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A B S T R A C T

We present a study characterizing aerosol particles resulting from a skyscraper blasting. High
PM10 mass concentrations with a maximum of 844.9 μg m-3 were present for a short time period
of approximately 15 minutes. They result in a day mean of 32.6 μg m-3 compared to a 27.6 μg m-3

background not exceeding the 50 μg m-3 EU maximum permissive value. The increase in particle
number concentration was less pronounced with a maximum concentration of 6.9 ⋅ 104 cm-3

compared to the local background value of 1.8 ⋅ 104 cm-3. The size-resolved number concentra-
tion shows a single mode of ultrafine particles at approximately 93 nm. The spatial distribution of
deposited dust was investigated with Bergerhoff glass collection vessels, showing a decrease with
distance. In the deposited dust samples the concentrations of twelve metals was determined, non
of them exceeded the regional background concentrations significantly. The chemical composi-
tion of individual particles emitted by the demolition was studied by Scanning Electron
Microscopy. They were mainly concrete and steel particles, with 60% calcium carbonates, 19%
calcium sulfates, 19% silicates and 2% steel. In energy-dispersive X-Ray Spectroscopy, no fibers
like asbestos were observed. Using a broad spectrum of instruments and methods, we obtain
comprehensive characterization of the particles emitted by the demolition.

1. Introduction

Exposure to airborne particles is associated with a number of adverse health effects including cardiovascular and respiratory
diseases as well as premature death (e.g. Pope & Dockery, 1999, 2006; WHO, 2006). Although biologically plausible mechanisms
have been proposed, there is still considerable uncertainty about the exact pathways linking particle exposure and the observed
health effects (e.g. WHO, 2006; Donaldson & Borm, 2006).

The major anthropogenic sources contributing to ambient particulate matter are traffic, power generation, industrial and waste
combustion, metallurgy, domestic heating, agriculture and biomass burning (Holman, 1999; WHO, 2006; Lelieveld et al., 2015; Viana
et al., 2008). On a local scale, demolition and blasting of buildings may also contribute significantly to the particle burden. For

http://dx.doi.org/10.1016/j.jaerosci.2017.06.007
Received 22 February 2016; Received in revised form 22 December 2016; Accepted 23 June 2017

⁎ Corresponding author.

1 deceased.
E-mail address: acwagner@iau.uni-frankfurt.de (A.C. Wagner).

Journal of Aerosol Science 112 (2017) 11–18

Available online 27 June 2017
0021-8502/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/00218502
http://www.elsevier.com/locate/jaerosci
http://dx.doi.org/10.1016/j.jaerosci.2017.06.007
http://dx.doi.org/10.1016/j.jaerosci.2017.06.007
mailto:acwagner@iau.uni-frankfurt.de
http://dx.doi.org/10.1016/j.jaerosci.2017.06.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaerosci.2017.06.007&domain=pdf


example, it was estimated by Fuller & Green (2004) that fugitive emissions from building and road works may have been responsible
for exceedance of the twenty four hours limit value of PM10 (50 μg m-3) at 25% of the monitoring sites in and around London.

Although blasting of large buildings is taking place regularly (e.g., 23 buildings in the US in the year 2000; Beck et al., 2003), it is
from a public health perspective a very rare event. However, due to the potentially high particle concentrations (despite short
exposure time) and the possible release of hazardous materials (e.g., asbestos fibers, lead), blasting of large buildings is often of public
concern. In addition to the direct short-term exposure to airborne particulates, longer-term exposure to the deposited dust may occur
due to inhalation after re-suspension or ingestion after hand-to-mouth activities (Lioy et al., 2002; Beck et al., 2003). As a large
number of people including vulnerable groups (children, the elderly, the sick) may be affected, characterization of emissions of
building detonations is highly desirable. However, despite their potential adverse impacts, the data base on particulate emissions
during blastings of large buildings is sparse (Beck et al., 2003; Stefani et al., 2005). The aerosol emitted after the collapse of the World
Trade Center (Lioy et al., 2002; Gavett, 2006) cannot be compared directly to the former, as the blasting of buildings mostly takes
place after careful removal of hazardous materials. Building demolition by mechanical disruption and the particle burden resulting
thereof were recently investigated by Azarmi & Kumar (2016), Azarmi et al. (2016), Dorevitch et al. (2006) and Hansen et al. (2008).

