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Executive Summary

The composition of California’s truck fleet is currently shifting from a conventional one consisting of mainly gasoline and
diesel vehicles to one that includes more natural gas vehicles (NGVs), electric vehicles (EVs), and fuel cell vehicles (FCVs).
This shift will occur with increasing speed to meet the state’s greenhouse gas (GHG) emission goals.

However, these alternative fuel trucks (AFTs) may introduce heavier axle loads than current ones. These heavier loads can
increase damage to the pavements they use and bring about an unintended consequence: increased GHG emissions
resulting from either the necessary construction of stronger pavements or from the increased maintenance and
rehabilitation (M&R) activities needed to keep those pavements in functional condition. Specifically, despite the similar
engine weights of NGVs and conventional vehicles, NGV fuel tanks typically outweigh their conventional counterparts by
500 lbs. (250 kg) for a medium-duty truck and by 2,000 lbs. (1,000 kg) for a long-haul tractor. And although EVs and FCVs
typically have lighter motors than conventional vehicles, their batteries typically outweigh those in current propulsion
systems.

On September 20, 2018, then-Governor Jerry Brown signed California Assembly Bill 2061 (AB 2061) into law. This law
allowed a 2,000 |b. weight limit increase in the gross vehicle weight (GVW) for near-zero-emission vehicles and zero-
emission vehicles, while maintaining the current weight limits on individual axle types. The bill also included a request that
the University of California Institute of Transportation Studies (UC ITS) conduct a study to evaluate the new law’s
environmental implications as well as its potential implications for transportation infrastructure.

Initial discussions regarding the study were held in February 2019 between legislative staff and ITS researchers from the UC
Irvine, UC Los Angeles, and UC Davis campuses. On May 20, 2019, the Davis researchers submitted a proposal to perform
the requested study, and prepared the scope definition, budget, and a formal proposal. After these were reviewed, they
were signed on September 18, 2019. This report presents the study’s results.

The goal of this project was to provide the California Legislature and other policy makers with conceptual-level estimates of
the effects of vehicle fleet changes on road and bridge infrastructure. Evaluation of the effects of vehicle weight
requirements on road safety was not part of the scope of this project. Road roughness can increase the fuel use of gasoline
and diesel trucks by at most approximately six percent for the roughest roads, and if funds are available for scheduled
maintenance should be less than about 3 percent. Road roughness was not considered because the effects were considered
small compared to those of other factors, and because there is no information available regarding the effects of roughness
on alternative fuel trucks.

The study followed these steps:
1. It estimated the additional weight of new technology vehicles relative to a conventional 2020 model year diesel
truck considering three alternative pathways for implementation.

2. The study estimated the growth in truck travel and provided an estimate of where the increased travel attributable
to the new technology trucks would occur.

3. The study assessed the impacts of axle load changes due to changes in vehicle technology and increased truck
travel on bridge deterioration and its costs. This was done using the best available information, which came from
the national Comprehensive Truck Size & Weight Limits (CTSWL) study performed by the US DOT as part of the
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MAP-21 legislation. A mechanistic analysis approach for assessing bridge damage is not available.

4. The study estimated the changes in truck axle load spectra (distributions of axle loads for steering single, single,

tandem, and tridem axle types) resulting from the estimates of the new technology vehicles’ additional weight and

implementation pathways.

5. The study assessed the impacts of axle load changes on pavement deterioration and the costs due to changes in

vehicle technology using the updated axle load spectra estimates from Steps 1 and 2. The impacts of truck travel
growth were also assessed.

6. An overall summary of the results was prepared.

Step 1 is presented in Chapter 2; Step 2, in Chapter 3; Step 3, in Chapter 4; Step 5, in Chapter 6; and Step 6, in Chapter 7.

Based on the conclusions of the project, which have been drawn from currently available information, the following are the

study’s conceptual-level, first-order findings addressing the objectives of the project:

e Objective: Provide estimates of the effects on freight logistics of an increased number of NGV, FC, and BEV trucks.

o

Answer: The increased numbers of NGV, EV, and FC trucks are expected to occur mainly in the short-haul and
medium-duty types because of the range issues that exist for EV and FC long-haul trucks. However, depending
on the implementation scenario, by 2050 an estimated 25 to 70 percent of long-haul trucks are predicted to
be powered by alternative fuels. Further, depending on the scenario, by 2050 a predicted 40 to 95 percent of
the short-haul and medium-duty trucks in the truck fleet will be powered by alternative fuel technologies.
Implementation of alternative fuel trucks is expected to be focused in the 11 counties that already have the
greatest freight traffic; these counties are primarily urban and along major freight corridors. The potential for
truckers to increase their payloads when alternative propulsion systems become lighter after 2030 was not
considered important because most implementation is occurring in short-haul and medium-duty trucks, which
rarely operate near current axle load limits, and AB 2061 does not increase axle load limits.

e  Objective: Provide an estimate of the additional damage to local- and state-government pavements caused by all
trucks operating with an additional gross weight of 500 to 2,000 Ibs.

o

Answer: Based on results from the implementation scenarios analyzed, introducing the heavier alternative
fuel trucks is expected to only result in minimal additional damage to local- and state-government-owned
pavements. The extent of the additional damage will range and vary according to the pavement structure and
to the AFT implementation scenario. Two trends contribute to this conclusion. First, the technologies for EV
and FC trucks are expected to remain heavier than current trucks between now and around 2030, but
between that date and 2050, the weights of those technologies are expected to decrease as the technologies
are improved. Second, the extent of implementation of these technologies is small to 2030 but is expected to
increase rapidly after that, and they are expected to hold large market shares by 2050. Together, these two
trends result in limited damage because the technologies’ market penetration is minimal between 2020 and
2030, while they are heavy, and then their weights decrease as they penetrate further into the market. The
NG technology cannot become lighter, but it is not expected to have significant market penetration. The study
showed that using specific technologies at very high levels before their expected weight reductions can result
in increased damage levels, as was shown in the examination of a waste facility access road. The somewhat
increased damage levels that are expected on waste facility roads if diesel trucks are replaced with NG trucks
can likely be compensated for by increasing those specific roads’ structural capacity at costs by not more than
about 20 percent of current costs, even for the cases where damage is greatest. The overall finding that

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges



increased gross vehicle weight limits will minimally affect pavement damage is in accordance with existing
research and information. Specifically (i) pavement damage is especially driven by the heaviest axle loads, not
by gross vehicle weights; and (ii) AB 2061 does not change axle weight limits and very few axles are currently
at or above the current axle load limits.

Objective: Provide an estimate of the weight restriction problems for local- and state-government bridges caused
by all trucks operating with additional gross vehicle weight of 500 to 2,000 lbs.

o Answer: This objective was difficult to complete well, even at the first-order conceptual level, because of a
lack of bridge damage models—the same issue identified in the most recent national study. Although allowing
weight increases of up to 2,000 Ibs. is unlikely to cause major issues for trucks on more modern bridges, the
effects of concentrations of trucks at those new legal limits on bridges that are already inadequate, and which
are mostly owned by local governments, should be evaluated more carefully on a case-by-case basis. Because
of the inability to adequately model bridge damage from increased gross vehicle weights, the US Department
of Transportation recommends that they not be increased.

Objective: Provide an estimate of the change in GHG emissions resulting from implementing vehicle fleet changes
that consider well-to-wheel vehicle emissions and pavement maintenance and rehabilitation.

o Answer: The study’s most aggressive market penetration scenario yielded a net reduction in well-to-wheel
truck propulsion emissions of approximately 2,700 kT of CO2-e by 2030 and 34,000 kT by 2050 compared to
keeping the current truck technologies. Its least aggressive scenario yielded a net reduction of approximately
1,200 kT by 2030 and 6,300 kT by 2050 compared to keeping the current truck technologies. These estimates
consider expected growth in the truck fleet. For an order of magnitude comparison, in 2016 the emissions
from the entire transportation sector were about 175,000 kT, which is 41 percent of the statewide total for
the entire economy. None of the scenarios considered changes in GHG emissions from vehicle manufacture.
Pavement-related emissions increases were estimated to be 70 to 900 times less than reductions from
changes to truck operations.

The following recommendations are made based on the results of this study:

Overall recommendation: To achieve large reductions in GHG emissions while still considering changes in costs,
move ahead with the implementation of alternative fuel trucks but also monitor changes in pavement and bridge
damage.

Continue to periodically improve data and models for AFT implementation and GHG emissions related to truck use,
and measurement of AFT weight change trends and projections and axle load spectra changes.

Develop models for the effects of road roughness on AFT energy use and propulsion system life.

Develop improved models for GHG emissions from truck manufacture, including changes in vehicle propulsion
systems and other changes to the overall truck and trailer intended to reduce weight.

In future modeling scenarios, include the potential effects on GHG emissions of implementing semi-autonomous
and autonomous truck operations.

Develop improved models for bridge deterioration as a function of truck axle loads.

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges



Contents

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges



1. Introduction

1.1 Background

The composition of California’s truck fleet is currently shifting from a conventional one consisting mainly of gasoline and
diesel vehicles to one that includes more natural gas vehicles (NGVs), electric vehicles (EVs), and fuel cell vehicles (FCVs).
This shift will occur with increasing speed to meet the state’s greenhouse gas (GHG) emission goals. However, these
alternative fuel trucks may introduce heavier axle loads than current ones. These heavier loads can increase damage to the
pavements they use and bring about an unintended consequence: increased GHG emissions resulting from either the
necessary construction of stronger pavements or from the increased maintenance and rehabilitation (M&R) activities
needed to keep those pavements in functional condition. Specifically, despite the similar engine weights of NGV and
conventional vehicles, NGV fuel tanks typically outweigh their conventional counterparts by 500 Ibs. (250 kg) for a medium-
duty truck and by 2,000 Ibs. (1,000 kg) for a long-haul tractor (1). And although EVs and FCVs typically have lighter motors
than conventional vehicles, their batteries typically outweigh those in current propulsion systems.

On September 20, 2018, then-Governor Jerry Brown signed California Assembly Bill 2061 (AB 2061) into law. This law
allowed a 2,000 Ib. weight limit increase in the gross vehicle weight (GVW) for near-zero-emission vehicles and zero-
emission vehicles, while maintaining the current weight limits on individual axle types. The bill also included a request that
the University of California Institute of Transportation Studies (UC ITS) conduct a study to evaluate the new law’s
environmental implications as well as its potential implications for transportation infrastructure.

On February 28, 2019, researchers from the University of California Institute of Transportation Studies (UC ITS) at the Irvine,
Los Angeles, and Davis campuses met to discuss questions about the scope of the requested research that the Irvine and
Los Angeles researchers could pose to Randy Chinn (Chief Consultant, Senate Transportation Committee) and David Sforza
(Consultant, Assembly Transportation Committee) at a meeting later that day. Some clarification was obtained as a result of
the meeting.

On May 20, 2019, the Davis researchers submitted a proposal to perform the requested study, and prepared the scope
definition, budget, and a formal proposal. After these were reviewed, they were signed on September 18, 2019. This report
presents the study’s results.

The goal of this project was to provide the California Legislature and other policy makers with conceptual-level estimates of
the effects of vehicle fleet changes on road and bridge infrastructure. These estimates can then be used as part of the
policy development process to consider the costs and environmental impacts of changing the proportion of conventional
and alternative-fuel trucks on the state’s roadways. Using currently available information, this research study completed
the following objectives at a first-order level:

e  Provide estimates of the effects on freight logistics of an increased number of NGV, FCV, and BEV trucks.

e  Provide an estimate of the additional damage to local- and state-government pavements caused by all trucks
operating with an additional gross weight of 500 to 2,000 lbs.

e  Provide an estimate of the weight restriction problems for local and state government bridges caused by all trucks
operating with additional gross vehicle weight of 500 to 2,000 Ibs.
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Provide an estimate of the change in GHG emissions resulting from implementing vehicle fleet changes that
consider well-to-wheel vehicle emissions and pavement maintenance and rehabilitation.

Road safety impacts of changing gross vehicle weight limits were not in the scope of this project. Road roughness can
increase the fuel use of gasoline and diesel trucks by at most approximately six percent for the roughest roads, and, if funds

are available for scheduled maintenance, this figure should be less than about 3 percent. Road roughness was not
considered because the effects were considered small compared to those of other factors, and because there is no
information available regarding the effects of roughness on alternative fuel trucks.

1.2 Research Approach

The study followed these steps:

1.

It estimated the additional weight of new technology vehicles relative to a conventional 2020 model year diesel
truck considering three alternative pathways for implementation.

a. The new technology vehicles included battery electric, fuel cell, and natural gas trucks.

b. The truck types considered were long-haul tractor, short-haul tractor, and medium-duty urban (e.g., a box
delivery truck).

c. Two time periods were considered—10 and 30 years from the year 2020—to capture the effects of the
estimated changes in vehicle technology in the years 2030 and 2050, which are also related to important
legislative milestones for GHG emissions reductions.

The study estimated the growth in truck travel and provided an estimate of where the increased travel

attributable to the new technology trucks would occur.

a. Projections for 2015, 2020, 2035, and 2040 were taken from the California Statewide Travel Demand Model
(CSTDM), using a baseline year of 2010 (the last update).

b. Estimates were made for changes in light-, medium-, and heavy-duty truck miles traveled (note that truck-type
definitions in the CSTDM are different from the definitions used in the rest of this study).

c. Estimates were made for road types with different speed limits; the study used these limits to indicate
whether a road was a freeway, highway or county road, city collector, or city residential street.

The study assessed the impacts of axle load changes due to changes in vehicle technology and of increased truck
travel on bridge deterioration and its costs. This was done using the best available information, which came from
the national Comprehensive Truck Size & Weight Limits (CTSWL) study performed by the US DOT as part of the
MAP-21 legislation. A mechanistic analysis approach for assessing bridge damage was not available.

The study estimated the changes in truck axle load spectra (distributions of axle loads for steering single, single,

tandem, and tridem axle types) resulting from the estimates of the new technology vehicles’ additional weight and

implementation pathways.

a. Data from Caltrans Weigh-in-Motion (WIM) stations were used, with the last update made in 2018 serving as
the baseline.

b. Axle load spectra for each of the state highway network’s five typical spectra—as identified earlier by the
University of California Pavement Research Center (UCPRC) for use in Caltrans pavement management and
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pavement design procedures—were updated to consider the pathways for implementation of the alternative
fuel trucks.

c. Spectra for city collector roads and county roads were assumed from state highway segments that perform
the same functions.

d. Spectra for residential streets were developed under the assumption that the only heavy vehicles that use

them are waste collection and package delivery trucks.

5. The study assessed the impacts of axle load changes on pavement deterioration and the costs due to changes in
vehicle technology using the updated axle load spectra estimates from Steps 1 and 2. The impacts of truck travel
growth were also assessed.

a. A mechanistic analysis approach was used for assessing pavement damage.

b. A conceptual-level estimate of increased pavement costs from the new, heavier vehicles was performed by
analyzing the incremental pavement damage for each year after implementation of these vehicles, starting
from a baseline of 2020 to 2050 for representative scenarios.

c. Sixrepresentative pavement scenarios were evaluated for the baseline axle load spectra of 2020 and the
estimated changes in axle load spectra in 2030 and 2050, with two or three different typical axle load spectra
evaluated for each pavement scenario based on the alternative pathways to implementation of the alternative
fuel trucks.

d. Results for the entire period of 2020 to 2050 were interpolated from the results from 2020, 2030, and 2050.

6. An overall summary of the results was prepared.

Step 1is presented in Chapter 2; Step 2, in Chapter 3; Step 3, in Chapter 4; Step 5, in Chapter 6; and Step 6, in Chapter 7.
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2. Alternative Vehicle Weights and Pathways for
Implementation

2.1 Additional Weight of New Technology Vehicles

In this part of the study, which corresponds to Step 1 of the research approach described in Section 1.2, the additional
weight of new technology vehicles was estimated relative to a conventional 2020 model year (MY) diesel truck. The new
technology vehicles include battery electric, fuel cell, and natural gas trucks. The truck types considered are long-haul
tractor, short-haul tractor, and medium-duty urban (e.g., a box delivery truck). Results are considered for two future
endpoints: the years 2030 and 2050.

The estimated additional-weight calculations were made by subtracting the weight of the diesel components that will be
absent from the new technology trucks and adding the weight of the new technology truck component replacements. The
2020 MY diesel component weights were kept constant for all calculations, but since new diesel technologies will evolve,
the weight of these components was estimated for both 2030 MY and 2050 MY.

2.1.1 Diesel Component Weights

The four diesel components removed from the new technology trucks were the engine, the fuel tank, the exhaust after-
treatment system, and the diesel-exhaust fluid tank. It was assumed that these components are identical for both long-haul
and short-haul tractors. Using truck component data sheets, Mareev et al. estimated the weight of these components in
heavy-duty trucks to be roughly 1,700 kg (2). The diesel engine for heavy-duty trucks was taken to be the Cummins X15,
which weighs 1,430 kg (3). The assumed medium-duty, urban truck diesel engine was the Ford 6.8L V-10, which weighs

284 kg (4).

To determine the weight of the four diesel components to be removed from the medium-duty urban truck, it was noted
that the ratio of the heavy-duty engine to the heavy-duty removed components is 0.84 (1,430/1,700). It was assumed that
this ratio will be slightly smaller for the medium-duty truck, and the value taken was roughly 0.75. Using this 0.75 ratio to
calculate the total weight of the four diesel components removed from the medium-duty truck yielded a value of 379 kg.
Table 2.1 summarizes the diesel component weights.

Table 2.1. Diesel Component Weights for Long-Haul, Short-Haul, and Medium-Duty Urban Trucks

Truck Type Engine Weight (kg) Four Components Removed (kg)*
Longhaunractorl’“o ........................................................................ 1,700 .......................................................................
5horthau|tractorll43o ........................................................................ 1’700 .......................................................................
Medlumduwurban .......................................... 284-379 ...........................................................................

* The engine, fuel tank, exhaust after-treatment system, and diesel-exhaust fluid tank.
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2.1.2 Battery Electric Truck Component Weights

Estimating the additional weight for a battery electric truck required determining the weights of the battery pack and the
power electronics. The battery pack weight depends on the pack energy, which varies depending on the assumed vehicle
range, vehicle energy usage, and pack energy density. It was assumed that 2050 MY battery electric long-haul trucks will
have a 500-mile range. It was also assumed that the 2030 MY trucks would have a shorter, 300-mile range due to their
higher cost and the lower pack energy density. Short-haul trucks were assumed to have a range of 150 miles in 2030 and
200 miles in 2050.

