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Impact of Debris Removal Post-Wildfires
on Pavement Fatigue and Rutting Lives:
Case Studies of California’s Camp and
Carr Fires

Ali Zarei1 , Changmo Kim1 , Ali Azhar Butt1 , Rongzong Wu1 ,
Jeremy David Lea1 , Jessica Erdahl2, and Somayeh Nassiri1

Abstract
Between 2017 and 2018, California experienced a series of four devastating fires, including the Camp and Carr Fires, which
ranked among the most destructive fires in U.S. history. During these fires, roads were critical in the evacuation, rescue oper-
ations, goods transportation, and access to critical services. Additionally, postfire, road infrastructure became crucial for
removing hazardous and nonhazardous waste from fire-affected areas to major landfills and recycling facilities. Despite the
significance of pavements in this process, previous studies have not quantitatively assessed the potential damage caused to
pavements by the additional trucks used in debris removal operations. This research aimed to address this knowledge gap by
collecting precise traffic data for the routes taken to waste management facilities, including data on the number of trips
involved in debris transportation. The traffic information was then utilized to calculate changes in equivalent single axle loads
and traffic index values for pavement design. Pavement structures were obtained from the available core database. Pavement
simulation results showed that of the nine studied highways, only one exhibited a reduction in cracking life of about 2 years.
However, Skyway, the main artery in the town of Paradise, demonstrated a significantly accelerated fatigue cracking failure by
14.3 years. A sensitivity analysis of fire intensity showed other highway sections that were structurally adequate could be
affected by larger fires. The presented methodology could be used in traffic planning as part of debris management operations
to avoid vulnerable pavement sections.

Keywords
infrastructure, pavements, resilience, disaster response, recovery, disaster recovery

The combined impacts of global climate change and
human development in the wildland–urban interface
have heightened the risk of catastrophic wildfires in many
regions worldwide, including approximately one-third of
the United State’s population (1, 2). California, in partic-
ular, witnessed a string of four devastating fires over
14months in 2017 and 2018, which rank among the most
destructive in the history of the United States (3).

Transportation infrastructure is vital during fire
events in facilitating evacuation, rescue operations,
goods transportation, and access to critical services (4).
Although asphalt pavements are not prone to direct
burning during fires, as the asphalt binder requires tem-
peratures around 900�F to ignite (5), ignition can occur

if trees, vegetation, oil, or vehicles catch fire on the pave-
ment surface. In such cases, the damage is generally con-
fined to the area of the abandoned burning object,
leading to localized surface scarring and destruction.
However, widespread damage can result from the intense
heat in wildfire-stricken areas, causing the asphalt to
soften and deform or crack under the weight of heavy

1Department of Civil and Environmental Engineering, University of

California Pavement Research Center, UC Davis, Davis, CA
2Public Works Department, Engineering, Town of Paradise

Corresponding Author:

Somayeh Nassiri, nassiri@ucdavis.edu

us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/03611981241283458
https://journals.sagepub.com/home/trr
http://crossmark.crossref.org/dialog/?doi=10.1177%2F03611981241283458&domain=pdf&date_stamp=2024-10-23


fire trucks and emergency traffic (6). Similarly, on rigid
pavements, burning objects may damage the pavement
at the location as concrete loses mechanical properties
resulting from the loss of bound water, decomposition of
calcium hydroxide, and disassociation of calcium carbo-
nates at various temperature ranges (7, 8). These types of
immediate damage to construction materials during an
active fire from high temperatures, especially to concrete
foundations, structures, and pavements in tunnels, have
been discussed extensively in the literature (9). Literature
is also abundant on potential post-fire hazards, such as
landslides, mudslides, and other consequences (10).

However, notwithstanding the immediate impact of
high temperatures on asphalt and concrete, pavements
play a critical role in postfire recovery. Pavements facili-
tate the removal and transportation of various types of
waste from fire-affected areas to major landfill-, construc-
tion-, and demolition recycling facilities. These materials
include demolition waste, hazardous ash, soil, dead trees
and vegetation, mixed metals, charred wood, automo-
biles, and other debris (11, 12). However, the pavement
damage caused by debris removal operations has not
been studied before. Wildfires pose significant social, eco-
nomic, and physical impacts on transportation infrastruc-
ture and necessitate special provisions and planning for
departments of transportation’ (DOTs’) financial, opera-
tional, and maintenance schedules and budget alloca-
tions. This is partly because of resource constraints, as
DOTs may not have the necessary resources to properly
analyze the physical impact of fire events on pavements
and other transportation assets (13).

This study aimed to address this knowledge gap by
collecting accurate data on the truckloads and number
of trips involved in debris transportation following two
major wildfires in California. Subsequently, pavement
simulations were conducted to analyze the actual routes
taken by the trucks to transport the debris to landfills
and recycling facilities to determine any potential fatigue
and rutting life-shortening. The presented case studies
provide valuable insights into the actual physical impact
and include hypothetical worst-case scenarios as an
example of how the potential extent of future events to
the physical road network can be estimated.

Understanding and quantifying the damage caused by
fires to the pavement structure helps DOTs and local
governments prioritize and allocate resources to address
the vulnerable transportation infrastructure during high-
risk wildfires and other climate-related hazards. By
addressing the potential impacts of postfire transporta-
tion on the road network, agencies can ensure the contin-
ued functionality, safety, and resilience of the
transportation system, even in the aftermath of wildfires.

