
Downtown Los Angeles 52-Story High-Rise
and Free-Field Response to an Oil
Refinery Explosion

Monica D. Kohler,a) M.EERI, Anthony Massari,a) M.EERI,
Thomas H. Heaton,a),b) M.EERI, Hiroo Kanamori,b) Egill Hauksson,b)

Richard Guy,b) Robert W. Clayton,b) Julian Bunn,c) and K. M. Chandyd)

The ExxonMobil Corp. oil refinery in Torrance, California, experienced an
explosion on 18 February 2015, causing ground shaking equivalent to a magni-
tude 2.0 earthquake. The impulse response for the source was computed from
Southern California Seismic Network data for a single force system with a
value of 2� 105 kN vertically downward. The refinery explosion produced
an air pressure wave that was recorded 22.8 km away in a 52-story high-rise
building in downtown Los Angeles by a dense accelerometer array that is a com-
ponent of the Community Seismic Network. The array recorded anomalous
waveforms on each floor displaying coherent arrivals that are consistent with
the building’s elastic response to a pressure wave caused by the refinery explo-
sion. Using a finite-element model of the building, the force on the building on a
floor-by-floor scale was found to range up to 1.42 kN, corresponding to a pres-
sure perturbation of 7.7 Pa. [DOI: 10.1193/062315EQS101M]

INTRODUCTION

The ExxonMobil Corp. oil refinery experienced an explosion on 18 February 2015 in
Torrance, California, ∼20 km south of downtown Los Angeles (Figure 1). The explosion
occurred in the morning and was caused by excess pressure buildup in the electrostatic pre-
cipitator, which is a pollution-monitoring device (Hsu 2015a, 2015B; Penn 2016). It
destroyed a portion of a building and other structures on the refinery grounds and caused
a partial shutdown of the facility. The explosion was heard and felt by nearby
residents who reported ground shaking that knocked a TV off its stand and vibrations
that shattered a garage window (Groom 2015).

The explosion was recorded by a few nearby Caltech/USGS Southern California
Seismic Network (SCSN; Hutton et al. 2010) stations with ground motions equivalent
to a magnitude 2.0 earthquake. Seismic networks have long been one of the most reliable
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tools to determine the location and yield of nuclear explosions over large distances. Now,
with denser sensor spacing and nearly instantaneous communication and processing
speeds, it is possible to report in near real time on the location and size of much smaller
explosions.

The 18 February 2015 refinery explosion in Torrance, CA also produced an air pressure
wave that was recorded by a dense, vertically aligned, three-component accelerometer array
installed in a 52-story high-rise building in downtown Los Angeles. This structural array
instrumentation is a component of the Caltech-operated Community Seismic Network
(CSN). This is the first known occurrence of a pressure wave having been recorded in
an urban region, particularly with high spatial density (samples from every floor), at
small spatial scale within a single structure (4 m between floors), and at a temporal sample
rate of 50 samples per second (sps) from continuous waveform recording. Shortly following
the explosion, the array recorded an anomalous set of coherent arrivals (Figure 2) that are
explained by the building’s elastic response to a pressure wave caused by the refinery explo-
sion, propagation across the Los Angeles basin, and coupling with the external faces of the
building.

The objectives of this study are several-fold. Because the real-time capability of the
SCSN allows for immediate detection, location, and characterization of earthquakes, we
show here how a similar analysis procedure can be applied to other vibration events such

Figure 1. Map of greater Los Angeles region showing location of refinery explosion in Torrance,
CA (red star), Southern California Seismic Network stations LAF and 14405 (black triangles),
and Community Seismic Network–instrumented 52-story building in downtown Los Angeles
(black hexagon). LAX: Los Angeles International Airport. Violet curves: major highways.
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as explosions. The continuous recording capability in buildings has enabled the recording
of numerous small- and moderate-size earthquakes, which in turn leads to validation of
the finite-element models for linear-elastic behavior. Using these validated models, we
also show how the static condensation technique that leads to construction of a reduced
finite-element building model, used to examine the computational response of buildings to
earthquakes, can also be effectively applied to other vibration sources. Furthermore, we
show how the density of building recordings, primarily used to examine earthquake shak-
ing response on a floor-by-floor scale, can be used to identify the level and potential type
of damage caused by anthropogenic hazards taking advantage of the same sensor tech-
nology as for earthquakes.

There is a long history of using seismic systems forensically after human-induced events,
including terrorist attacks, to determine the precise time and size of the event. These deter-
minations have employed traditional seismic systems, but now it is possible to quantify these
parameters within a few minutes.
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Figure 2. Acceleration time series [(a) north-south component, (b) east-west component]
recorded in a 52-story building in downtown Los Angeles for up to 120 s after the occurrence
of the Torrance refinery explosion. Pressure wave signal is apparent at ∼66 s after explosion time.
Acceleration time series amplitudes are normalized by a constant (13;000m∕g) in order to show
amplitudes as a function of floor height (in meters), and to show relative floor-to-floor amplitudes.
Floors for which data are not shown either had no installed sensor or had a faulty sensor recording
at the time of the explosion.
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Examples of using traditional seismic systems include the following:

• The 23 April 1995 Oklahoma City bombing was detected on seismometers in
Oklahoma in which the magnitude of the explosion was estimated to be 3.0
(Holzer et al. 1996). After the terrorist attack, forensic seismologists estimated
the size of the chemical explosion, essential facts in piecing together the entire
set of events.

• The 10 August 1998 truck bomb attack on the U.S. Embassy in Nairobi was
detected with a single nearby seismometer and the size of the explosion estimated
(Koper et al. 1999).

• The September 11 attacks on the World Trade Center were recorded and con-
firmed by seismic sensors outside of New York City (Kim et al. 2001); there
were no seismic sensors inside the city. The timeline of the events, including
the impacts into both towers and their subsequent collapse, were recorded on
seismic sensors 34 km from Ground Zero. The collapse of the North Tower
was recorded on seismic sensors as far away as New Hampshire and was esti-
mated to have a magnitude of 2.3.

• The September 2010 San Bruno, California natural gas pipeline explosion was
detected by nearby seismic sensors in Northern California (D. Oppenheimer,
pers. comm., 2011).

