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Lithium ion batteries (LIB) can rupture and result in thermal runaway
and battery fires. In the process of transporting lithium ion batteries using
trains, the massive collection of batteries can cause train fire and pose sig-
nificant danger to the public. This is especially critical when the fire occurs
amid a heavily populated metropolitan environment. This paper reports the
3D analysis of a warehouse with possible train fire due to LIB rupture and
the fire propagation at a rail yard. Six critical fire cases with the battery
train in close vicinity to the warehouse were considered. The six fire cases
are the worst-case scenarios of a Monte Carlo simulation of different fire
cases that may occur to an actual steel storage facility at the Capital Rail-
yard, Raleigh, North Carolina. A 3D finite element (FE) frame model was
constructed for the steel warehouse and the most critical fire cases were
simulated. The results indicated that several structural components of the
warehouse would experience large stresses and deflections during the sim-
ulated battery fires and resulting in instability to the structure. Specifically,
members of the roof frame represent the most critical elements and that the
members can result in large deformations as early as 4 minutes after the fire
starts. Furthermore, effective utilization of fire protection can delay some-
what the fire effects and extend time to failure to 45 minutes and in one of
the simulated cases, prevent structural instability. Thus, fire from LIB waste
transport using train is a very realistic problem due to the thermal runaway,
and the analysis performed in current study can be used as a preventive
investigation technique for buildings that may be exposed to the train fire
risk.
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1. Introduction

Li-ion battery (LIB) is currently the energy storage/use
technology of choice due to its high energy density and
the capability for rapid energy draw "’ To date, signifi-
cant amounts of LIBs have been manufactured and used,
and the disposal of LIBs is now a critical environmental
and safety issue . The disposal of LIBs usually involves
transporting them in bulks to either recycling centers
where physical separations are performed or straight to
landfills ™. In the US, fire safety of commercial LIBs has
been addressed by federal regulations (Federal Register,
2007, 49 CFR parts 171, 172, 173 and 175) ¥
no specific guidelines on the transport of spent Li-ion bat-
teries can be found.

Fire impacts due to battery stockpile explosions were
raised when in 2017, a double decker rail cargo car car-
rying lithium ion waste batteries caught fire and exploded
in downtown Houston ! The incident damaged several
residential structures due to the blast shock waves . LIB
fires are known to induce damages to nearby structures .
The Houston incident instigated the potential danger of
fire during mass transport of depleted lithium-ion bat-
teries. In the case of the Houston incident, the fire was
propagated to the surrounding area and resulted in nearly
an acre of burnt grass field. Figure 1 shows the correlation
between battery fire to full-scale locomotive fire as in the
case of the Houston train. The inserted curve shows the
time history of a single battery cell fire that can rise to
maximum temperature in a very short time.

Studies on lithium ion battery fire are limited and de-
sign guidelines to prevent fire damage due to lithium ion
battery fire are almost non-existent. Thermal runaway,

. However,

in particular, is one of the failure modes in batteries and
distinguishes Lit-ion battery fire from other vehicle fires.
For the LIB, thermal runaway is caused by exothermic re-
actions between the electrolyte, anode, and cathode — with
temperature and pressure increasing in the battery, the
reaction rate increases due to a temperature increase caus-
ing further increases in temperature and hence a further
increase in the reaction rate. Eventually, the battery will
rupture and may result in an explosion or fire ",

Figure 2 shows the schematic of an operating LIB
where electricity is generated when the electrolyte causes
chemical changes between the cathode (lithium metal) and
the anode (carbon). A thermal runaway (Figure 2b) occurs
when the battery experiences a change and several things
could happen at the same time: Heating can start, resulting
in the breakdown of protective layers and electrolytes, re-
leasing flammable (toxic) gas, resulting in the melting of
the separator and leading to short circuit. Finally, the cath-
ode breaks down and generates oxygen and further forces
temperature increase. For bulk storage of lithium-ion bat-
teries, the fire propagation can be initiated by battery pack
deformation, such as due to a punch-through "”. Hence,
the packaging design of a battery pack plays an important
role in preventing cell fire propagation """,

Thermal runaway is different from conventional fire in
that it is fueled by internal exothermic reactions and the
supply of oxygen is not essential to the continuation of the
chemical process. As a result, the conventional fire extin-
guishing technique of removing oxygen will not work for
LIB thermal runaway. Furthermore, LIB stack fire may
result in explosions and the emission of toxic gases, this is
evident in the April 19, 2019 battery fire of the AES bat-
tery energy storage (BESS) facility in Arizona .