Case Studies of California’s 2018 Camp Fire
and Carr Fire

Description

Camp Fire: Butte County. Threatened by 13 fires in
Northern California since 1999, the town of Paradise is
at high risk of wildfire (14). The Camp Fire incident in
November 2018 burned 153,336 acres, killed 86 people,
injured three others, and destroyed 18,804 structures,
equivalent to 95% of homes and businesses in the Town
of Paradise. Around $12.5 billion in insured losses were
reported, making this fire the costliest disaster worldwide
in 2018 (15, 16). The aerial photos of Paradise before
and after the fire, as shown in Figure 1, illustrate the
extent of the damage.

The disaster recovery included the removal of over
3.6million tons of waste and used a significant amount
of resources as Camp Fire created the largest hazardous
material cleanup operation in the United States’ history
(14). The debris consisted of 2.24million tons of burned
debris and ash, 710,000 tons of recycled concrete,
680,000 tons of contaminated soil and ash, and 52,000
tons of recycled metal, resulting in 600,000 total trips,
according to the report published by the California
Department of Resources Recycling and Recovery
(CalRecycle) (17) as well as dead trees and vegetation.

Two pavement damage categories were identified in
the damage assessment forms (DAFs) obtained from
Paradise: pavement scarring resulting from abandoned
burning vehicles and postfire heavy truck traffic dam-
age from 3.7million tons of debris removal. Pavement
condition surveys in January 2019 (after the fire inci-
dent, pre-debris removal) and September 2019 (8
months after the fire incident, post-debris removal)
were conducted by the town. These surveys provided
insights into the immediate impact of the fire on the
pavement and the subsequent damage caused by the
heavy truck traffic involved in debris hauling. The sur-
vey results and four pavement performance metrics are
summarized in Table 1.

Based on the DAFs and the summary in Table 1, it
was found that longitudinal and transverse cracks had
extended and interconnected, forming alligator cracks,
which indicated pavement failure over the 8 months as a
result of water infiltration and heavy truck loads.
Significant rutting was observed throughout the roadway
network, especially in segments where trucks frequently
stopped and started.

Figure 2a shows local scarring damage from a burned
vehicle, and Figure 2b shows rutting and fatigue cracking
damage to Skyway, the main artery of Paradise City,
after debris removal operations.
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Carr Fire: Shasta County and Trinity County. The Carr Fire
incident occurred on July 23, 2018, from a spark pro-
duced from the wheel rim of a vehicle with a flat tire

(18), which resulted in the burning of 229,651 acres of
fields, killing seven people, and destroying 1,614 residen-
tial and commercial structures (19) and causing more

Figure 1. Town of Paradise (a) before Camp Fire (September 2018) and (b) after Camp Fire (December 2018).
Source: Google Maps�.

Table 1. Pavement Condition Surveys in January 2019 (After the Fire Incident, Predebris Removal) and September 2019 (8 Months After
the Fire Incident, Postdebris Removal)

Performance metric January condition September condition Pavement deterioration occurred: Yes or No

Cracking Moderate/good Moderate Yes: increase in cracking
Roughness Moderate/good Moderate No: minimal increase in deterioration
Rutting Moderate Moderate/poor Yes: isolated deterioration, especially in areas where

truck traffic repeatedly starts and stops
Texture Moderate Poor Yes: major deterioration

Figure 2. Town of Paradise: (a) local scarring damage from burning cars and (b) fatigue and rutting of Skyway in Paradise City.
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than $1.6 billion in damages (20). Carr Fire, at the time
of writing, is considered to be the seventh-largest and
sixth-most destructive fire in the history of California
(18). Unlike Camp Fire, where undamaged structures
were comprehensively recorded in postfire damage
inspection reports by Cal Fire (California Department of
Forestry and Fire Protection), only aerial imagery was
used for Carr Fire (21). Around 521,619 tons of debris
were removed, and 46,807 truckloads were reported. The
debris included metals, ash (soil and debris), soil, and
concrete (22).

Photos taken from Google Maps of the fire-stricken
area before and after Carr Fire are shown in Figure 3, a
and b.

Method

Truck Traffic Counts and Loads. According to the Camp Fire
Debris Removal Operation Traffic Management Plan
report (23), seven facilities received 3.66million tons of
wildfire debris, including metals, debris ashes, soil scrap,
concrete, and asbestos, from the Camp Fire–stricken
sites. The total debris was hauled by 309,239 truck trips
from the fire sites to the facilities between February and
August 2019. Table 2 shows the road routes taken by the
hauling trucks, the total load, and the number of truck
trips to each facility during the debris removal activities.

Baseline Truck Traffic and Extra Truck Traffic Volumes. The
study only included traffic analysis for debris removal
postdisaster. Any traffic surge from fire suppression and

rescue activities during the active fire event was not
included in the study. The baseline truck traffic informa-
tion for the selected highway sections was acquired from
the Traffic Census Program, annually updated by the
California Department of Transportation (Caltrans)
(24). The baseline truck traffic information includes each
section’s annual daily traffic and truck percentages by
axle type (i.e., two-, three-, four-, and five-axles). The
additional truck traffic volumes caused by removing
wildfire debris were added to the 2019 baseline truck
traffic volumes for the corresponding highway sections.