In all of the above incidents, only a few seismic sensors without the aid of real-time
communication and processing detected the explosions and building collapse, and were
of little use as the emergency unfolded. Provided at least four SCSN seismic sensors detect
an explosion, the SCSN can automatically report a location and equivalent earthquake mag-
nitude within tens of seconds. If there is more than one explosion within a short time interval,
the seismic data can be used to resolve individual events down to a temporal resolution of a
second or less.

The SCSN seismic sensors routinely detect and report on quarry blasts, and in some cases
construction-related blasts in Southern California. In the past, the seismic sensors have
recorded several industrial explosions in Los Angeles, as well as the time of impact of
the DC-9 airliner crashing into the ground following a mid-air collision above Orange County
on 31 August 1986. Since 1994, the seismic sensors have recorded more than 129 sonic
booms. It is critical to be able to distinguish seismic characteristics of an earthquake
from those of explosions or sonic booms. The public notices most of these booms; to respond
to public concerns, emergency responders need to know that these were not earthquakes. The
2015 Torrance refinery blast was equivalent to a very large sonic boom.

MODELING THE EXPLOSION SOURCE

The explosion that occurred on 18 February 2015 at 8:49:12 a.m. local time was located
at 33.8550° latitude and�118.3310° longitude in Torrance, California. The time and location
of the event were computed by the SCSN using earthquake detection and location methods.
The SCSN seismic station LAF (Figure 1) in the La Fresa neighborhood of Torrance at a
distance of 1.54 km from the explosion site recorded ground accelerations of 0.057% g,
0.053% g, and 0.059% g for the east-west (E), north-south (N), and vertical (Z) components,
respectively (Figure 3a). Figure 3b shows the acceleration time series recorded at California
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Geological Survey (CGS) strong-motion station 14405 located in Rolling Hills Estates,
California, at a distance of 7.9 km from the explosion site (Figure 1). Figure 4 shows
the Fourier spectra of the three-component displacement records at station LAF and the ver-
tical component of the acceleration record at station 14405. The signal observed at station
14405 (Figure 3b) can be either ground waves or air waves. From the arrival time of the high-
frequency wave train, we estimate the wave speed to be 338m∕s, which is close to the aver-
age speed of sound in air. The dominant frequency of the wave train is about 13 Hz as shown
in Figure 4d, and ground waves at such high frequency are most likely attenuated during
propagation. Thus, we believe that the signal recorded at station 14405 is predominantly
the air wave coming directly from the source.

(a)

(b)

(c)

(d)

Figure 3. (a) Observed displacement at SCSN broadband seismic station LAF in Torrance, CA,
at distance Δ ¼ 1.54 km, azimuth ϕ ¼ 358.5° (clockwise from north), and back-azimuth (clock-
wise from north) ϕB ¼ 178.5°. (b) Observed acceleration at SCSN strong-motion seismic station
14405 in Rolling Hills Estates, CA, with Δ ¼ 7.90 km, ϕ ¼ 197.7°, ϕB ¼ 17.7°. (c) Synthetic
seismogram computed for average Los Angeles basin seismic velocity structure (Table 1). The
source force time history is a 0.1 s wide box car function with an amplitude of 108 kN. (d) Syn-
thetic seismogram computed for a homogeneous half space. The source is the same as that used
for (c). Vertical lines marked “O,” “P,” and “SV” indicate times corresponding to explosion ori-
gin, P-wave arrival, and vertically polarized S-wave arrival, respectively.
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We analyzed the LAF broadband waveforms (Figure 3a) to determine the explosion geo-
metry, time, strength, and source dynamics. Since station LAF is located due north of the
refinery, we interpret the displacements on the vertical and the north-south component as
Rayleigh waves, and on the east-west component as Love waves. With a seismic observation
at only one station, and without detailed knowledge about the structure of the explosion
source area (e.g., size of the building, details of how the structures were damaged), we cannot
determine the detailed geometry of the source. For the purpose of interpretation of seismic
data, we envisage that the explosion took place over a surface area of radius a. If there is no
structure on the side, this can be modeled by a single vertical force. A single vertical force can
excite only Rayleigh waves. However, the seismic record at station LAF clearly shows Love
waves represented by the transverse motion (i.e., east-west component). Thus, we added a
horizontal force which could be produced by interaction of the explosion against the side
walls. The amplitude ratio of the horizontal to the vertical force is 0.4. Figure 5 illustrates
a schematic of the explosion source characteristics.

We computed the waveforms for LAF using two velocity models: a homogeneous
half space, and a velocity model that matched the local velocities of the near-surface

(a)

(b)

(c)

(d)

Figure 4. (a, b, c) Fourier spectra of the three-component displacement records at seismic station
LAF and (d) of the vertical component of the acceleration record at station 14405.
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sediments (Table 1). The top 200 m of this seismic velocity structure is modeled after the Los
Angeles Basin structure given in Magistrale et al. (2000; their figure 5). This velocity struc-
ture is similar to that derived specifically for the subsurface area near Torrance (Shaw et al.
2015). Figures 3c and 3d show the ground-motion displacements computed for a single-force
system consisting of a downward vertical force and a westward horizontal single force. Since
we cannot determine the initial phase of the motion, we cannot determine the direction (west
vs. east) of the horizontal force. If the observed waveform has a distinct beginning, it would
be possible to determine the initial phase of the source function by removing the propagation
phase delay. However, in our case it is difficult to do so because the ground noise obscured
the beginning of the signal.

The time history of the force used for modeling is a box-car function with an amplitude of
108 kN and a duration of τ ¼ 0.1 s. For this computation we used a frequency-wavenumber
integration code developed by Herrmann (2013). The three-component waveforms computed
for the Los Angeles basin seismic velocity structure (Figure 3c) matches the later portion of

Figure 5. Schematic showing near-field features of explosion source. Fv and Fh: vertical and
horizontal forces. a: radius associated with area on ground over which overpressure is applied. Po:
initial overpressure condition. LAF: SCSN broadband station LAF. 14405: SCSN strong-motion
station 14405. T: time. P(r): pressure wave propagation as a function of distance r. “+”: compres-
sion. “–”: rarefaction. Lengths are not to scale.
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the observed waveforms (after 7 s on Figure 3a). Comparing the peak amplitude of the
observed (Figure 3a) and synthetic displacements (Figure 3c), we estimate that the vertical
force is approximately 2� 105 kN. Comparison of the observed waveforms (Figure 3a) with
the synthetic waveforms (Figure 3c) also suggests a small initial pressure perturbation start-
ing at about 2 s before the onset of the single force.

