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ABSTRACT

The U.S. Nuclear Regulatory Commission has established requirements for packaging and
transportation of spent nuclear fuel assemblies under normal conditions of transport and for
hypothetical accident conditions. Real-world accidents of greater severity are possible, but are
of much lower probability, and the probability of such an accident involving a spent nuclear fuel
(SNF) package is even lower. However, because of the potential consequences, the U.S.
Nuclear Regulatory Commission has undertaken the examination of specific accidents to
determine the potential consequences to an SNF package. The MacArthur Maze accident of
April 2007, which did not involve SNF, was selected for evaluation because of the severity of the
fire and the unusual structural consequences, in which the heat from the fire caused the
overhead roadway segments to collapse onto the roadway where the fire was burning.

The General Atomics GA-4 legal weight truck transportation package was selected for this
investigation. Based on fire modeling with the Fire Dynamics Simulator code, and physical
examination of material samples obtained onsite, a bounding fire scenario was defined for this
accident. The complex and dynamic fire conditions are represented as a fully engulfing pool fire
at 2012°F (1100°C) prior to the overhead roadway collapse, and as a smaller and less severe
fully engulfing pool fire at 1652°F (900°C) afterward.

Thermal models of the GA-4 package were constructed for the ANSYS and COBRA-SFS
codes, to determine the response of the package to the fire scenario, including the long post-fire
cooldown transient. Additional detailed structural and thermal-structural models were
developed using ANSYS and LS-DYNA for the roadway and package, which showed that the
falling overhead segments could impose only relatively innocuous loads on the stainless steel
body and DU gamma shield, compared to the hypothetical accident conditions structural loading
that the package is designed to withstand.

Thermal evaluations of the package response to this fire scenario predict that the peak cladding
temperature would exceed the short-term limit of 1058°F (570°C) long before the end of the fire.
Maximum cladding temperatures on all rods in the package are predicted to exceed this
temperature limit in the course of the transient, and remain above this limit for several hours.
The maximum peak cladding temperature in the transient is predicted to be in the range of
1350-1400°F (732-760°C), and occurs approximately 3 hours after the end of the postulated fire
accident. Temperatures in the regions of the package seals exceed the seal material limits for
most of the fire duration.

The FRAPTRAN-1.4 code was used to estimate a fuel rod burst rupture temperature of 1097°F
(592°C). Together with the temperature histories of the fuel, this suggests that there is the
potential for all rods in the package to rupture in this fire scenario. The package seals are
assumed to fail. However, a detailed thermo-structural model showed that the lid closure bolts
maintain a positive clamping force throughout the transient, thus limiting the release. Using
conservative and bounding modeling assumptions, the total possible release was estimated at
approximately one-fourth of the mixture A2. Since the regulatory limit is specified as an A2
quantity per week for accident conditions, the estimated release is below the prescribed limit for
safety. Therefore this very conservative estimate indicates that the potential release from this
package, were it to be involved in a fire accident as severe as the MacArthur Maze fire scenario,
would not pose a risk to public health and safety.
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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission (NRC) has established requirements for packaging
and transportation of spent nuclear fuel (SNF) assemblies under normal conditions of transport
(NCT) and for hypothetical accident conditions (HAC). These requirements (10 CFR 71)
conservatively bound fire conditions that an SNF package might credibly encounter. However,
real-world accidents of greater severity are certainly possible, and the NRC has undertaken the
examination of such accidents, to determine what the potential consequences might be for a
spent nuclear fuel package. Two previous studies of transportation accidents, one resulting in a
fire in a railroad tunnel (NUREG/CR-6886 2009) and one in a highway tunnel (NUREG/CR-6894
2007) were undertaken with three different SNF package designs. Based on conservative
scenarios constructed from these real-world fire conditions, the results of these studies have
shown that the design basis for SNF packages is sufficiently robust for them to survive such
beyond-design-basis conditions without adverse consequences to public safety. In all cases
evaluated, the modeling results showed that the various SNF packages would be expected to
maintain required shielding for ionizing radiation, and also would maintain the integrity of the
containment boundary sufficiently to limit potential release of radioactive material from the
packages to within regulatory bounds for accident conditions.