This study focused on the highway sections to com-
pare the performance of asphalt pavement with two sce-
narios (i.e., the baseline scenarios without and those with
wildfire truck traffic) for 20 years of pavement service
life. In the two scenarios, equivalent single axle loads
(ESALs) and traffic index (TI) values were calculated,
and the corresponding axle load spectra were chosen
from the Caltrans pavement management system
(PaveM) (Table 3) (24, 25). TIs of the scenarios with
wildfire were slightly higher than the baseline scenario
owing to the truck trips to remove the wildfire debris in
2019. Interstate 5 (I-5) sections showed a slight difference
(0.02 for northbound [NB] and 0.03 for southbound
[SB]) because the truck traffic without the debris removal
trucks was already high, with a TI at around 14 for a 20-
year design life. However, Skyway in the town of
Paradise showed the largest increase in TI from 8.0 with-
out- and 9.53 with wildfire trucks.

Five axle load spectra developed in a previous study
based on Caltrans’ weigh-in-motion data (24, 26) were

Figure 3. Fire-stricken area (a) before the Carr wildfire (June 2018) and (b) after the Carr wildfire (February 2020)
Source: Google Maps�.
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assigned to each state pavement section. Spectrum 1
denotes the lightest axle load, and Spectra 5 is the heavi-
est. A preliminary case study was undertaken for
Highway 99 NB Butte County (BUT) postmile (PM) 32
to 43 to determine the effect of temporal modifications
to Caltrans’ existing load axle spectra to reflect the
changes in axle loads during the exact time of debris
removal. The results of the preliminary study showed the
changes were negligible. The most significant change in
the number of axles was approximately 9% in June
2019. The average change in the number of axles was
4% for the 7-month active debris haul period. This
change in axle load spectra for the 7 months over the 20-
year analysis period was not significant enough to make
a noticeable difference with or without wildfire debris
haul truck trips. More details about this preliminary
study can be found in the project report (27). Based on
the preliminary study’s findings, the existing axle load
spectra were used, and other traffic parameters (includ-
ing traffic volumes, ESALs, and TI) were adjusted for
the added debris truck traffic, as discussed below.

The assigned axle load spectra for each pavement sec-
tion were as follows: I-5 northbound in Tehama County
(TEH) PM 28 to 41, which served the debris removal
trucks after Camp Fire, had Spectra 4, which is the sec-
ond heaviest axle load spectra. I-5 southbound in Shasta
County (SHA), PM 4 to 19, which served the debris

removal trucks after Carr Fire had Spectra 3, the medium
axle load spectra. I-5 functions as the longitudinal freight
corridor in California. State Highway 99 sections in
BUT, PM 32 to 43, and TEH, PM 0 to 24, had Spectra 3
according to Caltrans’ PaveM (25).

The traffic data, including traffic volumes, ESALs, and
TIs used for simulations, are shown in Table 3. The
changes in TI from debris trucks from Camp Fire ranged
between 0.02 for I-5 northbound (TEH 28–41) and 1.53
for Skyway in the town of Paradise. Route 191 SB (BUT
0–10) and 70 eastbound (EB) (BUT 0–20) had the highest
number of debris truck trips, resulting in the highest added
ESALs and a high TI change of 1.12 and 0.23, respec-
tively. Skyway, which carried most of the debris trucks out
of the town of Paradise, had a significant change in TI
from 8 to 9.53. The total amount of debris and conse-
quently loaded truck trips was much less for the Carr Fire,
resulting in an added TI of only 0.04 for 299 EB (SHA
19–23) and 0.02 for I-5 southbound (SHA 4–19).

The approach used here distributes the debris truck
traffic over the design life, which means the damage
development is also spread out over this period rather
than appearing immediately after the debris haul event.
Although this method does not accurately reflect the
exact timing of damage development, it effectively repre-
sents the cumulative damage that occurs over the design
life.

Table 2. Main Routes, Truck Load, and Number of Trips to each Facility (23)

Waste management destination Main routes of the debris removal trucks Load (ton) No. of trips

Camp Fire
Recology Ostrom Road Landfill Highway 191 southbound (Paradise),

Highway 70 southbound (north of Orville),
Highway 65 southbound (Junction 70)

1,552,522 113,107

Waste Management Anderson Landfill Highway 99 northbound (Chico),
Highway 5 northbound (Red Bluff),
West Anderson Road

718,523 56,519

Butte County Neal Road Landfill Neal Road (Paradise) 629,830 46,817
Granite Pacific Heights Recycling Facility Highway 191 southbound (Paradise),

Highway 70 southbound (north of Orville)
451,097 39,133

Franklin Neal Road Recycling Facility Neal Road (Paradise) 256,007 20,957
Odin Metal Processing Facility Highway 191 southbound (Paradise),

Highway 70 southbound (north of Orville)
51,915 32,695

Crown Metals Recycling Facility Highway 191 southbound (Paradise),
Highway 70 southbound (north of Orville)

22 11

Total 3,659,916 309,239
Carr Fire

Waste Management Anderson Landfill Highway 5 southbound,
West Anderson Road

411,540 37,413

Crystal Creek Aggregate Highway 299 southbound near Shasta 54,809 4,983
Troy Leckey Land Clearing Highway 299 southbound near Shasta 25,889 2,354
West Central Landfill Swasey Drive, Placer Road 17,280 1,571
Steel Mill Recycling Not identified 7,136 649
J.F. Shea Construction Highway 5 southbound, 4,965 451
Total 521,619 47,420

