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PERVASIVE SENSOR NETWORK FOR REAL TIME ENVIRONMENTAL MONITORING IN
CONSTRUCITON SITES

ABSTRACT

In order to gain competitiveness and compete dbbafjlevel, construction companies should
improve their efficiency. The problem is even maedevant in the construction field, whose work
processes find it hard to evolve towards new autethenethods and techniques in the management field.
For that reason, this paper suggests how congiruatompanies could apply new technologies to
implement automated management of environmentalrtdaz

Based on a survey regarding the environmental psksently experienced in construction sites,
noise and dust were considered two of the mainrdaz&o in this paper a networked system for g t
remote monitoring of the spatial distribution ofstlin construction sites was developed. Such a&Byst
would relieve builders from the commitment of otessurveys, allowing for a continuous monitoring of
the site conditions and of the real exposure oheaorker and pass-by to the pollutants generated by
construction works. The main system requirementsicered are: easy to deploy, reliable, as accaiste
needed to be able to send real-time warnings are st good estimation of the real exposure to which
involved people have been subject to.

So far the research produced a prototypical harel@r dust monitoring made up of wireless
sensors which can be easily deployed on site. €heass were calibrated by means of laboratory,tests
where their measurements were compared with thokected by means of highly accurate instruments,
which were taken as a reference. Thanks to theperiexents, calibration curves for the sensors were
worked out, showing also the measurement rangeeoénsors.
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INTRODUCTION

Presently, construction companies are facing tladleiges risen by the global economy scheme.
In fact, they are trying to increase their prodiittiand to provide high quality products and gadest
working conditions ever to their workers. Hence cimuesearch is focused on the aspects of costtefiec
construction management, intelligent waste handlind improvement of safety at work (A. Giretti &t a
2012). First, setting up a cost-effective constarctproject management would include material
management and inventory traceability which coredgly contribute to the construction process
(Weisheng et al., 2011). Automated progress manigowrould reduce the burden of work usually recdiire
to produce editing of project reports (Navon anddSchmidt, 2003). Communication can be made easier
through automated visualization of constructionadand information awareness is an undisputable
excellent tool to manage machines (Chao-Ying andssBlu 2011). Secondly, automated waste
management is aimed at improving its effectiven@sserms of reduction of non-recycled fraction and
cutting environmental impacts down (Shen et alQ4)0Hence, several studies suggested specificatdsth
and procedures to reduce the generated wasteaigis (Poon et al., 2004). In general, providmmgafe
working environment to employees may translate wifferent practical situations, such as automated
control of proper wearing of safety gears, sigrilirazards in real-time, automated predictive doltis
detection and fall hazards warning in crowded sitgeas, and so on depending on the particulardiind
work to be performed. The focus of this paper setia automated management of environmental hazards.



The first aspect of this issue is relative to thsessment of the environmental impacts caused by
construction execution (Chen et al., 2004); sirhilacarbon emission simulation tools for constromti
project are under development, which are thoughietof great help in highlighting the most harngub-
phases over the overall process (Wong et al., 2012)

The second relevant aspect concerns worker expasurarmful environmental pollutants, e.g.
dust, noise, gases. Findings from on-site survhgsved silica exposures above admissible threstalels
almost always experienced by workers involved imgmn construction tasks (e.g. abrasive blasters,
jackhammers, rick drills etc...) and their personabtgction equipment is often inadequate for the
exposure encountered (Flanagan et al., 2007). @iyranonitoring is performed either by stationary
measurements or by personal monitoring, i.e. eduippome of the workers present on site (Croteal. et
2004).

For that reason, this paper will contribute to ategn for automated monitoring of dust
concentration in construction sites: in fact, sachystem would allow to perform a spread and ateura
monitoring all over the whole site area, overcomthg traditional approach based just on spatial and
temporal samplings. The proposed system was shovine table to automatically collect data about the
dust concentration caused by construction works.