Pack energy was estimated using the Advisor dynamic vehicle simulation on standard driving cycles. The pack energy for a
2030 MY truck with a range of 500 miles was 1,134 kWh. The 2030 MY truck pack energy was then scaled to 680 kWh for
300 miles. The simulation estimated short-haul truck pack energy to be 350 kWh in 2030 (5). To determine the battery pack
weight a battery cell energy density of 250 Wh/kg was assumed in 2030 and 400 Wh/kg in 2050, and it was assumed that
the ratio of the pack weight to the cell weight was 1.35 (6). Finally, the efficiency improvement for long-haul trucks from
2030 to 2050 was estimated to be a factor of 1.2, and the efficiency improvement for short-haul trucks to be a factor of
1.16 (7). The 2050 pack energies were then 945 kWh (long haul) and 402 kWh (short haul).

A 150-mile range was assumed for the medium-duty urban truck in both 2030 and 2050. Using the dynamic vehicle
simulation, the pack energy was estimated to be 150 kWh in 2030. The efficiency improvement factor from 2030 to 2050
for medium-duty urban trucks was estimated to be 1.18. The 2050 pack energy was then 127 kWh (7). Table 2.2 gives a
summary of the battery electric component assumptions for trucks.

Table 2.2. Component Assumptions for Battery Electric Trucks

Model Year

Long-haul range (miles)

Long-haul battery energy (kWh)

Long-haul efficiency improvement 2030 to 2050

Short-haul range (miles)

Short-haul battery energy (kWh)

Short-haul efficiency improvement 2030 to 2050

Medium-duty urban range (miles)

Medium-duty urban battery energy (kWh)

Medium-duty urban efficiency improvement 2030 to 2050

The final battery pack weights were calculated from the pack energy and battery energy density. Mareev et al. estimated
the power electronics’ weight for heavy-duty trucks to be 450 kg (2). The weight of the power electronics for the medium-
duty urban truck was estimated to be roughly 50 percent of that of the heavy-duty trucks based on the ratio of motor
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power. A summary of the battery electric truck weights is given in Table 2.3, where the total extra weight is the sum of the
battery and power electronics weights minus the weights of the diesel component removed.

Table 2.3. Summary of Battery Electric Truck Weights

Truck type/MY Battery weight Power Total extra truck Total extra truck
i (kg) i electronics i weight (kg) { weight (lbs)
i { weight (kg) i

Long-haul 2030 £450

Short-haul 2030 1,890 450 640 1,408

Sh Ort_hau|2050 ................................................. 1'358 ........................... 45 0 ............................... 108 ................................ 23 7 .............................
M edlum_dutyurban203o ............................. 810 ............................... 225 ............................. 65 6 ................................ 1,444 .........................
Medlum_duwurbanzoso ............................. 429 ............................... 225275606 .............................

2.1.3 Fuel Cell Truck Component Weights

It was assumed that fuel cell trucks will be hybrids, with both fuel cells and battery packs. Therefore, to estimate the
additional weight for fuel cell trucks, the weight of the fuel cell, battery pack, power electronics, and hydrogen storage had
to be determined. It was assumed that the range of long-haul fuel cell trucks is 500 miles in both 2030 and 2050. Similarly,
the range of short-haul and medium-duty urban fuel cell trucks was assumed to be 150 miles in both 2030 and 2050.

Dynamic vehicle simulation was used to determine the fuel cell power and the hydrogen weight stored for each truck type
(6). The fuel cell system power densities were assumed to be 0.256 kW/kg in 2030 (6) and assumed to almost double,

0.5 kW/kg, in 2050. The hydrogen storage densities were assumed to be 0.057 kg Ha/kg system in 2030 and to meet the
DOE goal of 0.075 kg Ha/kg in 2050 (6). Table 2.4 shows the fuel cell truck assumptions and calculated parameters.
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Table 2.4. Fuel Cell Truck Assumptions and Parameters

Parameter i Value

Range (miles)

Fuel cell power (kW)

Range (miles) 150
Fuel cell power (kW) 125
Battery pack (kwWh) 6

Hydrogen storage (kg)

The final battery pack weights were calculated from the pack energy and battery energy density. The fuel cell weights were
calculated from the fuel cell power and power densities. The hydrogen storage weights were calculated from the hydrogen
kilograms stored and the storage densities. The battery pack parameters and the power electronics weights were the same
as those for battery electric trucks. A summary of the battery electric truck weights is given in Table 2.5, where the total
extra weight in pounds is the sum of the battery, fuel cell, hydrogen storage, and power electronics weights minus the
weight of the diesel components removed.
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Table 2.5. Summary of Fuel Cell Truck Weights

Truck Type/MY Fuel Cell Power Hydrogen Battery Weight gTotaI Extra
: Weight (kg)  Electronics i Storage Weight : (kg) i Truck Weight
H i Weight (kg) i (kg) i (Ibs)

Long-haul

Short-haul

2030

2050

2.1.4 Natural Gas Truck Component Weights

The natural gas truck additional weights were assumed to be 227, 455, and 909 kg (500, 1,000, 2,000 Ibs) for long-haul
trucks, short-haul trucks, and medium-duty urban trucks, respectively (1).

2.1.5 Weight Distribution on Vehicle Axles

The final part of the additional weight analysis was to determine where the component weights will fall with respect to the
vehicle axles. Components weights were assumed to be over the front axle (that is, under the hood) or between the front
and next axle (that is, behind the cab or on the frame rail). The engine and power electronics were assumed to be placed
under the hood. All fuel storage (diesel, hydrogen, or natural gas) were assumed to be placed behind the cab or on the
frame rail. Batteries for battery electric trucks were assumed to be stored behind the cab or on the frame rail, but for fuel
cell trucks they were assumed to be stored under the hood. The fuel cell was assumed to be stored behind the cab in

2030 MY trucks and under the hood in 2050 MY trucks. Table 2.6 shows the weight changes under the hood and behind the
cab for the new technology vehicles compared to 2020 MY diesel trucks.
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Table 2.6. Weight Changes on New Technology Trucks Compared to MT 2020 Diesel Trucks

Long-Haul: Long-Haul: Short-Haul: Short-Haul: Medium-Duty Medium-Duty
i 2030 i 2050 i 2030 i 2050 i Urban: 2030 i Urban: 2050

Under hood

Behind cab

Note: All weights in pounds.

2.2 Vehicle Stock

The Transportation Transitions Model (TTM) was used to estimate the number of new technology trucks projected to be
using California roads in 2030 and 2050. The TTM is a stock turnover model with inputs of truck technology sales shares
year by year from the present through 2050 (7). The TTM divides trucks into eight categories: long-haul, short-haul,
medium-duty urban, transit bus, other bus, medium-duty vocational, heavy-duty vocational, and heavy-duty pickups and
vans. The model can input scenarios of new technology sales shares and output the stock for all technology types and truck
types.

To estimate the number of battery electric, fuel cell, and natural gas long-haul, short-haul, and medium-duty urban trucks
in the years 2030 and 2050, market penetration scenarios were created for each technology for those truck types. Three
scenarios were created for new technology implementation: baseline, low, and high market penetration. The baseline
scenario is based on a proposed California Air Resources Board Advanced Clean Truck Regulation (8). The regulation would
require significant California market penetration of zero emission vehicles (ZEVs)—that is, vehicles that produce no
emissions while they operate, although there may be significant emissions in creating the propulsion energy. In the baseline
scenario established by the proposed regulation following TTM, essentially 15 percent of the total of long-haul and short-
haul trucks, and 50 percent of all the medium-duty urban trucks sold in 2030 would be ZEVs. In the baseline scenario, long-
haul truck ZEV sales reach 80 percent in 2050, with 10 percent being battery electric and 90 percent being fuel cell. The
baseline scenario also has short-haul and medium-duty urban trucks reaching 100 percent ZEV sales in 2050.

The percentage of ZEVs sold that are fuel cell or battery electric varies with truck type and year. In 2030, short-haul ZEVs
would make up 95 percent of the mandated sales, with fuel cell trucks constituting 5 percent of the short-haul truck sales.
Natural gas vehicles would have a significant market share for medium-duty urban trucks through 2030 but it tapers to zero
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by 2050. NG trucks are expected to make up a small percentage of short-haul trucks in 2030 and none in 2050. There are no
NG long-haul trucks.

The low market penetration scenario has half as many ZEVs in the total stock of trucks, considering year-to-year sales, as
the baseline scenario. The high market penetration scenario has 1.5 times the baseline scenario’s ZEVs in the truck stock in
2030. In 2050, where short-haul and medium-duty urban ZEVs make up nearly all of the baseline scenario truck stock, the
high penetration scenario has nearly all of the total truck stock divided between fuel cell and battery electric ZEVs, with a
small percentage that are natural gas in the medium-duty urban trucks.

Table 2.7 shows the number of trucks for each truck type and scenario for the years 2020, 2030, and 2050. The total
number indicates the total stock for all the technologies for that truck type. Long-haul trucks are Class 8 tractor-trailer
combination trucks (referring to FHWA truck classifications) that typically travel long daily distances and do not return to
base to refuel. Short-haul trucks are Class 7-8 tractor-trailer combination trucks that typically travel in local or regional
areas and return to base to refuel. Medium-duty urban trucks are Class 4—6 unitary trucks that typically make local
deliveries of freight. Examples would be step vans and box trucks.

The trucks considered in the VMT and fleet measurements in this chapter, which come from California Air Resource Board'’s
(ARB) EMFAC 2014 data (9) (a database of EMission FACtors), were used in the rest of this report to calculate greenhouse
gas emissions and truck axle loads. The VMT for long-haul trucks in the EMFAC data are commensurate with the heavy-duty
vehicles included in the California Statewide Travel Demand Model (CSTDM) data discussed in Chapter 3. The short-haul
trucks and medium-duty trucks considered in this chapter that come from EMFAC do not map well to the medium-duty and
light-duty trucks considered in CSTDM; the short-haul and medium-duty trucks from EMFAC considered in this chapter
appear to not include all classes of medium-duty trucks and none of the light-duty trucks considered in CSTDM.

Additional truck fleet and VMT data collection methods and databases are being developed for California, such as those
described by Khan et al. (10). It was beyond the scope of this project to reconcile differences between truck and truck VMT
databases. For the purposes of this study, lack of consideration of light-duty trucks is not important since they cause very
little damage to pavements because of their light axle loads, even when they are converted to alternative fuels. This study
focused on the three types of trucks identified in the EMFAC data that cause most pavement damage.
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Table 2.7. Truck Stock by Truck Type, Year, and Scenario

Truck 12020 (2030  i2030 2030  :2030 2050 2050  :2050 2050
Scenario iTotal  iTotal  BEV i FC NG iTotal  iBEV i FC NG
LH 1 £148,000 (156,000 255 255 0 £181,000 (13,785 124,065

£148,000 156,000

£148,000 : 156,000

£199,470

£183,000

191,500

Note: BEV = battery electric; FC fuel cell; NG = natural gas; LH = Iong haul; SH = short haul; MD medlum duty urban
1 = high market penetration scenario; 2 = baseline scenario; 3 = low market penetration scenario

2.3 Vehicle Cost

Vehicle costs were estimated by summing the cost of the vehicle glider (tractor without the power train components of
engine and transmission) and various components. The components for battery electric and fuel cell trucks, such as
batteries, motors, fuel cells, and hydrogen storage were sized for each technology and multiplied by a component cost
factor (for example, S/kWh of battery or S/kW of fuel cell system). Truck component sizes for these technologies were
determined using the Advisor dynamic vehicle model (6).

Two components of interest are fuel cells and batteries, as costs for both have declined significantly over time and are
expected to continue to decrease through volume sales. Battery cost projections vary, with Bloomberg New Energy Futures
projecting dramatic increases through 2030 (11), while The International Council on Clean Transportation (ICCT) projects
smaller increases (12); this current study used costs roughly midway between those other studies and extrapolated them
through 2050. These costs are the cost of equipment only paid by the original equipment manufacturer (OEM) to the
battery manufacturers. To arrive at a final component cost in the vehicle, an integration cost factor of 1.4 was assumed.

The cost of fuel cells was taken from an analysis by Strategic Analysis (13). The analysis estimated fuel cell costs as a
function of volume sales. In each of the ZEV scenarios the volume sales costs were compared to expected sales to
determine costs as a function of year. The truck numbers only included volume sales up to 1,000 units/yr. Costs for higher
volumes were extrapolated using ratios of volume sales costs for light-duty vehicles (LDVs). These costs include internal
markups for components but do not include final OEM integration. The integration cost factor was assumed to be 1.4.

Table 2.8 shows projected truck costs for diesel, battery electric, fuel cell, and natural gas trucks in years 2030 and 2050.
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Table 2.8. Vehicle Costs

2030 2030 2030 2050 £ 2050 : 2050
i Long- i Short- i Medium- i Long- i Short- i Medium-
{ Haul { Haul i Duty-Urban i Haul { Haul i Duty-Urban

Diesel f $148,000 | $130,000 | $58,000 f $154,000 | $135000 | $59,000

BEV $215,000 $163,000 | $63,000 $227,000 | $158,000 $55,000
FC $220,000 $189,000 | $72,000 § 6185000 | $157,000 | $60,000
NG : $183,000 $163,000 | $69,000 { $166,000 | $143,000 | $66,000

Note: LH = long-haul; SH = short-haul; MD = medium-duty urban; BEV = battery electric; FC = fuel cell; NG = natural gas

2.4 Vehicle Carbon Emissions from Fuel Production and Consumption

Introducing ZEVs into the California truck fleet will reduce well-to-wheel vehicle propulsion carbon emissions. Battery
electric and fuel cell trucks have zero tailpipe emissions and can have very low upstream emissions (emissions from the
production and distribution of the fuel), depending on how the fuels are produced. The emissions for each scenario and
each truck type included in this study were calculated using the TTM. The TTM calculates carbon emissions for all truck
types based on assumptions made for fuel carbon intensity (g CO2-e/MJ).

The differences in emissions from differences in vehicle production were not considered in the model.

In the analysis, it was assumed that electricity has a carbon intensity roughly 75 percent lower than diesel fuel in 2030, and
that hydrogen has a carbon intensity roughly 33 percent lower than diesel fuel. In 2030, although the majority of electricity
comes from renewable fuels, most hydrogen is assumed to still be reformed from natural gas. It was assumed that by 2050
both electricity and hydrogen have zero carbon intensity because they come from 100 percent renewable energy sources. It
was also assumed that the diesel fuel’s carbon intensity would not change appreciably from 2020 values based on the
assumption that the role of biofuel production remained constant in these scenarios.

The assumed vehicle miles traveled (VMT) for long-haul, short-haul, and medium-duty urban trucks varied with vehicle age
and is given in Table 2.9. The yearly vehicle miles traveled (VMT) data come from the California Air Resource Board’s (ARB)
EMFAC 2014 data (9). VMT is a function of truck age and decreases from year to year for each generation of trucks. The
long-haul data include both in-state and out-of-state trucks. Out-of-state trucks may travel only a portion of the listed VMT
in California, but all the VMT contributes to greenhouse gas emissions.

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges

16



Table 2.9. Yearly VMT per Truck for Long-Haul, Short-Haul, and Medium-Duty Urban Trucks

Age in Years Long Haul (miles) Short Haul (miles) Medium-Duty Urban
H H i (miles)

The carbon emissions were calculated for four scenarios: business as usual (BAU), the baseline ZEV market penetration
(baseline), high ZEV market penetration (high), and low ZEV market penetration (low). Table 2.10 shows the total carbon
emissions for each scenario for the sum of long-haul, short-haul, and medium-duty urban trucks in kT CO2z-e along with the
percentage reduction from the BAU scenario. The BAU scenario itself reduces carbon emissions from 2020 because the fuel
economy of diesel vehicles increases significantly.
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Table 2.10. Carbon Emissions (in kT CO2-e) for the Four Scenarios: BAU, Baseline, High, and Low Market Penetration

Scenario 2020 2030 2030 2050 2050
Total Total % Reduction Total % Reduction
BAU 39,600 34,900 NA 29,200 NA
Baseline 39,600 33,100 5 8,700 70
High 39,600 32,500 7 3,800 87
Low 39,600 33,860 3 24,700 16
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3. Estimating Freight Flows in California 2020-
2040

Freight flows over much of the time horizon for this study, and their locations in the state, were estimated separately from
the analysis in Chapter 2 and subsequent chapters on bridge and pavement damage. Results from the California Statewide
Travel Demand Model (CSTDM) were used to estimate the freight flows on the state’s entire road transportation network
(14), which is Step 2 in the research approach outlined in Section 1.2.

The California Department of Transportation (Caltrans) has calibrated the CSTDM to generate travel demand estimates for
future travel scenarios (for example, 2010, 2015, 2020, 2035, and 2040). The CSTDM is managed, maintained, and updated
by Caltrans to perform inter-regional travel analyses, and to support the California Transportation Plan (CTP), modal plans,
and other system planning efforts. Caltrans also uses the CSTDM to evaluate greenhouse gas (GHG) footprints and measure
VMT. The final output of the model considers three types of trucks: light, medium, and heavy duty. There is a distinction
made in the model between short- and long-distance travel, as well as travel to external zones. The model estimates the
flows over each link of a simplified road network. While the model estimates the flows for different time periods
throughout the day, average daily flows were used for this report. As an example of the model output, Figure 3.1 shows the
flows of heavy-duty trucks in Southern California for short- and long-distance trips, and trips external to the region.
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a. Short-distance heavy-duty vehicle flow
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b. Long-distance heavy-duty vehicle flow
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c. External heavy-duty vehicle flow

Figure 3.1. Examples of heavy-duty vehicle flows in Southern California. The thickness of the grey lines indicates the volume of heavy-duty vehicle flow in number of
vehicles per day.
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The flows from these outputs were used to estimate the change in daily flows in 2015, 2020, 2035, and 2040, with 2040
being the maximum future projection that the model was capable of producing. The projected flows were then used to
evaluate the impacts on infrastructure by considering the estimated axle load spectra, and to distribute the forecasted
percentages of zero-emission vehicles as part of these flows. The CSTDM considers signalized speed limits to classify the
road types present, and in this study these signalized speed limits (for passenger vehicles) were used to classify the road
types considered in the analysis (for example, freeway/highway, county road, collector, local/residential street).

