Michigan State, the effect of various axle and truck configurations on major
pavement distresses were investigated. Pavement surface damage data that was used
for the study was obtained from the Michigan Department of Transportation (MDOT)
database. This study used the distress index (DI) to measure cracking, and the ride
guality index (RQI) to measure rutting and roughness. The results showed that in terms
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of cracking, trucks with single and tandem axles appear to affect pavement cracking
more than those with multiple axles. On the other hand, trucks with multiple axles cause
more rutting damage compared to tandem axles. However, the roughness of the
pavement did not show a strong correlation with the type of axle configuration [4].

In a research study conducted by Jorge C. Pais, the impact of overloaded vehicles is
evaluated by calculating the truck factors for each vehicle category using three different
models [69]: the traditional four power model, the model developed by Pais and Pereira
and the French model. Although the models produced different results, the trend was
almost identical. They also used the Shell fatigue equation [70] to calculate the
pavement thickness based on the traffic level. The results showed that pavement
thickness required 10 cm for some vehicles, and the proportional cost can be as much
as 30%.

Dawid et al. used data obtained from WIM stations on seven state roads to find a
correlation between the fatigue damage of pavement and the number of overloaded
trucks. Their analysis showed that an increase in the percentage of overloaded vehicles
from 0% to 20% can reduce the fatigue life of asphalt pavement by about 50%. Also,
their research results indicate that a 10% decrease of overloaded trucks may increase
the service life of the pavement from 4 to 6 years [71].

J.C. Pas et al. conducted an investigation to evaluate the effects of overloaded trucks
with different types of axle configurations on five different asphalt layers of thickness
and five different subgrade stiffness modules. The study showed that the effects of
vehicle loads decreases by increasing the asphalt layer thickness. Also, the subgrade
showed the least effect on pavement fatigue distress. The implication of their study was
that if the maximum legal weights are taken into account for pavement design, the
adverse effects of overloaded trucks on pavement will be reduced. However,
considering the overweight loads for design purposes can increase the costs by more
than 100% compared to the design based on the weight of legally loaded trucks.

In a research study conducted by Muhammad Raheel et al., the effects of axle
configuration on pavement were measured [72]. They used data collected from a WIM
station in a period of three months to quantify axle loads. The methodology used in their
study is summarized in Figure 2-12.
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Figure 2-12 The methodology used to find truck factors and overloaded vehicles [72].

The following equation was used to convert the traffic stream into ESAL:

. nr U
0"Y0 0 Qf)_ Eq. 18

where:
kT the coefficient represents the type of axle (truck factor)
Ui represents the mode of distress

The truck factor for each vehicle is calculated using the equation provided by Pais et al.
[69]. As stated by Pais et al., k includes the effects of asphalt layer thickness, modulus
of subgrade and axle configuration and axle load (Eq. 19).

N cvareg O 8 zQ 8 z1qQ 8 - Eqg. 19

where:

Fvo 4 subgrade modulus (Mpa),

h i the thickness of asphalt layer (cm),
AP T axle parameter.

Muhammad et al. found that for a 2-axle vehicle, the impact is 3.33 times the 3-axle
vehicles and 5.45 times the 6-axle semi-trailers [72]. They also found that by a twofold
increase in the thickness of the asphalt layer, the truck factor decreases by 47%.
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2.4.3. Estimation of Cost of Pavement Damage Due to Impact of Heavy
Trucks

There are several factors that affect the economic incentive to load trucks that carry a
heavier weight than the legal limit. In a study conducted by Jessup, the following factors
were considered as incentives to use overload the truck [73]: type of responses to
citations, decrease in the number of fines for contested cases, the amount of fines
collected by the state, and allocation of fines collected by the state. In a study on
Washington's fine system, the trucker's incentive to overload is modeled to find the
relationship between the economic incentive to load trucks and the effectiveness of the
judicial system. The investigation was conducted by interviewing weight enforcement
officials and court personnel in addition to an examination of over 8,000 overweight
citations from nine counties between September 1991 and August 1992. The results
showed that increasing the fee or fines for overloading would decrease the incentive to
overload while also increasing the net revenue per permit and citation. Also, the
enforcement effort to capture the overload violation will decrease the incentive to
overload.