DUST MONITORING IN WORKPLACES

Admissible dust concentration thresholds are rbedovernments all over the world. This is due
to the serious health hazards that can be causditidgust, contributing to or even causing respima
and cardiovascular diseases. Although several gsiffé values have been set by the ruling and mgyvis
organizations, one of the most distinguished refege in the field is the recommendations givenhey t
World Health Organization (WHQO), which refer to thanual and daily average exposures to pollutants
(WHO, 2005). The WHO recommendations are organiatedthe two different classes: PM2.5 and PM10.
More importantly, the WHO clearly assessed the ingrae of long-term exposure monitoring to pollatio
besides short-term. More insights into the thredhahit values (TLV) in occupational matters are
provided by the publications edited by the Ameri€2onference of Governmental Industrial Hygienists
(ACGHI, 2012).

PM exposure in construction sites is strongly delpan on the kind of activities. The main
harming component is silica, which is found in mokthem (Flanagan, 2003). However monitoring has
been resulting as a cumbersome activity, becausevalved — in the best case — the use of wearable
instruments, which are hardly accepted by work&urrent standard measurement equipment is large,
expensive and sparsely deployed (Budde et al.,)2@Eeause mostly based on the use of gravimetric
measurements and laboratory analyses. As a reselt,need fine-grained, mobile and distributed
measurements, e.g. to identify hot-spots or momiemple at risk. PM monitoring is also common ihest
crowded environments, such as metro stations. #egucarried out in the Barcelona metro used a high
volume sampler (30 #h) programmed to sample PM10 and PM2.5, an optizahter and a laser-scanner
optical counter (Querol et al., 2012). Not only ei¢hese instruments shown of being quite invadive,
the collected data required to be post-processeqlalfied laboratories.

The new monitoring system tar geted to construction sites

This paper suggests to set up a real-time mongaystem which is capable of crosschecking the
position of workers and the estimated dust conaéintis over the site. Such a system would provide a
least a couple of significant services in constaucsites:

» capability of signaling in real-time the overcomioigany predetermined threshold values;

e gradual implementation of a database containingcilmaulative value of the amount of PM
concentration to which workers have been exposgdgiated over several possible meaningful
time windows.

In the schematic shown in Figure 1 every workesupposed to be tracked using one of the
available position tracking systems thought forstorction sites; then the new sensors describetisn
paper are deployed over the site and programmexk g0 give back in real time the dust concentration



values at their known positions (in order to waHlelthat, even they need to be equipped with alesse
tag device for being automatically located).
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Figure 1 — Schematic of the monitoring system lsgic

In the first step of this research, a preliminaggwork prototype to monitor the concentration of
particulate matter - PM10 - was developed and deist¢he machine laboratory of the DICEA Department
and of the SIMAU Department at Universita Politeendelle Marche (Ancona, Italy).

DEVELOPMENT OF THE LOW-INVASIVE SENSOR NETWORK
The dust sensors

The dust sensors, as labeled in Figure 1's legandf be able to perform a real-time monitoring
of dust levels in air. There are not so many coneimépff-the-shelf probes available, which complithw
the requirements of: low-power, small enough tarnmerporated into hand-held devices, good accuracy.
Our market search gave back two main manufactugistyei and Sharp. Both products are based on the
same operation principle: a light beam is emitreid ia measurement chamber; when dust is present, th
light is refracted by particles and the amountazttered light is detected. One unique featuréneffirst
set of sensors is that Shinyei ones use a heatsigtor to create an updraft. On the other hared Stiarp
GP2Y1010 optical dust sensor is mostly used igjaality equipment, such as air purifiers.

After our first assessment for the applicationdinetl above, some of the drawbacks in the use of
the heating turned out to be increased power copsomand longer response time, since it takes some
time until the resistor is heated up. So we setktt® Sharp GP2Y1010 optical dust sensor (112 drd 1
in the following), since they are cheap, small,Jo@wer (Table 1).