Most studies on adverse health effects of ambient particles focus on PM10 or PM2.5, because both are often measured and reg-
ulations are based on these size fractions. Ultrafine particles (diameter< 100 nm) became of prime importance after it was re-
cognized that these particles can cross the air blood barrier of the lung (e.g., Kreyling et al., 2007). Recently, the need to quantify the
emission of ultrafine particles from building activities, including demolition, was emphasized by Kumar et al. (2012).

In the present contribution, a detailed characterization of the aerosol emitted from the detonation of a 116 m-high building (AfE
tower) in Frankfurt am Main (Germany) on February 2nd, 2014 is presented. The AfE ("Abteilung für Erziehungswissenschaften")
tower is the highest building blasted in Europe to date. About 40 000 spectators followed the event in close proximity (distance
between 250 and 500 m) and thus were exposed to the large dust cloud resulting therefrom. To characterize the particles produced by
the detonation, the event is assessed by different approaches. This includes measuring the size-resolved number concentration of
particles as well as the mass concentration before, during and after the event. A rough spatial distribution as well as maximum spread
of the pollution due to the demolition is estimated. Dust samples are analyzed for the chemical composition of individual particles as
well as bulk concentration of a number of different metals. This thorough approach is expected to contribute to a better assessment of
potential adverse health effects of particle exposure from the blasting of buildings.

2. Material and methods

A suite of instruments were positioned at N50.11936 E8.65316, 350 m downwind of the tower (Fig. 1), with their sampling ports
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Fig. 1. Location of the blasted tower (T) at N50.11640 E8.65133 and main measurement site (M) at N50.11936 E8.65316. Circles are the positions of the Bergerhoff
glass vessels as discussed in Section 3.4. The measurement of the sedimented mass is indicated by a color-code. Map: ©OpenStreetMap contributors.
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2.5 to 3 m above ground. Measurements were performed for two days around the event. A Condensation Particle Counter (CPC, TSI
Model 3776, TSI Incorporated, 2007; Hermann et al., 2007) measured the total number concentration starting at a cut-off diameter of
0.0025 µm. The size-resolved number concentration (Baron &Willeke, 2001) was determined by three instruments with overlapping
size ranges: A Scanning Mobility Particle Sizer (SMPS, TSI Model 3080, TSI Incorporated, 2001; Wang & Flagan, 1990), an Optical
Particle Counter (OPC, TSI Model 3330, TSI Incorporated, 2012b) and an Aerodynamic Particle Sizer (APS, TSI Model 3321, TSI
Incorporated, 2012a; Peters et al., 2006) ranging from 0.0146 to 0.6612 μm, 0.337 to 9.016 μm and 0.542 to 19.81 μm, respectively.
The mass concentration of particulate matter with an aerodynamic diameter less than 10 μm (PM10) was measured by a Synchronized
Hybrid Ambient Real Time Particulate Monitor (SHARP, Thermo Scientific Model 5030i, Thermo Fisher Scientic Inc. Air Quality
Instruments, 2007). Furthermore, dust samples were collected on silicon wafers and analyzed by Scanning Electron Microscopy
(SEM) with Energy Dispersive X-Ray Spectroscopy (EDX) (Goldstein et al., 2012) to obtain images and the chemical composition of
the particles. A portable weather station (Vaisala Model WXT520) recorded meteorological parameters such as temperature, pressure,
humidity, wind speed and direction. While these measurements give broad information on the particle population at this position, the
spatial distribution was targeted by distributing Bergerhoff glass collection vessels around the site (Fig. 1). This method allowed
obtaining a rough spatial distribution of the sedimented aerosol mass according to VDI guideline 4320 (The Association of German
Engineers) and additionally was used for further chemical analyses corresponding to VDI guideline 2267.