The MacArthur Maze accident of April 29, 2007 was selected as a third study in this series of
evaluations of real-world accidents because of the severity of the fire and the unusual structural
consequences, in which the heat from the fire caused the overhead roadway segments to
collapse onto the lower roadway where the fire was burning. Since this was a highway
accident, the only type of SNF package that could potentially be involved would be a legal
weight truck (LWT) package. The General Atomics GA-4 LWT transportation package was
selected for this investigation, mainly because it can carry a relatively large payload for an over-
the-road transportation package, and therefore the potential consequences of package failure
could be more severe than for packages with smaller payload capacities. The GA-4 package is
designed to transport up to four intact pressurized water reactor spent fuel assemblies, with a
maximum total package decay heat load of 2.5 kW.

The MacArthur Maze accident involved a gasoline tanker truck and trailer that overturned and
caught fire on the [-880 connector of the MacArthur Maze interchange in Oakland, CA. The fire
lasted approximately 108 minutes, consuming the tanker’s entire load of 8,600 gallons of
gasoline. The heat from the fire caused two sections of the overhead I-580 freeway to collapse
onto the lower roadway, the first falling at approximately 17 minutes into the fire, the second
collapsing on only one end, and reaching its final configuration by about 37 minutes. Figure S.1
shows an image of the fire just prior to the collapse of the first overhead roadway section to fall.
Figure S.2 shows the configuration of the collapsed roadway, in an image taken in daylight the
next day, after the fire was out. (Note that these images were captured from opposite sides of
the freeway, and therefore the left-right orientation of the sections of roadway is reversed in the
two images.)
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Figure S.1. MacArthur Maze Fire at +16.7 Minutes (WTP Video Image at 03:54:24.61 PDT,
photo from MAIT Report, CHP 2007, reprinted with permission.)

. T

Figure S.2. Roadway Configuration after the MacArthur Maze Fire (photo from MAIT Report,
CHP 2007, reprinted with permission.)
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Based on fire modeling with the Fire Dynamics Simulator (FDS) code, and physical examination
of material samples obtained from the damaged highway girders and the remnants of the tanker
truck, a bounding fire scenario was defined for the thermal and structural evaluations of the
potential effects of this fire on an SNF package. The complex and dynamic fire conditions are
represented as a fully engulfing pool fire at 2012°F (1100°C) prior to the overhead roadway
collapse, and as a slightly smaller and less severe fully engulfing pool fire at 1652°F (900°C)
after the roadway collapse. These temperatures represent conservative bounding values for
open pool hydrocarbon fires for any possible configuration of both the pre-collapse and post-
collapse fire pools in this accident.

As an additional simplifying conservatism in the definition of the scenario, it is assumed that the
pre-collapse pool fire (at 2012°F [1100°C]) lasts for the full 37 minutes required for the
completion of the collapse of the overhead segments. The smaller fire size is assumed as a
step change to 1652°F (900°C), after 37 minutes, and this smaller pool fire is assumed to
persist unchanged until the end of the fire, at 108 minutes. The fire scenario for modeling
purposes also assumes that in the post-fire configuration, the fallen overhead roadway segment
completely covers the SNF package, resulting in an additional barrier to heat transfer from the
package during the cooldown phase of the transient.

Thermal and Structural Modeling Approach and Summary of Results

Detailed thermal models of the GA-4 package were constructed for the ANSYS and COBRA-
SFS codes, for transient evaluations to determine the temperature response of the package to
the fire scenario, including the long post-fire cooldown transient. Figure S.3 shows an exploded
view of the GA-4 package, illustrating its main design features. Figure S.4 shows an axial
cross-sectional diagram of the ANSYS model of the package.
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Figure S.3. GA-4 Package: Exploded View
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Figure S.4. Axial Cross-Section of ANSYS Model of GA-4 Package