Table 3.1 shows the total estimated VMT for the 2010 base year over the different road types, with heavy-duty trucks
traveling about 50 million miles per day, and medium- and light-duty vehicles traveling about 32 and 25 million miles per
day, respectively. These estimates are higher than the estimated 2020 base year VMT values included in Chapter 2

(Table 2.7 and Table 2.9), which are approximately 47, 25, and 7 million miles per day for long-haul, medium-duty urban,
and short-haul trucks, respectively. The estimated daily VMT for heavy-duty trucks corresponds well with the estimate of
long-haul truck daily VMT amount in Chapter 2. However, results for the medium-duty urban versus medium-duty and
short-haul versus light-duty categories differ because the methodologies used here and in Chapter 2 categorize the vehicles
differently.

The distribution is quite different for each vehicle type across the different road types. Although light- and medium-duty
trucks dominate the local and arterial roads, heavy-duty trucks travel over 20 percent more than the combined travel of
light- and medium-duty trucks on highways/freeways. The faster growth of light-duty truck VMT than medium-duty truck
VMT is due in part to the expected faster growth of residential last-mile-type deliveries compared with the current use of
medium-duty trucks for last-mile hauling to retail stores.

Table 3.1 also shows the percent change of the vehicle types over the different roads for future years compared to the base
year. Light-duty truck VMT is expected to grow at a faster rate than the other vehicle types on local and arterial roads.
However, the CSTDM results show a significant increase in the VMT of heavy-duty trucks on county roads and
freeways/highways. For illustration purposes, Table 3.2 shows the share of VMT on the different road types for each truck
type. These results indicate only minor changes in the truck type distributions on each road type across the years
considered.

To estimate where the zero-emissions vehicles are expected to penetrate in the state, future changes in VMT were
estimated using the model for different counties. The results presented in Table 3.3 show that 11 out of 58 (19 percent) of
the counties are expected to receive about 75 percent of the truck VMT in the state, with these percentages not changing
in each of the years considered. It would be expected that the market penetration of the zero-emission vehicles in the state
would follow a similar distribution.
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Table 3.1. Daily VMT in the Base Year in Millions, and Percent Change in Each Future Planning Scenario

Speed : Corres- Base Base Base Light :lLight :Light :Light :Med. :Med. :Med. :Med. :Heavy :Heavy :Heavy :Heavy
Limit ponding Year Year Year 2015 :2020 :2030 :2040 :2015 :2020 :2035 2040 :2015 2020 2035 2040
(mph) :Road (2010) : (2010) :(2010)
Type Light :Med. :Heavy
<30 Local/ 3.43 3.31 2.64 14% 23% 36% 40% 9% 16% 20% 23% 7% 16% 29% 36%
Residential

>30, Collector 6.45 7.03 6.03 9% 18% 39% 44% 8% 15% 30% 36% 6% 14% 34% 43%
<45

>45, County 4.40 6.37 9.96 15% 26% 53% 62% 17% 26% 47% 56% 14% 24% 54% 64%
<60 Road

>60 Freeway/ 10.29 :15.72 :31.46 :i6% 16% 39% 43% 6% 15% 35% 39% 7% 18% 52% 62%
Highway

Total 2456 :32.43 :50.08 :10% 19% 41% 46% 9% 17% 35% 40% 8% 19% 49%

Table 3.2. Percentage of VMT for the Different Road Types for Each Truck Type

Road Type 2010 2010 2010 2015 2015 2015 2020 2020 2020 2035 2035 2035 2040 2040 2040
Speed Limit Light Med. Heavy : Light Med. Heavy : Light Med. Heavy : Light Med. Heavy : Light Med. Heavy

(mph)

<30 14% 10% 5% 15% 10% 5% 14% 10% 5% 13% 9% 5% 13% 9% 5%

>30, <45 26% 22% 12% 26% 21% 12% 26% 21% 12% 26% 21% 11% 26% 21% 11%
>45, <60 18% 20% 20% 19% 21% 21% 19% 21% 21% 19% 21% 21% 20% 22% 21%
>60 42% 48% 63% 41% 47% 62% 41% 48% 62% 41% 49% 64% 41% 48% 64%
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Table 3.3. Distribution of VMT in 11 Counties with Heaviest VMT (accounting for 75% of Total State VMT)

County 2010 2010 2010 2015 2015 2015 2020 2020 2020 2035 2035 2035 2040 2040 2040
Light Med Heavy : Light Med Heavy : Light Med Heavy : Light Med Heavy : Light Med Heavy
Los Angeles 27% 25% 22% 24% 22% 19% 24% 21% 19% 22% 20% 18% 22% 19% 18%
San Bernardino 5% 10% 7% 5% 10% 7% 5% 11% 7% 6% 12% 8% 6% 12% 8%
Riverside 5% 6% 7% 7% 7% 7% 7% 8% 8% 8% 9% 8% 8% 9% 8%
San Diego 8% 7% 6% 8% 7% 6% 8% 7% 6% 8% 7% 6% 8% 6% 6%
Orange 9% 8% 6% 9% 7% 6% 8% 7% 6% 8% 7% 6% 8% 7% 5%
Alameda 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 4% 5% 5% 5%
Kern 2% 2% 5% 2% 2% 6% 2% 3% 6% 3% 3% 6% 3% 3% 7%
Fresno 3% 2% 4% 3% 2% 4% 3% 2% 1% 3% 2% 4% 3% 2% 4%
Santa Clara 5% 4% 4% 6% 4% 4% 6% 4% 1% 5% 4% 3% 5% 4% 3%
Sacramento 4% 3% 2% 4% 3% 2% 4% 3% 2% 4% 3% 2% 4% 3% 2%
Contra Costa 2% 3% 2% 3% 3% 2% 3% 3% 2% 2% 3% 2% 2% 3% 2%
Total 75% 75% 69% 75% 74% 67% 75% 74% 68% 74% 74% 67% 73% 73% 67%
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4. Effects of Increased Axle Loads on Bridges

This chapter presents a summary of a national study on the impacts of increased gross vehicle weights and axle loads on
infrastructure costs, including the costs of bridges. This chapter completes Step 3 of the research approach outlined in
Section 1.2.

4.1 State Bridge Inventory

The United States has approximately 614,000 bridges on the public roads subject to the National Bridge Inspection
Standards mandated by Congress. About half of these bridges are owned by state governments and the other half by local
governments. Generally, state governments own the larger and more heavily traveled bridges, such as those on the
Interstate Highway System. Altogether, the federal government owns less than two percent of highway bridges, and those
are primarily on federally owned land.

In California, the state owns approximately 12,400 of the 25,700 total bridges.

4.1.1 National Highway System

The National Highway System (NHS) consists of roadways important to the nation’s economy, defense, and mobility, and
includes the following roadway subsystems (note that a specific highway route may be in more than one subsystem):
e Interstate: The Eisenhower Interstate Highway System retains a separate identity within the NHS.

e  Other Principal Arterials: These are highways in rural and urban areas that provide access between an arterial and
a major port, airport, public transportation facility, or other intermodal transportation facility.

e  Strategic Highway Network (STRAHNET): This is a network of highways important to the United States’ strategic
defense policy, and which provides defense access, continuity, and emergency capabilities for defense purposes.

e  Major Strategic Highway Network Connectors: These are highways that provide access between major military
installations and highways.

e Intermodal Connectors: These highways provide access between major intermodal facilities and the other four
subsystems that make up the National Highway System.

The NHS includes the Interstate Highway System as well as other roads important to the nation’s economy, defense, and
mobility. The NHS was developed by the US DOT in cooperation with the states, local officials, and metropolitan planning
organizations.

4.1.2 National Bridge Inventory (NBI)

In general, as part of the National Bridge Inventory (NBI), states are required to inspect every bridge once every two years
and to report the findings for approximately 40 data items to the Federal Highway Administration (FHWA) (15). The
following bridge parts are inspected:

e Deck
e  Superstructure
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e  Substructure

As part of the process, a field inspector assigns a “condition code” for each of the bridge’s three areas. The codes vary from
9 (Excellent Condition) to 1 (Imminent Failure Condition), but a value of O can also be assigned to a bridge component to
indicate that the component is beyond corrective action.

Using the condition code given to a component, the FHWA assigns its condition as “Good,” “Fair,” or “Poor”:

e Good: A condition code of 7 or greater
e  Fair: A condition code of 4, 5, or 6
e Poor: A condition code of less than 4

The FHWA may also categorize a bridge as “Structurally Deficient (SD).” A structurally deficient bridge is one with a Poor
rating for its deck, superstructure, or substructure.

Every year the FHWA generates many online reports summarizing the overall condition of the nation’s bridges based on the
Good, Fair, or Poor scale. The reports usually treat NHS bridges and non-NHS bridges separately, but all the reports identify
structurally deficient bridges. The following are some excerpts from NBI reports for California for 2018:

e All bridges in California
o There are approximately 25,700
o Classified as:
=  Good: 14,800
=  Fair: 9,100
=  Poor: 1,800
= Structurally deficient: 1,600 (2017)

e NHS bridges in California
o There are approximately 10,800
o Classified as:
=  Good: 7,200
=  Fair: 3,000
=  Poor: 500
= Structurally deficient: 424 (2017)

Four out of five of the state’s structurally deficient bridges are in rural areas. These bridges tend to be small and relatively
lightly traveled. On the other hand, while urban areas were found to have far fewer structurally deficient bridges, urban
bridges were generally much larger and, therefore, more expensive to fix. Specifically, the 2018 NBI reports showed that
almost 57 percent of the deck area (a measure of bridge size) of structurally deficient bridges are on urban bridges. Further,
the reports showed that bridges on roads that carry heavy traffic loads, particularly bridges on the Interstate Highway
System, are generally in better condition than those on more lightly traveled routes.

4.1.3 General Principles of Axle Load and Spacing Limits on Bridges

A “load rating” is also done on every bridge every 2 years as part of the NBI. Load rating a bridge is an office exercise that
consists of performing a structural analysis using load-rating software (usually AASHTOWare’s Bridge Rating application,
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ABrR [which was originally called VIRTIS], and uses load and resistance factor design [LRFD] and load and resistance factor
rating [LRFR] specifications) and using material and section properties for the current condition of the inspected bridge.

Two rating factors are computed for a bridge using the design live load (live load means the weight of vehicles or other
objects using the bridge rather than the weight of the bridge itself):

e Inventory Rating (IR): this rating is based on a test that stresses a component to 55 percent of its yield stress, called
Allowable Stress Design (ASD), or an associated reliability, beta, of 3.5 (Load Resistance Factor Design, LRFD/LRFR)
and a Live Load Factor of 1.75 (Gamma-L in the rating equation below). A reliability of 3.5 represents the
probability of failure 233 out of 1,000,000 load applications.

e  Operating Rating (OR): this rating is based on a test that stresses a component to 75 percent of its yield stress or a
beta of 2.5 and a Live Load Factor of 1.35. A reliability of 2.5 represents the probability of failure 6,210 times out of
1,000,000 load applications.

IR is associated with the number of trucks that can pass over the bridge on a regular or normal basis. OR is associated with
the number trucks that might use the bridge on a one-time basis, sometimes with constraints—such as speed, restricted
lane use, or whether a traffic stoppage is needed for the truck to pass on the bridge.

The general Load Rating equation for bridges is a Capacity/Live Load demand equation. If the ratio (rating factor [RF]) is
greater than 1, then the so-called “item”—a structure response such as moment, shear or axial force for any structural
member in the bridge due to the design live load or a state’s live load-rating vehicle—has enough capacity to resist a live
load. If the ratio is less than 1, that structure response is deemed inadequate, which typically means the bridge will require
frequent monitoring, repairs or strengthening, or load posting (that is, placing restrictions on the sizes of truck that may use
the bridge).

The live load-rating vehicle is usually American Association of State Highway and Transportation Officials’ (AASHTQ’s) legal
load or it can be the state’s legal live load. For example, a bridge rating engineer could compare the flexural capacity of a
superstructure at mid-span to the positive moment produced by the rating vehicle. Alternatively, a rating engineer could
check the shear capacity close to a support to the live load shear at that location.

An increase of gross vehicle weight (GVW) of up to 2,000 Ibs. for trucks also requires that a bridge satisfy the Federal Bridge
Gross Weight Formula, which is also known as Bridge Formula B. The purpose of the federal bridge weight formula is to
protect bridges on the interstate system by controlling the number and spacing of truck axles. The weight of groups of two
or more axles must be checked against the bridge formula to ensure that they meet federal weight limit requirements and
that the allowable gross vehicle weight and axle weights are correlated with the spacing and number of axles to prevent
severe overstressing of highway bridges.

A plot of Bridge Formula B is shown in Figure 4.1 for axle groups of 2, 3, 4, and 5 closely spaced axles. The plot reflects
rounding to the nearest 500 Ibs. per federal guidelines, and constraint rules like the ones that state that no single axle can
have more than 20,000 Ibs. and that tandem axle groups (two closely spaced axles) cannot weigh more than 34,000 Ibs.,
which are also the California legal load limits.

Compliance with bridge formula weight limits may require axle weights lower than the standard Interstate Highway System
weight limits of 20,000 lbs. for a single axle and 34,000 Ibs. for a tandem axle set. It may also require a gross weight lower
than the standard 80,000-Ib. Interstate Highway System limit. The weight allowed under the bridge formula can be
increased to these limits by adding axles or positioning them farther apart. Since states may retain higher bridge formula
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weight limits than were in effect in 1975 (that is, bridge formula weight limits that have been grandfathered in), some
states may have higher limits than others.

In summary, if a zero-emission vehicle (ZEV) truck has a total GVW of 82,000 lbs.—surpassing the 80,000-Ib limit because of
electrification (consistent with AB 2061)—it must also comply with Formula B. If any axle group (every group of two or
more axles must be checked) exceeds the maximum per Formula B, then weight would either need to be redistributed
across the truck or its axle spacing would need to be increased.

4.2 US DOT (FHWA) Comprehensive Truck and Weight Limits Study (April
2016)

4.2.1 Overview

AB 2061 as enacted allows near-zero and zero-emission vehicles to exceed the current federal maximum gross vehicle
weight (GVW) of 80,000 Ibs. by 2,000 pounds when they travel on public roads, highways, and bridges.

Many factors contribute to bridge damage, but increased truck loads are known to be a major one. As a result, the effects
of allowing increased truck weights and sizes have been heavily researched over the last several decades.

The Moving Ahead for Progress in the 21st Century Act (MAP-21) required the US DOT to conduct a Comprehensive Truck
Size and Weight Limits Study (CTSWLS). This study used state-of-the-art analysis and modeling approaches to determine the
impacts of several truck size and weight configurations on pavements, bridges, safety, and other areas. The study was
designed to ensure that best practices are followed in each area, and, as its final report was prepared, an independent
Transportation Research Board panel of experts provided critical reviews of its components. Published in 2016, the report
has since been cited in many subsequent reports.

4.2.2 Summary of the CTSWLS

The following is a summary of the MAP-21 (2016) CTSWLS.

MAP-21 (the Moving Ahead for Progress in the 21* Century Act) directed the US DOT, in conjunction with states and other
federal agencies, to perform the following tasks (partial list):

e  Evaluate the impacts to infrastructure in states where vehicles are allowed to operate at a size and weight
exceeding the federal limits, compared to vehicles not operating in excess, for the following characteristics:
o  Cost and benefits of the impacts in dollars;
o Percentage of trucks operating in excess of the federal limits; and,
o Ability of each state to recover the costs or the benefits incurred.

e Evaluate the frequency of violations in excess of federal size and weight provisions, and the cost of enforcement
and effectiveness of the enforcement methods

e Assess and compare the impacts of vehicles in excess of federal limits to those not in excess on bridges, including
impacts from number of bridge loadings
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Figure 4.1. Graphical representation of Federal Bridge Formula B (Adapted from Federal Highway Administration (16)).
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The study was organized around five core technical areas:

e Highway safety and truck crash rates, vehicle performance (stability and control), and inspection and violation
patterns

e  Shifts in goods movement among truck types and between modes

e Pavement service life

e Highway bridge performance

e  Truck size and weight enforcement programs

This summary covers the highway bridge performance area.

An extensive literature survey was done that was subjected to peer review by the National Academy of Sciences and
included extensive outreach and transparency. The study accounted for the shift of truck traffic to other modes of
transportation, including use of the FHWA'’s Freight Analysis Framework, a more refined data set for assigning vehicles to
freight corridors, and more advanced models to assess truck impacts on pavements and bridges. The Freight Analysis
Framework information was applied at the county level to allow analysis of certain configurations on limited highway
networks. The Freight Analysis Framework data were used in the Intermodal Transportation and Inventory Costing Model
to estimate modal shifts that were then used to estimate changes in truck Vehicle Miles Traveled (VMT) by configuration
and weight group.

The study included bridge analyses that evaluated truck size and weight enforcement programs and the effects of truck
sizes and weights on bridge deterioration. To do this, the study used six truck configuration scenarios and a control vehicle.

The consultants who collected data and performed the structural analysis for the bridge analyses used AASHTOWare Bridge
Rating ABrR, (formerly VIRTIS, which uses LRFD/LRFR). The consultants assumed superstructure flexure and shear rating
factors <1.0 to determine the need for strengthening, rehabilitation, or replacement. To do this they used the 11 most
common bridge types from the NBI, which represents 96 percent of all the bridges in the US. They also evaluated a range of
bridge ages, conditions, and span lengths. A total of 490 National Highway System bridges from 11 states were rated. The
bridges in the set evaluated included no local bridges.

A cost analysis was performed that looked at the effects of increased truck and axle loads on annual bridge capital costs
based on 2011 dollars and included both the state and federal shares of costs, including costs of design, construction, and
inspection.

A nine-step, one-time cost methodology was used for the cost analysis:

1. Determine the distribution of span lengths in the sample database as percentages separately for Interstate bridges
and other NHS bridges.

2. Calculate the costs of bridge rehabilitation for each span length interval per ft (calculated value = $235/ft2) and
include the following agency cost elements:
a. Construction
Design (8 percent to 20 percent depending on the project size)
Construction inspection- and design-related assistance (13 percent)
Work zone traffic control
Substructure rehabilitation

-0 a0 T

Mobilization (4 percent)
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g. Other costs, including
i. Railing and transitions
ii. Joints and approach pavements
iii. Striping, grooving, sealing the deck, etc.

3. Determine the percentage of bridges rated less than 1.0 in the structural analysis process for each alternative truck
configuration scenario for each span interval.

4. Determine the total number of Interstate bridges and other NHS bridges in the NBI.

5. Estimate the actual number of bridges in each span interval using the distributions observed in the sample
database.

6. Determine the projected number of bridges with rating factor <1.0 for each configuration scenario by multiplying
the percentage of bridges rated less than 1.0, calculated in Step 3, by the number of bridges in each span interval,
calculated in Step 5.