We estimate the approximate source duration from the frequency content of the observed
signal. We computed waveforms for four source durations, τ ¼ 0.06, 0.1, 0.16, and 0.2 s, as
shown in Figure 6. In general, as τ increases, the period of both Love and Rayleigh waves
increases. When τ is 0.06 s, a very high-frequency P wave is generated in the synthetic wave-
form as shown in Figure 6a. Such high-frequency energy is absent on the observed records.
Comparison of the waveforms shown in Figure 6 and the observed waveforms shown in
Figure 3a indicates that a duration of approximately τ ¼ 0.1 s is appropriate, though this
estimate depends on the details of the time history.

The ground motion data best constrain the total force, and the estimate of the pressure
depends on the area over which the force is applied. Since we assume that the force, f ,
responsible for the ground-level seismic excitation is due to the explosion overpressure,
P, applied over a circular area on the ground with a radius a, P can be estimated from
P ¼ f ∕ðπa2Þ (Lamb 1960). For example, if a ¼ 20m, then P ¼ 160 kPa (1.6 bar). These
values depend on the details of the geometry and time history of the explosion, and cannot
be resolved uniquely with data from only one seismic station.

Computing the total energy released is a complex problem that requires knowledge of the
explosion source, the formation of the shock wave, and coupling between shock wave and
motion of the building components. An approximate total acoustic wave energy can be esti-
mated by considering an atmospheric wave propagating outward from the explosion source
in a homogeneous atmosphere. We approximate the source as a spherical volume in which
the pressure is applied. The radius of the sphere can be different from the radius of the circular
area where the vertical force is applied, but for simplicity we use the same radius a as an order
of magnitude estimate of the source radius for the atmospheric wave excitation. Thus, our
results are only valid within this simple approximation, but the overall effect is controlled by

Table 1. Seismic velocity model. H ¼ depth; α ¼ P-wave velocity;
β ¼ shear-wave velocity; ρ ¼ density; Qp ¼ P-wave attenuation; Qs ¼
shear-wave attenuation.

H (km) α (km∕s) β (km∕s) ρ (g∕cm3) Qp Qs

0.03 1.2 0.4 1.80 100 25
0.12 2.0 0.6 2.00 100 25
0.85 2.5 1.0 2.20 100 25
4.00 5.0 2.0 2.40 100 25
5.00 5.5 3.18 2.50 1,000 250
10.50 6.3 3.64 2.67 1,000 250
15.00 6.7 3.87 2.80 1,000 250
500.0 7.8 4.57 3.00 1,000 250
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the total force and its duration which we believe are constrained well. In this model, the
resulting wavefield is given by a propagating spherical shell with a thickness 2a with com-
pression in the outer half and rarefaction in the inner half of the shell (Figure 5). The pro-
pagating energy flux can be computed from the particle velocity of air in the shell. After
integration over the finite shell thickness and associated propagation time, we find a total
energy of 5.9� 106 kJ for a ¼ 20m for the refinery explosion pressure wave. The calculation
uses density ¼ 1.2 kg∕m3, wave speed ¼ 340m∕s, and a peak overpressure at the surface of
the spherical source ¼ 160 kPa based on the force constrained by the seismic source analysis.
This estimate should be considered highly uncertain due to our limited knowledge of the
mechanics of what actually happened at the source and lack of data directly from the source
location.

Comparison of the synthetic waveforms computed for a half space (Figure 3d) with that
computed for the Los Angeles basin seismic velocity structure (Figure 3c) indicates that the

(d)

(c)

(b)

(a)

Figure 6. (a) Synthetic seismograms computed for box car force functions with variable
duration, τ. (a) τ ¼ 0.06 s with an amplitude of 1.7� 108 kN; (b) τ ¼ 0.1 s with an amplitude
of 108 kN; (c) τ ¼ 0.16 s with an amplitude of 6.3� 107 kN; and (d) τ ¼ 0.2 s with an amplitude
of 5� 107 kN. Vertical lines marked “O,” “P,” and “SV” indicate times corresponding to explo-
sion origin, P-wave arrival, and vertically polarized S-wave arrival, respectively.
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duration of the observed record is due to dispersion caused by the Los Angeles basin seismic
velocity structure. The seismic velocity model used in the synthetic seismogram computa-
tions (Table 1) has a shear-wave speed of β ¼ 0.4 km∕s in the uppermost 30-m thick layer.
To investigate how the synthetic waveforms depend on β, we computed synthetics with
β ¼ 0.3, 0.35, and 0.5 km∕s. The results are shown in Figure 7 together with the case of
β ¼ 0.4 km∕s. It is apparent that the synthetic waveforms for cases with β ¼ 0.5 km∕s
and 0.3 km∕s are too short and too long, respectively (Figures 7a, 7d). The cases with β ¼
0.40 to 0.35 km∕s exhibit approximately the right response (Figures 7b, 7c). The subsurface
sediment velocity with β ¼ 0.35 km∕s is similar to the one derived specifically for the sub-
surface area near Torrance (Shaw et al. 2015).

(a)

(d)

(c)

(b)

Figure 7. Synthetic seismograms computed for Los Angeles basin seismic velocity structure
with shear-wave velocity β in the top 30-m thick layer equal to the following: (a) 0.5 km∕s,
(b) 0.40 km∕s, (c) 0.35 km∕s, and (d) 0.3 km∕s. Vertical lines marked “O,” “P,” and “SV” indi-
cate times corresponding to explosion origin, P-wave arrival, and vertically polarized S-wave
arrival, respectively.
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MODELING THE HIGH-RISE RESPONSE TO THE EXPLOSION