According to the 1990 Truck Limit Report, increasing truck weights significantly reduces
the cost of freight shipment. However, it should be taken into account that the
deterioration of infrastructure is significant enough to consider a funding mechanism to
provide enough funding for maintenance and rehabilitation.

In a study by Meyburg et al. [64], the costs and benefits of increasing the GVW are
estimated. In this study, the GVW was increased to 125%, 135% and 145% of the legal
limit. Then, the fourth-power rule was used to estimate the ESALSs for each load level
and were assigned to the cost rates of the interstate, state and local highways.

The potential benefit was calculated by assuming that freight makes fewer but heavier
trips to deliver the same total weight. It could be understood fromMe y bur g et
analysis that by decreasing the number of trucks (heavier loads), trucking companies
benefit more from lower labor costs and fewer trips.

In another study, Barros performed an economic analysis by applying the classic life
cycle cost to determine the effects of overweight trucks [65]. There are two scenarios in
this research. In one scenario, the cost of maintenance and rehabilitation is calculated
while considering overweight trucks, and in another scenario, without the effects of
overweight trucks. Barros indicated the following factors to be considered in his
analysis:
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1- Inflation rates to consider future costs of construction.

2- The average trip length of each overloaded truck.

3- Traffic control, enforcement costs, and engineering costs are examples of other
related expenses.

Barros used the following equation to calculate the net present value for a number of
conditions in New Jersey.

0 Eq. 20

00w @8 YHE———
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where:

NPVi Net present value,

I.C. T initial construction cost,

R.C. T recurring rehabilitation/maintenance costs,

K'i rehabilitation/maintenance activity,

| 7 interest rate,

N i year in which rehabilitation/maintenance occurs.

In terms of all aforementioned assumptions and based on the economic condition in 1983,
Barros estimated increased pavement costs ranging from $7 million to $43 million per
year.

In a study conducted by the Transportation Association of Canada (TAC), the effects of
reducing the number of overweight trucks on the highways were studied. The study
used a mechanistic-based pavement analysis method to quantify the incremental
damage resulting from commercial vehicle overloading. The distresses were quantified
using the structural asset management data and heavyweight deflect meter (HWD)
data. Results showed that considering 30,000 trucks per day, of which 15% were
assumed to be overloaded trucks, results in an overall road damage cost of $621 per
kilometer per day and an overall cost of 226,677 per km per year [74].

Agency and user costs are two major expenses that should be considered by
conducting a life-cycle cost analysis (LCCA). Agency expenses include all of the costs
related to owning the organization over the life of the project segment, which are mainly
initial construction and maintenance costs. On the other hand, user costs are vehicle
operation, accidents and environmental. In a research study conducted by Hao et al.,
only agency costs were considered in the calculation of LCCA for the purpose of permit
fee determination. The NPV of agency costs is calculated using the discounted
monetary value of future costs and uses the discounted monetary value of future costs
by transforming costs at the different time periods, which are then restored at the end of
the analysis period to a similar unit of measurement (Eq. 21).

34



e P P Eq. 21
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Eq. 22

where:
C 1 Present cost of initial rehabilitation activity,
ri Discount rate,
Mi 1 Cost of the i-th maintenance and rehabilitation activity in terms of constant dollars,
ni i number of years from the present to the i-th maintenance and rehabilitation activity,
Si Residual value at the end of the analysis period,
La i Difference between the year of the last maintenance activity and the year of end of
life cycle analysis,
Le 1 Expected life of the maintenance activity,
Csi Cost of the maintenance activity having salvage value,
N T Length of the analysis period in years.
%5 | #. 06—'89 ' Eq. 23
p 1 P
where:
EUAC - equivalent uniform annual costs,
ri discount rate,
N T is analysis period.