Li-ion battery cell fire to large-scale structures in fire

‘ Large Scale Structural Fire ‘
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1
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Figure 1. Train Fire due to Battery Cell Thermal Runaway
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A review of fire on trains showed that train fire investi-
gation and prevention have been addressed in several pub-
lications from the APTA (American Public Transportation
Association), including the APTA Recommended Practice
for Transit Bus Fire/Thermal Incident Investigation for
fire safety analysis of existing passenger rail equipment "',
recommended practices for fire safety ', for fire protec-
tion systems """\, fire safety analysis for existing passen-
ger rail equipment ' and fire detection technologies """
Although these guidelines are not directly related to LIB
safety, they can be modified to address fire from Li-ion
batteries.

Other fire protection recommendations can be found in
publications from the National Fire Protection Association
(NFPA) including NFPA 130 "* which specifically ad-
dresses fire protection. For general building structure fire
protections, guidelines that may be applicable include the
International Building Code """, which defines fire resist-
ance ratings for buildings based on construction type and
building element.

In summary, to ensure fire safety, a fire risk analysis
needs to be performed for potential at-risk buildings.
The fire risk analysis should result in the identification
of the most critical risk scenarios for the safety design of
the structure *”. Detailed structural analysis can then be
performed to understand the responses of the structure to
the fire risk. To demonstrate a fire risk analysis, this paper
describes a fire evaluation performed on an existing steel
metal structure with close-by railroads that may be ex-
posed to battery train fires.

In order to assess the responses of the steel frame
structure from the worst fire risk case, a nonlinear finite
element (FE) fire analysis is conducted based on the

——

- ~ Charging (e’)
~
- ~

Discharging
(e)

a) An Operating Li-lon Battery

most likely fire scenarios from the established fire cas-
es. The worst-case scenarios are established based on a
Monte Carlo simulation (fire risk analysis) of more than
5,000 fire cases performed using Cellular Automata. The
analysis identified six most critical fire cases. In order to
identify the most vulnerable fire propagation event to the
structural members, a 3D frame structure model is devel-
oped to analyze the steel frame structure which is shown
in Figure 3. The most critical fire cases (fire propagating
to specific building compartments), derived from the fire
risk analysis, were then simulated using the FE model.
The 3D analysis allowed a realistic simulation of the fire
scenarios and helped indicate the most critical locations
for the selected fire scenario. The analysis included steel
elements idealized both with and without fire protections
to the structure. The analysis process presented in this pa-
per is holistic and consider all likely fire scenarios for the
steel frame structure and can be used for any other struc-
tures that may be exposed to risks from a LIB fire.

1.1 North Carolina Capital Railyard Warehouse

The steel frame structure is a train repair warchouse at
the North Carolina Department of Transportation (NC-
DOT) Capital Yard in Raleigh, North Carolina. The open-
span steel frame structure has metal sidings and roofs and
is used for sheltered repair and maintenance works for the
Piedmont Railroad serving cities between Raleigh and
Charlotte, North Carolina. Two railroad tracks run close
(within meters) to the building and a very short track
dead-ended partially into the building. The tracks dictat-
ed the possible parked positions of a train carrying LIB
stockpiles.

Electrolyte breaks down into flammable gas

Separator and protective layer melts and cause short circuit

Cathode breaks down and generating oxygen

b) Battery Thermal Runaway

Figure 2. The Li-lon Battery: a) an Operating LIB cell; and b) LIB Thermal Runaway
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a4,

a) Exterior of Warehouse

b) Interior of Warehouse

Figure 3. The NCDOT Capital Yard Maintenance Warehouse: a) Exterior and b) interior

The eave height of the warehouse is 7.3 m and the
roof is at 9.3 m from the floor slab. Figure 3 shows the
steel structure that sits within the NCDOT Capital Yard.
The bay width for the floor plan is 7.3 m by 7.9 m. The
building is composed of six rigid frames connected with
beams and purlins on each roof side between the rigid
frames ', The rigid frame is composed of tapered
beams of W18x40’s Y. The purlins are made of C10x25
beams. Figure 4 shows laser scans of the interior of the
warehouse. Figure 4a shows the entrance for the train into
the building. Figure 4b shows the roofing details of the
warchouse. The left side of Figure 4b shows a standalone
office structure within the warehouse that was not consid-
ered in the numerical modeling. Figure 5 shows the plain
view of the original CAD drawing of the building.

