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WFC Foundation Observations

No instances of discrete foundation damage attributable to air-blast waves or
ground vibrations were observed at the evaluated structures. Evidence of
long-term foundation movement, as evidenced by repaired, weathered,
and/or dull-edged finish separations at locations typically indicative of
differential foundation movement were typical at the structures. Additionally,
the majority of the structures were located on soils with high to very high
shrink/swell potential, as classified by the United States Department of
Agriculture (USDA 2015).

ANALYSIS OF DATA

The data obtained from the WFC explosion evaluations was analyzed to
determine the extents of the distress mechanism propagation from the
explosion origin. The extents were determined based on the distance data
points at which the mechanism patterns became inconsistent. The extents
are intended to be considered as relative numbers rather than actual values,
as significant potential for skew in the data resulted from the gaps in available
distance data points.

A pattern of significant and widespread brick veneer distress, including
diagonal fractures, separations/fractures at exterior building corners, and/or
collapsed portions of the veneer, occurred up to approximately .35 miles from
the explosion origin. A significant gap of over .1 miles existed in the distance
data points farther out than .35 miles, which may have caused error in the
extent estimate for the brick veneer damage indicator.

A pattern of structural roof distress was consistent at structures located within
approximately .5 miles of the explosion origin, but some structures exhibited
roof framing distress up to approximately .7 miles from ground zero. Due to
the inconsistency in the framing distress for structures farther than .5 miles
from the blast origin, the authors assumed an extent of .5 miles. One
structure located more than .6 miles from the origin exhibited fractured
framing. This structure had a clear line of site to the origin and, consequently,
was likely subjected to increased loading relative to structures at a similar
distance from the blast origin but in more densely developed areas.

A pattern of collapsed ceiling finishes was evident up to approximately .6
miles from the explosion origin. A significant sample size of data points from
sites farther than .6 miles exists to support the estimated extent for this
damage indicator.

A pattern of distress to windows, doors, and/or glazing was evident up to
approximately .8 miles from the explosion origin. The pattern became less
consistent farther than .8 miles from the origin; however, a significant cluster
of window/door damage data points was evident up to 1.0 miles from the
origin.
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Table 2 shows the observed patterns of distress, the approximate distance
from the explosion origin that the observed instances of the damage indicator
became inconsistent, and an estimated incident pressure at that distance.
The estimated incident pressures were calculated by assuming a value of .50
psi for window/door/glazing damage at .80 miles from the origin and back-
calculating pressures based on a 1/d°® ratio. Altering the initial
pressure/distance assumption significantly influences the estimated incident
overpressure calculation.

Table 2. Observed Damage Indicators vs. Distance and Estimated Pressure

Distance Estimated Published
. from Incident Incident
Damage Indicator -
Origin Overpressure | Overpressure
(miles) (psi) (psi)
Severe Brlck Veneer 35 6.0 10-21
Distress
Fractured Wood Rafters .50 2.0 1.7-2.0
Heavy Damage to Ceilings .60 1.2 ~1.7
W'”do"[")/ Door/Glazing 80 | .5(Assumed)| 0.15-1.0
amage

With the exception of the severe brick veneer distress, the estimated incident
overpressures correlated with the published values. The estimated
overpressure for severe brick veneer distress was significantly higher than
the published pressure range; however, the estimated overpressure was of
sufficient magnitude to be indicative of veneer distress related to substantial
structural distress. The 5.0 psi published threshold for the collapse of wood-
framed buildings indicator is estimated at approximately .37 miles from the
explosion origin, based on the initial assumed values. This distance
correlates with observations of severe and widespread structural distress
within .35 miles to the blast origin; however, full collapse of wood-framed
structures was not typical.