7. Determine the cost of bridge rehabilitations for each span interval for each truck type, separating Interstate
bridges from other bridges on the NHS, by multiplying the cost calculated for a single bridge for that span interval
by the projected number of bridges with rating factor <1.0 for each truck scenario.

8. Add the costs from each span interval to determine the total costs for each scenario.

9. Calculate the change in cost for each scenario. The change in cost is the difference in the cost of rehabilitations due
to an alternative truck configuration and that from the related control vehicle.

The projected one-time costs for all the bridges in the NHS (88,945 state bridges; no local bridges) from the cost analysis for
the scenario most relevant to AB 2061—a change in truck gross vehicle weights from 80,000 |bs. to 88,000 Ibs.—resulted in
an estimated one-time cost increase of $0.4 billion. This is the cost for bridge strengthening and replacement for all of the
bridges in the NHS. Although this scenario is for a greater load increase than AB 2061 allows, it is the closest that could be
found in the study, and no other relevant studies were found. However, at the end of this chapter calculations to adjust the
results for the change from an allowable truck GVW limit of 88,000 Ibs. to an 82,000-Ib. GVW limit are performed using a
reasonable assumption.

This cost calculation included an assumption that larger loads on trucks would result in a reduction of truck VMT by 0.6
percent.

In addition to agency costs, the study also evaluated impacts to safety. Although no data regarding increases or decreases
in the number of crashes could be found, two findings revealed by the literature were: that increased truck weights
resulted in longer stopping distances but did not affect vehicle tracking; and that although there were slightly higher rates
of citations for brake violations with heavier vehicles, vehicle weight or configuration were not predominant factors when
predicting violations.

The MAP-21 report has the following main recommendation:

At the conclusion of the technical reports, the Department believed that the current model and data limitations
were so profound that the results could not accurately be extrapolated to confidently predict national impacts.
Subsequent public input and peer review has not altered that view. As such, the Department stresses that no
changes in the relevant federal truck size and weight laws and regulations should be made until these limitations
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are overcome. Despite recent congressional action approving additional size and weight exceptions and waivers on

a piecemeal and nationwide basis, DOT recommends a thoughtful approach to future policy making.

The following were the study’s conclusions and recommendations (15, 17):

The US DOT recommended to Congress to not make changes in the relevant federal truck size and weight laws and
regulations until the limitations in the ability to analyze those factors are overcome. Despite recent congressional
action approving additional size and weight exceptions and waivers on a piecemeal and nationwide basis, the DOT
recommended taking a thoughtful approach to future policy making.

At this time, another study effort, with more time and more money, would not yield more reliable results. To make
a genuine, measurable improvement in the knowledge needed for these study areas, a more robust study effort
should start with the design of a research program that can establish data sources and models to advance the state
of practice. Not all of this is within the purview or capacity of US DOT. Even recent gains in long-term
transportation program reauthorizations have not sufficiently advanced the state of research and data to enable
the US DOT to say when or even whether it will be in a position to collect and analyze better data and apply it to
improved policy determinations and regulatory strategies.

Changes made by Congress regarding the size and weight of vehicles allowed on the nation’s Interstate Highway
System are matters of policy. The work performed and the findings produced in this US DOT-sponsored study can
inform the debate on these matters but do not provide definitive evidence or direction to support any specific new
change of direction in the areas of truck size and weight limitations. This work has helped identify the areas in
which there is a need to know more, and that new technologies for data collection and sharing can offer improved
mechanisms for growing that knowledge.

4.3 Cost to Strengthen and Replace Bridges Due to a 2,000-Pound Truck

Weight Increase

The MAP-21 study provided an estimate of $0.4 billion for the one-time costs to strengthen and replace bridges due to a 5-
axle, 88,000 Ib. truck (Scenario 1 of the CTSWLS) across all states. The following is a top-down first-order calculation that

translates that national-level cost to California alone.

The MAP-21 study assumed that bridges with a rating factor (either flexure or shear) less than 1.0 will require
rehabilitation.

For this current study, it was assumed that the bridges in the structurally deficient category are those that had
rating factors less than 1.0.

California has 6.2 percent of all the bridges in the US that are structurally deficient and 3.9 percent of all the
structurally deficient NHS bridges. It was assumed for this study that 4.5 percent of the bridges are structurally
deficient. Bridges on the NHS system are longer and more costly to rehabilitate than non-NHS bridges.

It was also assumed for this study that the 82,000-Ib. GVW limit produces half (allowing for some illegal trucks over
the 82,000-Ib. limit) as many ratings less than 1.0 than the 88,000-Ib. truck scenario (a conservative estimate).

The estimated cost is then: 4.5% x 0.5 x $400 million = $9 million in 2011 dollars.

This cost estimate does not include any increases in annual maintenance costs due to the heavier trucks.
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e Aone-time cost estimation is the most precise estimate that could be made because of the lack of models and
data, and because bridges have very long design lives.

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges -



5. Estimation of Changes in Axle Load
Distributions

This chapter presents the process and results of adjusting current axle load spectra to reflect projected alternative fuel
truck market penetration and the associated vehicle weight increases presented in Chapter 2. This work is Step 4 in the
research approach outlined in Section 1.2.

5.1 Weigh-in-Motion (WIM) Spectra Groups

An axle load spectra is a table that shows the distribution of axle types (steering, single, tandem, tridem) and the axle loads
occurring within each type in a population of trucks. Axle load spectra are used in mechanistic-empirical (ME) pavement
simulation and design to characterize truck loading. Along with the total number of trucks passing over a pavement, axle
load spectra answer the question “What proportion of axle type X with axle load Y within that number of trucks will this
pavement be subjected to?” by showing the frequency of all axle types and axle loads. The damage caused by the number
of passes of each axle load of a given axle type is simulated separately in ME design. This is repeated for each axle type, and
the results are then summed to determine the total damage to the pavement caused by all loads of all axle types. The
amount of each distress, such as cracking, is calculated from the total damage.

The California Department of Transportation (Caltrans) operates 132 Weigh-in-Motion (WIM) stations at key highway
locations. These WIM stations collect, process, and store data on truck traffic—including truck classifications, speeds, gross
vehicle weights (GVW), and axle loads (18). The University of California Pavement Research Center (UCPRC) periodically
obtains these data to update the axle load spectra used in the Caltrans pavement management system’s performance
models and in Caltrans’s concrete and asphalt pavement project-level simulation and design programs.

To generate traffic inputs for pavement design and pavement management, in 2018 the UCPRC took axle load distributions
from all the WIM stations for the 11-year period from 2004 to 2015 and grouped the axle load spectra into five
representative ones. The most appropriate spectra of these five representative spectra were then assigned to every
postmile on the state highway network based on predictive variables such as truck traffic level, percentage of trucks in the
traffic stream, and the relative proportions of long-haul versus shorter-haul trucks (medium-duty trucks and short-haul
tractor-trailers) in the stream. Locations with a preponderance of long-haul trucks and routes that have more trucks and a
higher percentage of trucks tend to have heavier, more damaging spectra, because long-haul trucks tend to operate with
partial loads or full loads in both highway directions. Heavier spectra also tend to occur more in rural areas, where there is
less short-haul traffic. Shorter-haul trucks tend to return empty more often, operate with less-than-full loads, and operate
more in urban areas with higher traffic and higher total truck traffic, but with trucks making up lower percentages of the
total traffic.

The potential for truckers to increase their payloads when alternative propulsion systems become lighter after 2030 was
not considered important because the most implementation is occurring in short-haul and medium-duty trucks, few of
which operate near current axle load limits, and because AB 2061 does not increase axle load limits.

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges

35



A combination of clustering and cut-tree analysis was used to create a decision tree for classifying the WIM data into the
five “typical” spectra (2) (19). Spectra 1 (the plural, spectra, is used because each of the five includes spectra for all four axle
types), the lightest axle load spectra, was found on WIM sites on rural and inter-regional highway routes that carry few
trucks in Caltrans Districts 1, 3,4, 5, 6, 7, 8, 10, and 11 (note that District 9 has no WIM site). Spectra 2 and 3, the medium
axle load spectra, included WIM sites on urban and intra-regional highway sections in Districts 3, 4, 5, 6, 7, 8, 10, 11, and 12.
Spectra 2 and 3 occurred on most highway segments in urban areas. The heavier Spectra 4 was observed around the state,
mostly on the primary truck routes between cities. Spectra 5, also a heavier axle load spectra, also mostly occurred on
primary truck routes between cities, such as Interstate 5 in Districts 2, 3, 6, and 10 and Interstates 10 and 40 in District 8;
and lower traffic volume routes where trucks make-up a higher percentage of the traffic , such as US 97 and US 395 in
Districts 2 and 9, and State Route 58 in Districts 6 and 8. All of these are major inter-regional corridors where the large
majority of the trucks travel loaded in both trip directions. Figure 5.1 shows a map of the state with the spectra assigned to
each state highway network segment indicated by color. Figure 5.2 shows the load distributions within each axle type for
each of the five spectra. The lines showing counted as single in the figure are the summation of all the axle types with
multiple axles (tandems have two axles, tridems have three) counted as multiple single axles. The farther the counted as
single summation is to the right, the heavier and more exponentially damaging the spectra.
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Figure 5.1. Map of the spectra assigned to each segment of the state highway network.
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Figure 5.2. Five representative axle load distributions. Note: Tandem axles are shown as two single axles and tridem axles
as three singles. Counted as Single is the summation of all axle types when counted as singles.

5.2 Gross Vehicle Weight

The distributions of gross vehicle weights (GVWs) on five WIM axle load spectra groups (Figure 5.3) were investigated to
measure the current pattern of GVW for each axle load spectra. The GVWs over the California limit (80,000 Ibs.) were found
most in Spectra 4 and 5 (the two heaviest axle load spectra), and GVWs over the California limit were found rarely in
Spectra 1 and 2 (the lightest and the second lightest axle load spectra). The percentages of GVWs over California limit were
0.4,0.9, 0.3, 2.0, and 1.6 percent for Spectra 1, 2, 3, 4 and 5, respectively.
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Figure 5.3. Distribution of gross vehicle weights (GVW) for the representative WIM axle load spectra groups.

5.3 Estimating Axle Load Spectra for Alternative Fuel Trucks

5.3.1 Assumptions and Processes Used for the Estimation

The assumptions made to calculate axle load spectra changes caused by increases in the market share of alternative truck
technologies were based on Table 2.6 and Table 2.7.

e Axle weight limits are not being changed and current WIM spectra indicate that few axles are currently at or above
the current axle load limits.

e  For conventional trucks, the weight of both the internal combustion engine (ICE) and the under-the-hood
transmission is loaded on the steering axle.

e  For battery electric (BEV) and fuel cell (FCV) trucks, the engine and transmission have been removed from the
engine space under the hood, and the battery or fuel cell has been installed behind the cabin.

e  For BEV trucks, the weight of the batteries is evenly loaded on the steering axle and the next axle (single axle for
medium-duty trucks and tandem axle for long-haul and short-haul trucks) (20)

e [fathird or fourth axle is present, the axle loads of all three vehicle types are unaffected by the change in fuel
type.
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e The percentages of trucks of different types in different scenarios for the pathways to alternative fuel trucks
identified in Chapter 2 were used to estimate changes to current axle load spectra 1 through 5:
o Three truck types: short-haul (with a range less than 150 miles), medium-duty (with a range between 150
and 300 miles), and long-haul trucks (with a range exceeding 300 miles).
Three alternative truck technologies: BEV, FCV, and natural gas (NGV) trucks.
Three scenarios for market change: Scenario 1 (aggressive market share), Scenario 2 (moderate market
share), and Scenario 3 (conservative market share).

The estimated proportions of truck types within each axle load spectra are shown in Table 5.1.

Table 5.1. Proportions of Truck Types in Five WIM Spectra

WIM Spectra Long-Haul Short-Haul Medium-Duty Sum
i Trucks i Trucks Trucks :

Spectral ................................ 100% ..................

Spectraz ........................ 100% ..............

Spectra3 ................................ 300% ............................................................................................................................
Spectra4 ................................ 425% ............................................................................................................................
Spectras_soo% ..................

A“ .............................................. 285% ..................

Revised spectra for the years 2030 and 2050 were prepared for Pavement ME, the damage simulation program Caltrans
uses for concrete pavement, and Ca/ME, the damage simulation program Caltrans uses for asphalt pavement. Eight steps
were required for this process:

1. Calculate the percentage of the truck fleet that uses alternative fuels. Starting from the 2020 baseline truck fleet
information, future market share proportion estimates for each alternative truck technology (battery electric, fuel
cell, and natural gas) were applied to each truck type (short-haul, medium-duty, and long-haul trucks) for the three
scenarios (aggressive, moderate, and conservative market shares) in years 2030 and 2050 (see Table 5.2).

2. Determine the percentage of each axle type occurring in each truck type. Short-haul trucks were assumed to
consist of a tractor with one steering single axle and one single axle, and both had weight adjustments for different
fuel types in 2030 and 2050. The single or tandem axle at the back of the trailer was unchanged. Medium-duty
trucks, which had weight adjustments for different fuel types in each year, were assumed to have a steering single
axle and a back axle. It was assumed that 25 percent of the back axles were singles and 75 percent were tandems.
Long-haul trucks were assumed to consist of a tractor with one steering single axle and one tandem axle on the
tractor, and both had weight adjustments for different fuel types in each year. The tandem axle at the back of the
trailer was unchanged.

3. Calculate the assumed average weight change on each of the axles affected by the fuel type change for the three
truck types. These are shown in Table 5.3, Table 5.4, and Table 5.5, for battery electric, fuel cell, and natural gas,
respectively.
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Determine the approximate average percentage of the three truck types for each of the three scenarios. Do this
for each of the five WIM spectra using the information shown in Table 5.1. The results of this step are shown in
Table 5.6.

Calculate adjustment factors for the axle load spectra for the three alternative-fuel-truck market penetration
scenarios. This was done in the following steps:

a. Calculate each axle type percentage for each fuel type, including internal combustion engines, for each
truck type in each spectra. The tridem axle spectra will not change in Pavement ME or CalME because that
spectra is based on loads at the back of the trailer on short-haul and long-haul trucks, which do not
change with fuel changes. Calculate an adjustment factor for each load range in each axle load spectra for
each scenario and each year. This was done separately for CalME (for asphalt pavement simulation) and
Pavement ME (for concrete pavement simulation) because their input data are organized differently.

i. For CalME, a preliminary adjustment factor is the ratio of an axle type’s average weight increase
to the load range in the spectra weighted by the percentages from Step 5a. For example, if in
2030 the long-haul steering single axle average change in weight for battery electric trucks is
1,586 Ibs., the load range step in the spectra is 2,250 lbs., and long-haul BEV steering single axles
make up 0.016 percent of the steering single axles in Spectra 1, then the adjustment factor is
0.00012. This was repeated for each fuel type in that truck type/axle type/spectra number
combination, and they were then summed as a weighted average across all fuel types to
calculate the final adjustment factor for each load range in each spectra.

ii. Pavement ME has different load ranges in the spectra than CalME. It does not separate steering
single and single axles, and it needs to have spectra tied to a truck class rather than using spectra
directly. To simplify the adjustments to axle load spectra task, it was assumed that all the
changes occurred in two predominant truck classes: it was assumed that all short-haul and long-
haul tractor-trailers are Class 9 trucks and that all medium-duty trucks are Class 5. Final
adjustment factors were then calculated for those two truck classes for input to Pavement ME.

Apply the adjustment factors to the axle load spectra. This was done by reducing the percentage of axles in the
lightest load category in the axle load spectra using information from the preceding steps and proportionally
increasing the number of axles in the heavier load categories. This was done for all axle types for CalME and for the
two predominant truck types for Pavement ME.

Split the updated axle load spectra across the hours of the day. Each spectra consists of tables for each hour of a
typical day because axle load distributions change hourly (trucks tend to run heavier at night because that is when
long-haul truckers prefer to travel), and the interaction of axle load with pavement temperature is important for
both concrete and asphalt pavements. For concrete pavements, the temperature difference between the top and
bottom of a concrete slab causes stresses that interact with the load stresses caused by the axles, which together
damage the concrete and lead to cracking. The case for asphalt pavements is different: the asphalt’s stiffness is
highly temperature dependent and the magnitude of the tensile strains in the asphalt and resultant pavement
damage depend on the interaction of the asphalt stiffness and the axle loads.

Produce the final input files for each of the two pavement simulation programs. Pavement ME requires
consideration of monthly differences in axle load spectra. CalME can also consider monthly changes, but—based
on a previous analysis that showed insignificant differences between months in California (21)—it was assumed
that they were the same across all months.
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Table 5.2. Alternative Fuel Truck Proportions of the Truck Fleet by Truck Type for Three Scenarios

Scenario  Truck £ 2030 £ 2030 £ 2030 £ 2050 £ 2050 £ 2050
i Type i Battery i Fuel { Natural { Battery { Fuel { Natural
‘ { Electric i Cell i Gas { Electric i Cell i Gas
Scenario1l  } Short-haul £10.1% £0.5% £1.0% £43.0% £57.0% £0.0%

edium-duty . '2.1%

Note: 1 = high market share scenario; 2 = baseline market share scenario; 3 = low market share scenario

Table 5.3. Weight Change (Ibs.) over Axle Position by Vehicle Type for Years 2030 and 2050 for Battery Electric Vehicles

2030 Long- : 2030 Short- | 2030 Medium- | 2030 Long- | 2030 Short- : 2030 Medium-

Haul i Haul i Duty aul haul Duty
By body Hood 12,156 -2,156 -130 £-2,156 £-130
position : : :
Behind cab 7,484 3,564 1,574 £2,393 736
By axle Steering 1,586 -374 657 -959 238
position i
Front single or 3,742 1,782 787 3,211 1,197 368

tandem

Not applicable Not applicable

ot applicable Not applicable
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Table 5.4. Weight Change (lbs.) over Axle Position by Vehicle Type for Year 2030 and 2050 for Fuel Cell Vehicles

2030 2030 2030 2030 2030 2030
Long-Haul : Short- Medium-Duty : Long-Haul : Short- Medium-
Haul Haul Duty
By body position Hood -1,681 -1,918 -59 -1,859 -2,008 -85
By body Behind cab 3,947 2,519 1,194 2,325 1,239 591
By axle position Steering 293 -659 538 -697 -1,388 210
Front single or 1,974 1,260 597 1,162 620 296
tandem
Rear single 0 0 Not 0 0 Not
applicable applicable
Rear tandem 0 0 Not 0 0 Not
applicable applicable

Table 5.5. Weight Change (Ibs.) over Axle Position by Vehicle Type for Year 2030 and 2050 for Natural Gas Vehicles

2030 2030 2030 2030 2030 2030
Long- Short- Medium-Duty : Long- Short- Medium-Duty
Haul Haul Haul Haul
By Body Position i Hood 0 0 0 0 0 0
Behind cab 2,000 1,000 500 2,000 1,000 500
By Axle Position Steering 1,000 500 250 1,000 500 250
Front single or 1,000 500 250 1,000 500 250
tandem
Rear single 0 0 Not 0 0 Not
applicable applicable
Rear tandem 0 0 Not 0 0 Not
applicable applicable
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Table 5.6. Proportions in Total Truck Fleet of Internal Combustion Engine (ICE) and Alternative Fuel Truck (AFT)
Technologles by Truck Type and WIM Spectra in 2030 and 2050 for Three Scenarios

Scenario | WIM 12030 2030 2030 12030  20501CE 12050  i2050 2050
iSpectra  {ICEAINl :AFT Short- i AFT { AFT Long- i All Truck : AFT Short- { AFT { AFT Long-
‘ i{Truck i Haul { Medium- | Haul i Types { Haul i Medium- | Haul

Types Trucks Duty Trucks i Trucks Duty Trucks
‘ ‘ iTrucks i ‘ ‘ i Trucks

1 Spectral :83.9% :1.6% 12.9% 6% £6.6% §9.3% §74.7% §9.3%
— SpectraZ ........ o D T | 6/66/ ............... 93/ .............. 747/ ..........................
— Spectra3 ........ o S e P e 93/ .............. 560/ ..........................
. Spectra4 ........ o T — o o o T o
—— SpectraS ........ o D 64/80/66/93/373/467/ ............
P Spectral ........ O P e S T e e
P Spectra2 ...... 893/ ........ e T 11/207/79/635/79/ ..............
P Spectra3 O A S S AR
25pectra4 .........................................................................