Due to the close vicinity of the railroad tracks to the
building, hazard arises in that a train filled with disposed
LIBs, or a train powered by LIB (hybrid or fully electric),
may be parked too close to the structure and potential
train fire may propagate to the structure. Hence, a study
on the LIB fire risks and the effect of fire on the structure
has been performed. The study evaluated the building
structure for fire using finite element modeling and a fire
risk analysis using an expert opinion approach to estab-
lish the risk indices for different fire scenarios, so that the
most critical aspects of the building fire can be unpacked
for better understanding.

Figure 4. LiDAR Scans of the NCDOT Capital Yard
Maintenance Warehouse: a) LIDAR Scan of Warehouse
Interior and b) LiDAR Scan of Warehouse Roofing Sys-

tem
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Figure 5. Plan View; Train Warehouse

1.2 Summary of Fire Risk Analysis

The fire risk analysis is conducted using a combination
of event probability and severity (risk level), to create a
risk rating for a particular event. The probability is scaled
from 1 to 5, 1 being frequent and 5 being improbable to
occur. The severity aspect is scaled from 1 to 4 where 1
being catastrophic and 4 being negligible. The risk index-
ing can help prioritize the fire risks, which dictates the
structural fire evaluation for the building **'.

The warehouse that is being analyzed in this case study
contains fuel, oxygen, and heat source, which are three
elements needed in order to ignite a fire. Fire behavior is
dependent on the fire temperature, the heat transferred to
the surface of the structure, and the corresponding rise of
temperature occurring within the structure. Because the
warehouse has open space and possible workers within,
fire safety will be provided based on the life safety of oc-
cupants by identifying the potential fire source and select
the best way to control and extinguish the fire at an early
stage, and possible extend the time needed for the safe
egress of people.

Mira et al.
wherein the warchouse building was partitioned into 14
exterior and interior compartments, as shown in Figure 6
and described in Table 1. Special considerations for com-
partments are also included in Table 1 as necessary, dic-
tating additional parameters in the fire ignition and spread
potential as well as increased life safety. Current study
extends the 2D analysis into 3D and further improve the
models to allow the identification of the specific failing
members.

conducted a detailed fire risk analysis

38

[25]

ot

b) Fire Scenario Risk Index

Figure 6. Warehouse Building Compartment Designation **

All likely critical elements that may cause fire ignition
and spread to the building have been considered, includ-
ing sources related directly to the LIBs onboard the train
and other traditional fire hazards surrounding the building.
The fire hazards considered are fire initiated from the
train, exterior electric power transformers, power supplies
within the warehouse, chemical tanks outside of compart-
ment 13 and 14, overhead transformer fire and a large gas
tank behind the building. For this investigation, a total of
six specific fire scenarios were considered and used for
the fire risk analysis. Each scenario is further identified by
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Table 1. Compartment Designations in the Fire Risk Evaluation

[25]

Compartment No.  Description Special Considerations

1 Top left exterior wall (Exterior) Close proximity exterior tracks

2 Top right exterior wall (Exterior) Close proximity exterior tracks

3 Middle left exterior wall (Exterior) Tracks enter into warehouse

4 Middle right exterior wall (Exterior) Tracks do not enter warechouse

5 Bottom left exterior wall (Exterior) Adjacent chemical storage

6 Bottom right exterior wall (Exterior) Wide open door

7 Top left interior structural elements (Interior) Wide open door

8 Middle top left interior structural elements (Interior) Power tool storage

9 Middle top right interior structural elements (Interior) Includes stand-alone office with glass frame (additionally occupancy)
10 Top right interior structural elements (Interior) Houses electric controls on interior wall

11 Bottom left interior structural elements (Interior) Railroad tracks extend through for sheltered repair work
12 Middle bottom left interior structural elements (Interior)  Railroad tracks extend through for sheltered repair work
13 Middle bottom right interior structural elements (Interior) Adjacent chemical storage

14 Bottom right interior structural element (Interior) Adjacent chemical storage

a numeric number and the detailed description for each
scenario is shown in Table 2.