Figure S.5 shows a cross-sectional diagram of the COBRA-SFS model of the package. The
initial condition of the package at the start of the fire scenario was defined as steady-state NCT.
Additional detailed structural and thermal-structural models were also developed using ANSYS
and LS-DYNA for the roadway and package, for evaluation of the package response to the
effect of the roadway falling on it.
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Considerable effort was given to defining bounding and conservative estimates of the possible
configurations of the package on the roadway that could produce the “worst case” structural
loading of the SNF package due to the overhead roadway spans falling on it. However, the
results of these evaluations clearly showed that the most adverse possible impacts of the
overhead spans imposed relatively innocuous loads on the stainless steel body and depleted
uranium (DU) gamma shield of the package, compared to the HAC structural loading that the
package is designed to withstand. At a nominal fully loaded weight of approximately 55,000 Ib
(nearly 28 tons), the package itself falling from a height of 30 ft (9 meters) — the HAC package
drop scenario (see 10 CFR 71) — would be expected to do far more damage, even with the
added impact of the projecting “blades” of the steel girders.

The only real challenge of the overhead roadway drop in the fire scenario is that the impact is
postulated to occur with the package at higher temperatures than are typically assumed in the
structural analyses for HAC scenarios. (The HAC drop is postulated to occur before the HAC
fire [10 CFR 71]). This could potentially make the package more vulnerable to structural
damage, due to the reduction in the strength of steel with increasing temperatures. However,
the steel girders of the overhead span suffer more from this effect, and the weight of the
overhead roadway concrete is not sufficient to impart significant loading to damage the package
in any way. Figure S.6 (a) and (b) illustrates the results of the most severe case of dropping the
overhead roadway span onto the GA-4 package, and the resulting plastic strain in the package
body wall.
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(a)
(Note: image of upper roadway shows girders only; concrete roadway omitted from image for
clarity.)
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Figure S.6. Deformation of I-580 Span after Impact with Package Body, (a) Predicted
Deformation Due To Impact of Upper Roadway on GA-4 Stainless Steel Body, and
(b) Predicted Effective Plastic Strain in Package Body Wall
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Much more interesting structural analyses were undertaken to investigate in detail the response
of the bolts attaching the impact limiters to the package, and the package lid closure bolts.
Complete evaluation of bolt performance was further complicated by the use of thread inserts in
all bolt attachments in the package, in which helical coils of Type 304 stainless steel fill the
interface between the bolt threads and the threaded holes in the package body. Differential
thermal expansion of the Inconel bolts relative to the XM-19 stainless steel package body, and
different strength-versus-temperature properties of the three metals involved, results in a time-
and-temperature dependent history of force on the bolts that raised the possibility that the
impact limiters might detach from the package. These material issues also raised the possibility
that there could be a loss of clamping force between the lid and the package body during the
post-fire cooldown. Figure S.7 illustrates the finite element analysis (FEA) model meshes
constructed for detailed modeling of the impact limiter bolts and for the closure lid, flange and
bolt structure, including thread inserts.
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Figure S.7. Detailed Model Mesh Diagrams for (a) Impact Limiter Bolt Evaluations with ANSYS
and (b) Closure Lid Bolt Evaluations with LS-DYNA

Detailed evaluations of the structural and thermal response of the impact limiter bolts to the
conditions of the MacArthur Maze fire scenario with FEA modeling using ANSYS show
definitively that the impact limiter bolts will not fail under these conservative and bounding
thermal and structural loading conditions. Loss of the impact limiters is not a credible
consequence of this fire scenario for the GA-4 package. Additional detailed evaluations of the
response of the lid closure bolts to the fire scenario undertaken with LS DYNA show
unambiguously that the lid closure bolts maintain a positive clamping force between the
package lid and body flange during all phases of the fire scenario, including the fire duration
(108 minutes) and the very long cooldown period of approximately 400 hours, back to post-fire
steady-state ambient conditions. This means that there is at all times forced metal-to-metal
contact between the lid and the package body. This is particularly important to assessing the
response of the GA-4 package to this fire scenario, because the thermal evaluations show that
the seals exceed their rated temperature limits within the first hour or so of the transient. The
metal-to-metal contact with positive clamping force constitutes the main containment boundary
of the package in this scenario.
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Thermal evaluations of the package response to this fire scenario predict that the peak cladding
temperature would be expected to exceed the short-term limit of 1058°F (570°C) long before the
end of the fire. Maximum cladding temperatures on all rods in the package are predicted to
exceed this temperature limit in the course of the transient, and remain above this limit for
several hours. In addition, the thermal inertia of the package and the insulating effect of the
fallen overhead roadway, which is assumed to blanket the package during the post-fire
cooldown means that fuel cladding temperatures continue to rise for many hours after the end of
the fire. The insulating effect of the impact limiters, which shield the package ends from direct
heating by the fire, results in the cooler ends of the rods continuing to heat up for several hours
after the end of the fire, as heat in the hot central region of the rods redistributes throughout the
package. Figure S.8 illustrates the thermal response of the package from the end of the fire to
approximately 12 hours into the cooldown transient, which at that point is far from over.
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(b) 2.2 hours after end of fire