Zarei et al 5
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Pavement Structural Simulations

CalME v3.0, mechanistic pavement design software,
jointly developed by Caltrans and the University of
California Pavement Research Center, was used for the
pavement simulations. CalME uses an incremental-
recursive damage process. In the model for fatigue dam-
age of asphalt layers, for example, the strain, the modu-
lus, and the temperature may change from increment to
increment. Therefore, the first step in the process is to
calculate the effective number of load applications that
would have been required with the present parameters to
produce the condition at the beginning of the increment.
In the second step, the new condition, at the end of the
increment, is calculated for the effective number of load
applications plus the number of applications during the
increment. This process is repeated for each combination
of axle type, load level, and the daily period during the
increment. A load spectrum is used to distribute truck
traffic into these combinations.

For asphalt permanent deformation (rutting), CalME
uses a shear-based approach developed in an earlier
study (28). Shear deformation is assumed to control rut-
ting in asphalt. Rutting is computed using Equation 1.
Inelastic or permanent strain in Equation 1 is derived
from Equation 2, which is based on values of shear
stress, t, and elastic shear strain, ge, at a depth of 2 in.
beneath the edge of the tire. The model also assumes rut-
ting occurs solely in the top 4 in. of the hot mix asphalt
(HMA) layer,

rdAC =K 3 gi 3 h ð1Þ

where
rdAC is vertical rutting depth in the asphalt concrete

(AC),
gi is permanent (inelastic) shear strain at a 2-in. depth,
K is value relating permanent shear strain to rutting

depth, and
h is thickness of the AC layer, with a maximum value

of 4 in.
The permanent strain can be calculated from the

gamma function shown in Equation 2,

gi =A � exp a 3 1� exp � ln Nð Þ=g
� �

3 1+ln Nð Þ=g
� �h i� �

3 ge

ð2Þ

where
ge is corresponding elastic shear strain,
N is effective number of load repetitions (i.e., number

of load repetitions at the stress and strain level of the next
time increment to reach the permanent shear strain calcu-
lated at the end of the current time increment), and

A, a, and g arematerial-dependent model parameters.

Permanent deformation of unbound layers such as
lightly cemented or unbound materials is based on the
vertical resilient strain at the top of the layer, me, and
stiffness of Layer E,

dp =A 3 MNa 3
me

meref

� �b

3
E

Eref

� �g

ð3Þ

where
dp=permanent deformation in the layer,
MN=number of load applications in millions,
meref =normalizing strain,
Eref =normalizing stiffness, and
A, a,b, and g are material-specific model parameters.
The CalME AC fatigue cracking model uses a multi-

layer elastic program as the response submodel. In
CalME, only traffic-related fatigue damage is consid-
ered. Details of the model can be found in other studies
(29, 30). The key part of the model is Equation 4 for esti-
mating fatigue life, MNp,

MNp =A 3
e
eref

� �b

3
E

Eref

� �b=2

ð4Þ

where
e is bending strain at the bottom of the asphalt layer,

negative for tensile;
E is mix stiffness;
eref=2200 microstrain (2200 3 10�6 in./in.), the ref-

erence bending strain;
Eref=435kips per square inch, the reference stiffness;

and
A and b are material-dependent model parameters.
Once the fatigue damage is determined, the percent of

wheel path cracked, denoted as CRK, is assumed to
relate to the fatigue damage through the following trans-
fer function:

CRK =
100

1+ v
v50

� �b
ð5Þ

where v is the calculated fatigue damage, and v50 and b

are model parameters to be determined through field
calibration. v50 represents fatigue damage corresponding
to 50% CRK, and it can be any value between 0 and 1.0.
Each parameter might depend on additional factors such
as pavement structure type, climate condition, and HMA
layer thickness. The assumed transfer function represents
an S-shaped curve that seems to match the observed
cracking progression in the field. The mid-portion slope
of the S-shaped curve is controlled by b. Accordingly, b

is called the shape parameter, and it is always negative,
with a higher absolute value suggesting a steeper ascent.
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Pavement Structures. The materials and pavement struc-
tures for CalME simulations were defined using the latest
cross section of information based on extracted cores in
the iGPR-Core database. iGPR illustrates the pavement
structure profile by mapping the density of the structure
layers with the data detected from a ground-penetrating
radar (31). Time and PM treatments were extracted from
PaveM (25), as shown in Table 4. Other information
included in the table includes the route name, direction,
county, PM, last treatment, and most updated structure
of each pavement structure for both the Camp and Carr
Fires. The subgrade soil type was unavailable for some
sections but was characterized as sandy soil (SC) for
those with available information. Therefore, SC was con-
sidered the subgrade type for all pavement sections. As
seen in Table 2, most highway sections were HMA, vary-
ing between 0.5 and 0.9 ft. Two sections of 99 NB (BUT
32–43) and 65 SB (Yuba County [YUB] 4–9) had a 0.15-

ft rubberized hot mix asphalt overlay, and one was a
Portland cement concrete (PCC) section. Almost all sec-
tions had an aggregate base (AB), except Highway 191
SB (BUT 0–10), which had a cement-treated base layer,
and Highway 99 NB (TEH 0–24), which had a PCC
layer. Only Highway 70 EB (BUT 0–20) had an aggre-
gate subbase layer.