A survey was sent out to individuals seeking expert
opinions on the fire cases and the ranking of the cases.
The risk index matrix was established where each of the
six fire scenarios was individually applied to the com-
partments of the warehouse. The risk analysis resulted
in a total of 84 scenarios. The expert opinion approach
involved ten expert members and each ranked the risks
independently. The average risks from the collected opin-
ions of the seven members were calculated and then used
to rank the different scenarios. The most and least critical

Table 2. Detailed Fire Scenarios

areas of the warehouse were then identified. The outcomes
are then mapped onto the compartment schematic shown
in Figure 6, where the lower risk index values mean high-
er potential fire risks. From Figure 6b), it is shown that the
most significant fire scenario is the fire propagating due
to battery train parked inside of the structure and train fire
propagating to compartments 11 to 12. The least signifi-
cant fire scenario is when fire occurring to compartments
7, 8,9 and 10. Hence, detailed structural fire analysis was
conducted to compartments 11 to 13. The compartment 13
was included to extend the fire analysis for multiple bays
of the structure.

[25]

Fire Scenario Details

Ignition: Battery thermal runaway in locomotive.

(1) Train Fire Outside*

Fire development: Easily igniting material catches on fire.

Fire propagation: Fire material smolders and propagate to warehouse.

Ignition: Battery thermal runaway in locomotive.

(2) Train Fire Inside*

Fire development: Easily igniting material catches on fire.

Fire propagation: Fire material smolders and propagate to warehouse.

Ignition: Storage containment unit ignites.

(3) Chemical Storage Fire**

Fire development: Flammable material catches on fire.

Fire propagation: Fire material smolders and propagate to warehouse.

Ignition: Short circuit of poorly insulated power electronics.

(4) Power Electronics Fire**

Fire development: Flammable material catches on fire.

Fire propagation: Fire material smolders and raise temperature.

Ignition: Transformer catches fire due to short circuit.

(5) Transformer Fire**

Fire development: Easily igniting material catches on fire.

Fire propagation: Fire material smolders and propagate to warechouse.

Ignition: Gas containment unit catches on fire.

(6) Gas Containment Fire**

Fire development: Easily igniting material catches on fire.

Fire propagation: Fire material smolders and propagate to warehouse.

*Fire starting scenarios associated with train with LIBs
*Fire starting scenarios specific to the NCDOT railyard warehouse
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2. Structural Fire Analysis

A 3-D structural finite element model was developed
using Abaqus Finite Element Software * to investigate
high-risk fire scenarios present on the rail warehouse
structure. A 3-D frame model was constructed as shown
in Figure 7, using two-node cubic beam elements (B33)
throughout the model, with tapered cross-sections de-
fined on the column elements and fixed support boundary
conditions at the base of the frame 7. Self-weight was
applied using a gravity load in addition to a superimposed
dead load of 958 Pa. Both self-weight and superimposed
dead load were held constant as the fire load was specified
through a temperature field * applied to the steel mem-
bers. General static steps with automatic incrementation and
nonlinear geometry were used throughout the analysis.

In lieu of a full heat transfer finite element solution, an
iterative, transient heat transfer analysis was performed
on the unprotected steel members exposed to fire based on
the temperature rise of the steel member, 4T defined in
the AISC Specifications **';

AT, = LE(TF —TAt )

CS(D)

where,

a = heat transfer coefficient, Btu/(ft*-s-"F)(W/m’-°C)
=a.+a,

a, = convective heat transfer coefficient

a, =radiative heat transfer coefficient, given as:
- S (778

¢, = specific heat of the steel, Btu/Ib-°F (J/kg-"C)

D = heat perimeter, in. (m)

S, = Stefan-Boltzmann Constant = 5.67 x 10°* SWm™k™

T, = temperature of the fire, °F (°C)
Ty = temperature of the fire, ‘K

= (Tg+459)/1.8 for TF in °F

= (Tg+273) for TF in °C
Ts = temperature of the steel, °F (°C)
T, = temperature of the steel, °K

= (T4+459)/1.8 for TF in °F

= (T¢+273) for TF in °C
W = weight (mass) per unit length, 1b/ft (kg/m)
&r = emissivity of the fire and view coefficient
At =time interval, s