In downtown Los Angeles, anomalous acceleration energy pulses were also recorded in a
52-story high-rise building at a distance of 22.8 km from the explosion (Figures 1, 2). The
arrival time of the coherent energy is ∼66 s after the explosion time, resulting in an estimated
average source-receiver speed of 343m∕s; this corresponds closely to the average speed of a
pressure wave in air. The signal-to-noise ratios of the anomalous pulses are dramatically
improved with the application of a bandpass Butterworth digital filter with cut-off frequen-
cies of 0.8 Hz and 2.0 Hz. The accelerometer sensors in the 52-story high-rise are part of the
CSN, a strong-motion network that currently consists of 800 stations located in the Los
Angeles, California area (Clayton et al. 2011, 2015; Olson et al. 2011; Faulkner et al.
2011, 2014). The sensors in the network are low-cost MEMS accelerometers (Phidgets;
phidget.com) that are capable of recording up to�2 g accelerations on-scale with a sensitivity
of ∼70micro-g. The primary product of the CSN network is measurements of shaking of the
ground level and upper floors in buildings in the seconds during and following a major earth-
quake. In addition to free-field stations, several buildings are instrumented with between
three and 54 sensors (Kohler et al. 2013, 2014). The 52-story high-rise in downtown
Los Angeles that recorded the refinery pressure wave discussed here has 54 sensors, one
per floor on nearly every floor including basement levels. Spectra were obtained by comput-
ing the FFTs of the two-minute acceleration time series containing ambient vibrations and the
pressure wave signal, after removing individual means and trends from each recording but
before filtering (Figure 8). The spectra of the combined ambient vibrations and pressure wave
signal during this time period show that the lowest frequencies of building vibration were not
excited. Velocities and displacements were also examined by double integrating and filtering
the acceleration time series. Except for the slightly lower frequency content as expected from
integration, the time series look similar to acceleration.

Each CSN sensor uses a small, dedicated, single-board computer with enough processor
power to analyze the sensor data in real time at 250 samples per second. Currently the CSN
software running on the processor decimates the sensor data to 50 sps for permanent archival.
The software client maintains time synchronization with an accuracy of 20–50 milliseconds
by use of the Network Time Protocol (NTP) infrastructure. This enables measurements of
inter-floor wave propagation from earthquakes or other events such as wind gusts and explo-
sions. CSN uses a cloud-based processing system that dynamically adjusts its size during an
earthquake to handle the increased data load from the sensors. In CSN, the basic detection
and feature measurements are carried out by the sensor system itself and the results are sent
immediately to the CSN software running in Google’s App Engine Cloud. This architecture
increases the robustness of the system during a significant event.

What is unusual about these observations is the spatial and temporal density of sampling.
It is widely recognized that one of the most effective ways to carry out high spatial resolu-
tion (on a scale of a few meters) monitoring of material property changes in structures (e.g.,
loss of stiffness due to damage) is to carry out dense sensor monitoring. Most buildings
are not monitored by any vibration sensors, and the few that are have sparse sensing
spatially, and infrequent sensing temporally. Usually only the strongest-motion earthquakes
are recorded for short durations (few minutes), precluding the possibility of using low-
amplitude ambient or small-magnitude earthquake vibrations to continuously monitor the
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state-of-health of the structure, in addition to the state-of-health of the sensor network itself.
The CSN has overcome long-standing problems associated with continuous dense monitor-
ing by taking advantage of community volunteers to provide locations, security, power, and
internet access for the CSN sensors.

The buildings instrumented by CSN are located in the greater Los Angeles area and
include low-rise and high-rise office buildings, laboratory and dormitory buildings on uni-
versity campuses, NASA’s Jet Propulsion Laboratory; primary and secondary school cam-
puses; and private residences (houses, apartment buildings, and condominiums). Here we
focus on one of those buildings: a 52-story (þ5 basement levels) dual system office building
located in downtown Los Angeles. This building’s lateral system consists of a braced frame
core surrounded by a steel moment frame. The floor plans contain various set-backs and
notches along the building’s vertical profile. The building was constructed in 1988 and
is used exclusively as an office building. The structural system consists of three major com-
ponents: an interior concentrically braced core, outrigger beams spanning approximately
12 m from the core to the building perimeter, and eight exterior outrigger columns. The
beams perform three primary functions. They support gravity loads, act as ductile
moment-resisting beams between the core and exterior frame columns, and enhance the
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Figure 8. Fourier spectra [(a) north-south component, (b) east-west component] from the two-
minute acceleration time series recorded in a 52-story building in downtown Los Angeles after
removing individual means and trends. Spectral amplitudes are normalized by a constant
(2;000m · s∕g) in order to show amplitudes as a function of floor height (in meters), and to
show relative floor-to-floor amplitudes.
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overturning resistance of the building by engaging the perimeter columns to the core columns
(Taranath 1997).

Using the acceleration responses recorded by the CSN array over the height of a building
due to the refinery explosion, we calculated the absolute forces applied at each floor as a
result of the atmospheric pressure wave. A pressure perturbation value is then obtained
from the forces calculated for each floor to (1) illustrate what a co-located, high-sample
rate barometer might have recorded, (2) compare with pressure perturbations expected
for different levels of wind speed excitation, and (3) qualitatively evaluate different scenario
pressure fields with different types and levels of structural damage. The calculations are car-
ried out with the aid of a finite-element model of the building (Figure 9) which was developed

Figure 9. Finite-element ETABS model of 52-story building based on information about struc-
tural and connection elements obtained from structural engineering drawings.
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based on detailed information obtained from a complete set of structural drawings provided
by the building owner. The major structural and connection elements obtained from the draw-
ings are modeled using object-based physical-member modeling, such as built-in steel sec-
tions and braces (ETABS, Computers and Structures, Inc.), to represent each component’s
effective level of stiffness and mass. The finite-element software allows for static and
dynamic linear simulations, as well as nonlinear analysis through insertion of nonlinear ele-
ments at locations of interest. Here we focus on linear elastic dynamics for the recorded
pressure wave induced accelerations. The model has previously been calibrated by compar-
ing recorded data from the building with simulated building response in the linear regime.
Additional verification of the model was made in the frequency domain (matching modal
frequencies and shapes), as well as in the time domain (shear-wave velocities and amplitudes
of traveling waves).