Table 4 also includes the structure of Skyway, the
main route that was used to haul all the city debris from
the Camp Fire out of Paradise City.

The CalME input parameters and their defined values
for the pavement section are summarized in Table 5. The
results are presented for rutting and cracking life in years.
The performance criteria for rutting were set to 0.4 in.
and 10% for cracking based on Caltrans’Maintenance
Manual, Chapter A (32). The deterministic simulation for
20 years was used to predict median pavement life (i.e.,
with 50% reliability). The simulation start date for each

Table 4. Pavement Structure of Roads Used to Haul Debris to Waste Management Facilities

Name: highway number,
direction (county, postmiles)

Time and PM of last treatment
year (postmiles)

Pavement structure (ft)

RHMA HMA PCC AB CTB ASB

Camp Fire
99 NB (BUT 32–43) 2015 (PM30–37) 0.15 0.55 na 1.75 na na
99 NB (TEH 0–24) 2012 (PM12–24) na 0.90 0.50 na na na
5 NB (TEH 28–41) 2011 (no record after 2011) na 0.85 na 1.65 na na
191 SB (BUT 0–10) 2013 (PM0–11) na 0.55 na na 0.65 na
70 EB (BUT 0–20) 2014 (PM13–17) na 0.75 na 0.50 na 0.75
70 EB (YUB 8–25) 2015 (PM 14–15) na 0.75 na 1.00 na na
65 SB (YUB 4–9) 2011 (no record after 2011) 0.15 0.55 na 0.50 na na
Skyway in the town of Paradise na na 0.50 na 0.92 na na

Carr Fire
299 EB (SHA 19–23) 2012 (PM19–20) na 0.90 na 0.40 na na
5 SB (SHA 4–19) 2017 (PM4–6) na 0.50 0.75 1.00 0.25 na

Note: na = not applicable; PM = postmile; BUT = Butte County; TEH = Tehama County; SHA = Shasta County; YUB = Yuba County; RHMA = rubberized

hot mix asphalt; HMA = hot mix asphalt; PCC = Portland cement concrete; AB = aggregate base; CTB = cement-treated base; ASB = aggregate subbase.

Table 5. CalME Input Parameters used for all Simulated Sections

Parameter Quantity Parameter Quantity

Traffic As shown in Table 3 Binder type Mix with PG 70–10
Climate zone Inland Valley, California Subgrade type Silty sand
Simulation duration 20 years based on Caltrans’ design practice RHMA modulus-E (ksi) 722.0*
Vehicle speed 43.75 mph HMA modulus-E (ksi) 1,230.6*
Simulation type Deterministic: reliability = 50% PCC modulus-E (ksi) 5076.3*
Rutting performance criteria 0.4 in. AB modulus-E (ksi) 45.0*
Cracking performance criteria 10% CTB modulus-E (ksi) 1508.1*
Structure As shown in Table 4 ASB modulus-E (ksi) 35.0*

Note: RHMA = rubberized hot mix asphalt; HMA = hot mix asphalt; PCC = Portland cement concrete; AB = aggregate base; CTB = cement-treated base;

ASB = aggregate subbase; ski = kips per square inch; PG = performance grade.
*These values represent the statewide medians of layer moduli used for routine pavement designs. For the HMA layer, the moduli are determined for 68�F
and 10 Hz loading frequency.
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pavement section was defined as the latest time of the last
treatment presented in Table 5.

Results and Discussion

Impact of Fire Debris Truck Traffic

The outcomes of the CalME simulations are presented in
Figure 4, a and b, for rutting life and the 20-year rutting
amount, respectively, and in Figure 5 for fatigue cracking
life for both the Camp and Carr Fires. In Figure 4a, a
rutting life of 20 years illustrates a pavement that has
passed the 0.4-in., 20-year rutting criteria. The pavements
affected by the fire debris truck traffic are identified with
a vertical down arrow on each graph.

As seen in Figure 4a, the structure of nearly all the
simulated pavements was sufficient for rutting resistance
for 20 years of existing truck traffic and the additional
fire debris truck traffic. Similarly, it can be seen in Figure
4b that although debris trucks increased the 20-year rut-
ting depth for some highways such as 191 SB (BUT 0–
10), 70 EB (BUT 0–20), and 70 EB (YUB 8–25), the
change was small and did not decrease the rutting lives
of these sections. The only exception was 65 SB (YUB 4–
9), which experienced rutting failure before the 20-year
mark (Figure 4a). Without considering fire debris truck
traffic, the rutting life of 65 SB (YUB 4–9) was 12.8 years
for this section, which decreased by 2.1 years because of
the trucks undertaking the Camp Fire debris removal.
This premature failure was attributed to inadequate

Figure 4. Impact of fire debris removal generated by Camp and Carr Fires on the rutting life of the pavements taken to waste
management facilities: in (a) years and (b) 20-year rutting in inches.
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HMA (0.55 ft) and AB (0.5 ft) thicknesses in this pave-
ment section, which were insufficient to support the exist-
ing traffic loads of 13million ESALs. The situation was
then exacerbated by the added stress from the fire-related
truckloads, which increased the TI from 12.25 to 12.37. It
should be noted that the pavement simulations here were
performed based on the last structural rehabilitation
record available for this section, which was in 2011. If
additional rehabilitation activities were performed on this
section after 2011, the pavement simulation would have to
be rerun to include a stronger structure. Skyway did not
demonstrate a decrease in rutting life, based on the 0.4-in.
failure criterion, according to Figure 4a. However, as seen
in Figure 4b, 20-year rutting increased significantly and
reached a value of 0.35 in. compared with 0.16 in. without
the debris trucks. Rutting is visible in the field picture of
Skyway taken after debris operations (Figure 2b).