The hydrocarbon fire was chosen for the design fire
for a large-scale lithium-ion battery fire, offering a fire
scenario with more rapid temperature rise and higher
temperatures than the standard E119 fire typically used
for compartment fires with traditional building material
fuel loads. Figure 8b compares the hydrocarbon fire and
resulting unprotected steel member temperatures to the
temperatures specified in the ASTM E119 Standard fire.
Additionally, a modified fire curve was developed to sim-
ulate steel members with appropriate fire protection ap-
plied where the hydrocarbon fire curve was scaled to limit
the temperature of the steel members to 538 °C . The
emissivity was assumed to be 0.7, typical of steel struc-
tures, and a convection coefficient of 50 W/m’K was used
for the hydrocarbon fire *.

Abaqus *Elastic and *Plastic parameters were used to
input temperature-dependent, nonlinear material proper-
ties for the steel. Temperature-dependent coefficient of
thermal expansion was calculated based on the thermal
strain defined in Eurocode **** and is shown in Figure 8b.
Density was specified as a constant 7,850 kg/m’.

Figure 7. Overall FE Model Geometry
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Figure 8. Thermal Characteristics of Fire Used in FE
Modeling (a) Fire Curves and Steel Temperatures (b)
Temperature Dependent Thermal Expansion >

3. Discussion
3.1 Fire Propagation Analysis

Several iterations of FEA models were generated in
Abaqus in order to evaluate the warehouse structure un-
der various fire design curves and levels of exposure. The
FEA models were based on building dimensions which
were generally similar to that of the existing railyard
structure, however structural members were modified or
replaced to facilitate analysis. The fire design curves used
in analysis were limited to the steel temperature fire curve
based on heat transfer analysis and the modified fire curve
with steel member temperature limited to 538 °C.

The heat transfer analysis curve was assumed to rep-
resent steel framing which does not have fire protection
and the modified curve was assumed as steel framing with
appropriate fire protection. FEA models were identified as
“unprotected” and “protected” cases for those consisting
of the heat transfer analysis curve and modified fire design
curves, respectively, in an effort to create a clear distinc-
tion.

As determined by the fire risk analysis, the most sig-
nificant fire scenarios were related to battery train fire
propagating to building compartments. Therefore, FEA
models considered the length of a battery train car and the
various positions an individual car may occupy within the
warehouse. A train car could span anywhere from a single
bay in the warehouse up to a total of three bays in length,
for which the design fire was first applied to only Bay 11,
then Bays 11 and 12, and then Bays 11, 12 and 13. A sum-
mary of FEA models is shown in Table 3. As shown in
Table 3, the fire protection scenarios are also considered
resulting a total of six study cases.

Table 3. FEA Model Summary

Fire Protection Bays Exposed to Fire  Case
Unprotected 1 1
(Maximum Design Fire 11 and 12 2
Temperature of 1100 °C) 11,12, and 13 3
Protected 1 4
(Max Design Fire Temperature 11 and 12 5
of 538 °C) 11,12, and 13 6

The earliest iterations of the Abaqus models were con-
structed using tapered W18x40 columns along the East
and West elevations of the structure, W8x10 columns
along the North and South elevations of the structure,
W18x40 rafters, C10x25 purlins, and C5x6.7 girts. Anal-
ysis of these Abaqus models tended to abort soon after
fire was applied to the structural members. The Abaqus
software will abort analysis if structural instability is en-
countered. It was found that these models were improved
when wide-flange members were used instead of chan-
nels. Therefore, channels were replaced with wide-flange
members of a similar section modulus; C10x25 purlins
were replaced with W8x21 members and C5x6.7 girts
were replaced with W4x13 members.

FE analysis results were obtained from Abaqus in the
forms of displacements, Von Mises (Mises) stresses, and
temperatures relative to time. Displacements are presented
as Ul, U2, and U3 which represent deflection in the x, y,
and z directions, respectively. Von Mises stresses are pre-
sented as SP1, SP5, SP9, and SP13 which is a reference to
section points on a cross-section of a wide-flange member
as shown in Figure 9. Due to the large amount of data
resulting from the analysis, only data from representative
nodal points of Purlin and Girt members are included in
this paper as these presented the highest levels of stress
and deformation. Data for individual nodes for each case
are included in Figures 10 through 15. Data for maximum
temperature, maximum stress, and maximum absolute
deflection for each node is included in Tables 4 through 6,
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respectively. 12

sign fire cases it was observed that maximum deflection

In general, for both the Unprotected and Protected de- | =t -
i

occurs nearly at the same time as the maximum temper-
ature. Also, maximum stress levels occur within the first 2
four minutes of the design fire for both design fire cases. =1
In most cases, it was observed that members reached
stress levels between 241.3 MPa (35ksi) and 337.8 MPa = '6"'
(49ksi), which is near yield-stress for most common
grades of steel. Only three nodes, of the fourteen nodes