In addition to the refinery explosion pressure wave data, the 4 January 2015 ML4.2

Castaic Lake, California, earthquake at a distance of 71.5 km was recorded on nearly
every floor of the 52-story building. Those waveforms, shown in Figure 10, are typical
of the high-fidelity vibration data recorded by the dense CSN arrays in structures. The largest
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Figure 10. The 52-story building acceleration responses in the east-west direction to the
4 January 2015 ML4.2 Castaic Lake, CA, earthquake (distance ¼ 71.5 km). Acceleration time
series amplitudes are normalized by a constant (1;500m∕g) in order to show amplitudes as a
function of floor height (in meters), and to show relative floor-to-floor amplitudes. Floors for
which data are not shown either had no installed sensor or had a faulty sensor recording at
the time of the earthquake.
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absolute acceleration amplitude due to the Castaic Lake earthquake was 0.2% g and occurred
on the 50th floor recorded in the building east-west direction. Maximum relative displacement
was 0.5 mm on multiple floors, after application of numerical double integration and a broad-
band filter. The vertical propagation speed of these waves agrees closely with transfer func-
tions obtained when 24 hours of ambient vibration data are cross-correlated with the bottom
floor—that is, using an interferometric method that is mathematically equivalent to decon-
volving a “virtual” source waveform from every other station (Prieto et al. 2010; Clayton
et al. 2015). Additional local earthquakes since then, for example the 30 April 2015 ML3.4
Carson, California, and 3 May 2015ML3.8 Baldwin Hills, California, have been recorded in
the building with similar quality.

On 18 February 2015, acceleration time series were recorded on nearly every floor of the
52-story building in response to the explosion pressure wave (Figure 2). The maximum abso-
lute accelerations recorded were 0.02% g and the maximum relative displacement was
0.03 mm, computed after applying a passband Butterworth filter. The acceleration values
for every floor shown in Figure 2 were normalized by the same constant, 13;000m∕g, in
order to show the time series amplitudes relative to floor height in meters (shown on the
vertical axes of Figure 2), and in order to show comparable relative amplitudes. We deter-
mined the pressure distribution over the height of the structure based on mass and stiffness
distributions obtained from the finite-element model constructed specifically for this build-
ing. The equation of free vibration for the building system is:

EQ-TARGET;temp:intralink-;e1;62;389müðtÞ þ c_uðtÞ þ kuðtÞ ¼ PðtÞ (1)

where m is the mass matrix, c is the damping matrix, k is the stiffness matrix of the building
model, üðtÞ, _uðtÞ, and uðtÞ are acceleration, velocity, and displacement responses as a func-
tion of time t, and PðtÞ are the applied forces. The finite-element model accurately produces
the free vibration characteristics (modal shapes and frequencies) when compared with
recorded ambient vibration acceleration data; thus we believe the mass and stiffness matrices
in Equation 1 to be well constrained for the 52-story building. Further, when compared with
moderate size earthquake data, the overall response of the building compares closely with the
measured response from the in situ sensors.

In order to invert for the input force values, the stiffness, mass, and damping matrices of
the building first needed to be reconstructed so that the spatial resolution of the model
matched that provided by the sensor sampling. The observed accelerations are recorded
on a floor-by-floor spatial scale, whereas the full finite-element building model contains
many more degrees of freedom including those associated with all local intersections (con-
nections) of elements at every floor, and at intermittent (inter-floor) levels. This creates an
underdetermined problem since the spatial scale of the sampling precludes the determination
of all (monitored and unmonitored) degrees of freedom directly. To overcome this, we per-
formed direct static condensation of the structural model in order to develop a reduced system
which takes into account the larger system’s full stiffness and mass proportions.

In dynamic systems such as buildings, there are many degrees of freedom which are not
directly associated with mass. To develop the reduced system, all massless degrees of free-
dom (e.g., tips of columns, connection elements) are condensed from the system. Since the
arrays of sensors are located one per floor, we lump masses at each floor level (Figure 11a) in
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order to have a direct measurement of inertial forces. This accounts for all the mass in a
smaller, reduced degree-of-freedom system for which all displacements, velocities, and
accelerations are known from the observations. A simple manipulation of the stiffness matrix
is performed to reduce the problem to only the degrees of freedom associated with the lumped
masses. The undamped dynamic equations of motion, with forces applied only to the inertial
degrees of freedom, can be expressed as:

EQ-TARGET;temp:intralink-;e2;41;364

�
mtt 0
0 0

��
üt
ü0

�
þ
�
ktt kt0
k0 t k00

��
ut
u0

�
¼

�
ptðtÞ
0

�

where subscript “0” degrees of freedom are massless, and subscript “t” degrees of freedom
represent the transformed reduced problem (Chopra, 2012). Following the derivation in
Chopra (2012), the partitioned equations are:

EQ-TARGET;temp:intralink-;e3;41;281mttüt þ kttut þ kt0u0 ¼ pðtÞk0 tut þ k00u0 ¼ 0 (3)

and since there is no inertial term associated with the massless degrees of freedom, the dis-
placements, u0, can be substituted into the initial partitioned equation displacements:

EQ-TARGET;temp:intralink-;e4;41;225mttüt þ kttut � kT0 tk
�1
00 k0 tut ¼ mttüt þ k̂ttut ¼ ptðtÞ (4)

to produce the condensed stiffness matrix:

EQ-TARGET;temp:intralink-;e5;41;178k̂tt ¼ ktt � kT0tk
�1
00 k0t (5)

(Chopra 2012). This reduced order matrix is only based on the stiffness of the structure and is
independent of the mass distribution. Instead of solving the full problem numerically, we
achieve the same solution by instituting a numerical, iterative method described next
which uses static analysis of the system to determine the appropriate values of this matrix.
The result is that the dynamic calculation is no longer directly dependent on the inertial terms.

=

(a) (b)

Figure 11. (a) Schematic illustrating how building model is condensed to a form in which masses
are lumped at each floor in order to match the observational degrees of freedom. (b) Schematic
illustrating “pop and lock” method in which a load is applied to the center of mass of each floor,
one at a time. The resulting displacement and restraining forces are determined in order to obtain
the stiffness matrix elements in condensed form.
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To construct the reduced degree-of-freedommodel, we developed reduced-order stiffness
and mass matrices. Since mass distribution over the height of the building is well known from
validation of the ETABS model results to the measured responses, assembling a reduced
order mass matrix with lumped floor level quantities was straightforward. Because excitation
accelerations are small and there are no additional sensors on each floor to measure rotational
motion, torsion is not included in this study.