(c) 6.2 hours after end of fire

(d) 12.2 hours after end of fire
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The maximum peak cladding temperature in the transient is predicted to be in the range of
1350-1400°F (732-760°C), and occurs approximately 3 hours after the end of the fire. Based on
the predicted fuel cladding temperatures from the COBRA-SFS modeling of the complete
MacArthur Maze fire scenario, fuel performance was evaluated by direct comparison to fuel rod
burst data as a function of cladding hoop stress and temperature. In addition to comparison to
relevant data, predicted fuel rod rupture temperatures were obtained using the burst rupture
model in the FRAPTRAN-1.4 code (NUREG/CR-7023 2011). Creep rupture is considered a
possible alternative mechanism of failure for spent fuel rods. To evaluate this possibility, a
separate analysis was performed with a creep rupture model, using the FRAPCON-3.4 code
(NUREG/CR-7022 2011) in conjunction with the DATING code (Simonen and Gilbert 1988;
Gilbert et al. 2002).

Fuel performance analyses for peak temperatures on the hottest rod in the MacArthur Maze fire
scenario as predicted with the COBRA-SFS model, predict cladding rupture temperatures of
1097°F (592°C) using LOCA burst strain modeling (FRAPTRAN) and 1229°F (665°C) using
creep rupture modeling (FRAPCON/DATING). Applicable experimental data (NUREG/CR-
0344) yields measured rupture temperatures in the range 1205-1256°F (652-680°C). The burst
rupture and creep rupture models both predict that the hottest fuel rod would rupture if subjected
to the temperatures predicted in this fire scenario. Furthermore, the peak temperature on the
hottest rod at the time of rupture is eventually exceeded by all rods in the package during the
transient, which suggests that there is the potential for all rods in the package to rupture in this
fire scenario.

Potential Radiological Consequences

Neutron and gamma radiation dose rates from the GA-4 package as a result of the postulated
conditions of the MacArthur Maze fire scenario would not exceed the design basis of the
package, which is well within the regulatory limits for hypothetical accident conditions. The
neutron shielding is lost very early in the transient, but loss of the neutron shield tank is a
design-basis assumption for this package in all HAC analyses. The more severe conditions of
the MacArthur Maze fire can do no more damage to the GA-4 package neutron shield than is
assumed a priori in the HAC analyses. The gamma shielding for the GA-4 is provided by a
layer of DU within the stainless steel package body. The shielding function of this material is
not affected by the higher temperature it is predicted to reach in the MacArthur Maze fire
scenario. There is no credible scenario in this fire accident that could result in neutron and
gamma dose rates from the design-basis GA-4 package exceeding the regulatory limits for
accident conditions.

Loss of the package seals due to exceeding seal material thermal limits means that there is the
potential for radioactive material to escape from the package. Rupture of all rods in the
package, as is predicted by the fuel performance analyses, based on the calculated thermal
response of the fuel, means that fission gases and fuel particulate would be released to the
package cavity. In addition, the assumption of 100% spalling of CRUD from the external
surfaces of the fuel rods is assumed for all accident conditions for SNF packages, per NRC
guidance. Therefore, it must be assumed that there is material available in the package cavity
that could be released through the failed seals. But because the lid closure bolts maintain
positive clamping force throughout the transient, it is not physically possible for very much of it
to actually escape. Conservative and bounding modeling assumptions yield an estimate of the
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maximum possible release as 0.24 of the mixture Az quantity’ determined for the design basis
contents of the package. The HAC regulatory limit specifies a maximum allowable release rate
of an Az per week. The estimated value is for the total potential release from the package in this
scenario. This predicted release estimate is below the prescribed limit, and indicates that the
potential release from this package in the MacArthur Maze fire scenario would not pose a risk to
public health and safety.