Regarding Carr Fire, both simulated highways suc-
cessfully accommodated the additional truckloads from
fire debris removals without any rutting failure during
the 20-year design life.

With respect to fatigue cracking, as seen in Figure 5a,
the structures of five pavement sections were adequate to
prevent fatigue cracking failure for 20 years despite the
additional truck loads from Camp Fire. These five pave-
ment sections showed zero cracking after 20 years, as seen
in Figure 5b.

However, the structures of two highway sections were
inadequate to pass the 20-year cracking criterion of
10%. These sections included 99 NB (BUT 32–43) and
65 SB (YUB 4–9). For 99 NB (BUT 32–43). Both sec-
tions had 100% cracking at the 20-year design life, as
seen in Figure 5b. Fire debris truck traffic increased the
TI of 65 SB (YUB 4–9) from 12.25 to 12.37, which
reduced the cracking life of this section from the already
low 10.3 years to 9.2 years. This reduction in cracking life
for this section was commensurate with its rutting failure
behavior discussed in the previous section.

In the case of Skyway, the TI increased from 8.0 to 9.53,
resulting in a significant cracking life reduction of 14.1years.
As seen in Figure 5b, this street showed zero percent crack-
ing without the debris trucks versus 100% cracking after
debris operations. See pictures of this section in Figure 2b.

For the Carr Fire, Highway 299 EB (SHA 19–23) suc-
cessfully accommodated the additional fire debris truck-
loads without any cracking failure during the 20-year
design life. In contrast, Highway 5 SB (SHA 4–19) did
not have sufficient structural capacity to resist cracking
failure and showed a 100% 20-year cracking with or
without considering the traffic from the Carr Fire. The
TI change from debris removal was not large enough to
induce any additional fatigue cracking.

The correlation between the asphalt layer thickness of
the failed sections and their cracking life is shown in

Figure 5c. The strong correlation between the asphalt
layer thickness and the cracking life (R2=0.98) suggests
that when considering debris truck traffic, the thickness
of the asphalt layer plays a significant role. One conclu-
sion is that vulnerable pavements could easily be identi-
fied as those that do not have sufficient structure to
withstand their existing traffic and, if possible, should,
therefore, be avoided by debris trucks during the plan-
ning stage. Another analysis shown in Figure 5d shows a
strong correlation with a high coefficient of determina-
tion (R2=0.99) between the reduction in cracking life
and the increase in pavement TI. Again, this change in
TI could be used as an indicative parameter, and limiting
the values of the TI increase could be used during the
debris traffic planning stage to avoid vulnerable
pavements.

Assessment of Pavement Physical Conditions Based on
Field Data

The field rutting, fatigue cracking (if any), and interna-
tional roughness index (IRI) in years before and after fire
debris truck traffic for three of the simulated segments
was available from Caltrans’ PaveM database and was
used here to evaluate the overall physical conditions of
the pavements and compare those with the simulation
results, if possible. The three sections with available field
data were 65 SB (YUB 4–9) and 299 EB (SHA 19–23)
used for the Camp Fire debris cleanup and 99 NB (BUT
32–43) used for the Carr Fire cleanup.

Highway 65 (YUB 4–9) Before and After Camp Fire. Figure 6,
a and b, shows the field rutting and IRI data for the NB
and SB lanes of Highway 65 (YUB 4–9) in 2018, 2019,
2020, and 2021. Fatigue cracking was not recorded for
those years. Given that the last structural/treatment
record available for this section was for 2011, this section
was 10 years old in 2021. Based on Figure 6a, 0.107 in. of
rutting was reported for both directions. Figure 6b indi-
cates an IRI of 71 in./mi in both directions, below the
federal performance benchmark of 95 in./mi for a
‘‘Good’’ pavement ranking (33). Consequently, based on
the rutting and IRI data, the pavement section appeared
to be in an overall satisfactory condition at the midway
point of its expected lifespan.

A comparison was made between the rutting and IRI
of NB and SB lanes, aiming to determine the impact of
debris removal traffic in 2019. With regard to rutting,
SB, utilized by loaded debris trucks, exhibited a 29%
increase from 2019 (pre-debris removal) to 2020 (post-
debris removal). Conversely, NB rutting increased by
9% during the same period. This 20% differential rise in
rutting between NB and SB suggests a potential
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influence of debris removal in 2019. However, this con-
clusion cannot be made with absolute certainty, given
the possibility of other events resulting in a traffic spike
in the SB direction of this section.