Developing the reduced system of equations corresponding to the observational degrees
of freedom is accomplished by performing a classical “pop and lock”method to condense the
stiffness matrix. To determine the values of the condensed stiffness matrix elements, a large
static load, Fn, (between 4.4� 104 kN and 4.4� 105 kN; 10,000 and 100,000 kips) is applied
to the center of mass of each floor, one at a time. The loads are applied to a model in which all
associated center-of-mass degrees of freedom are initially prevented from directly translating.
We then “unlock” each degree of freedom, one at a time, and compute the displacement un at
that released degree of freedom, n, through the linear elastic lateral resistance relation:

EQ-TARGET;temp:intralink-;e6;62;462kun ¼ Fn (6)

as well as the magnitude of the forces necessary to restrain all other floors from displacing.
We normalize each set of forces by dividing by the displacement at the unlocked degree of
freedom to populate the N � 1 stiffness matrix kl;nðl ¼ 1;NÞ:

EQ-TARGET;temp:intralink-;e7;62;394kl;n ¼

0
BBBBBBBBBBBB@

k1;n
..
.

kðn�1Þ;n
kn;n

kðnþ1Þ;n
..
.

kðNÞ;n

1
CCCCCCCCCCCCA

(7)

associated with floor nwhere the individual load is applied. Figure 11b illustrates this process
schematically. By assembling sequentially each kl;n, we construct the global stiffness matrix
K in its condensed form:

EQ-TARGET;temp:intralink-;e8;62;223K ¼

0
BBBBBBBBBBBB@

k1;1 · · · k1;n k1;N
. .
. ..

.

kðn�1Þ;n
..
.

kn;n
..
.

kðnþ1Þ;n
..
. . .

.

kN;1 kðNÞ;n · · · kN;N

1
CCCCCCCCCCCCA

(8)
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To ensure exact symmetry of the stiffness matrix for numerical purposes, we take the
average values of all off-diagonal symmetric elements and repopulate the off-diagonal
terms. The eigenvectors and frequencies of the condensed form are compared with the
full ETABS model and are found to be in good agreement, indicating that the condensation
matrices have been successfully assembled.

The analytical ETABS model was originally developed without rigid diaphragms, an
assumption which allowed for flexibility of the floors in plane. To perform static condensa-
tion, a rigid diaphragm is needed to ensure that all masses moved together. This changed the
modal properties by increasing the stiffness, corresponding to an approximately 5% decrease
in period. Table 2 shows a comparison of the two ETABS models (with and without the rigid
diaphragm assumption) compared to the reduced model which assumed rigid diaphragms.
We show all models to demonstrate that there is a small difference, mainly due to the rigid
body assumption associated with the floor, but that this difference has a very small effect on
the results. The reduced model comes from the rigid diaphragm model static condensation.
Figure 12 shows the mode shapes associated with each mode.

With the reduced stiffness and mass matrices, we then reconstruct a damping matrix with
the assumption of Rayleigh damping, c ¼ a0mþ a1k. To construct the damping matrix, we
use coefficients a0 and a1, such that damping coefficients for the first and fourth modes are
fixed at 1%. We use Rayleigh damping for simplicity; however any physically appropriate
damping scheme can be straightforwardly implemented with this approach.

Once the components of the stiffness, damping, and mass matrices are determined, the
time-varying force function (right hand side of Equation 1) is calculated using the accelera-
tion time histories, that is, the recorded accelerations, measured at every floor. Theoretically,
this force should be zero up until the time when the pressure wave reaches the structure.
Instrument and environmental noise are lower in amplitude than the pressure wave response,
but they introduce error in the forcing function calculations. To reduce a portion of this error,
a spatial filter using the first five translational eigenmodes in the north-south direction of the
structural system is applied to the acceleration, velocity and displacement time series

Table 2. Comparison of first five translational periods for the 52-story building in the east-west
and north-south directions from the ETABS model without rigid diaphragms, ETABS model with
rigid diaphragms, Reduced Order Model described in text, and Observed.

Mode

East-west period (s) North-south period (s)

ETABS
without rigid
diaphragms

ETABS
with rigid
diaphragms

Reduced
Order
Model Observed

ETABS
without rigid
diaphragms

ETABS
with rigid
diaphragms

Reduced
Order
Model Observed

1 6.023 5.903 5.903 5.700 5.699 5.574 5.572 5.380
2 1.745 1.673 1.673 1.648 1.717 1.642 1.642 1.640
3 0.915 0.872 0.871 0.846 0.951 0.909 0.908 0.894
4 0.629 0.597 0.598 0.600 0.708 0.686 0.684 0.616
5 0.494 0.471 0.471 0.450 0.591 0.564 0.563 0.465
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(Figure 13). This aids in minimizing inaccuracies associated with timing errors as well as
noise. The resulting displacement time series constructed with modal summation (Figure 13)
was used in the computation of the resisting force (Equation 6). Figure 13 shows a snapshot
in time of the relative displacement in the north-south direction over the height of the build-
ing, and illustrates the results of the application of a spatial filter using modal reconstruction.
The eigenfrequencies associated with these first five translational modes are shown in
Table 2. The first five modes correspond to the frequency content of the observed signal.
The spatial filter function consists of modal summation with appropriate boundary conditions
to fit the time series values over the building height, with a separate filter found for each
simultaneous time point. The application of the spatial filter smooths the data so that
small errors, not associated with the pressure signal, will not result in large errors in estimates
for the forcing function through the lateral resistance term in Equation 1. Note that although
Figure 13 is a particular snapshot in time of relative displacements and shows a predominance

Figure 12. Mode shapes associated with the first five translational modes in the (a) north-south
and (b) east-west directions.
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of higher mode contribution, the displacements at other times show different modal contri-
butions. The total relative displacement is always the sum of the modal contributions of the
first through fifth translational modes to best fit the data. After application of the spatial filter,
we compute a force distribution for a range of upper floors with a maximum amplitude of
1.42 kN (0.32 kips). Distributing this force over the height and width of a typical floor gives a
maximum average pressure perturbation of 7.7 Pa.

Analogous calculations using the acceleration time series waveforms recorded in the
building’s east-west direction were performed. The eigenfrequencies associated with
the first five translational modes in the east-west direction are shown in Table 2. Using
the same method as before, the maximum amplitude of the force was computed as
1.1 kN (0.24 kips) which translates into an average pressure perturbation of 5.8 Pa.