Two most important factors in the LCCA estimation are analysis period and discount
rate. The analysis period should be long enough to include pavement rehabilitation
treatments. The analysis period of 40 years for new construction and 30 years for
rehabilitation of pavement is suggested by the NCHRP Guide for Pavement-Type
Selection. The discount rate usually from 3% to 5%. The long-term discount rate values
could be found in the updated edition of the Office of Management and Budget (OMB)
Circular A-94. Rehabilitation and reconstruction were also considered in the analysis. In
this research, it was assumed that the service life of reconstruction and each overlay is
equal to half of the service life of the initial construction. Maintenance costs were
calculated using the cost formula proposed by the NJDOT (Eq. 24 and 25).

Mill+overlay: 3.98.M+7.0.Tac Eqg. 24

Full reconstruction: 65.71+7.0Tac Eq. 25
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where..
M1 thickness of milling in inches
TacT thickness of asphalt concrete overlay in inches [75].

2.5. Interim Conclusions

1 The analysis that focused on the bridge and pavement damage assessment has
been noteworthy during recent decades and widely sponsored by the FHWA and
state DOTSs.

1 The most common criteria used to evaluate the impact of overweight vehicles on
bridges are structural impact (overstress) and fatigue wear of the bridge girders or
decks.

1 The Incremental/Federal Method described in the NCHRP Report 495 (Fu et al.,
2003) was recognized [44] as the most conservative for cost assessment of the
fatigue-induced bridge damage.

1 Multiple studies reported that the overstress criterion was predominant over the deck
and girder fatigue criteria for the cost estimation of the bridge damage due to heavy
traffic operation.

1 Two common ways to evaluate pavement damage are with the utilization of axle
equivalency factors (based on the 1993 Pavement Design Guide) and the
Mechanistic-Empirical method using fatigue and rutting life.
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3. The Practice of Overweight Truck Data Collection

Generally, trucks may be oversized, overweight, or both oversized and overweight. The
oversized load may be overlength, overwidth, overheight, or any combination of the
three. Legal limits for trucks are established to provide safety for the infrastructure and
gather finances to maintain a good condition of the infrastructure. In this chapter, types
of trucks, loads and federal and state limits are discussed [77].

The definitonof A Heavy Vehicleo in the context of
size and weight regulation (TS&W) inthe Stateof FIl ori da. A Superl oad
defined as a vehicle exceeding 199 kip of GVW, and each superload vehicle is analyzed
individually.

3.1. Vehicles Categories

Traffic flow is a composition of vehicles that can be divided into groups depending on
axle loads and axle spacing. The vehicles can be considered as legal, permit, or illegal.
Overloaded vehicles can belong to the permit group if the owners applied for and
received a legal permit from the Maintenance Bureau. Otherwise, the vehicles are
illegally overloaded, in violation of the law and subject to a penalty.

Legal loads contain vehicles that do not exceed weight and size limits. Federal law
prevents state law from imposing vehicle weight limits on interstate highways that
deviate from established federal weight limits and specific exceptions. This means that
states are subject either to the standard federal weight limits for interstate highways or
to state-specific grandfathered limits or exceptions.

Grandfather provisions define the size and weight allowances that exceed federal
standards on state highways in the United States. These provisions are exempt from
previously existing rules. Grandfather provisions have exceptions to the limits of axle
weights and gross vehicle weight. The first grandfather provisions were established in
1956 and in the 1975 bridge formula, and axle spacing tables were also introduced. These
provisions are particular for each state [79].

Permit vehicles arele g a | |rya toipneg tvleahtioeatsiees, overweight, or both.
Permit vehicles need to follow the limitations of gross weight, single axle, tandem axle,
and tridem axle loads. Nationally, every state must follow federal rules, but each state
also has its own policy of issuing permits. There are permits that are issued by states
that allow vehicles of specific configurations and sizes to exceed the size and weight
limitations. Permits can be issued as single trip permits or multiple trip permits. The
permit establishes time limitations, designated routes, number of trips, or other
limitations. The movement of permitted oversized or overweight vehicles must also

37



comply with the requirements and safety considerations specified in the agency6 s
Administrative Permit Manual.