" An A2 quantity is defined in 49 CFR 173.403 as the maximum activity of a Class 7 (radioactive) material
permitted in a Type A package, which does not require an accident resistant design. The amount of
material that constitutes an Az quantity depends on its specific activity and other radiological properties.
Appendix A of 10 CFR 71 specifies the specific A2 quantities for a large number of radioactive materials,
and defines methods for calculating values for materials not listed in the table. Spent nuclear fuel
requires a Type B package, which can carry more than an Az quantity of radioactive material, but must
retain the integrity of containment and shielding under normal conditions of transport (as per 49 CFR 173)
and meet the release limits of less than an Az per week for hypothetical accident conditions.
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ABBREVIATIONS AND ACRONYMS

ASME American Society of Mechanical Engineers

AST adiabatic surface temperature

ASTM American Society of Mechanical Engineers

BCL Battelle Columbus Laboratory

CFD computational fluid dynamics

CG center of gravity

CHP California Highway Patrol

CNWRA Center for Nuclear Waste Regulatory Analyses

CRUD Chalk River Unknown Deposit, a generic term for corrosion and

wear products (rust particles, etc.) that become radioactive (i.e.,
activated) when exposed to radiation.

DU depleted uranium

FDS Fire Dynamics Simulator

FEA finite element analysis

FSS fuel support structure

HAC hypothetical accident conditions

1-580 Interstate 580

1-880 Interstate 880

IAEA International Atomic Energy Agency

ILSS impact limiter support structure

LOCA loss-of-coolant accident

LWT legal weight truck

MAIT Multi-Disciplinary Accident Investigation Team
NCT normal conditions of transport

NIST National Institute of Standards and Technology
NRC U.S. Nuclear Regulatory Commission

NS neutron shield

ORNL Oak Ridge National Laboratory

PWR pressurized water reactor

SAR safety analysis report

SARP Safety Analysis Report for Packaging

SFST Spent Fuel Storage and Transportation

SNF spent nuclear fuel

TBq Terabecquerel (S| unit for radioactivity; equal to 27 Curies (Ci))
WTP East Bay Municipal Utility District Wastewater Treatment Plant
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1.0 INTRODUCTION

Current U.S. Nuclear Regulatory Commission (NRC) regulations specify that spent nuclear fuel
(SNF) transportation packages must be designed to survive exposure to a fully engulfing fire
accident lasting no less than 30 minutes with an average flame temperature of “no less than
1475°F (800°C)” (10 CFR 71). The package' must maintain containment, shielding, and
criticality functions throughout the fire event and post-fire cooldown in order to meet NRC
requirements. The performance of spent fuel packages in severe accidents has been examined
in previous studies by the NRC, as documented in NUREG-0170 (Final Environmental
Statement on the Transportation of Radioactive Material by Air and Other Modes), NUREG/CR-
4829 (Shipping Container Response to Severe Highway and Railway Accident Conditions, also
known as the “Modal Study”), and NUREG/CR-6672 (Re-examination of Spent Fuel Shipment
Risk Estimates). These studies evaluated a broad range of hypothetical transportation
accidents involving collisions, fires, and collisions followed by fires. However, these studies did
not specifically examine the effects of an actual transportation accident involving a severe fire
that included a roadway collapse.

NRC has undertaken the examination of real-world accidents of greater severity than postulated
in the hypothetical accident conditions (HAC) fire, to determine what the potential consequences
might be, were such an accident ever to involve an SNF package. Two previous studies of
transportation accidents have been performed; the first was of the 2001 fire in the Howard
Street railroad tunnel in Baltimore, MD (NUREG/CR-6886 2009) and the second was of the
1982 fire in the Caldecott Tunnel on California State Route 24 near Oakland, California
(NUREG/CR-6894 2007). Based on conservative scenarios constructed from these real-world
fire conditions, the results of these studies have shown that the design basis for SNF packages
is sufficiently robust for them to survive such beyond-design-basis conditions without adverse
consequences to public safety. In all cases evaluated, the modeling results showed that the
various SNF packages would be expected to maintain required shielding for ionizing radiation,
and also would maintain the integrity of the containment boundary sufficiently to limit potential
release of radioactive material from the packages to within regulatory bounds for accident
conditions.