DISCUSSION

In the 52-story building in downtown Los Angeles, the pressure perturbation found from
the explosion pressure wave can be converted to an equivalent wind speed, V , by means of
the Bernoulli equation for dynamic pressure, p, and density, ρ:
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Figure 13. Relative displacements in the north-south direction over the height of the building at
an instantaneous time point in the recorded accelerations during the pressure wave excitation.
Black curve: recorded observations. Red circles: smoothed approximation using the first five
translational modes.
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EQ-TARGET;temp:intralink-;e9;62;6401∕2ρV2 ¼ p: (9)

For standard atmospheric density:

EQ-TARGET;temp:intralink-;e10;62;6040.591V2
m∕s ¼ pPa (10)

resulting in a wind speed of 3.6m∕s (8 mph). Closer examination of the anomalous energy
pulses in Figure 2 shows that the wave does not arrive exactly at the same time on every floor.
There is a time variation among different floors of approximately 1.5 s between the earliest
and latest arrivals, which is much larger than errors associated with NTP time. The elastic
response is different in the north-south direction than in the east-west direction. More spe-
cifically, in the north-south direction, the response appears to have the largest amplitude on
floors 7–12, and 16–29, and to a lesser extent on floors 39–43. In the east-west direction the
amplitudes are clearer on more floors. Here the response shows up clearly on floors 6–10,
15–19, 23–32, and 37–45. We hypothesize that this may be due to scattering of the pressure
wave as it propagates northward over the Los Angeles basin and into the complex layout of
closely-spaced buildings in downtown Los Angeles, as well as interaction with the irregular,
external face geometry of the 52-story high-rise itself. Full understanding of the wave’s path
would ideally require a 3D model that includes variations in terrain elevation, all buildings
with accurate spacing and geometries, and thermal variations.

To ensure that we had all possible recorded pressure data available for this study, we
searched, and contacted, the NOAA National Weather Service (NWS) for high sample
rate barometer data in the Los Angeles area but found that most barometers associated
with weather stations record data at a rate of 1 sample/hour, with an exceptional few record-
ing at 1 sample/5 minutes, neither of which is sufficient to verify the presence of a blast
pressure wave in the basin.

To validate our observations and illustrate how a tall building might respond to pressure
waves of different time durations and amplitudes, we use the full finite-element building
model to compute the building’s response to an external impulse of horizontal force applied
simultaneously at every floor. Since we are simulating the response of the building to a plane
wave of pressure, we scale the force impulse according to the projected cross-sectional area
of the building as a function of height because the top of the building is narrower than the
bottom. The computed response to the impulsive force time function is an impulse response
function for a horizontal pressure plane wave. We can therefore obtain the response to any
more complex horizontal force as a function of time, simultaneously at all heights, by con-
volving the force time function with our impulse response function.

We examine the 52-story building’s simulated response in acceleration, velocity, displa-
cement, force, and time-integrated force. We approximate the impulse input using an iso-
sceles triangle function force time history with duration of 0.1 s applied to the center of
each floor above the ground level. When the impulse is applied, the internal stiffness forces
of the building are not directly engaged initially; thus the floors of the building increase their
linear momentum as a function of the time integral of the forcing function. If the building is at
rest when the pressure wave arrives, then the solution is identical to the problem of free
vibrations of the building with an initial condition of no displacement, but with an initial
velocity that is the integral of the impulsive force divided by the mass of the floor.
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Since the mass of the lower floors is much greater than that of the higher floors, we expect
that the initial velocities will be correspondingly larger for the higher floors (despite the
smaller forces that arise from the smaller cross-sectional area).

The linear-elastic dynamic response to scenario pressure wave input is calculated using
ETABS, and noise is added to the solution to more closely match the signal-to-noise ratios in
the data. The noise time series are obtained from actual ambient vibration noise recorded
from each floor of the 52-story building on CSN sensors. A narrowband Butterworth filter
is applied to the simulation results with cut-off frequencies equal to those applied to the
explosion data (0.8 Hz to 2.0 Hz). We model the response in a fixed-base coordinate system.

The results of the computations before and after adding noise and filtering are shown in
Figure 14 which illustrates the instantaneous acceleration pulse (i.e., the time derivative of
the velocity that corresponds to a step change in momentum when the pressure pulse arrives),
velocity, and displacement that occurs at the time of excitation (time ¼ 6 s in Figure 14).
Figure 14a shows simulations of acceleration, velocity, and displacement responses with
no noise added, and after application of a very broadband Butterworth filter (0.01 Hz to
20.0 Hz). Figure 14a also illustrates what would be observed in sensitive, high dynamic
range sensors in linear response to large-amplitude pressure excitation. Figure 14b shows
analogous responses after application of a narrowband Butterworth filter (0.8 Hz to
2.0 Hz). Figure 14c shows responses with noise added and after application of the broadband
filter (0.01 Hz to 20.0 Hz), and Figure 14d shows analogous responses with noise added and
after application of the narrowband filter. Figure 14e shows the Fourier spectra corresponding
to Figure 14c. Figures 14c, 14d, 14e were constructed to be comparable to our CSN data set.

The impulses in Figure 14 grow in amplitude up the building since the higher floors have
less mass. The displacement plots show that the pressure pulse simultaneously imparts
momentum to every floor. Since the building is fixed at the base, a wave propagates
from the base of the building, and the building begins to oscillate primarily in its fundamental
mode. Although this is the expected motion of the building, the accelerations from the wave
are too small to be observed in our noisy records (Figures 2 and 14c, 14d). Unfortunately, we
do not have any independent measure of the air pressure time history near our building, and it
was likely different from the 0.1-second isosceles triangle assumed in this simulation. Ideally,
if we had detailed information about the explosion source characteristics and propagation
effects of the pressure wave through the city, we would model the pressure input as a
more realistic blast wave interacting with and reflecting off other nearby surfaces, and wrap-
ping around other buildings. In a more physically realistic formulation, the initial shock wave
front would be a function of the peak pressure at the source. The time duration of the positive
and negative polarity components of the subsonic pressure wave would be a function of the
total energy, and the propagation path and distance (Kinney 1962). While we are not able to
fully model the lower frequency characteristics of the positive and negative pressure phases
associated with the subsonic flow field, we are able to capture the initial impulsive character
of the leading shock wave front.