The general correlation between the damage indicators observed during the
WFC evaluations and the published damage indicator data supports the use
of damage indicators in evaluations of explosion-related distress. While the
use of damage indicators can facilitate an estimation of blast pressures at a
site of interest, this estimation cannot be relied on solely for damage
evaluation. Distress propagation is a function of not only load but resistance.
Resistance is a function of multiple variables, including but not limited to, age,
design, construction, materials, pre-existing damage, and maintenance
(Nelson, DeLeon, and Schober 2011). The most extreme damage indicator
at a site can be used to determine other expected forms of distress based on
the relative published pressure thresholds for the respective damage
indicators.
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Figure 7 shows the locations of select structures evaluated by the author's
firm. Radial distance markers are overlaid on Figure 7 to show the extents of
distress mechanism propagation as determined by the authors from the
collective review of the 35 evaluations. Table 3 summarizes key observations
from the 35 evaluations and can be correlated to the structure numbers in
Figure 7.
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Figure 7. Overview of Evaluated Structures and Extents of Distress
Propagation
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CONCLUSIONS

Observations from 35 WFC explosion distress evaluations performed by the
author's firm were compared to published damage indicator data to establish
correlation between the two and to support a methodology of using damage
indicators to evaluate explosion distress. The WFC observations correlated
with the published values and, therefore, confirm that damage indicators can
be used to estimate the overpressures and associated expected distress at a
site of interest subjected to an explosion event.

The use of damage indicators to estimate blast pressures cannot be used as
a sole determinant of distress causation, as the propagation of distress is a
function of loading and resistance. Both variables of this equation have
multiple sub-variables, and individual site evaluations are necessary to
delineate blast damage for structures that are not completely destroyed by
the explosion.
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Abstract

A natural gas explosion in East Harlem, NY destroyed two buildings and
caused breakage of windows on a building across the street from the explosion. The
equivalent TNT charge of the explosion is estimated and used to develop an
explosion-fragment model (EFM) of the explosion event. The EFM is employed to
investigate the potentiality of the window breakage as being caused by fragment
impact or by the blast shock wave itself. Sections of the building facade predicted to
be vulnerable to a combination of fragment impact and the shock wave are found to
correlate with slightly higher rates of window breakage than sections predicted to be
vulnerable only to the shock wave.

INTRODUCTION

A natural gas explosion occurred on March 12" 2014 in East Harlem, NY
causing deaths of several people and wounding numerous others (Kiger, 2014). The
explosion resulted in the progressive collapse of two five-story brick buildings (see
Figure 1), and neighboring buildings sustained different levels of damage from the
reflection of the blast wave and fragment impact.

Natural gas is composed primarily of methane along with smaller percentages
of other combustible gases such as ethane, propane and butane (NaturalGas.org,
2014). The high combustibility of natural gas is attributed to the exothermic reaction
between methane and oxygen. Natural gas can leak through cracks in underground
transmission pipes, permeate the surrounding soil and ignite resulting in an
uncontrolled explosion with catastrophic effects as was the case in the East Harlem
explosion. The combustion results in a rapidly expanding hemispherical wave of high
pressure gas called a shock wave. The shock wave itself can directly cause damage to
neighboring buildings. In addition, the shock wave can cause building components to
fly off and impact surrounding buildings causing additional damage.
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A seven-story brick building located across the street from the East Harlem
explosion sustained facade damage from the event. Specifically, numerous windows
on the west wall of the building were shattered. A study is conducted to investigate
the potentiality of the window breakage as being caused by fragment impact or by the
blast shock wave itself or a combination of both. The equivalent TNT charge of the
explosion is estimated based on an existing video recorded by a surveillance camera
near the explosion site. An explosion-fragment model (EFM) of the explosion is
developed using the equivalent TNT charge and the properties of the collapsed five-
story brick buildings. Using the EFM, the flight radii of assumed fragment sizes are
calculated and mapped to predict if the west wall of the building across the street
from the explosion was vulnerable to damage from fragment impact. Finally, the
damage effect of the west wall windows from the fragment impact is compared to
that caused by the shock wave. Conclusions are drawn on the lethality of fragment
impact versus the shock wave for the west wall.

Pre-explosion Post-explosion

Figure 1. Buildings prior to explosion and after collapse (Mullings, 2014).
PREDICTION OF EQUIVALENT TNT CHARGE

Debris flying off the west wall of the seven-story brick building across the
street from the East Harlem explosion was captured by a surveillance camera
installed on the sidewalk. The camera view is angled in a southerly direction and the
west wall at street level facing the epicenter of the explosion can be seen. Upon
explosion numerous chunks of debris were recorded flying off of the west wall and
landing onto the sidewalk and street (see Figure 2).