The MacArthur Maze accident of April 29, 2007 was selected as a third study in this series of
evaluations of real-world accidents because of the severity of the fire and the unusual structural
consequences, in which the heat from the fire caused the overhead roadway spans to collapse
onto the roadway where the fire was burning. On April 29, 2007 at approximately 3:37 a.m., a
tanker truck and trailer carrying 8,600 gallons (32,554 liters) of gasoline overturned and caught
fire on the Interstate 880 (I-880) connector of the MacArthur Maze interchange located in
Oakland, California. The intense heat from the fire weakened the steel girders of the Interstate
580 (1-580) roadway above the fire, collapsing two adjacent spans (approximately 156 feet
[47.55 m]) of the elevated roadway onto the section of freeway below. A surveillance camera
from the monitoring system of the East Bay Municipal Utility District Wastewater Treatment
Plant (WTP) adjacent to the roadway captured a video of almost the entire fire duration. This
video shows the first I-580 roadway span beginning to sag by about 10 minutes into the fire and
collapsing completely at approximately 17 minutes. The video also shows a second span of the
[-580 roadway descending slowly to the lower (I-880) roadway, beginning at about 17 minutes
and reaching its final (partially collapsed) configuration by about 37 minutes. The video shows
that the collapse of the second span greatly reduced the size of the fire, but it continued to burn

" The term “package” refers collectively to the contents (in this case spent nuclear fuel), and the protective
enclosure into which the contents are placed.
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intensely until about 102 minutes. As a fire management decision, the first responders on the
scene allowed the fire to burn unchecked until the hydrocarbon fuel was fully consumed. At that
point, the fire began to noticeably decrease in brightness, diminishing to a small glowing spot by
approximately 108 minutes after the start of the fire. On the video, there is no visible glow from
the fire after about 120 minutes.

Figure 1.1 shows a post-fire aerial view of the collapsed spans, extracted from the California
Highway Patrol Multi-Discipline Accident Investigation Team (MAIT) report (CHP 2007). The
staff of the NRC Division of Spent Fuel Storage and Transportation (SFST) undertook an
investigation of the fire and roadway collapse to determine what impact this event might have on
the risk associated with SNF transportation on public roadways. This evaluation included an
assessment of the fire exposure temperatures of the upper roadway girders and tanker truck
(NRC 2008), computational fluid dynamics (CFD) modeling of the open pool (pre-collapse)
portion of the fire, and an analytical evaluation of the response of a representative NRC certified
SNF transportation package to boundary conditions simulating temperatures predicted for the
MacArthur Maze fire.

B

Figure 1.1. Roadway Configuration after the MacArthur Maze Fire (photo from MAIT Report,
CHP 2007, reprinted with permission.)

This report provides a description of the analytical evaluation of the transportation package
response and a detailed presentation of the results of the evaluation. Section 2.0 contains a
summary description of the MacArthur Maze fire, and Section 3.0 describes the numerical
modeling of the fire. Section 4.0 describes the fire scenario developed for this evaluation in
detail, based on the known accident conditions and the numerical modeling of the fire.
Analytical models of the SNF transportation package are described in Section 5.0. Section 6.0
presents the analytical approach, including detailed description of modeling assumptions.
Analysis results are presented in Section 7.0. Section 8.0 addresses potential consequences of
the fire scenario, with respect to the SNF transportation package. Results and conclusions of
this study are summarized in Section 9.0, and references are listed in Section 10.0.
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2.0 THE MACARTHUR MAZE FIRE

This section presents a detailed description of the fire and summarizes the results of analyses
of material samples obtained to characterize temperatures reached by structures in or near the
fire. Section 2.1 contains the fire description. Section 2.2 summarizes the analyses undertaken
to determine estimates of peak temperatures reached in sampled materials from the roadway
and tanker truck exposed to the fire.