Table 1 — Main parameters of the Sharp GP2Y101AtU® sensor

Parameter Units Typical Value Constraints
Supply Voltage vV -0.3to +7 Ta =25°C
Operating temperature °C -10 to +65
Sensitivity V/(0.1mg/rm) 0.5 Ta = 25°C; Vcc =5V
Output Voltage at no dust V 0.9 Ta = 25°C; Vcc =5V
Consumption current mA 11 Ta = 25°C; Vcc = 5V

Technically, the Sharp dust sensor's measuremeamilr causes a pulse whose voltage is
proportional to the number of particles which calgbe light beam to be diffracted (Vs,i). The
microprocessor works out the mean)(Yased on the last 16 records.i¥ then turned by an Analog to
Digital Converter (ADC) into an integer number (jth 10 bit resolution (R=10) and interfaced tol& P
24F32KA302 microprocessor (Figure 2). The ADC uae$.8 V reference voltage (Vref). A voltage
divider is installed before the ADC to avoid itdisation for \/ grather than the reference voltage:.V
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Figure 2 — Electronic schema of the dust sensazsabdl 113.

Description of the monitoring network

While it is expected that the accuracy using simpdwices is lower than that of expensive
stationary equipment, mobile measurements woutthalbr a much higher spatial and temporal resotutio
Also, unprecedented services would be straightfoiiyaavailable: mobile dust sensors could be aplle
construction sites to record the workers’ occupeti@xposure to dust; workers might want to be sure
an informal level that they are not overexposeligh concentrations of particulate matter in thaglderm.

The wireless communication system used to fornptrgasive network is very similar to that one
described in more detail within (Naticchia et @013) and which is the property of the Italian camp
Smart Space Solutions srl. It was made up of dethdevices, with no cabling neither for communiati
nor for powering, hence battery-powered. It exglbidrdware and software components based on the IEE
802.15.4 standard medium access and Zig-Bee stachmanication protocol. A ZigBee-based
communication network comprises three kinds of devi one or more coordinators are used to initiate
network formation, acting as 802.15.4 PAN (Persdxrala Network) Coordinator (that is a full-function
device, like in Figure 3-a) and as a Gateway tddbal PC or web connection; fixed devices withtiog
capabilities (Routers) are installed at known lmoe (only if localization is required, but the kmo
position is not needed for pure communication psesd of the area being monitored, and are in chafrge
performing multi-hop routing of messages, followiagre-assigned balanced tree routing scheme, which
can be modified at runtime (Figure 3-b).

(@) (d)

Figure 3 — PAN coordinator/gateway (a) of the nekyoouters (b), dust sensors 112 and 113 (c),osed
of the end devices uncovered to show the integratfdhe (red circled) Sharp dust sensor (d).

Finally, end devices (or tags that are reducedtionalevices - RFD) are used as mobile nodes.
So dust sensors (in the following labelled no. ah# 113) have been embedded inside RFDs, in ooder t
be potentially put on mobile facilities, given thkility of RFDs to be tracked (Figure 3-c). The Ipawer
features of the network are guaranteed thanksédw@ced router duty cycle operating in the asynobus
mode. The dust sensor was driven according todhersa in Figure 2. As shown in Figure 3-d, integrat
of the dust sensor in the RFD device also requivggractice a hole where air is allowed to flowotigh
and the light scattering measurement can take place

LABORATORY EXPERIMENTAL CAMPAIGN

Proper calibration of the light scattering measwgetito an estimate of particle concentration
requires the development of customized conversiumtons. Hence, such dust sensor was calibrated
against a co-located filter-based technique instémirin the same area, which allowed to work outcger
conversion factor from scattering to a particulaass per unit volume (ugfAnestimate (Padgett et al.,
2008). Prior to this, the range of the sensors wmagstigated by means of its exposure to high



concentration dust: two dust sensors were placsitlénan enclosure 0.83°nbig, where dust was
generated by means of brick grinding (please refdtigure 4-a). The dust concentration plots amwsh

in Figure 4-b: the three plateau, which were ha@&mthe plot of sensor no. 112 reached its maximum,
represent the maximum digital value readable by kimid of sensor (ke= 850), while minim values are
close to zero, in this particular casg.l= 15.
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Figure 4 — The enclosure used to estimate the rafiee dust sensors (a) and the plots generatéieby
roofs (b).