ZSpectraS .........................................................................

—— Spectral

3Spectra2 ...................... |

3Spectra3 ...... 957/ ...... 05/ .............. 32/ .......... | 260.3% 24.0% 223.8%

s Spectra4 ...... 946/ ........ e o S 208/ ..........................
R Spectra5 ........ o P 21/ _ 603/40/ ................ 159/198/ ............

Note: 1 = hlgh market share scenario; 2 baseline market share scenario; 3 = low market share scenario; AFT BEV, FCV, NGV combined.

5.3.2 Axle Load Spectra for Concrete Pavement Simulation

The axle load distributions for concrete pavements in the five WIM spectra for the three scenarios were calculated using
the input format of Pavement ME. This simulation program requires the axle load distribution of each axle type (single,
tandem, tridem, and quadrum) for each truck class for each month for each WIM spectra. The steering and single axles
were combined as Pavement ME uses a single input file for both of these. Based on the assumptions described in the
previous section, the adjustment factors for axle load change generated for each axle type for the five WIM spectra and
three scenarios are shown in Table 5.7.
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The adjustment factors reflect the proportion of each technology (ICE, BEV, FCV, and NGV) in 2030 and 2050, and the axle
load changes for the first two axles for the vehicle types considered. A positive adjustment factor indicates an increase in
loads in the spectra, and similarly a negative adjustment factor indicates a decrease. As described in the eight-step process
to create the adjusted spectra, additional factors contributing to an increase or decrease in the adjusted spectra are the
proportion of trucks changed to alternative fuels within a truck type, the proportion of that truck type in the spectra, and
the axle types on those trucks.

As mentioned previously, the adjustment factors were applied to the two dominant truck classes observed in California:
Truck Class 5 for medium-duty trucks and Truck Class 9 for long-haul and short-haul trucks (both are semi-tractor trailer
combinations). These two classes were selected rather than all 10 truck classes to reduce the complexity and amount of
work needed to update the spectra. In Truck Classes 5 and 9 the lightest load category was reduced by the product of the
2020 percentage of axles in that category times the adjustment factor shown in the table, and that same percentage of
axles was increased proportionally in the heavier load categories.

As an example, Figure 5.4 shows the single axle load distributions of Truck Class 5 for Spectra 1 for Scenario 1 in the years
2020, 2030, and 2050. Compared to 2020, the proportion of axle loads in the lightest category, 2,000 to 3,000 Ibs., is slightly
lower in 2030 and 2050, and the proportion of axle loads in the heavier categories is slightly higher due to the additional
axle load for batteries, fuel cells, and natural gas tanks. However, the differences are in fact nearly impossible to see in
Figure 5.4 because they are so small. They are small because the trailer axles that make up a large portion of the single
axles are unchanged by changes in fuel technology in both 2030 and 2050. Other contributing factors to the small
differences are the very small proportion of trucks with alternative fuel technologies in 2030, and the weight reductions of
battery electric and fuel cell technologies in 2050 (as shown in Table 5.2 and Table 5.3), when the percentage of AFTs is
greater (as shown in Table 5.6). The negative adjustment factors in 2050 shown in Table 5.7 occurred because the
combined proportions of BEV and FCV have actually lightened the overall spectra for Class 9 (short-haul and long-haul
tractor-trailers) single axles.
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Table 5.7. Axle Load Adjustment Factors for Concrete Pavement Simulations Using Pavement ME

WIM Axle Type Year 2030 Year 2050
Scenario 1 Scenario 2 Scenario 3 Scenario 1 Scenario 2 Scenario 3
Class 5 Class 9 Class 5 Class 9 Class 5 Class 9 Class 5 Class 9 Class 5 Class 9 Class 5 Class 9
Spectra 1 Single 0.112 0.019 0.075 0.013 0.037 0.006 0.245 -0.055 0.225 -0.027 0.113 -0.013
Tandem 0.019 0.001 0.012 0.001 0.001 0.001 0.005 0.026 0.045 0.017 0.023 0.009
Spectra 2 Single 0.082 0.016 0.055 0.011 0.027 0.005 0.243 -0.073 0.200 -0.053 0.100 -0.026
Tandem 0.019 0.001 0.012 0.001 0.006 0.001 0.049 0.026 0.045 0.017 0.023 0.009
Spectra 3 Single 0.084 0.016 0.056 0.011 0.028 0.005 0.184 -0.153 0.169 -0.106 0.084 -0.053
Tandem 0.028 0.001 0.019 0.001 0.009 0.001 0.074 0.078 0.068 0.052 0.034 0.026
Spectra 4 Single 0.045 0.001 0.030 0.006 0.015 0.003 0.102 -0.186 0.094 -0.126 0.047 -0.063
Tandem 0.025 0.001 0.016 0.001 0.008 0.001 0.064 0.111 0.060 0.074 0.030 0.037
Spectra 5 Single 0.034 0.017 0.023 0.011 0.011 0.006 0.078 -0.232 0.071 -0.156 0.036 -0.079
Tandem 0.001 0.001 0.006 0.001 0.003 0.001 0.025 0.130 0.023 0.087 0.011 0.043

Note: positive numbers indicate axle load increases within the spectra, and negative numbers indicate axle load decreases.
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Figure 5.4. Single axle load distributions of Truck Class 5 for Spectra 1 for Scenario 1. Notes: 1. The legal limit in California
is 20,000 lbs. 2. The figure has three curves that are nearly identical.

Figure 5.5 shows the tandem axle load distributions of Truck Class 9 for Spectra 5 for Scenario 1 in years 2020, 2030, and
2050. The results are comparable to those of the single axles and for the same reasons. As was seen in Figure 5.4, the
differences in the axle load distributions shown in Figure 5.5 are so small as to be indistinguishable.
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Figure 5.5. Tandem axle load distributions of Truck Class 9 for Spectra 5 for Scenario 1. Notes: 1. The legal limit in
California is 34,000 Ibs. The figure has three curves that are nearly identical.

5.3.3 Axle Load Spectra for Asphalt Pavement Simulation

Another set of axle load distributions of the five WIM spectra were calculated for asphalt pavement in the input format of
CalME. This simulation program requires the hourly axle load distribution of each axle type (steering, single, tandem, and
tridem) for each WIM spectra. The axle load distribution of each axle type and the hourly truck distribution for each WIM
spectra were extracted from the Caltrans WIM database (18). Figure 5.6 shows the average statewide hourly truck
distribution of each WIM spectra. It can be seen that locations with the spectra dominated by long-haul trucks (4 and 5)
tend to have a greater percentage of operations between midnight and 10 a.m. than locations with spectra dominated by
medium-duty trucks (1, 2, 3), which tend to have more operations than the heavier spectra between noon and 9 p.m. All
truck operations in the state are heavier in the afternoon and evening than between midnight and noon.
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Figure 5.6. Average statewide hourly truck distributions for the five WIM spectra.

Table 5.8 shows the axle load adjustment factors for CalME for the asphalt pavement analysis developed following the
earlier eight-step process, and Figure 5.7 and Figure 5.8 show the axle load spectra for steering single axles and tandem
axles, respectively. As with the previous spectra shown in Figure 5.4 and Figure 5.5, the differences in the spectra caused by
market penetration and technology changes for AFT are so small as to be indistinguishable from current spectra. As noted
earlier, CalME does not require the spectra to be tied to specific truck classes. The trends shown previously for Pavement
ME are the same because these are the same data, although they are now organized by axle type alone rather than by axle
type for the two truck classes.
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Table 5.8. Axle Load Adjustment Factors for Asphalt Pavement for Proportion of Axles Changing Spectra Load Range

Year 2030 Year 2050
Spectra Axle Type Scenariol :Scenario2 :Scenario3 :Scenariol :Scenario2 :Scenario3
Steering 0.040 0.026 0.013 0.017 0.031 0.016
Spectra 1 Single 0.042 0.028 0.014 0.126 0.110 0.055
Tandem 0.006 0.004 0.002 0.026 0.021 0.011
Steering 0.025 0.016 0.008 0.008 0.008 0.004
Spectra 21 Single 0.042 0.028 0.014 0.126 0.110 0.055
Tandem 0.006 0.004 0.002 0.026 0.021 0.011
Steering 0.029 0.019 0.010 -0.047 -0.022 -0.011
Spectra 3 Single 0.033 0.022 0.011 0.104 0.090 0.045
Tandem 0.004 0.003 0.001 0.046 0.033 0.017
Steering 0.026 0.017 0.009 -0.049 -0.023 -0.011
Spectra 4 Single 0.026 0.017 0.009 0.077 0.068 0.034
Tandem 0.004 0.003 0.001 0.059 0.042 0.021
Steering 0.019 0.013 0.006 -0.102 -0.064 -0.032
Spectra 5 Single 0.025 0.017 0.008 0.082 0.070 0.035
Tandem 0.003 0.002 0.001 0.065 0.045 0.023

Note: Positive numbers indicate axle load increases, and negative numbers indicate axle load decreases.
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Figure 5.7. Axle load distributions of steering axles for Spectra 1 for Years 2020, 2030, and 2050. Note: The figure has

three curves that are nearly identical.
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Figure 5.8. Axle load distributions of tandem axles for Spectra 5 for Years 2020, 2030, and 2050. Note: The figure has
three curves that are nearly identical.

5.4 Garbage Truck Impact Analysis

An analysis was made of the effects of converting a typical garbage truck from diesel to natural gas (NG). The scope of the
analysis included three scenarios in terms of the street types that the NG garbage trucks would be operating on: arriving full
on the road into the waste-handling facility, leaving the facility empty, and operating partially loaded on residential streets.
The latter distribution was centered around the trucks being half full to allow interpolation between the full case—
considered equivalent to the trucks’ content on the last street traversed on the run before they left for the waste handling
facility—and the empty one—considered equivalent to their load on the first street they traversed on the run.
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5.4.1 Assumptions
Axle loads

The business as usual (BAU) scenario assumed that a diesel-powered garbage truck consists of a steering axle and a tandem
axle, and that the truck’s gross vehicle weight is 28,000 Ibs. when empty, 37,000 Ibs. when half loaded, and 46,000 Ibs.
when fully loaded. These assumptions were based on a review of typical garbage truck specifications from a number of
Internet sources and are intended to provide support to a first-order analysis of the effects of the fuel technology change.
Performing a detailed analysis of all the garbage truck types operating in California would be very difficult for several
reasons: first, because commercial operators’ truck-load information is proprietary and closely held; second, an enormous
effort would be required to collect this kind of information across a state so large. These factors combined rendered that
type of detailed analysis impossible within the project’s scope and budget.

Because California’s tandem axle load limit is 34,000 Ibs., this analysis assumed that when a diesel-powered garbage truck is
fully loaded the weight of its garbage is 18,000 Ibs. An NG vehicle’s additional weight is the greater weight of its fuel tank
compared to a diesel fuel tank. Two NG scenarios were considered in the analysis: one in which NG garbage trucks are
intended to travel on shorter routes with an extra 500-Ib. weight, and another in which NG trucks travel on longer routes
with an extra 2,000-lb. weight. Because the fuel tank is expected to sit behind and potentially under the cabin, it was
assumed that the steering axle (front) carries 75 percent of the extra load and the tandem (rear) axle carries 25 percent.
Table 5.9 shows the steering and the tandem axle loads for the diesel-powered garbage trucks and the two cases with NG-
powered garbage trucks.

Table 5.9. Axle Loads for Load Conditions and Axle Types for the Garbage Truck Alternatives

Load Condition Axle Type Axle Load (Ib.) for Axle Load (Ib.) for Axle Load (Ib.) for
Diesel-Powered Natural Gas- Natural Gas-
Garbage Trucks Powered Garbage Powered Garbage
E Trucks Trucks

(Extra 500 Ib.) (Extra 2,000 Ib.)

Half loaded  All Axles

Fully loaded Steering
Fully loaded i Tandem
Fully loaded All Axles 46,000 46,500 48,000
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Vehicle Hourly Distribution

These assumptions were made for all the scenarios: for the waste facility’s outbound road, it was assumed that the traffic
from 50 percent of the empty trucks using the road for their initial run was distributed equally between 5 a.m. and 7 a.m.,
and that 50 percent of the empty-truck traffic for subsequent runs was distributed equally from between 7 a.m. and 2 p.m.
For the waste facility’s inbound road, it was assumed that 100 percent of the fully loaded garbage truck passes were
distributed equally between 8 a.m. and 4 p.m. The hourly distributions of different axle load spectra are important because
of the interactions of pavement temperature and axle loads affecting damage and distress development for both asphalt
and concrete pavements.

For simplicity, on residential streets it was assumed that there is one garbage truck pass per day at noon, with a 25 percent
probability that the truck would be empty, a 50 percent probability that the truck would be half-loaded, and a 25 percent
probability that it would be fully loaded. Table 5.10 shows the assumed hourly distributions of garbage truck passes on each
road type.

Table 5.10. Hourly Distribution of Garbage Truck Passes on Each Road Type

Hour Outbound Road from a Inbound Road to a Waste Residential Street
{ Waste Facility { Facility :

12 AM -5 AM

5AM -6 AM

3PM-4PM
4 PM—-12 AM
Total
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5.4.2 Axle Load Distributions

Axle load distributions for each axle for the three road cases (residential street, and waste facility inbound and outbound
directions) were generated for use with CalME. The three garbage truck types were (1) diesel-powered, (2) NG-powered
with an extra 500 Ibs., and (3) NG-powered with an extra 2,000 Ibs. The three road cases considered were (1) an outbound
road from a waste facility with empty trucks, (2) an inbound road to a waste facility with full trucks, and (3) a residential
street with half-full trucks.

For all the distributions, the percentages of axles in each load range category had to be manipulated to produce the
average weight change shown in Table 5.5 for NG vehicles.
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6. Impact of Increased Truck Weights on
Pavement Damage, Costs, and Environmental
Impacts

6.1 Introduction

This part of the study produced a first-order quantification of the environmental and cost consequences that the proposed
weight limit increases for alternative fuel trucks (AFTs) would have on California’s state- and local-government-owned
pavement infrastructure. These consequences were evaluated under different AFT market penetration scenarios. Because
higher damage rates result in more frequent maintenance and rehabilitation (M&R) activities, which in turn increase
construction activity and consume more materials, the study quantified and expressed these changes in terms of the
change in greenhouse gas (GHG) emissions within the study’s analysis period. This work is Step 5 in the research approach
outlined in Section 1.2.

The study’s methodologies included life cycle assessment to determine GHG impacts, and life cycle cost analysis to
determine cost impacts. Life cycle assessment is a methodology widely used to quantify the full life cycle environmental
impacts of a product or service, and studies have shown that its application in transportation infrastructure management
has gained increased attention from federal, state, and local government agencies (22, 23, 24). Life cycle cost analysis is a
standard Caltrans procedure used to compare rehabilitation alternatives, and it is also used by most other states.

6.2 Goal, Scope and Assumptions

6.2.1 Goal and Scope

The goal of this study was to quantify the greenhouse gas emission impacts and agency costs attributable to the change in
damage to California’s publicly owned pavement infrastructure caused by proposed weight limit increases for alternative
fuel trucks. The study examined this by considering different market penetration scenarios for those trucks. The
transportation infrastructure considered included all the state and local government-owned pavements in California.

The assumed analysis period was 30 years (2020 to 2050) and the system boundaries included the following life cycle
stages: material production, transportation to site, and construction activities. The system boundary did not include the use
stage and the routine maintenance activities within that period. For the end-of-life stage, the study assumed that the old
materials were removed (concrete) or milled (asphalt) and transported to a plant for recycling. The cut-off method was
applied for allocating the end-of-life impacts, meaning that all the impacts of removal or milling, transport to the plant, and
recycling were assumed to be assigned to the downstream project. The material transportation distance for the initial
construction was assumed to be 50 miles.
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6.2.2 Modeling Approach and Assumptions

A flowchart of the analysis procedure and the modeling approach used for this study is shown in Figure 6.1. How data were
collected for the items in the figure’s upper-left and —middle boxes—AFT and market penetration data and axle load
spectra data—are discussed in Chapters 2 and 4, respectively. The distributions of axle types and axle loads for each truck
type were also explained in Chapter 5. Transportation network data were collected from the Caltrans pavement
management system for the pavements managed by the state. The pavement damage estimation was performed
separately for asphalt and concrete pavement using two software programs: CalME (25) was used for the analysis of
asphalt pavements and AASHTO Pavement ME (26) was used for concrete pavements. The life cycle inventory and life cycle
impact assessment data needed for the life cycle assessment were taken from the UCPRC Life Cycle Inventory

Database (27).
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Alternative Fuel Truck (AFT) Data

¢ Market penetration and fleet
composition during the analysis
period

e AFT weight changes compared to
conventional trucks

e Distribution of increased weight on
truck axles for each truck type

Traffic Data

e Annual average
daily traffic data for
different road types

o Traffic growth rates

Transportation Network
Data

e Length
e Cross section
e Climate

For each category (state,
county, arterial, residential)

I
v

Pavement Damage

o Due to changes in traffic load

type (asphalt or concrete)

Use CalME and AASHTO PavementME to
calculate increased pavement damage:

¢ Across different combinations of road
type, traffic level, climate and pavement

Estimate Changes in Frequency of Future
Maintenance & Rehabilitation Needs of the
Infrastructure

—» Use the changes in pavement damage results
combined with the agency decision tree to
identify changes in maintenance and
rehabilitation frequency needed to maintain
the minimum accepted level of service

weight allowed for AFTs

Quantify Changes in Costs, and Material Consumption,
Energy Needs, and GHG Emissions

o Use the results from the change in future M&R needs to
estimate increased need of materials and construction activities

o Use LCCA to calculate change in costs over life cycle across
networks and for waste facility case

o Use LCA to calculate change in need for materials, energy
sources, and GHG emissions during the analysis period across
the whole network in the state of California due to increased

A

Figure 6.1. Flowchart of the analysis procedure undertaken in this study. (LCCA is life cycle cost analysis; LCA is life cycle

analysis)
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The pavement damage module was run under seven cases: the business as usual case (BAU, based on 2020 data), and three
AFT market penetration cases repeated for the years 2030 and 2050. For each WIM spectra, the BAU pavement layer cross
section was designed to provide a 20-year service life for the state highway cases and an approximately 12-year service life
for the local government cases. The pavement cross section was then analyzed under the other six cases to calculate the
change in pavement life attributable to the axle load changes. It was assumed that the same treatment would be applied at
the end of the service life for each case.