2.1 Description of the MacArthur Maze Fire

Documentation of the MacArthur Maze fire is unusual in that nearly the entire fire duration was
captured on video by the surveillance camera system of the nearby East Bay Municipal Utility
WTP. The WTP video shows the rapid development of a large, openly burning fire on the 1-880
roadway, ignition of ground fires below the roadway, the collapse of the overhead I-580 spans,
and the post-collapse fire near Bent' 19. Key points in the fire duration are illustrated with
video-capture images in Figure 2.1 through Figure 2.7.

Figure 2.1. MacArthur Maze Fire at +39 Seconds (WTP video image at 03:38:22.93 PDT,
photo from MAIT Report, CHP 2007, reprinted with permission.)

"The term “bent” is used by the California highway authority (CalTrans) to refer to the structures
consisting of a horizontal beam supported by two pillars, used to hold up elevated freeway segments.
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The image in Figure 2.1 shows that the fire developed extremely rapidly, attaining nearly full
size within minutes of a sudden bright flash from the direction of the freeway, which was
captured in the video footage and occurs at 3:37 a.m. By the time the camera was turned to
view the fire, approximately 10 seconds later, flame extended for nearly the full length of the
lower roadway segment between Bent 18 and Bent 19, as shown in the video capture image in
Figure 2.1. The east pillar of Bent 19 appears to be engulfed in flame below the level of the I-
880 roadway, indicating that fuel is spilling off the roadway through the bridge scuppers for
rainwater run-off near this location.

By approximately 7 minutes, the fire had reached full size, as illustrated in Figure 2.2. At this
point, flame entirely fills the space between the upper and lower roadway and is impinging on
the girders on the underside of I-580. In this image, brush on the ground below the roadway is
burning vigorously, but the flames around the Bent 19E pillar have self-extinguished. The video
shows that the fire configuration illustrated in Figure 2.2 persisted with little significant change
until the collapse of the overhead roadway spans.

Figure 2.2. MacArthur Maze Fire at +6.8 Minutes (WTP video image at 03:44:31.96 PDT,
photo from MAIT Report, CHP 2007, reprinted with permission.)

The sag in the span between Bent 19 and Bent 202 begins to be discernable in the video at
about 9.3 minutes. Figure 2.3 shows the deep sag in the span at 16.7 minutes, moments before
total collapse. (This image shows a rare glimpse of Bent 20, illuminated by the ground fires.)

2 Bent 20 is generally not visible in the video images, mainly because of the camera angle; it is located to
the right of Bent 19, from the perspective of the WTP.
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Figure 2.3. MacArthur Maze Fire at +16.7 Minutes (WTP video image at 03:54:24.61 PDT,
photo from MAIT Report, CHP 2007, reprinted with permission.)

Moments after the complete collapse of the span between Bent 19 and Bent 20, the roadway
span between Bent 18 and Bent 19 was also visibly sagging, as can be seen in Figure 2.4. In
this image, fire is no longer visible to the right of Bent 19 in the region of the fallen roadway. To
the left of Bent 19, the sagging portion of the span between Bent 18 and Bent 19 is intruding
into the fire, significantly affecting flame shape and distribution.
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Figure 2.4. MacArthur Maze Fire at +19.8 Minutes (WTP video image at 03:57:33.19 PDT,
photo from MAIT Report, CHP 2007, reprinted with permission.)

The slow gradual descent of the Bent 19 end of the second I-580 span to the lower roadway is
clearly shown in the WTP video. The partial collapse of this span appears to be complete by
37.3 minutes into the fire, as illustrated in Figure 2.5. This image shows that the fire has self-
extinguished in the region between Bent 18 and the point where the upper span contacts the
roadway. The fire is confined to a relatively narrow region near Bent 19, between the ends of
the two fallen 1-580 spans.
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Figure 2.5. MacArthur Maze Fire at +37.3 Minutes (WTP video image at 04:15:00.02 PDT,
photo from MAIT Report, CHP 2007, reprinted with permission.)

The remainder of the WTP video shows that after the two upper roadway spans reached their
final collapsed configurations, the fire continued to burn until the available fuel supply was
consumed. Figure 2.6 shows an image of the fire at +72.3 minutes, and there is almost no