On the other hand, CalME simulations for this section
displayed a more aggressive outlook than the actual per-
formance, predicting a rutting failure of 0.4 in. at year
12.8 without debris trucks and 10.7 with debris truck

traffic. As seen in Figure 6b, SB IRI increased by 10%,
whereas NB IRI increased by 3% from 2019 to 2020.
Again, this accelerated IRI increase may be attributed to
the loaded debris trucks utilizing the SB lane. Despite the
structural simulations projecting a more rapid develop-
ment of damage than observed in the field data, both
simulations and field data converged on the possibility of
damage resulting from debris trucks. It is important to

Figure 5. (a) Impact of fire debris removal generated by Camp and Carr Fires on the fatigue cracking life of the pavements taken to
waste management facilities, (b) 20-year cracking in percentage, (c) correlation between asphalt layer thickness and cracking life of the
pavement structures that failed within 20 years, and (d) the correlation between change in TI and change in the cracking life of the
pavement structures that failed within 20 years.
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note that CalME models are calibrated to represent state-
wide median performance and, thus, are not expected to
precisely match the performance of any specific project.

Highway 99 (BUT 32–43) Before and After Camp
Fire. Figure 7, a and b, shows field rutting and IRI SB
and NB of Highway 99 (BUT 32–43), with the NB hav-
ing been used by the loaded trucks to clean up debris
after Camp Fire. Field data indicated that the cracking
of this highway was very close to zero during the period.
Note that there were two lanes in each direction, and the
data for the truck lane are shown here. According to

Table 4, the last structural treatment was carried out on
this section in 2015, marking this section as 6 years old
in 2021. The pavement exhibited 0.104 and 0.111 in. of
rutting in each direction, with an IRI of 80 in./mi in both
directions in 2021. This section was in ‘‘Good’’ condition
in 2021 after fire debris removal meeting the federal cri-
teria of 95 in./mi for IRI. The field data corroborated the
previously illustrated pavement simulation results in
Figures 3a and 4a, indicating an overall expected perfor-
mance over the 20-year design life with no impact from
the fire debris trucks.

With respect to visible trends in the physical condi-
tions between the two directions, NB and SB showed

Figure 6. Field (a) rutting and (b) IRI data for 65 (YUB 4–9) NB and SB directions.
Note: IRI = international rutting index; YUB = Yuba County; NB = northbound; SB = southbound.

Figure 7. Field (a) rutting and (b) IRI data for 99 (BUT 32–43) NB and SB directions.
Note: IRI = international rutting index; BUT = Butte County; NB = northbound; SB = southbound.
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similar changes of about a 10% increase in IRI from
2018 to 2020, indicating no significant debris removal.
However, the reason for the drop in the field rutting data
is unknown.

Highway 299 (SHA 19–23) Before and After Carr
Fire. Figure 8, a to c, shows field rutting, cracking, and
IRI data for the EB (used for debris removal) and west-
bound (WB) lanes of Highway 299 (SHA 19–23).
Rutting and IRI data were unavailable for the WB lane
in 2019. As seen in Table 3, the last structural treatment
occurred in 2012, marking the pavement structure as 9
years old in 2021. The pavement section in the EB lane
exhibited 0.151 in. of rutting, 16.5% fatigue cracking,
and an IRI of 80 in./mi. The WB lane had less rutting at
0.121 in. but higher fatigue cracking at 18.4% and a
higher IRI of 86 in./mi. Regardless of the variations
between the distress and IRI in the two directions, the
pavement section condition is classified as ‘‘Good’’
according to the federal IRI benchmark of 95 in./mi.
Similarly, CalME simulations presented in Figure 4a pre-
dicted this section would perform well over the 20-year
design life and would not incur impacts from debris
trucks on this section’s rutting life or cracking.

In relation to any observable effects from Carr Fire
debris removal in the field data, the rutting data compar-
ison between 2018 and 2020 revealed a 13% increase in
the EB lane, whereas the WB lane experienced a roughly
42% increase during the same period. However, data

were missing in 2019, so the precise increase during the
debris removal is unknown. Consequently, the impact of
the debris trucks is not clearly discernible in the rutting
data for EB or may be obscured by other possible traffic
growth inducing the accelerated damage in the WB direc-
tion during the same period as the Carr Fire debris
removal. Conversely, based on cracking data (Figure 8b),
the EB lane exhibited an increase from 4.3% in 2019 to
14.1% in 2020, which could be attributed to debris
removal. CalME simulation results for this highway sec-
tion (Figure 5a) did not suggest any impacts from fire
debris removal.

Highway 191 (BUT 0–10) Before and After Carr
Fire. Figure 9a shows the change in field cracking for
Highway 191 (BUT 0–10), and Figure 9b presents the
change in IRI for this section. According to Table 3, the
last recorded structure of this section dates to 2013, indi-
cating that the section was 8 years old in 2021. The
cracking data showed a slightly higher cracking failure
for the NB lane of this section, whereas the IRI results
indicated that the increase in IRI for the SB lane was
12% higher than for the NB lane. The data suggest that
the additional truck traffic from the fire did not signifi-
cantly affect pavement cracking, which aligned with the
simulation results illustrated in Figure 5a. Although the
IRI results met the federal IRI benchmark of 95 in./mi,
they also suggest that the debris removal traffic increased
the roughness of the SB lane more than the NB lane.

Figure 8. Field (a) rutting, and (b) cracking data for 299 (SHA 19–23) EB and WB directions.
Note: IRI = international rutting index; SHA = Shasta County; EB = eastbound; WB = westbound.
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This finding agrees with the simulation results shown in
Figure 4b, which indicated that extra truck traffic
increased the rutting depth in this section.