An example pavement cross section was selected for each case to provide a first-order representation of the entire state for
that road and pavement type.

State-Owned Pavement Example Sections

The locations of the example pavement locations for the state highway network are shown in Table 6.1, along with traffic
and climate region information.

Each of these is currently an asphalt pavement. Analyzing the pavement damage under the changed axle load spectra
required the creation of pavements with typical rehabilitation treatments to be placed on the existing asphalt pavements;
therefore a typical rehabilitation asphalt overlay with an approximate 20-year design life was placed on the existing
pavement cross-section found in the Caltrans pavement management system database. The pavement structures analyzed
for each WIM spectra are shown in Table 6.2. The asphalt overlay materials used in the damage simulations met state
specifications.

For the Spectra 1 and 2 analyses, the structural overlay thicknesses were too thin to also include a structural rubberized hot
mix asphalt-gap graded (RHMA-G) surface, so it was assumed that a non-structural RHMA-open-graded (RHMA-O) surfacing
would be used to meet the Caltrans rubberized asphalt surface policy. The RHMA-O layer is not shown in Table 6.2. For the
Spectra 4 analysis, the existing asphalt layer (old hot mix asphalt [HMA]) thickness was adjusted slightly to produce a 20-
year design life for the section’s traffic and climate region. The existing asphalt pavement was assumed to have 35 percent
of its wheelpath cracked prior to placement of the overlay. These pavements were designed to provide 95 percent
between-project reliability, and the simulation was run to find the average time to cracking of the entire section for the
designs. The question the analysis sought to answer for the asphalt pavements was: How much did the changes in axle load
distribution change the lives of typical rehabilitation treatments?
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Table 6.1. Example Pavement Section Locations for the State Highway Network, Including Traffic and Climate Region

Information

WIiM Route County Post- Climate One One % # of % Trucks in gTraffic

Spectra i imile Region Direction :Direction iTrucks :lanes ithe Design i Growth
i i : : i AADT {AADTT i i Lane i Rate

182 1101 Monterey i57.60 | -Central £10.60% 2  86% £1.90%

! Coast

i Riverside i Desert :29.6%
5 ‘5 iTehama (13.00 ilnland 14,500 3,087 213% (2 £ 86% £1.40%
i i i Valley i i i i i i

Note: AADT is Average Annual Daily Traffic; AADTT is Average Annual Daily Truck Traffic.

For rigid pavements, a one-directional Average Annual Daily Truck Traffic (AADTT) was assumed to be 12,000 and WIM
Spectra 5 was assumed to design a 20-year service life, with the typical minimum portland cement concrete (PCC) thickness
assumed to be the California historical minimum design of 9 inches.

Table 6.2. Historical Asphalt Pavement Cross Sections Considered for the Five WIM Spectra for the State-Owned
Pavement Example Sections

WIM Layer Material Type from CalME Database Thickness Thickness
Spectra : : i (feet) i (inches)
WIM 1 {HMA Overlay | 2020 Standard HMA Type A Mix with PG64-XX Binder and : 0.35 (4.2

up to 15% RAP for non-PRS Projects

| Existing HMA | 2020 Standard Old HMA for non-PRS Projects

£ 2020 Standard AB-Class 2 for non-PRS Projects

Subgrade 2020 Standard SM for non-PRS Projects

: 2020 Standard HMA Type A Mix with PG64-XX Binder and 0.35 4.2
i up to 15% RAP for non-PRS Projects i :

{Existing HMA | 2020 Standard Old HMA for non-PRS Projects £0.40

WIM 2 : HMA Overlay

020 Standard AB-Class 2 for non-PRS Projects :0.40

i 2020 Standard SM for non-PRS Projects Infinite Infinite
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LY Layer Material Type from CalME Database Thickness Thickness

Spectra (feet) (inches)
W|M3RHMonerlay ..... zozostandardRHMAGfornonPRSPrOJeCtS .............................. 020 ........................ 24 ........................
............................... HMonerlayzozostandardHMATypeAMIXWIthPG64XXBmderand0506

i up to 15% RAP for non-PRS Projects i i
.................................................................... ZozostandardOIdHMAfornonPRSPrOJeCtS10012
.................................................................. ZOZOStandardCTBC|asstornonPRSPrOJectS0506
.................................................................... ZOZOStandardCLfornonPRSPrOJeCtS|nfm|te|nf|mte
W|M4 ..................................................... ZozostandardRHMAGfornonPRSPrOJeCtS .............................. 020 ........................ 24 ........................
.................................................................. zozostandardHMATypeAMIXWIthPGG4XXBmderand0506

up to 15% RAP for non-PRS Projects i i
.................................................................. 20205tandard0|dHMAfornonpRSPrOJeCtS110132
.................................................................... ZOZOStandardCTBC|asstornonpRSPrOJectS0506
.................................................................... ZOZOStandard|0Wp|astlatyc|ayf0rnonPRSPrOJectS|nf|mte|nf|mte
W|M5 ..................................................... zozostandardRHMAGfornonPRSPrOJeCtS .............................. 020 ........................ 24 ........................
.................................................................. zozostandardHMATypeAMIXWIthPGG4XXBmderand03036

i up to 15% RAP for non-PRS Projects : :
HMA ......................... zozostandardOIdHMAfornonPRSPrOJeCtS ............................. 075 ........................ 9 ............................
................................. ABZOZOStandardABC|asszf0rnonPRSPrOJectS0506
................................. SubgradeZOZOStandard|0Wp|astlatyc|ayf0rnonPRsprojects|nfm|te|nf|mte

Note: HMA is hot mix asphalt; RHMA G is rubberized hot mix asphalt gap-graded; AB is aggregate base CTB is cement- treated base; PRS
is performance-related specifications; RAP is recycled asphalt pavement.

To produce cross-sections that are similar to Caltrans concrete pavement designs from the 1980s, alternative concrete
sections were designed using design criteria from that period for each of the examples’ existing asphalt sections shown in
Table 6.1. These were intended to represent typical existing concrete pavement structures in the state network. Only the
heavier WIM spectra—Spectra 3, 4, and 5—were analyzed for concrete pavement. Concrete pavements have historically
had a minimum concrete thickness regardless of truck traffic, so it was therefore not expected that the estimated axle load
distribution changes would affect concrete pavements for WIM Spectra 1 and 2. Consequently, these spectra were not
analyzed.

The alternative concrete pavement structures, shown in Table 6.3, were designed to have an approximately 50 percent
chance of having 15 percent cracked slabs in 20 years. Many existing older Caltrans concrete pavements have structures
that are similar and were designed for 20 years of life but have provided much longer service. The intention behind
developing these example pavement designs was to examine the effects of the changed axle load spectra on these older
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concrete pavements. Other than undergoing one or two grinding treatments for smoothness and periodic replacement of a
small percentage of broken slabs, concrete pavements do not typically undergo repeated structural treatments after initial
construction and remain in place until they are eventually replaced or subjected to a major rehabilitation. Therefore, the
question posed for the concrete pavements in this study was: How much does the changed axle load distribution change
the life of the original pavement? It must be emphasized that the example asphalt and concrete pavement sections used in
this study were designed differently and cannot be compared with each other.

Table 6.3. Concrete Pavement Cross Sections for Each WIM Spectra

WIM Spectra Layer Thickness (ft) Thickness (inches)
WIM 3 fpcc £0.79
fcTB £0.50

i AB £1.00

i Subgrade i Infinite

WIM 4 fpcc 10.83

fcTB £0.50

£1.00

Infinite

075 ...........................................
............................................................. CTBOSO
ABlOO ..............................................
SUbgradelnﬁmte .........................................

Note: PCC is portland cement concrete CTB is cement- treated base (treated the same as Iean concrete base in the design program); AB is
aggregate base.

The Caltrans highway network consists of approximately 37,000 lane-miles (74 percent) of asphalt pavement and

13,000 lane-miles (26 percent) of concrete pavement (28), totaling just under 50,000 lane-miles. Table 6.4 and Table 6.5
show the approximate breakdown by WIM spectra and pavement type (concrete, asphalt) of the state network centerline-
miles, with the WIM spectra shown for the outside lane that carries the most trucks. These data are taken from the Caltrans
pavement management system databases maintained by the UCPRC.
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Table 6.4. Approximate Breakdown of State Highway Centerline-Miles by WIM Spectra and Pavement Type

WIM Spectra i HMA i PCC : Total :% of Total
: : :  (Statewide)

Note: HMA is hot mix asphalt PCCis portland cement concrete

Table 6.5. Approximate Breakdown of State Highway Centerline-Miles by Pavement Type Only

Statewide HMA PCC Total
Center-line miles 8 578 £4,438 £13,016
% of Total 66% 34% 100%

Notes: HMA is hot mix asphalt PCCis portland cement concrete

Local Government-Owned Pavement Example Sections

Table 6.6 shows the county- and city-owned and functional-type breakdowns by lane-miles for paved roads from the 2018
California Statewide Local Streets and Roads Needs Assessment report (29).

Table 6.6. Ownership and Functional Type Breakdown by Lane-Miles for Local Government Pavements (29)

Local Urban Urban Rural Rural Total
Agency iMajor iMinor Major iMinor

Type H H H H

Cities 82,376 111,142 1,751 2,852 198,121

Example pavements were developed for the Rural Major, Urban Major, and Urban Minor categories. The Rural Minor
category was assumed to be similar to the Urban Minor category in terms of the change in damage from the change in axle
loads because both types are damaged primarily by exposure to the environment rather than by truck loads. Cross section
details of the example Rural Major (County) road, Urban Major (City Arterial) street, and Urban Minor/Rural Minor
(Residential) street, and the waste-hauling facility road are shown in Table 6.7.
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The following assumptions were made for the functional road types:

All local government roads were assumed to be asphalt because more than 95 percent of the local government
lane-miles in the state are asphalt surfaced.

The asphalt overlays were designed to last approximately 12 years for the Rural Major/County Road and Urban
Major/City Arterial examples, but different traffic indexes were assumed for each. (Traffic index is a typical method
for characterizing truck traffic used in historical Caltrans pavement design methods.)

For the Rural Major/County Road, light truck traffic was assumed (a 20-year traffic index of 9); and for Urban
Major/City arterials, very light truck traffic (a traffic index of 8) was assumed.

The WIM Spectra 1 axle distribution typical of urban areas and lower truck-traffic—volume rural roads was also
assumed for both road types.

The existing asphalt pavement was assumed to have 35 percent of its wheelpath cracked prior to placement of the
overlay. These pavements were designed to provide 95 percent between-project reliability to the 12-year design
life.

It was also assumed that the overlays were built with an asphalt material typically used by local governments.

The question this analysis aimed to answer for these asphalt pavements was: How much does the changed axle
load spectra change the life of typical rehabilitation treatments? This is the same question asked about the asphalt
overlays on state highways.

The following assumptions were made for the residential streets:

Residential streets were analyzed using their original structure, and the analysis only considered waste-hauling
trucks that were converted to natural gas.

The analysis used the axle load spectra for this case discussed in Chapter 5.

It was assumed that one waste-hauling truck uses a residential street each week, and that this street type
generally fails because of damage caused by exposure to the environment, not by once-a-week exposure to a
waste-hauling truck. For this reason, instead of examining an overlay, the analysis examined the original
pavement’s change in life due to the change in the waste-hauling truck’s axle loading.

If a change in axle load distribution did not cause the pavement to fail in less than 20 years, this would indicate
that the pavement would fail because of environmental exposure rather than truck loading.

The following assumptions were made for the waste facility road:

The case for a pavement that leads into and out from a waste collection facility was only analyzed for waste-
hauling trucks converted to natural gas, and the analysis used the axle load spectra changes for this case discussed
in Chapter 5.

The existing asphalt pavement was assumed to have 35 percent of its wheelpath cracked prior to placement of the
overlay. An asphalt overlay was designed for a 12-year life assuming 95 percent between-project reliability, and
the average time-to-cracking of 12 years was used for the designs.

It was assumed that the overlay was built with an asphalt material typically used by local governments. It was
assumed that 70 fully loaded waste-hauling trucks entered the waste facility each day and that the same number
of identical vehicles exited it empty each day.

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges

64



Table 6.7. Cross Section Details for County Roads, Arterials, and Residential Roads

Road Category # Type Material Thickness Thickness
(feet) (inches)
Rural Major 1 HMA Overlay WesTrack FMH with Phi 0.8 0.25 3
(County Road)
2 Existing HMA 2020 Standard Old HMA for non-PRS 0.50 6
Projects
3 AB 2020 Standard AB-Class 2 for non-PRS 0.80 9.6
Projects
4 Subgrade 2020 Standard low plasticity clay for non- Infinite Infinite
PRS Projects
Urban 1 HMA Overlay WesTrack FMH with Phi 0.8 0.15 1.8
Major/City
Arterial
2 Existing HMA 2020 Standard Old HMA for non-PRS 0.30 3.6
Projects
3 AB 2020 Standard AB-Class 2 for non-PRS 0.80 9.6
Projects
4 Subgrade 2020 Standard low plasticity clay for non- Infinite Infinite
PRS Projects
Urban Minor, 1 HMA WesTrack FMH with Phi 0.8 0.25 3
Rural Minor
(Residential)
2 AB 2020 Standard AB-Class 2 for non-PRS 0.50 6
Projects
3 Subgrade 2020 Standard low plasticity clay for non- Infinite Infinite
PRS Projects
Waste-hauling 1 HMA Overlay WesTrack FMH with Phi 0.8 0.5 6
Facility
2 Existing HMA 2020 Standard Old HMA for non-PRS 0.5 6
Projects
3 AB 2020 Standard AB-Class 2 for non-PRS 1.0 12
Projects
4 Subgrade 2020 Standard low plasticity clay for non- Infinite Infinite

PRS Projects

Note: HMA is hot mix asphalt; AB is aggregate base; CTB is cement treated base; FMH is fine mix with medium asphalt content and high

air-voids from the FHWA WesTrack experimental test track.

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges

65



6.3 Results

6.3.1 Pavement Performance

Table 6.8 shows the results of the CalME pavement cracking performance simulations for the state highway, Rural
Major/County road, and Urban Major/City Arterial asphalt pavement cases. The table shows the change in service life of the
asphalt example pavement sections for each change in axle load spectra and example pavement case for 2030 and 2050
axle loads versus the 2020 WIM spectra. The table also shows the weighted averages for the 2030 and 2050 results
prorated for the 10 years from 2020 to 2030 and the 20 years from 2030 to 2050.

The results indicate that there is no discernible difference in expected pavement performance, with the calculated
differences being so small that they are zero when rounded up to an appropriate number of significant digits. These results
were anticipated based on the results from Chapters 2 and 5. The market penetrations of alternative fuel trucks are small
up to 2030, when the new technologies are still relatively heavy; and the battery electric and fuel cell technologies are
expected to be considerably lighter by 2050, when market penetrations are high. Pavement damage is also limited because
it is especially driven by the heaviest axle loads, rather than gross vehicle weight. AB 2061 is not increasing axle weight
limits and very few axles are currently at or above the current axle load limits where increases due to new propulsion
technologies will be most damaging. In addition, on short-haul and long-haul, which are tractor-trailer combination
vehicles, only the tractor axles will have axle load changes, and almost none of the loads on the many trailer axles in the
spectra are expected to change, diluting the effects of axle load changes on overall pavement damage. Natural gas vehicles
are not expected to make up much of the truck market in the three scenarios considered for the state highway network.
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Table 6.8. Percent Change in Service Life vs. 2020 WIM Spectra for Asphalt Pavements for Each AFT Scenario and WIM Spectra for State-Owned Highways and Local

Government-Owned County Roads and Arterials

Case Year Yearsto 5% AFT Years to 5% Years to 5% % Change in % Change in Weighted
Cracking Penetration Cracking 2030  Cracking 2050 Life 2030 vs. Life 2050 vs. Average %
Scenario Spectra Spectra 2020 2020 Change in life
vs. 2020
State Highway Spectra 1 2020 22.1 1 22.1 22.1 0% 0% 0%
State Highway Spectra 2 2020 20.5 1 20.5 20.5 0% 0% 0%
State Highway Spectra 3 2020 233 1 233 233 0% 0% 0%
State Highway Spectra 4 2020 215 1 215 215 0% 0% 0%
State Highway Spectra 5 2020 21.2 1 21.2 21.2 0% 0% 0%
Urban Major/Arterial 2020 11.2 1 11.2 11.2 0% 0% 0%
Rural Major/County 2020 13.1 1 13.1 13.1 0% 0% 0%
State Highway Spectra 1 2020 22.1 2 221 221 0% 0% 0%
State Highway Spectra 2 2020 20.5 2 20.5 20.5 0% 0% 0%
State Highway Spectra 3 2020 23.3 2 23.3 23.3 0% 0% 0%
State Highway Spectra 4 2020 21.5 2 21.5 21.5 0% 0% 0%
State Highway Spectra 5 2020 21.2 2 21.2 21.2 0% 0% 0%
Urban Major/Arterial 2020 11.2 2 11.2 11.2 0% 0% 0%
Rural Major/County 2020 13.1 2 13.1 13.1 0% 0% 0%
State Highway Spectra 1 2020 22.1 3 22.1 22.1 0% 0% 0%
State Highway Spectra 2 2020 20.5 3 20.5 20.5 0% 0% 0%
State Highway Spectra 3 2020 233 3 233 233 0% 0% 0%
State Highway Spectra 4 2020 215 3 21.5 21.5 0% 0% 0%
State Highway Spectra 5 2020 21.2 3 21.2 21.2 0% 0% 0%
Urban Major/Arterial 2020 11.2 3 11.2 11.2 0% 0% 0%
Rural Major/County 2020 13.1 3 13.1 13.1 0% 0% 0%

Note: For AFT scenarios, 1 is high market penetration scenario, 2 is baseline market penetration scenario, 3 is low market penetration scenario; see Chapter 2 for details.
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The pavement cracking performance simulation results from Cal/ME for Urban Minor/Residential streets showed that the
change in axle loads for waste-hauling trucks converted to natural gas did not change the damage caused by the trucks
much, and the truck-traffic—related cracking-life was still well above 20 years. This means that these pavements will
continue to crack because of exposure to the environment rather than because of traffic.