—
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Table 4. FEA Model — Maximum Temperature

Abaqus Maximum Temperature
. . Bays Exposed Node Member
Fire Protection to Fire Case Model Run Number Type Time Displacement | Stress Temperature
Time (sec) (sec) | (m) (p2) 0)
307 Purlin 252.4 0.4826 3.08E+07 |814
11 1 252.4
481 Girt 252.4 0.3503 2.90E+07 |[814
325 Purlin 244.8 0.5967 3.40E+07 | 805
11 and 12 2 244.8 340 Purlin 244.8 0.4552 3.26E+07 | 805
Unprotected
481 Girt 244.8 0.3844 2.79E+07 | 805
310 Purlin 245.6 0.6614 3.31E+07 806
11,12,and 13 |3 245.6 337 Purlin 245.6 0.5044 3.34E+07 | 806
362 Girt 245.6 0.5808 3.06E+07 | 806
307 Purlin 3602 0.3345 1.95E+08 | 539
11 4 3602
481 Girt 3602 0.2309 1.64E+08 | 539
310 Purlin 3602 0.3896 1.99E+08 539
Protected 11 and 12 5 3602
481 Girt 3602 0.2799 1.64E+08 | 539
313 Purlin 2733.5 0.3927 1.92E+08 | 539
11,12,and 13 |6 2733.5
388 Girt 2733.5 0.3388 1.73E+08 | 539
Table 5. FEA Model — Maximum Stress
Maximum Stress
Ab
. . Bays Exposed aqus Node Member
Fire Protection to Fire Case Model Run Number Type Time Displacement | Stress Temperature
Time (sec) (sec) | (m) (pa) °0)
307 Purlin 92 0.0655 3.35E+08 | 168
11 1 252.4
481 Girt 135.1 0.1468 2.42E+08 | 385
325 Purlin 137.6 0.1857 2.67E+08 | 398
11 and 12 2 244.8 340 Purlin 212.9 0.1216 3.70E+07 719
Unprotected
481 Girt 128.1 0.1765 2.51E+08 | 348
310 Purlin 91.4 0.0925 3.04E+08 165
11,12,and 13 |3 245.6 337 Purlin 205.2 0.1675 4.78E+07 | 697
362 Girt 158.8 0.1875 1.80E+08 | 510
307 Purlin 144.5 0.1229 3.26E+08 | 213
11 4 3602
481 Girt 222.6 0.1353 2.45E+08 | 366
310 Purlin 119.2 0.0533 3.27E+08 148
Protected 11 and 12 5 3602
481 Girt 184.6 0.1569 2.54E+08 | 313
313 Purlin 128.1 0.0865 3.28E+08 171
11,12,and 13 |6 2733.5
388 Girt 166.7 0.1731 2.87E+08 [270
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Table 6. FEA Model — Maximum Absolute Displacement

Abaqus Maximum Absolute Displacement
. . Bays Exposed Node Member
Fire Protection to Fire Case Model Run Number Type Time Displacement | Stress Temperature
Time (sec) (sec) | (m) (p2) O
307 Purlin 2524 0.4826 3.08E+07 |814
11 1 252.4
481 Girt 2524 0.3503 2.90E+07 |814
325 Purlin 244.8 0.5967 3.40E+07 |805
11 and 12 2 244.8 340 Purlin 244.8 0.4552 3.26E+07 | 805
Unprotected
481 Girt 244.8 0.3844 2.79E+07 | 805
310 Purlin 245.6 0.6614 3.31E+07 | 806
11,12,and 13 |3 245.6 337 Purlin 245.6 0.5044 3.34E+07 | 806
362 Girt 245.6 0.5808 3.06E+07 | 806
307 Purlin 3346.8 |0.3345 1.95E+08 [539
11 4 3602
481 Girt 3602 0.2309 1.64E+08 [539
310 Purlin 3602 0.3896 1.99E+08 [539
Protected 11 and 12 5 3602
481 Girt 33114 |0.2799 1.64E+08 | 539
313 Purlin 2733.5  |0.3927 1.92E+08 [539
11,12,and 13 |6 2733.5
388 Girt 2733.5 |0.3388 1.73E+08  [539