The explosion epicenter is assumed to be located at the center of the site
covered by the two collapsed buildings. The estimated range and incident angle
between the epicenter and the origin of the west wall debris are determined from a
plan view taken from Google maps (see Figure 2). The difference in elevation
between the blast epicenter and the debris is assumed to be negligible with respect to
the horizontal range. The range is found to be approximately 50 m and the incident
angle is effectively zero degrees.
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The reflected impulse at the origin of the flying debris can be predicted given
the estimated mass and velocity of one of the fragments observed in the video. The
larger chunk of debris indicated in Figure 3 appears to be a glass shard shaped in the
form of a trapezoid. Its dimensions are estimated by scaling in Bluebeam the shard
size with respect to the width of the sidewalk in the background. The width of the
sidewalk is determined from a plan view taken from Google maps. The windows on
the west wall are assumed to be composed of 6 mm annealed glass (ASTM E1300-
12a, 2012) as it was the typical facade construction for the year when it was built. As
a result, the shard thickness is assumed to be 6 mm. Given the dimensions measured
in Figure 3a along with the density of glass taken as 2.579 g/cm’, the mass of the
shard is estimated to be 1.25 kg.

(b)

Figure 3. (a) Glass shard flying off west wall showing estimated dimensions and
(b) the same shard shown two frames later.

The glass shard appears to fly off the building in a direction normal to the

west wall. Also, the video recording is found to have a frame rate of 30 frames per
second, or 1/30 seconds between each frame. The distance traveled by the shard over
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three frames is estimated by scaling in Bluebeam that distance with the width of the
sidewalk. This distance is found to be approximately 1.68 m. Dividing this distance
by 1/15 seconds results in an estimated shard velocity of 25 m/s.

The momentum of a fragment is given by p = Mv, where M is the fragment’s
mass and v is its velocity. The impulse of the fragment is defined as its change in
momentum. Since the glass shard is initially stationary its impulse is equal to its
momentum in this case. Substituting the estimated shard mass and velocity into the
momentum equation results in an impulse of 31.25 N-s. Converting the impulse into
units of pressure and time requires an estimation of the target area of the shard facing
the blast front. This area is taken to be the area of the trapezoidal-shaped shard and is
calculated to be approximately 763 cm®. Finally, dividing 31.25 N-s by the target area
results in an impulse of 0.41 kPa-s. This impulse represents an estimation of the
reflected impulse at the west wall due to the explosion.

The energy released from the gas explosion can be estimated by employing
equivalent TNT charge. Based on the range of 50 m and reflected impulse of 0.41
kPa-s, the equivalent TNT charge weight for the gas explosion is found to be 680 kg
by using Figure 2-15 in UFC 3-340-02 (2008). An explosion-fragment model is
developed to analyze the effects from the blast wave and fragment impacts upon the
detonation of the equivalent TNT.

EXPLOSION-FRAGMENT MODEL

Fragments resulting from an explosion can be categorized into primary
fragments and secondary fragments (UFC 3-340-02, 2008). Primary fragments are
typically defined as fragments from the encasement of the explosive. In the case of
the East Harlem explosion the primary encasement is presumed to be the cracked
natural gas transmission pipe buried beneath the site of the collapsed buildings.
Secondary fragments are defined as fragments that are compelled into motion by the
shock wave due to being in the near vicinity of the blast epicenter. Examples of
secondary fragments include various building components such as bricks, stone,
lumber, and glass. This study focuses upon secondary fragments on account of the
blast epicenter being enclosed by the brick walls of the two collapsed buildings.

Secondary Fragment Launch Velocity and Range

The interaction of a shock wave with fragments must be first evaluated to
predict the velocity of fragments excited by the explosive detonation. In essence, a
portion of the shock wave is reflected from the surface of the fragment facing the
blast front while the remaining wave diffracts around the fragment (UFC 3-340-02,
2008). The reflected pressure imparts a net force upon the fragment described by the
following equilibrium equation:

ple)4 = ale)m Q)

where p(?) is the pressure-time history imparted upon the fragment by the shock wave,
A is the area of the fragment facing the blast front and a(z) is the acceleration of the
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