The pavement cracking performance simulation results from CalME for the waste facility access road are shown in

Table 6.9. The results indicate that the heavier, loaded trucks using the inbound lane would reduce the pavement cracking
life by approximately 5 percent when the trucks are fitted with a 500-lb natural gas tank, and by approximately 13 percent
when the trucks are fitted with a 2,000-lb natural-gas tank. The same trucks would not reduce the cracking-life of the
outbound lane when they travel empty enough to change the cause of cracking from environmental exposure to truck
loading.

Table 6.9. Service Life Change from CalME simulation for Waste Facility Access Road for Different Truck Types

Truck Type Inbound-ICE Inbound-NG- Inbound-NG- Outbound-ICE Outbound- Outbound-
{ i 500 i 2000 i NG-500 i NG-2000

Service Life 10.7 110.2 9.3 >40 >40 35.6

Percent Change 0% -5% -13% 0%* 0%* 0%*

vs. BAU (ICE) i i i i i

* Overlay will fail from environmental exposure many years prior to this.
Note: ICE is internal combustion engine, which is diesel for waste-hauling trucks; NG-500 is a 500-lb natural-gas tank for shorter-haul
trucks; NG-2000 is a 2,000-lb natural-gas tank for longer-haul trucks.

Table 6.10 shows the percent changes in cracking-life obtained with Pavement ME for the concrete state highway
pavements for the expected changes in axle load spectra in 2030 and 2050 compared to the 2020 baseline spectra. The
expected pavement life changes are very small. Historically, concrete pavements are better at carrying heavy loads for
longer periods than asphalt pavements, but they are also somewhat more sensitive to the few heaviest loads than asphalt
pavements. The very small decreases in cracking shown in the table are likely due to interactions between the very small
changes in the axle load spectra and climate, structure, and load position variables in the simulations, and can be
considered to be noise.

The weighted averages for the changes in simulated cracking-life for the 2030 and 2050 results prorated for the time from
2020 to 2030 and from 2030 to 2050 are shown in Table 6.11. All the results indicate a less than one percent reduction in
cracking-life, which is less than the uncertainty in the results from the assumptions made for the analyses. As for the
asphalt pavement analyses, except for the waste facility access road, the negligible effects on concrete pavement cracking
life can be expected based on the analyses of the axle load distributions in Chapter 5. The absence of any strong effects on
cracking-life can be attributed to several factors. First, the new technologies have low market penetrations in 2030, the
time they add the most weight. Second, the technologies have improved by 2050, when their market penetrations are high.
And third, the effects of the alternative fuel technologies’ increased weight have been diluted by the large numbers of axle
loads on trailers and on the rear axles of medium-duty trucks that were unaffected or relatively unaffected by the changes
in fuel technology.
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Table 6.10. Percent Change in Cracking vs. 2020 WIM Spectra for Concrete Pavements for Each AFT Scenario and WIM
Spectra for State-Owned Highways Based on Pavement ME

Case Year : AFT Penetration : Age Age Percent of % Change in
Scenario (years) (months) Slabs Cracking vs.
Cracked 2020 Data

State Highway Spectra 3 2020 19 226 15.16

State Highway Spectra 3 2030 :1 19 226 15.28 0.8%
State Highway Spectra 3 2030 :2 19 226 15.18 0.1%
State Highway Spectra 3 2030 :3 19 226 15.12 -0.3%
State Highway Spectra 3 2050 :1 19 226 15.33 1.1%
State Highway Spectra 3 2050 :2 19 226 15.33 1.1%
State Highway Spectra 3 2050 :3 19 226 15.3 0.9%
State Highway Spectra 4 2020 24 288 15.03

State Highway Spectra 4 2030 :1 24 288 15.08 0.3%
State Highway Spectra 4 2030 :2 24 288 15 -0.2%
State Highway Spectra 4 2030 :3 24 288 14.98 -0.3%
State Highway Spectra 4 2050 :1 24 288 15.14 0.7%
State Highway Spectra 4 2050 :2 24 288 15.14 0.7%
State Highway Spectra 4 2050 :3 24 288 15.12 0.6%
State Highway Spectra 5 2020 24 287 15.25

State Highway Spectra 5 2030 :1 24 287 15.31 0.4%
State Highway Spectra 5 2030 :2 24 287 15.2 -0.3%
State Highway Spectra 5 2030 :3 24 287 15.13 -0.8%
State Highway Spectra 5 2050 :1 24 287 15.36 0.7%
State Highway Spectra 5 2050 :2 24 287 15.36 0.7%
State Highway Spectra 5 2050 :3 24 287 15.33 0.5%
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Table 6.11. Percent Change in Service Life vs. 2020 WIM Spectra for State-Owned Concrete Pavements for Each AFT
Scenario and WIM Spectra

Case AFT Penetration Scenario Weighted Average % Change in Service Life vs.
: £ 2020

State Highway Spectra 3

State Highway Spectra 4

State Highway Spectra 5

Overall, the analyses of the effects of increased axle loads from alternative fuel truck implementation based on pavement
damage simulation indicated that none of the scenarios for implementation will result in significant increases in damage to
pavements. The analyses also indicated that where there is complete implementation of an alternative fuel technology that
increases all or a large portion of the axle loads, then the specific pavement should be analyzed to determine what the
change in damage will be. This situation occurred in the case where only natural gas-fueled waste-hauling trucks arrived
loaded at a waste facility (that is, there were no other trucks fueled by diesel or other fuel types), and they were the only
ones used on the road.

6.3.2 Life Cycle Cost Analysis
State and Local Pavement Network Costs

A life cycle cost analysis for the potential range of costs resulting from the increase in damage caused by implementing
alternative fuel trucks used a 10-year analysis period and constant 2018 dollars. Applying the pavement damage analyses
shown earlier in this chapter, the range of damage was assumed to be between zero and one percent for both the state and
local networks. Estimates of expected annual spending on pavements by California state and local governments over the
10-year period are shown in Table 6.12 and Table 6.13, respectively.
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Table 6.12. California Transportation Asset Management Plan Estimate of Annual State Highway System Pavement
Spending (30)

Annual Spending for Local Pavement Rehabilitation, Preservation,

Government-Owned Pavements and Maintenance ($ billion)

PrESBl .............................................................. 11 .....................................................................................
531 ....................................................................... 10 .....................................................................................
Tota|post531 ................................................. 21 .....................................................................................

Note: SB1 is Senate Bill 1, Road Repair and Accountablllty Act of 2017; SB1 indicates funding provided by the bill, post-SB1 indicates
expected spending after the bill.

Table 6.13. Local Streets and Roads Report and California Transportation Asset Management Plan Estimates of Annual
Local Government Pavement Spending (29, 30)

Annual Spending for Local Local Streets and Roads Report ($ California Transportation Asset
Government Pavement billion) Management Plan ($ billion)
PreSBl ............................................................ 209 ..................................................................... 198 ....................................................................
SBl ....................................................................... 094 .................................................................... 135 ....................................................................
Tota|post531 ................................................. 308 ..................................................................... 333 ....................................................................

Note: SB1 is Senate Bill 1, Road Repair and Accountablllty Act of 2017. SB1 indicates fundlng provided by the bill, post-SB1 indicates
expected spending after the bill.

Based on these estimates, it is projected that the annual increase in costs in constant 2018 dollars for pavement damage
will be between S0 and $21 million for the state highway network, and between $0 and $33 million for the local roads
network. Cost increases for the local roads network, if there are any, are expected to be focused in the counties that
currently have the highest vehicle miles traveled, as discussed in Chapter 4: Los Angeles, San Bernardino, Riverside, San
Diego, Orange, Alameda, Kern, Fresno, Santa Clara, Sacramento, and Contra Costa.

Improved pavement construction quality, design, management, and materials over the next 10 to 30 years will easily
compensate for the expected maximum one percent increase in cost from the alternative fuel trucks and the projected
increased costs on both the state and local networks.

Waste Facility Costs

For the waste facility access road, the change in pavement cracking life from the conversion of waste-hauling trucks ranged
from zero to about 15 percent, with the specific amount varying according to the pavement structure, the size of the
natural gas fuel tanks used, and whether the trucks are loaded or unloaded. This will result in, at most, an approximate

18 percent increase (1/0.85) in life-cycle overlay costs, in constant dollars, if the same treatments are applied. If the
pavements are given increased capacity with their next overlay, this increase in damage can be compensated for with
slightly increased overlay thicknesses that would likely result in a less than 18 percent cost increase because of returns to
scale for pavement construction costs.
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6.3.3 Life Cycle Assessment of Environmental Impacts

Life cycle assessment (LCA) principles were used to calculate a first-order estimate of the greenhouse gas emission impacts
of a maximum one percent increase in pavement damage across the state and local networks. They were calculated for
each combination of road category, pavement type, and traffic level for the most aggressive alternative truck fuel scenario:
a one percent increase in the amount of material required for construction of each base case for 2020 and current traffic.

This analysis used the UCPRC life cycle inventory to calculate the GHG emissions of cradle-to-gate material production
(defined per kilogram of material based on the mix design; from resource extraction to leaving the factory gate), of
transportation to the construction site (based on the total amount of materials in kg and assuming a 50-mile transport
distance), and of the required construction activities based on lane-miles of road to be constructed. As stated earlier, the
use stage is not included and the cut-off method was used for the end-of-life impacts (pulverization, transport to plant, and
recycling impacts were all assigned to the downstream project that will use the recycled materials later). The GHG intensity
of 10 cubic meters of material—including materials production, transport, and construction for HMA and PCC materials—is
shown in Table 6.14.

The GHG increase results are shown in Table 6.15. This analysis assumed an annual one percent increase in materials use in
the outside lanes of state highways (approximately 26,000 lane-miles (calculated as the double of total center-line miles in
Table 6.4) and all lanes of local roads (Table 6.6). The results indicate that over the 30-year analysis period from 2020 to
2050, the total increase in GHG from the increased pavement treatments is about 1,147 kilotons (kT) CO2-e. When this is
divided by 30 years, the result is an approximate 38-kT per-year increase. This can be compared with the results from

Table 2.10 in Chapter 2, which showed that the most aggressive alternative fuel truck replacement implementation
scenario resulted in 7 percent and 87 percent reductions in truck GHG emissions across the state in 2030 and 2050,
respectively, compared with the 2020 baseline of 39,600 kT CO2-e, or approximately 2,400 kT and 34,000 kT COz-e less each
of those years, respectively. Therefore, the reductions in vehicle emissions are approximately 60 and 900 times greater
than the increases in pavement emissions for those two years, with other years expected to fall within that range.

It must be noted that the calculations shown above only consider the GHG reductions for the heavier, pavement-damaging
trucks discussed in Chapter 2. The calculations do not consider the large numbers of additional lighter trucks discussed in
Chapter 3. Introduction of these lighter trucks are expected to produce GHG reductions when they are converted to
alternative fuels, but they will not produce any significant pavement damage—regardless of their fuel type. If the relative
amount of GHG reductions attributable to those lighter trucks being converted to alternative fuel were compared with GHG
increases due to increased pavement work, the benefits realized would be much greater than those calculated here.

Since the total length of the roads to waste facilities was unknown, Table 6.15 does not consider emissions from the
increase in capacity of waste-hauling facility roads, although it will be insignificant compared with the results for the state
and local networks.
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Table 6.14. Global Warming Potential (GWP) of 1 lane-kilometer of Treatment with a Thickness of 1 cm (10 cubic meters
of material) (27)

Item Life Cycle Stage GWP

[kg CO2-€]
HMA Material 4.67x10°
HMA Transport 5.54 x 10°
HMA Construction 3.49x 10°
PCC Material 1.35 x 10°*
PCC Transport 1.09 x 10°
PCC Construction 1.05 x 10°
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Table 6.15. Total Life Cycle (2020 to 2050) Pavement Treatment GHG Emissions for Treatment and Consequential Increase in Treatments Due to 1% Annual Increase
in Pavement Damage from AFT Implementation

Road WIiM Pavement Material Transport CO2- Construction Total Average Number Increase in Total GHGs in Life

Type Spectra  Type COz-e (kT) per e (kT) per CO:z-e (kT) per CO:.e (kT) per  of Treatments in Cycle for 1% Annual Increase in
Treatment Treatment Treatment Treatment 30-Year Period Damage from AFT (kT COz-e)

2020-2050

State 1 Asphalt 413 49 31 493 1.5

State 2 Asphalt 490 58 37 585 1.5

State 3 Asphalt 1,187 141 89 1,416 1.5 21

State 4 Asphalt 413 49 31 493 1.5

State 5 Asphalt 258 31 19 308 1.5

State 3 Concrete 658 154 15 827 15 12

State 4 Concrete 698 57 5 760 15 11

State 5 Concrete 1,157 94 9 1,260 1.5 19

County 1 Asphalt 36,990 1,518 955 39,463 2.5 987

Arterial 1 Asphalt 2,282 271 170 2,723 2.5 68

TOTAL 413 49 31 493 1,147

Note: One Treatment in Life Cycle x Lane-Miles with 2020 WIM Spectra.
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7. Summary, Conclusions, and Recommendations

7.1 Summary

The study presented in this report was performed to provide the California Legislature and other policy makers with
conceptual-level estimates, from 2020 to 2050, of the effects of vehicle fleet changes on road and bridge infrastructure, and
the costs and greenhouse gas emissions related to those infrastructure effects. The study also compares the relative size of
impacts on cost and GHG emissions stemming from ownership and operation of alternative fuel vehicles vs. those
stemming from infrastructure changes that will be necessitated by the operation of those vehicles, which are heavier than
internal combustion engine vehicles. Legislators and others can now consider these conceptual-level estimates for policy
development.

To complete the study, weight-change and greenhouse-gas-reduction estimates were made for the heavier internal-
combustion-engine truck types in current use (diesel-powered short-haul tractor-trailers and long-haul tractor-trailers, and
medium-duty trucks powered by gasoline and diesel) after their conversion to the three alternative fuel types (battery
electric, fuel cell, and natural gas) projected to be in use over the 2020 to 2050 analysis period. The study generated these
estimates using models developed by the Institute of Transportation Studies at UC Davis (ITS-Davis); those estimates, which
are attributable to vehicle fuel use, appeared in Chapter 2. In making the calculations, the study considered the baseline
year of 2020 and the years 2030 and 2050 as milestones for the analyses and inferred the results for the years between
2030 and 2050 from those milestone years. Once the calculations were completed, they revealed a significant difference
between the VMT estimate based on EMFAC2014 presented in Chapter 2 and the VMT estimate based on the California
Statewide Travel Demand Model (CSTDM) discussed in Chapter 3. The source of the VMT difference was attributed to a
difference between the scope of the data in the EMFAC2014 and the scope of the CSTDM. The latter is likely a more
comprehensive estimate of statewide truck VMT because it appears to include additional medium-duty truck types, and it
also includes light-duty trucks, which are not included in the EMFAC2014 data.

Three market penetration scenarios were created for implementation of these new technologies: baseline, low, and high.
The baseline scenario was based on the California Air Resources Board Advanced Clean Truck proposed regulation (31). In
this scenario, sales in 2050 of zero emission vehicle (ZEV) short-haul and medium-duty urban trucks reach 100 percent
market penetration, and sales of long-haul trucks reach 80 percent; further, in this scenario 10 percent of the vehicles are
powered by battery electric and 90 percent are powered by fuel cells. The low market penetration scenario has half the
number of ZEVs in the total truck stock—considering year-to-year sales—than the baseline scenario. The high market
penetration scenario had 1.5 times the baseline scenario’s number of ZEVs in the truck stock in 2030.

Well-to-wheel (complete fuel cycle) greenhouse gas emissions reductions for the entire fleet in 2030 and 2050 were
calculated and compared with 2020, and included consideration of changes in the numbers of vehicles on the road and the
miles they would travel in 2030 and 2050, as well as the truck types. The differences in emissions from differences in vehicle
production, including production of the propulsion systems, were not considered in the model. Changes in the cost per
truck, in constant dollars, were also estimated.

Chapter 3 presents the results of the estimation of freight flows on the entire state road transportation network. To
estimate where the zero emission vehicles would be distributed in the state, future changes in vehicles miles traveled
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(VMT) were estimated for different counties using the California Statewide Travel Demand Model (CSTDM). The results
showed that 11 out 58 (19 percent) of the state’s counties are expected to receive about 75 percent of the state’s truck
VMT, with these percentages staying unchanged in each of the years considered. It was reasonable to expect that the
market penetration of ZEVs in the state would follow a similar distribution.

Chapter 4 presents a summary of a national study on the expected damage and resultant costs from allowing heavier
vehicles to use highway bridges, and extrapolation of the results to the California bridge system. The results provide a first-
order estimate of the cost of a 2,000-Ib axle load increase on California’s approximately 12,400 state-owned and 13,300
locally-owned bridges, based on results extrapolated from the national FHWA Comprehensive Truck Size and Weight Limits
(CTSW) study that examined the effects of increased axle loads on bridge damage and repair costs.

Chapter 5 presents the process and results of using the AFT market penetration scenarios and AFT weight changes from
Chapter 2 to create new axle load spectra that consider AFT axle weights and market penetration together. Axle weight
changes on the three truck types and for the three alternative fuel truck (AFT) market penetration scenarios were used to
adjust truck axle load spectra from 2020 (using 2018 data) and to create the spectra projected for 2030 and 2050. The
baseline axle load spectra data came from the Caltrans Weigh-In-Motion (WIM) system that measures axle loads and truck
types on the state’s highways. UCPRC uses these same data: (a) to periodically update the Caltrans pavement management
system’s truck load data; and (b) for the software programs Ca/ME and Pavement ME, which are used to design Caltrans’s
asphalt- and concrete-surfaced highways, respectively. To make use of the axle load spectra data for this study, they were
prepared in those programs’ input formats to simulate asphalt and concrete pavement damage. These programs’
simulations include consideration of hourly truck flows for urban and rural areas.