3. Results and discussion

3.1. Overview: Total number and mass concentration

A time series of the total number concentration and the mass concentration of PM10 is shown in Fig. 2. The measurements were
started half a day before and ended on the day after the blasting. The average background of the PM10 mass concentration is 27.5 μm
m-3. The demolition event produces a high peak in the mass concentration for a short period of time. Shortly after the blasting, it rises
by a factor of 30.7 and reaches a maximum value of 844.9 μg m-3. After 25 minutes, the mass concentration has decreased back to the
background value. Note that the decrease is not primarily triggered by processes of removing particles from the atmosphere but
mostly by the wind transporting the dust away from the sampling site. However, the total particle number concentration, measured
by the CPC, rises only by a factor of 3.8 over the local and 2.9 over the full background. The local background is here taken as the
mean concentration measured during 50 minutes before and after the blasting, excluding the peak, the full background is calculated
over the full time range recorded. The highest number concentration measured while the dust cloud was present is 6.9 ⋅ 104 cm-3.
Also, we see several short spikes in the number concentration which are higher than the increase caused by the demolition event.
These are assumed to originate most likely from local traffic, e.g. diesel trucks without diesel particle filters which pass by close to the
measurement site. These particles must be small in size, as they do not influence the mass concentration. Therefore, the peak from the
blasting is not as prominent in the number concentration as it is in the mass concentration. This observation can be explained by the
number concentration being dominated by small particles. The demolition event, however, produces comparatively fewer but larger
particles (see also Section 3.2, Fig. 3), which then dominate the mass concentration.

For air quality statements, a 24-h mean is usually applied. The World Health Organization (WHO, 2000) suggests the 24-h mean
of PM10 mass concentration not to exceed 50 μg m-3, which is also stated by the European Union as a maximum permissive value that
should not be exceeded on more than 35 days per year (EU, 2008). As the high concentrations caused by the demolition only occurred
for a very short time, they disappear in the daily mean. With 32.6 μg m-3 on the day of the demolition, the maximum permissive value
of the EU was not exceeded.

Fig. 2. Rise in number concentration (green) and mass concentration (red) occurring due to the particles from the demolition. The local and full backgrounds of the
number concentration are shown in brown and light brown, the background of the mass concentration is shown in blue. The rise due to the event can clearly be seen in
the mass concentration but is less pronounced in the number concentration, as number concentration is dominated by small particles which is also influenced by
numerous spikes from local traffic. The blasting event however produces numerous larger particles, dominating the mass concentration.
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Fig. 3. Size-resolved number concentration measured by the a) SMPS, b) OPC and c) APS as time series and d) for different times around the moment of blasting. A
substantial increase in particles is observed for all sizes> 40 nm. During the plume event, the number size distribution peaks at around 93 nm. Fluctuations in the OPC
data are an artifact of the devices internal calculation procedure. For comparability, OPC and APS data in b) and c) are shown on equal scales.
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3.2. Typical size of produced particles

The size-resolved number concentration was measured to get precise information about the particle size distribution of the aerosol
produced by the demolition. Fig. 3 shows the combined size distribution measurement by the SMPS, OPC and APS instruments for
different time intervals around the detonation time. The instruments show reasonable agreement in the size regions where the
instrument ranges overlap. Some fluctuations of the OPC data (small peak of the concentration at 1 μm size) are most likely due to the
automated method by which the device derives the concentration from the measured Mie scattering of light by the particles. Note
that the aerosol sizes measured by the different techniques are not identical. While the SMPS measures the electrical mobility
diameter, the size classification of the OPC relies on the optical properties of the aerosol, assuming, for example, a certain refractive
index and shape. The APS measures the aerodynamic size, which depends on shape and density. Therefore, the derived sizes are
strictly speaking not directly comparable without more detailed knowledge about the density, shape factor, and the optical properties
of the aerosol. None of these properties is well known and therefore particle size corrections are not straightforward and have not
been attempted. However, we have some information about the particle shape from the EDX (see Section 3.6) and know that they are
not fibrous, which would be relevant for the sizing technique of the APS. Keeping in mind these different sizing techniques, the size
distributions shown in Fig. 3 should not be interpreted as a homogeneous size distribution measurement over the entire size range,
and differences in the overlapping regions may also be caused by these methodological differences.

The black symbols show the data measured at 10:10 h just before the dust cloud passes the measurement site, the red line
represents maximum plume exposure and the following lines show the decrease until particle concentrations reach background level
again. The size distribution of the background can be represented by a log-normal distribution with a geometric mode diameter of
54 nm. The plume then produces a log-normal mode with mode diameter of around 93 nm. Within only 10 minutes, the particles
from the plume are no longer detected at the measurement site and the 50 nm mode dominates the size distribution again.