Abaqus aborted analysis within the first four minutes
for all three of the unprotected fire cases. Maximum de-
flections for the unprotected fire cases ranged from 330
mm (thirteen inches) to 661 mm (twenty-six inches).
Abaqus also aborted analysis of Case 6, which is the
protected fire case in which the three bays, Bays 11, 12,
and 13, are exposed to the design fire curve, after nearly
forty-six minutes. Although, maximum deflections for the
Protected fire cases ranged from 228 mm (nine inches) to
406 mm (sixteen inches).

It is also observed that relatively large deformations oc-
curred when more than two bays are exposed to a design
fire such as case 3 where maximum displacement of 661
mm (twenty-six inches) occurred when three bays were on
fire. This is also observed for case 6 when fire protection
is utilized with maximum displacement is 392 mm (fifteen
inches), therefore limiting the extent of the fire could be
beneficial.

The three-dimensional modeling also helped in reveal-
ing interesting structural member interactions, which is
shown in the different purlin and girder responses. This
observation is lacking in the previous 2D models * and
presents a more realistic failure response than from 2D
modeling.

3.2 Limitations of Current Study

Current study did not include cases where battery fires

reignite after the initial fire breakout and suppression,
which has been documented to occur during several elec-
tric vehicle fires and prolonged the efforts to put out the
fires ®'!. While this did not occur for the Houston train
fire case, the risk can be very high for large containers of
wasted Li-ion batteries. How to establish a prolonged and
multi-staged fire curve for battery fire is a critical infor-
mation necessary for structure fire analysis.

Current study uses a hydrocarbon fire to simulate the
propagation of a LIB fire, which does not include the ex-
plosive nature of a large pack lithium ion battery fire, sim-
ilar to the Houston fire of the train carrying large amount
of waste batteries. Currently, there is no large-scale LIB
fire studies and hence, is a very critical limitation. The re-
search team is working towards establishing experimental
battery fire time histories that will be applied to the 3D
structural models.

There is a quadruple increase in LIB applications, es-
pecially in large-scale utilities such as energy storages.
Correspondingly, there is an increase in LIB fires, which
further demonstrated the importance of such studies as
demonstrated in this paper. As trains are a very likely
means of transport for waste batteries, there is an urgent
need to investigate LIB fires to neighboring structures.
The analysis process demonstrated in current paper repre-
sent a critical first step towards the understanding of large-
scale LIB fires and can be a useful approach for future fire
risk evaluation of any structure types.
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4. Conclusions

LIB fire due to depleted battery stockpiles has drawn
critical attentions during the 2017 Houston train fire in-
cidence. Even though fire regulations are not addressing
the fire safety issues of waste LIB transportation yet, there
is a need to establish a holistic approach to evaluate fire
risk potentials. This paper investigated the fire risks of a
steel frame structure using 3D FE modeling. The 3D anal-
ysis allowed us to visualize the selected fire scenario and
helped identify the most critical members subject to bat-
tery fire and their performances. The fire study was based
on the North Carolina Capital Railyard Warehouse with
multiple potential train access sites.

When considering the fire safety and control of a fire,
the most significant fire scenario was determined to be a
battery train fire within the warehouse which could poten-
tially be caused by thermal runaway and is more difficult
to control than a conventional fire.

Based on the assumptions made and data available
from the 3D finite element model, it appears that structural
components would experience relatively large stresses and
deflections during a design fire and the structure could po-
tentially become unstable. The analysis appears to demon-
strate that utilizing fire protection could slow the rate at
which structural steel members would deflect, reduce the
total deflection experienced by a structural member, and
delay or prevent structural instability. The research also
indicates that structural instability could occur if more
than two bays are exposed to a design fire even if fire pro-
tection is utilized, therefore limiting the extent of the fire
could be beneficial.

Finally, the 3D modeling reveals interesting and more
realistic member interactions during the fire propagation
than two-dimensional modeling.
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