The resulting axle load spectra estimates for 2030 and 2050 showed very small increases in axle loads for each year. This
occurred because of low market penetrations in 2030, when battery electric and fuel cell technologies were estimated to
increase axle loads, and because of technological improvements by 2050 that reduced the axle loads of alternative fuel
trucks when their market penetration was much higher. The potential for truckers to increase their payloads when
alternative propulsion systems become lighter after 2030 was not considered important because most of the
implementation is occurring in short-haul and medium-duty trucks, few of which operate near current axle load limits, and
because AB 2061 does not increase axle load limits.

Axle load spectra were also prepared for a scenario with waste-hauling trucks converted to natural gas from diesel. In the
scenario, current waste-hauling trucks had increased weights of 500 and 2,000 Ibs. when converted to natural gas. The
simulations included empty, full, and half-loaded trucks on residential streets, empty trucks leaving a waste-handling
facility, and full trucks arriving at the facility.

Chapter 6 presented the results of pavement damage simulations for example pavements for the following cases:
e State highways with asphalt surfaces and five different baseline typical axle load spectra, compared with the
estimated spectra for 2030 and 2050 under the three alternative fuel truck (AFT) market penetration scenarios

e State highways with concrete surfaces and the three heaviest baseline typical axle load spectra, compared with
estimated spectra for 2030 and 2050 for the three AFT market penetration scenarios

e Asphalt-surfaced Urban Major/Arterial streets with a typical baseline axle load spectra, compared with estimated
spectra for 2030 and 2050 for the three AFT market penetration scenarios
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e Asphalt-surfaced Rural Major/County road with a typical baseline axle load spectra, compared with estimated
spectra for 2030 and 2050 for the three AFT market penetration scenarios

e Asphalt-surfaced residential street assuming a baseline waste hauling truck, compared with 500 and 2,000 Ib.
increases after conversion to natural gas

e Asphalt-surfaced waste facility access road assuming a baseline waste hauling truck, compared with 500 and
2,000 lb. increases after conversion to natural gas

The asphalt-surface pavement simulations were performed using CalME and the concrete-surface pavement simulations
were performed using Pavement ME, which are the respective software programs used by Caltrans. The example asphalt
and concrete pavement sections were designed differently and cannot be compared with each other. Damage to the
asphalt sections was evaluated by examining the damage to their rehabilitation overlays; this approach was taken because
the periodic application of overlays is the typical method used to restore asphalt pavement performance. Unlike asphalt
pavements, once a concrete pavement is built, it typically does not require much maintenance or rehabilitation until it
reaches the end of its life, when it is then partly reconstructed; consequently, the concrete sections in this part of the study
were evaluated by examining the damage to the lives of existing concrete pavements.

7.2 Conclusions

The following conclusions were drawn from the results of the entire study:
e  From Chapter 2, Alternative Vehicle Weights and Pathways for Implementation:

o Compared with 2020 conventional trucks, the additional weight for battery electric trucks will be greater in
2030 than in 2050; short-haul and medium-duty trucks are estimated to have very small weight increases by
2050 compared to conventional 2020 trucks, while long-haul truck weights are estimated to have increased
in 2050 compared with 2020, but not by as much as in 2030.

o Weight increases for 2030 fuel cell trucks are expected to be smaller than those for battery electric trucks,
and by 2050 both fuel cell and battery electric fuel systems show significant reductions for all truck types,
including long-haul trucks; by 2050, short-haul trucks are actually expected to be lighter than in 2020.

o In addition to weight reductions for battery electric trucks from 2030 to 2050, truck ranges are also
expected to increase, contributing to market penetration.

o Natural gas vehicle weights are expected to increase by 500 to 2,000 Ibs. and to remain constant because
the weight of the new, heavier fuel tanks will not change over time; this range of increase is about half of
that of 2030 battery electric trucks and similar to that of 2030 fuel cell trucks.

o In 2030 it will cost more to purchase alternative fuel trucks than diesel trucks, especially fuel cell and battery
electric trucks (up to 45 percent more for battery electric trucks). By 2050, it is expected that the costs of
fuel cell and battery electric trucks will be closer to those of diesel trucks, except for long-haul battery
electric trucks, which are expected to remain expensive. The study did not consider the costs of fuel and
maintenance.

o Converting the state truck fleet to alternative fuel trucks by 2030 is expected to lower the annual propulsion
life cycle, or well-to-wheel, greenhouse gas emissions from truck vehicle miles travelled between 3 and
7 percent compared to business as usual (the current level of implementation), depending on the market
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penetration scenario. By 2050, the conversion is expected to reduce annual emissions between 16 and
87 percent compared to business as usual, again depending on the scenario.

In converting the state truck fleet to alternative fuel trucks, the net annual propulsion life cycle, or well-to-
wheel, CO2z-e reduction estimated for the most aggressive market penetration scenario is approximately
2,700 KT of CO2-e by 2030 and 34,000 kT by 2050. The net annual reduction estimated for the least
aggressive scenario is approximately 1,200 kT by 2030 and 6,300 kT by 2050. For comparison, the entire
transportation sector’s emissions in 2016 were about 175,000 kT, or 41 percent of the total for the entire
California economy. While these numbers are not directly comparable because the numbers of vehicle miles
travelled by trucks is expected to increase in 2030 and 2050, it provides an indication of the order of
magnitude of the reduction that the conversion can achieve.

These estimates do not include reductions of CO»-e from a portion of the medium-duty trucks operating in
the state, and they do not include any of the light-duty trucks.

e  From Chapter 3, Estimating Freight Flows in California 2020 — 2040:

o

Using estimates based on the California Statewide Travel Demand Model (CSTDM), the total estimated VMT
for the 2015 base year on all the state and local roads in California is approximately 50 million miles per day
for heavy-duty trucks, and about 32 and 25 million miles per day for medium- and light-duty trucks,
respectively. It should be noted that the CSTDM and the ITS Davis alternative fuel truck implementation
model define long-haul trucks similarly, but the CSTDM considers all medium-duty and light-duty trucks,
while the ITS Davis model only considers some medium-duty trucks and no light-duty trucks. It should also
be noted that the CSTDM also only extends to 2040 and this study included estimates to 2050.

The California Statewide Travel Demand Model (CSTDM) indicates that light- and medium- trucks dominate
local and arterial roads in terms of VMT, but it also indicates that on highways and freeways the VMT of
heavy-duty trucks exceeds the combined VMT of the lighter trucks by more than 20 percent. The faster
growth of light-duty truck VMT compared with medium-duty truck VMT is due in part to the expected
growth in residential last-mile—type deliveries compared with current use of medium-duty trucks for last-
mile hauling to retail stores. The effects of using light-duty trucks on residential streets were not modeled in
the pavement damage portion of this study because the axle loads are too light to have much impact, if any.

Eleven out 58 of the counties in California are expected to receive about 75 percent of the state’s truck
VMT, with these percentages remaining unchanged in the years considered. It is expected that the market
penetration of the AFTs in the state will follow a similar distribution.

e  From Chapter 4, Effects of Increased Axle Loads on Bridges:

(¢]

Extrapolation of the national CTSWL study on the effects of increased truck weights on bridge condition
indicates that a first-order estimate of one-time costs to strengthen and replace bridges in California would
be about $9 million in 2011 dollars. Since costs have increased approximately 35 percent nationally from
2011 to late 2018 (32), this cost is approximately $12 million in 2018 dollars. Although this number seems
unreasonably low, no better information could be found within the scope of this project. The national study
identified the need for better models and cost estimate methods to address this problem. Because the
ability to model the effects of heavier alternative fuel trucks on bridges is very limited, the US Department
of Transportation recommends not raising weight limits on bridges until impacts can be better understood.

e  From Chapter 5, Estimation of Changes in Axle Load Distributions:
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The portion of alternative fuel trucks in the 2030 truck fleet is projected to be low, with these vehicles
making up approximately 5 to 15 percent of the fleet depending on the implementation scenario; their
percentage is expected to be much higher in 2050, when they are expected to make up 40 to 95 percent of
the truck fleet.

Between 2030 and 2050 few long-haul trucks are expected to be converted to battery electric because of
range issues; instead, they will be converted to fuel cells as their primary alternative fuel technology; a
relatively high percentage of them will retain their diesel propulsion systems compared to short-haul and
medium-duty trucks.

Short-haul and medium-duty trucks are expected to have small percentages of alternative fuel technologies
by 2030, but approximately 40 to 95 percent are expected to be converted to battery electric and fuel cell
technologies by 2050, depending on the implementation scenario; in 2050 an approximately equal split is
expected between the two alternative technologies.

Natural gas conversion is expected to be concentrated in medium-duty trucks and to peak in 2030
(compared to 2020 and 2050). At that 2030 peak, natural gas conversions are expected to be approximately
4 to 11 percent of all medium-duty trucks. In both 2030 and 2050, natural gas conversions are expected to
be less than 1 percent for the short-haul and medium-haul trucks.

The adjustments made to axle load spectra to consider (a) three market penetration scenarios in 2030 and
2050 and (b) the estimated changes in truck weights after the conversion to AFTs both resulted in only very
small differences from the baseline spectra. They were small in both years because the trailer axles that
make up a large portion of the single axles were unchanged by the fuel technology changes in both 2030
and 2050. They were also small because the proportion of trucks with alternative fuel technologies was very
small in 2030—when axle loads are heavier for the battery electric (BE) and fuel cell (FC) trucks—and
because in 2050, after the proportion of BE and FC trucks are expected to have grown, these technologies
are assumed to have become lighter.

There were negative adjustment factors (weight reductions) in some spectra in 2050 because the combined
proportions of battery electric vehicles (BEVs) and fuel cell vehicles (FCVs) had lightened the overall spectra
for Class 9 (short-haul and long-haul tractor-trailers) single-axle trucks.

e  From Chapter 6, Assessment of the Impact of Increased Truck Weights on Pavement Damage, Costs, and

Environmental Impacts:

o

The pavement damage analyses of the example state highway pavements and the county roads and urban
arterials indicated that the projected changes for implementation of AFTs in 2030 and 2050 would cause a
zero to approximately one percent increase in life reduction across all cases.

The damage analysis for residential streets only modeled for 500- to 2,000-Ib. increases in the weights of
waste-hauling trucks indicated that these pavements would continue to fail by exposure to the environment
rather than by the waste truck loading, despite the increased axle loads.

The damage analysis for an example waste facility access road modeled only for 500- to 2,000-lb. increases
in the weights of waste-hauling trucks from conversion to natural gas indicated (a) that for fully loaded
inbound trucks, the 500-lb. vehicle weight increase reduced the life of pavement overlays by approximately
5 percent and (b) that there was an approximately 13 percent reduction in life with the 2,000-Ib. vehicle
weight increase. On the outbound lane that emptied trucks use to leave the facility—a lane typically built to
the same thickness as the inbound lane—the change in axle loads did not change the pavement’s failure
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mechanism—that is, it did not change the failure mechanism from environmental exposure (its usual failure
mechanism) to truck loading.

Summarizing the results from the entire study, based on a one percent reduction in pavement life, a first-
order estimate is that the annual increase in cost for pavement will be between $0 and $21 million for the
state highway network, and S0 and $33 million for the local roads network, in constant 2018 dollars.

Any cost increases for the local road networks are expected to be focused in the counties with the current
highest truck miles traveled: Los Angeles, San Bernardino, Riverside, San Diego, Orange, Alameda, Kern,
Fresno, Santa Clara, Sacramento, and Contra Costa.

For the state and local networks, improved pavement construction quality, design, management, and
materials over the next 10 to 30 years are expected to easily compensate for the expected maximum one
percent increase in cost from the alternative fuel trucks and the projected increased costs on both the state
and local networks.

A decrease in a waste facility access road’s pavement life will result in, at most, an approximate 18 percent
increase (1/0.85) in overlay life cycle costs, in constant dollars, if the same treatments as before are applied.
If these pavements are given increased capacity with their next overlay, this increase in damage can be
compensated for with small increases in overlay thickness that will likely result in less than an 18 percent
cost increase because of returns to scale for pavement construction costs.

A first-order estimate of an expected increase in annual greenhouse gas emissions resulting from a
one percent reduction in life of the state and local pavement networks is approximately 38 kT per year.

A comparison of the expected maximum increase in pavement rehabilitation-related GHG emissions from
materials and construction with the most aggressive implementation scenario for 2030 and 2050 indicates
that the reductions in truck emissions from implementing alternative fuel technologies are approximately
70 times greater in 2030 and 900 times greater in 2050 than the increases in pavement rehabilitation
emissions. Reductions in years between 2030 and 2050 are expected to fall within that range.

These estimates do not include reductions of CO2-e from a portion of the medium-duty trucks operating in
the state, and do not include any of the light-duty trucks. Consideration of the additional medium-duty
trucks and the light-duty trucks would result in even greater reductions in truck emissions relative to
pavement rehabilitation emissions because light-duty trucks cause very little damage to pavement.

Based on these conclusions, which have been drawn from currently available information, the following are the study’s

conceptual-level, first-order findings addressing the objectives of the project:

e  Provide estimates of the effects on freight logistics of an increased number of NGV, FC, and BEV trucks.

o

Answer: The increased numbers of NGV, EV, and FC trucks are expected to occur mainly in the short-haul
and medium-duty types because of the range issues that exist for EV and FC long-haul trucks. However,
depending on the implementation scenario, by 2050 an estimated 25 to 70 percent of long-haul trucks are
predicted to be powered by alternative fuels. Further, depending on the scenario, it is expected that by
2050 between 40 and 95 percent of the short-haul and medium-duty trucks will be powered by alternative
fuel technologies. Implementation of alternative fuel trucks is expected to be focused in the eleven counties
that already have the greatest freight traffic; these counties are primarily urban and along major freight
corridors.

Effects of Increased Weights of Alternative Fuel Trucks on Pavement and Bridges

80



e  Provide an estimate of the additional damage to local- and state-government pavements caused by all trucks
operating with an additional gross weight of 500 to 2,000 Ibs.

(e]

Answer: Based on results from the implementation scenarios analyzed, introducing the heavier alternative
fuel trucks is expected to result in minimal additional damage to local- and state-government-owned
pavements. The extent of the additional damage will vary according to the pavement structure and to the
AFT implementation scenario. Two trends contribute to this conclusion. First, the technologies for EV and FC
trucks are expected to remain heavier than current trucks between now and around 2030, but from 2030 to
2050 their weights are expected to decrease as the technologies are improved. Second, the extent of
implementation of these technologies is small to 2030 but is expected to increase rapidly after that, moving
towards large market shares by 2050, but at the same time the propulsion technologies are getting lighter.
Together, these two trends, low market share while heavier to 2030 and becoming lighter as market share
grows towards 2050, result in limited damage. Pavement damage is also limited because it is especially
driven by the heaviest axle loads. Axle weight limits are not being changed and very few axles are currently
at or above the current axle load limits where increases due to new propulsion technologies will be most
damaging. In addition, only the tractor axles on short-haul and long-haul tractor-trailer combination vehicles
will have axle load changes, and almost none of the loads on the many trailer axles are expected to change,
diluting the effects of the few axle load changes on overall pavement damage. The NG technology cannot
become lighter, but it is not expected to have significant market penetration. The study showed that using
specific technologies at very high levels before their expected weight reductions can result in increased
damage levels, as was shown in the examination of a waste facility access road. The somewhat increased
damage levels that are expected on waste facility roads if diesel trucks are replaced with NG trucks can likely
be compensated for by increasing those specific roads’ structural capacity at costs that are less than about
20 percent, even for the cases where damage is greatest.

e Provide an estimate of the weight restriction problems for local- and state-government bridges caused by all trucks
operating with additional gross vehicle weight of 500 to 2,000 lbs.

o

Answer: This objective was difficult to complete well, even at the first-order conceptual level, because of a
lack of bridge damage models, the same issue identified in the most recent national study. Although
allowing weight increases of up to 2,000 Ibs. is unlikely to cause major issues for trucks on more modern
bridges, the effects of concentrations of trucks at those new legal limits on bridges that are already
inadequate, and which are mostly owned by local governments, should be evaluated more carefully on a
case-by-case basis.

e  Provide an estimate of the change in GHG emissions resulting from implementing vehicle fleet changes that

consider well-to-wheel vehicle emissions and pavement maintenance and rehabilitation.

o

Answer: The study’s most aggressive market penetration scenario yielded a net reduction in annual well-to-
wheel truck propulsion emissions of approximately 2,700 kT of CO2-e per year by 2030 and 34,000 kT by
2050 compared to keeping the current truck technologies. Its least aggressive scenario yielded a net
reduction of approximately 1,200 kT per year by 2030 and 6,300 kT by 2050 compared to keeping the
current truck technologies. These estimates consider expected growth in the truck fleet. For an order of
magnitude comparison, in 2016 the annual emissions from the entire transportation sector were about
175,000 kT per year, which is 41 percent of the statewide total for the entire economy. None of the
scenarios considered changes in GHG emissions from vehicle manufacture. Pavement-related emissions
increases were estimated to be 70 to 900 times less than reductions from changes to truck operations.
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7.3 Recommendations

The following recommendations are made based on the results of this study:

Overall recommendation: To achieve large reductions in GHG emissions while still considering changes in costs,
move ahead with the implementation of alternative fuel trucks but also monitor changes in pavement and bridge
damage, particularly older bridges not built to modern standards.

Because the key assumptions controlling the calculations in this report are that there will be small market
penetration for AFTs by 2030 when their propulsion systems are still heavy, and that their propulsion systems will
have become considerably lighter by the time there is large market penetration, it is important to continue to
periodically improve data and models for AFT implementation and GHG emissions related to truck use, and
measurement of AFT weight change trends and projections and pavement axle load spectra changes.

Improve the modeling capability for bridge structural damage as a function of vehicle and axle weights.
Develop models for the effects of road roughness on AFT energy use and propulsion system life.

Develop improved models for GHG emissions from truck manufacture, including changes in vehicle propulsion
systems and other changes to the overall truck and trailer intended to reduce weight.

In future modeling scenarios, include the potential effects on GHG emissions of implementing semi-autonomous
and autonomous truck operations.

Develop improved models for bridge deterioration as a function of truck axle loads.
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