Sensitivity Analysis

Figures 10 and 11 present hypothetical scenarios in which
the debris truckloads of the Camp or Carr Fires are twice
and three times larger than the previously simulated
pavements.

Based on the result shown in Figure 10, by multiply-
ing the traffic generated by the Camp and Carr Fires by
two and three, the rutting life of most of the simulated
sections remained at least 20 years, whereas two sections

showed some changes. As mentioned, the high traffic
volume for the structure of 65 SB (YUB 4–9) caused rut-
ting failure in this section, which intensified with Camp
Fire but did not change significantly with the hypotheti-
cal twice and thrice larger fires. The doubled and tripled
traffic increased the TI by 0.11 and 0.11, respectively,
compared with the TI from the actual fires.

In contrast, the doubled and tripled fires had a signifi-
cant impact on the rutting life of Skyway, which was
attributed to the significant increase in TI for this section
(TI=10.21 and 10.66 from the doubled and tripled fires,
respectively) compared with the existing traffic (TI=8.0).

As shown in Figure 11, similar to the actual fire, the
doubled and tripled fires decreased the cracking life of 65

Figure 9. Field (a) cracking data and (b) IRI data for 191 (BUT 0–10) NB and SB directions.
Note: IRI = international rutting index; BUT = Butte County; NB = northbound; SB = southbound.

Figure 10. Impact of two- and three-times larger fires on the predicted rutting life.
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SB (YUB 4–9) and Skyway, whereas they did not change
the cracking life of 99 NB (TEH 0–24), 5 NB (TEH 28–
41), 191 SB (BUT 0–10), 299 EB (SHA 19–23), or 5 SB
(SHA 4–19) sections. However, owing to the higher traf-
fic volumes generated by considering all three fires, the
cracking life of the 99 NB (BUT 32–43), 70 EB (BUT 0–
20), and 70 EB (YUB 8–25) sections decreased by 0.6,
3.9, and 17.8 years, respectively.

Conclusions

This study examined the structural state of highway
pavement segments and a city street affected by debris
transport to landfills and recycling facilities after two sig-
nificant Northern California fire events in 2019—specifi-
cally, the Camp Fire and Carr Fire. Nine highway
sections and one major city street were included in the
study. Pavement structural design simulations were used
to determine the impact of debris truck loads and
volumes on pavement rutting and cracking lives.

The results of the pavement simulations showed that
the structures that were not strong enough, notably
Highway 65 (YUB 4–9), with a relatively thin HMA
layer and AB layer, showed signs of early fatigue crack-
ing failure. Because of the inadequate structural capacity,
the slight increase in TI for this highway section led to a
reduction of cracking life by almost 1 year and rutting
by less than 1 year. Conversely, highways 99 NB (TEH
0–24), I-5 northbound and southbound, 191 SB, 70 EB,
and 299 EB showed no signs of premature failure as a
result of the additional truck traffic. One conclusion
from the simulated pavement sections is that vulnerable
pavements could be identified during the traffic planning
phase as those not having sufficient structure to with-
stand their existing traffic.

A major city street in Paradise, Skyway, carried the
majority of trucks hauling debris to all facilities. The
increase of 1.53 in TI significantly affected this pave-
ment’s fatigue cracking life, showing almost a 75%
reduction in cracking life and a 0.19-in. increase in
rutting.

In the case of the Carr Fire, which was smaller than
Camp Fire and generated 14% of the debris of Camp
Fire, the additional truck traffic did not affect the pave-
ment life of the highways in Shasta County.

The sensitivity analysis of increasing the intensity of
fire events to generate double or triple the amount of
debris truck traffic as the Camp and Carr Fires showed a
significant impact on the pavement structural life, espe-
cially the cracking life. The impact was induced on those
pavement sections that were not affected by Camp Fire
or Carr Fire events, such as Highway 70 EB (BUT 0–7).

Analysis of the limited available field data for three of
the simulated highway sections showed that, despite
some variations between simulation results and field
data, the two studied sections used for the Camp Fire
cleanup demonstrated satisfactory performance after
Camp Fire. Furthermore, Highway 299, used for the
Carr Fire cleanup, showed a 10% increase in fatigue
cracking in the debris removal period but generally main-
tained a ‘‘Good’’ status based on IRI criteria alone.
These findings indicate that budgets should be allocated
to enable highway agencies to perform structural testing
such as falling weight deflection testing in addition to
pavement condition assessment before and closely after
cleanup operations so the exact impact of the cleanup
operation can be more precisely quantified for future
planning.

The study concludes that wildfires could affect pave-
ment life, especially fatigue cracking; however, the extent
of the damage will depend on the amount of fire debris

Figure 11. Impact of two- and three-times larger fires on the predicted fatigue cracking life.
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remaining after the event, which will determine the addi-
tional truck traffic volumes and axle loads. The case
studies presented here could be extended to include pave-
ment simulations for other fire incidents to arrive at
broader, network-level conclusions that state agencies
and local governments could use for resilient planning.
Furthermore, vulnerable highway sections could be iden-
tified and avoided as part of traffic planning during deb-
ris management operations. Based on the case studies,
HMA thickness and TI values were identified as influen-
tial factors.
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