Although this application is different from acceleration time functions applied at a build-
ing’s base to simulate and validate building response to earthquakes (Kohler et al. 2007,
Cheng et al. 2015), we see an analogous phenomenon in Figure 14. At all floor levels
above the first floor which is fixed, we first observe the instantaneous force (pressure)
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wave pulse, but next we observe the onset of a traveling wave comparable to that excited by
earthquake motions (Kohler et al. 2007, Cheng et al. 2015). In this case, the traveling waves
arise from interactions of the planar wave with the bottom fixed and top free boundary con-
ditions, as well as with large stiffness and mass gradients between mid-level floors.

Pressure-induced accelerations associated with actual wind events in the Los Angeles
basin are also being recorded by the CSN building arrays. A recent wind event in the
Los Angeles basin caused sustained increases in acceleration response in the 52-story build-
ing that we used to independently validate the approach used to interpret the explosion
response. On 24 March 2015, downtown Los Angeles experienced a modest wind storm
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Figure 14. Simulated acceleration (left), velocity (middle), and displacement (right) responses of
the 52-story building to a planar pressure wave input given by a triangle function with time dura-
tion of 0.1 s with: (a) no noise added and after application of broadband filter, (b) no noise added
and after application of narrowband filter, (c) noise added and after application of broadband
filter, (d) noise added and after application of narrowband filter, and (e) Fourier spectra of (c).
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with wind speeds fluctuating over a six-hour interval up to a maximum of 11.2m∕s (25 mph)
for gusts and up to 6.7m∕s (15 mph) for sustained wind speeds (Wunderground 2015). The
weather station from which these data were obtained is located approximately 1.1 km north-
east of the building. This was the first moderately significant wind event since the array was
installed, providing constraints for determining the demand on the structural system.
Figure 15 shows the acceleration time series and corresponding spectra illustrating the pre-
dominance of first mode response, recorded in the north-south direction of the 52-story build-
ing during this wind event. The east-west accelerations and spectra look similar. Using the
recorded acceleration time series (Figure 15a), we resolved floor-by-floor forces in a similar
manner to what was calculated for the refinery explosion pressure wave. Over the course of
30 minutes during which the wind speeds were the largest, we calculated a maximum floor
force of 6.0 kN (1.34 kips) from the acceleration data. This corresponds to a wind-induced
pressure perturbation of 31.6 Pa. This pressure perturbation is consistent with a 7.2m∕s
(16 mph) wind speed computed using the same method as before. In this case however,
because the building responded to wind excitation almost exclusively in its first eigenmode,
only the first translational eigenfrequency was required for constructing the spatial filter
(Figure 16).
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Figure 15. Accelerations (a) and spectra (b) from north-south response of 52-story building dur-
ing the 24 March 2015 strong wind event. Acceleration time series amplitudes are normalized by
a constant (3;000m∕g), and spectral amplitudes are normalized by a constant (80m · s∕g) in
order to show values as a function of floor height (in meters) and relative floor-to-floor values.
East-west records look similar. Floors for which data are not shown either had no installed sensor
or had a faulty sensor recording at the time of the wind event.
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Our calculated values for pressure perturbations associated with the 24 March 2015 wind
event at the building are in closer agreement with the maximum sustained wind speeds than
the wind gust speeds. This is not surprising since for this wind event, the building responded
almost entirely in its first eigenmode which is longer than most typical wind gusts (Beljaars
1987). Note that the wind speed data recorded by the NWS station were neither directly from
the building site, nor from the same ground elevation or terrain; the NWS station is ∼18m
higher in ground elevation. For best characterization and comparison, local wind measure-
ments from the building itself would be ideal. Observations such as these can be used to
interpret wind-induced pressures as they vary with the height of the building, as well as
floor-by-floor, to assess the environmental quality of the office space available (Islam
et al. 1990, Irwin et al. 2013).

CONCLUSIONS

We report on an oil refinery explosion that was recorded by seismic stations with
ground motions equivalent to a magnitude 2.0 earthquake. The refinery explosion
also produced an air pressure wave that was recorded by an accelerometer array in a
52-story high-rise in downtown Los Angeles. This is the first known occurrence of a
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Figure 16. Relative displacement in north-south direction over the height of the building at an
instantaneous time point during the 24 March 2015 wind gust event. Black curve: recorded obser-
vations. Red circles: smoothed approximation using the first five translational modes. Note that
horizontal scale is different from that in Figure 13.
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pressure wave having been recorded in an urban region, particularly with high spatial
density, at small spatial scale within a single structure. The combined data sets from
ground sensors and building sensors illustrate the value of densely instrumenting both
the free field and buildings with the goal of providing assessments of strong shaking
and structural damage from events such as earthquakes and explosions. A comprehensive
investigation of the response of the crust-soil-structure system requires a seamless inte-
gration of observations distributed both horizontally in the ground or at ground level, and
vertically in upper floors of buildings.

Anomalous acceleration energy pulses after the explosion were recorded on nearly every
floor of the 52-story high-rise at a distance of 22.8 km, resulting in an average source-receiver
speed of 343m∕s. The coherent acceleration pulses are interpreted as the building’s elastic
response to a pressure wave propagating from the explosion site because the wave speed
corresponded closely to the average speed of a pressure wave in air. The maximum absolute
accelerations recorded in the building were 0.02% g and the maximum relative displacement
was 0.03 mm, after application of a digital broadband filter. Although we cannot completely
rule out other sources for the anomalous accelerations, wind excitation is unlikely. Other data
sets from the building show that the building responds predominantly in its first mode during
moderate and high-level wind events.

We observe a force distribution due to the explosion pressure wave over a range of
floors in the building, with a maximum amplitude of 1.42 kN (0.32 kips) corresponding to
a single floor. Distributing this force over the height and width of a typical floor gives a
maximum average pressure perturbation of 7.7 Pa. We find that a wind speed of 3.6m∕s
(8 mph) would induce a similar pressure demand on the system. In the orthogonal hor-
izontal direction, the maximum amplitude of the force was observed to be 1.1 kN
(0.24 kips) which translates into an average pressure perturbation of 5.8 Pa. For general
comparison, typical window glass breakage occurs for incident pressures of 1.034 to
1.517 kPa, minor damage occurs for 3.447 to 7.584 kPa, panels of sheet metal buckle
for 7.584 to 12.410 kPa, and serious damage to steel frame buildings occurs for 27.579 to
48.263 kPa (FEMA 426 2003). Thus, a pressure wave 100 times larger could have broken
glass, and 1,000 times larger could possibly have had significant negative impact on the
exterior of a structure.
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