Compared to the maximum diameter occurring in the PM2.5 range, which is by definition 2500 nm, these particles below 100 nm
are very small.

3.3. Comparison of number concentrations

To cross-check the performance of the devices, size-resolved number concentrations measured by SMPS, OPC and APS are in-
tegrated and compared to the total number concentration measured by the CPC. Fig. 4 presents these concentrations for a 70 minutes
time interval around the blasting. In general, the measurements show a good agreement. The CPC concentrations are systematically
slightly higher. This difference can potentially be explained by the presence of ultrafine particles with sizes between 2.5 and 15 nm
which are counted by the CPC (cut-off diameter of 2.5 nm) but not detected by the SMPS (smallest particles detected at 15 nm), or it
is due to unaccounted losses in the SMPS system. Also, the difference is smaller at the blasting peak, which is consistent with the
observation that the particles originating from the explosion are small, but yet larger than the background.

3.4. Spatial distribution

Bergerhoff glass collection vessels were distributed around the site as a low-cost method for getting a rough spatial distribution of
the sedimented mass. Fig. 1 shows the measurement site with the position of tower (T) and the collection sites of the Bergerhoff
vessels (circles). All other measurements took place at the point indicated with M. The vessels were positioned around the tower at a
distance of approximately 300 m and along a street canyon approximately in line with the downwind direction with different dis-
tances from the site.

Comparison of the PM10 mass concentration with measurements from the regular air quality monitoring stations of HLUG (Hessian
Agency for the Environment and Geology) allows to refine the maximum spread of the plume to less than 3.1 km in north-eastern
direction and 7.9 km in western direction (see appendix C). Unfortunately, vessels 2, 3, 9, 13 and 14 had to be removed from the
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analysis due to breakage or contamination.
The local wind direction of °197 and wind speed of 0.74 ms-1 measured at point M shows that the dust cloud moved slowly along

the street Senckenberganlage, which was visually observed after the detonation as well. The samples taken along that street canyon
show a decrease of the mass of the settled dust as a function of distance from the demolition site as the largest particles settle closest
to the demolition site. However, the locally measured wind direction is expected to be strongly influenced by the surrounding
buildings. Meteorological data show the average wind direction at the time of explosion to be around °135 (south-east) which is
consistent with the highest sedimented mass in vessels located to the north-west of the tower.

For a detailed interpretation of the results from the Bergerhoff vessels the exact position of the vessels must be taken into account,
as small scale differences in wind speed and direction can effect sedimentation and the distribution of the dust. For example, vessel 29
was placed at a crossing with prevailing wind direction from the East, whereas vessel 24 was located in a more protected spot closer
to the buildings and thus shows a higher value in comparison to vessel 29. Vessel 4 shows an extremely high sedimented mass of
1763.5 mg m-2 d-1 and was placed downwind at an exposed position in a street directly leading to the tower. The vessel M positioned
directly at the main measurement site showed a sedimented mass of 564.3 mg m-2 d-1. This needs to be taken into account when
interpreting the other measurements taken there: They represent the particle burden at this place, and the pollution might have been
higher at other places, especially those directly in line of sight with the tower.

3.5. Chemical composition - Metals

The sediment samples from the Bergerhoff glass collection vessels were used to test for contamination with metals by chemical
precipitation according to VDI guideline 2267. Table 1 shows the resulting mass fractions of different metals in the samples taken
during the event and the mean of the surrounding area for January to June 2014. As a significant fraction of the deposition samples
investigated contained values below detection limit or between detection limit and quantitation limit, the statistical analysis follows
the recommendations given by Helsel (2011) for censored data. Summary statistics for elements with censored data was computed
using nonparametric survival analysis methods. As the data set consists of interval censored data, the nonparametric maximum
likelihood estimate of Turnbull (1976) was used to calculate a survival function and to determine quantiles. For the elements Pb, Fe,
and Cu with all measurements above the quantitation limit (uncensored data), quantiles were determined in the conventional way.
All statistical calculations were performed with R version 3.0.3 (R Core Team, 2012) and using the package “interval” (Fay & Shaw,
2010).

Compared to the surrounding area, which can be used as background, the median value of each metal shows only slightly or not
enhanced mass fraction. We conclude that there are no significantly enhanced concentration of hazardous substances like arsenic or
thallium in the analyzed samples.