Calibration was finally performed using the expeital setup in the SIMAU laboratory
(Universita Politecnica delle Marche) in Figure :5eae fan was positioned at the end of a measuremen
duct, which was able to conserve isokinetic condgiduring each sampling. An optical particle ceunt
Grimm 1.108 was used as a benchmark (depictedeintdp left red squared box in Figure 5-a). This
portable laser photometer with a constant volurow fof 0.6 I/min and a digital display also embeds a
removable 47mm PTFE filter for collecting all theeasured dust, so that after the end of the trial an
appropriate density verification/correction is gbks This filter is also the base for legal masmitoring.
Field mass calibration to local dust conditions tteen be achieved by simply removing and weightirey
filter, giving a chance to make specific densityreotions for the measured instrument mean duss$ oBs
the monitored area. Dust generation was provideslith an ultrasonic fog generator placed at thet ioil
the measurement tunnel (0.7x0.7 m squared cros®mecThe ultrasonic fog generator uses ultrasonic
technology to vaporize a salt solution to producto@ composed of 10 micron and less sized water
particles which gives smaller solid micron partidlameter (Fava et al., 2012).

Results from the trial are shown in part b) of Fg® and in Figure 6. In particular Figure 6
compares side by side the readings from dust sasnatel the number of particles counted by the Grimm
reference instrument. The whole trial was splib ifttur segment, each characterized by a differahtevof
air speed in the measurement tunnel: starting 080 m/s it was increased until 1.14 m/s and 1.4 m
falling down 0.58 m/s in the last part.
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Figure 5 — Experimental setup for calibration ofsms 112 and 113 (a) and results got from measuntsm

(b).

From Figure 6 it is clear that the dust sampleescaherent with the benchmark, being both trends
of the same type. When the speed is varied the fap accordingly (the plot leaps up in casemed is



deceased while it leaps down when air speed i®#&sed). Figure 5-b compares in a row the three mean
values estimated by the two samplers and the Grilurimg the four time spans when air speed were kept
constant. Based on those data, conversion factns @stimated as a final step.
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Figure 6 — Samplers (a) and Grimm (b) measurenuatliscted during the experiments.

Starting from the trial duration, also thanks te kmowledge of the volume flow suctioned by the
Grimm and the weighed dust filtered by the instratrie the same period, the average dust concemtrati
in air over the trial was computed, like in the tigét columns in Table 2. The right part of Tablés?s the
average number of particles measured by the instntsrand conversion factors that relate each nutober
the average concentration already mentioned. Thalsies might be used to convert the readings fioam t
samplers into concentration values. As the lagt, steo calibration curves were worked out to reldie
concentration values to dust concentration. Thevexmion factors were used to relate every reading i
Figure 5-b to the corresponding dust concentratiod, the calibration curves in Figure 7 were givath
sensors have an x-offset around 0.5 nigiaile their sensitivity is 0.11 V/(0.1mgAn

Table 2 — Computation of conversion factors

Gravimetric measur es

Particle counters

Trial time span [min] 184 GRIM Mean number of particles 116.68
Grimm air flow [I/min] 0.60 M Grimm conversion factor 1.14
Total volume flow [I] 110.40 Samp. _Mean digital value 40.68
Total air volume [ 0.11 112 Conversion factor 31.34
Weighed dust mass [ug] 140.76  Samp. _Mean digital value 39.68
Weighed dust concentr. [ugim 1279 113 Conversion factor 32.13
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Figure 7 — Calibration curves for sampler no. 1aPand sampler no. 113 (b).

CONCLUSIONS

The work reported in this paper was targeted topset network for real-time monitoring of
particulate matter (PM10) in construction sitestiBthe low-invasive communication network and the



good reliability of the end-devices — in chargeestimating the real dust concentration — showed the
feasibility of the whole system. The setup is n@ady for applications in construction, whose desimst
take into account that the lowest threshold thatlm monitored by the system is about 0.5 mg/m3ckle
the system turned out to be suitable for monitodingas at risk and pollution hot spots, while inat
suitable to evaluate air quality, because not dapaibfalling under the aforementioned thresholtjoh is
above the air quality value recommended by WHO.
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