According to AASHTO LRFD [80], the normal vehicular live load for bridges (Strength |
Limit State) includes al/l |l egal trucks,
by routine permits. Illegally overloaded vehicles without permits belong to an
unanalyzed portion of the bridge live load that is more likely to create an extreme
lifetime stress condition. Vehicle categories are presented in Figure 3-1.

Over weight

Legal |

Feder ¢ Grandf 4
wei ght provis

Figure3-1Vehi cl e categories

38

ngran



3.2. Types of Loads

Loads can be categorized as divisible, non-divisible and superload. Divisible loads are
the vast majority of loads on the road (Figure 3-2). These are any load that takes less
than eight hours to disassemble. Permitting a divisible load varies under each state law.
Divisible load permits may be issued by the state based on historic state "grandfather”
rights or Congressional authorization for a state-specific commodity or route movement
at a greater size or weight [81], [82].

Figure 3-2 Divisible vehicle (Jakubicek 2019)

Another load category is an indivisible load, which is very different in terms of the type
of weight regulations. Generally, indivisible loads are loads that cannot easily be broken
apart (Figure 3-3). Common loads that cannot be broken down are construction
equipment and specialized loads. findivisibleois defined as any load or vehicle
exceeding applicable length or weight limit, and is not easily disassembled and
separated into smaller loads or vehicles. It requires more than eight working hours to
dismantle using appropriate equipment. The applicant for an indivisible load permit has
to prove the number of work hours required to dismantle the load. The regulations
controlling these loads are written in state laws. Permits can be issued regardless of the
axle, gross weight, or FBF formula requirements for indivisible vehicles or loads [81].

Figure 3-3 Indivisible vehicle (Jakubicek 2019)
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fSuperloadois defined differently by each state, and can be based only on the
dimension, weight, or a combination of both. Many states consider the superload
threshold, but there is no single definition. Logistical consideration of moving a
superload may cause more extensive issues, including a thorough review of the vehicle,
and sometimes require a state escort due to the oversize, which might be hazardous to

other traffic. In Florida, the superload threshold of gross vehicle weight is 199 kip, and
this is also established for superloads, of which no tire load may exceed 550 Ibs. per

inch of the tire section width. This type of permit is very rare and constitutes about 1-3%
of overall permits [83]. A summary of the types of loads is shown in Figure 3-4.
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Figure 3-4 Types of loads (Jakubicek 2019)

3.3. Federal Permit Regulation for Overweight Vehicles

Laws

requirement to regulate commercial vehicle size and weight in the Interstate System

established i

n

19561

1974,

1federal ,

and

and the National Highway System in the United States. The current federal vehicle size
and weight balance between ensuring the preservation of the bridge road and
infrastructure on the highway network, and also safety, and vehicle productivity (Federal
Highway Administration and U.S. Department of Transportation 2015). The Federal-Aid

Highway Act of 1975 limits the weight of single axles, tandem axles, and gross vehicle

weight on the Interstate Highway System. Federal limitations of weights and axle
spacing are shown in Figure 3-5.

40

199



~

| SingIeAxIeI «20,000 Ib

vy
~

| Tandem Axlel [JRRTRUINITS

vy
~

| Tridem Axle oPer FBF

| Gross Vehicle 80,000 Ib

Weight

/

Figure 3-5 Federal requirement for vehicles.

In the United States, vehicles are allowed to operate without a permit and are
considered legal as long as they satisfy the weight recommendations of the Federal
Bridge Formula Weights (Eq. 26) [84]. The primary purpose of the formula is to reduce
the risk of damage to highway bridges by adequately distributing the load by limiting the
axle configuration and axle load distribution.
: 00 . Eq. 26
W UT }6—0 Py OO
where:

w the overall gross weight of any group of two or more consecutive axles to the
nearest 500 poun