3.6. Chemical composition and particle morphology

Dust samples from the demolition collected on silicon wafers were analyzed by Scanning Electron Microscopy (SEM) with Energy
Dispersive X-Ray Spectroscopy (EDX). Out of 1330 particles, 60% were identified as calcium carbonates, 19% as calcium sulfates,
19% as silicates and 2% as steel (see exemplary images and spectra in Fig. 5). The calcium carbonate and calcium sulfate particles
might also contain silicates as there is always a Si-peak in the spectrum due to the silicon wafer material and a contribution from the
sample could be hidden therein. The steel material is most likely from the buildings girders. The main purpose of this analysis,
however, was to determine whether or not there was an enhanced concentration of fibers in the dust from the demolition. Some
fibers, such as asbestos, are known to be especially hazardous to human health (Donaldson et al., 2010). The building did contain
asbestos originally, which was removed prior to the demolition. According to the World Health Organization (WHO) fibers are

Table 1
Summary statistics of chemical composition of deposition samples in which N=number of samples, LOD=limit of detection, LOQ=limit of quantification and
Regional background=mean value of Frankfurt from January to June 2014.

Element Lower Median Upper N N N Regional
quartile quartile (≤LOD) (>LOD, (>LOQ) background

[ −μg g 1] [ −μg g 1] [ −μg g 1] ≤LOQ) [ −μg g 1]

Sb <dl <dl <dl 14 0 0 14.5
As 4.7–4.9 4.7–4.9 11.4 5 8 1 5.9
Pb 53.8 67.4 80.9 0 0 14 60.7
Cd 0.81 0.81 1.76–2.27 4 9 1 0.7
Cr 70.4 108.8 155.8 0 1 13 90.6
Fe 2790 6432 10300 0 0 14 16800.4
Cu 181.4 217.4 278.4 0 0 14 207.0
Ni 41.2–45.5 58.2 67 0 7 7 42.8
Tl 0–1.6 0–1.6 1.9–4.5 13 1 0 0.3
V 5.5 14.6 30.3 3 4 7 32.3
Mn 59.8 143.1 278 0 5 9 368.8
Co 6.1 6.5 10.8 2 6 6 8.0
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defined as particles longer than 5 μm, no thicker than 3 μm and with a length-to-width-ratio larger than 3. Two wafers from the
blasting (sampled volume 2 and 6 l) as well as two wafers from the background measurement (sampled volume 10 l each) were
searched, but not a single fiber was found. Thus it can be assumed that the demolition did not lead to an enhanced concentration of
fibers.

4. Conclusion

We characterized particle emissions originating from a skyscraper blasting. Regarding all aspects, it can be concluded that the
demolition event itself did not pose a special long-term risk.

Nevertheless, there is no lower limit of particle mass or number concentration regarding adverse health effects, thus we can only
compare the particle burden to the urban background and conclude that the enhanced concentrations only strained the public for a
time period shorter than 15 minutes.

Although there was a significant increase of ultrafine particles, number concentrations were not much different from other peaks
in regular urban environment. Both number and mass concentrations decreased to background levels within short time. Furthermore,
there was no enhancement of components with particular toxicological relevance. Heavy metals were not enriched in the deposition
samples compared to regional background, so re-suspension of the deposited particles, which may occur on a longer time scale of
weeks or months, did not lead to higher exposure to toxic compounds. Considering the large amounts of asbestos installed during
construction of the building and the absence of fibers in our samples, the removal of this material prior to the demolition proved to be
very effective. The high relative humidity on that day as well as the large water reservoirs installed in the tower for the blasting may
also have helped to reduce the particle burden.

However, spectators and vulnerable people living close to the demolition site may still have experienced acute effects (e.g.,
irritation of the airways, triggering of asthma attacks). In addition, cleanup and transport of the debris may have lead to enhanced
particle exposure as it is the case in conventional demolition work. However, this aspect is beyond the scope of the present paper.

Combining a broad spectrum of instruments and methods, we obtained a comprehensive characterization of the emitted particles,
including number size distribution and chemical composition. The measurements can serve as a basis for comparison of particle
emissions from continuous demolition work to those from blastings. In this way, the overall particle exposure of the public due to
building demolition work can be minimized.
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