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Abstract: As buildings become increasingly complegnstruction monitoring using various
sensors is urgentipeeded for both more systematic and accurate safety managamdent
high-quality productivityin constructionlin this study,a monitoring systerthat is composed

of a laser displacement sensor (LDS) andrelesssensor node was proposed and applied to
anirregular building under constructiomhe subjectbuilding consistsof large crossectional
members, such as megalumns, meg#usses, and edge truss, which secured the large
spaces. The megausses and edge truss that support this lapgee aref the cantilever

type. The vertical displacement occurring at the free end of these memlaerslirectly
measured usingnalLDS. To validate the accuracy and reliability of the deflection data
measured from the LDS, a total station was also employed as a sensor for comparison with the
LDS. In addition, the numerical simulation result was compared with the deflection obtained
from the LDS and total station. Based on these investigatits proposedwireless
displacement monitoringystem was able to improve the construction quality by monitoring
the realtime behavior of the structure, and thpplicability of the proposed systera t
buildings under construction for the evaluation of structural safety was confirmed.

Keywords: laser displacement sensor; structural health monitoridgplacement
measurement; irregular buildingnegatruss in-construction monitoring
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1. Introduction

Recently, the need for the aesthetics and commercial intent of buildings to coincide with the
development of their construction technique has led to an increasing trend foiséigind irregular
buildings. This trend increases the difficulty of constarctilue to the design complexities inherent in
increasingly detailed constructioni B]. Furthermore, the management of the construction process
ensure higkguality construction to prevent safety accidents caused by substandard constrii@ion [4
Therefore, construction monitoring using various sensors is urgently needed for both more systematic
and accurate safety management and-Qiggdity productivityin construction In addition, there is
growing interest in structural health monitoringH(8) techniques and the establishment of reahe
monitoring systems based on sensor technol8igy/].

In terms of thetype of sensos employed in SHM, accelerometers arainly employed in a
traditional SHM system to identify changes in dynamic charatits, such as natural frequency
mode shapeandmodaldamping, induced from damage in the strucfiB. However, it is difficult to
perform a quantitative evaluation on the health condition and safety of structures based on the changs
of dynamicchamcteristicsbecausehese characteristics agasilyaffected by nosstructural elements
andenvironmental conditiong-urthermore, another confounding factor is that damage is typically a
local phenomenon, which is captured by higher frequency modes. However, the wibsstoh
damage identification method, which generally relies on lower frequency modes, tends te ttegptur
global response of the structure and is less sensitive tostogetural chang€d4,15]. For these reasons,
straintype sensors are adopted to directly measure the strain of a structural §l€ir0jt The stress
distribution estimated from arain measurement can be utilized in the safety assessment of an element
by comparing the stress distribution with the yield stress of the materials or the design strength of the
structural members. Several types of strain gauges are used to monitoratresponses, including
electrical strain gauges (ESGSs), fiber optic sensors (FOSs), and vibrating wire strain gauges (VWSGS).
The major issue with the data obtained from sttgpe sensors is that the observed strain value
represents a damage conditi@stricted to a small area of the member. Therefore, a large number of
strain gauges are needed to improve the accuracy of a structural damage evaluation.

To overcome the aforementioned limitations involving acceleration and strain values, there have
beenefforts to directly measure the displacement of a structure using a global positioning system
(GPS), a visiorbased system, and laser Doppler vibrometers. The measured displacement data can be
utilized as a damage index, from whitte structural stabiljt and quality of constructiocan be
estimated. GPS represents a good alternative to a displacement measuring2lysémHowever,
its applicability is limited to flexible and highse building structures because its accuracy is limited to
1 cm in thehorizontal direction and 2 cm in the vertical directjiaB]. The other main limitation in the
application of GPS is that this system is restricted to outdoor or opensdpsmaise signals are
received from satellites. Visiebased systems are also prego to measure the displacement of a
structure and demonstrated an acceptable accuracy in[36j&T]. However, the light requirement in
a visionbased monitoring system makes it difficult to use such systems at night; although night vision
technology exists, its use is not yet feasible in SHslser Doppler vibrometers also perform very
well, but, theseinstruments are not suitable for leteym monitoring systemig8]. In addition, laser
displacement sensors have been employed for measuring the displacement of structures subjecte
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various loads such as wind and earthquake load in previous resea@%ié&d][ However, these
measuremensystens were usedin laboratory experimeatwhere environmental conditisrcan be
easilycontroled and therefore their applicabilitg the real structures siaot been validatedecause

the ultimate goal of SHM involves the continuous and automatic monitoring the structural behavior
induced from various loadings, the stable performance of monitoring system applied in actual
structures is important and urgently needed.particular, long-term monitoring of deflection in
elementgresuling from sudden change of loading condition, which frequentiyursin construction
process ands acrucial factor in the safety of structuiie,very challengingtask, andhere have been
limited studies conducted using the existing displacement monitoring system.

In this study, awirelesslaserrangefinder systemis employedto directly measure the deflection of
structural members ian irregular buildinghat is currentlyunder constructianThe monitoredirregular
building is composed of large crosectional members, such as megiumns, megdrusses, and edge
truss, which secure the large spaces. The fimagses and edge truss that support this large space are of the
cantilever type. Thusany vertical displacement occurring at the free end of these members was set as a
major monitoring target and directly measured using a laser displacement sensor (Lda8)tidn, the
salient feature ofthis monitoring systemis that a manager can perfor reattime monitoring
automatically and the data are sent to a sensor node and then transmitted to a remote host server vi
wireless communications with good applicability to the structure under constrddtewireless network
employed in this measurent system also overcomes the weakness of existingmwordoring systems,
whichrequire large budgets to build the cable network and are inconvenient to rfidZlage

To validate the accuracy and reliability of the deflection data measured from thehHeD&rtical
deflections of the megausses and edge truss weatso measured using a total station as a sensor for
comparison with the LDS during the bent removal, which was thought to cause the largest deflection
during this construction process. Inddmn, the deflection of thenegatruss upon bent removal was
analyzed using a structural analysis program and was compared with the deflection measurements obtaine
from the LDS and total statiofinally, the solutions for several issues discoveredigiraghe application
of such wireless monitoring systems usamglLDS were proposed for this practical application while
continuing to perform structural safety monitoring using the data measured using thisesgmszogy.

2. Displacement Monitoring Sysem

A wireless measurement system was built to monitor the vertical deflections that occur in
cantilevertype megdrusses in an irregular building. The automatic wireless displacement
measurement system consists of a sensor (LDS) and a sensor nodesbhacgdas equipped witha
battery, which supplies the power, and a edogsion multipleaccess (CDMA) driving circuit that
delivers the dataThe process for measuring data from the LDS can be divided into three steps, as
illustrated in Figure 1.
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Figure 1. Data transmission process for the LDS
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2.1. LaserDisplacement Sensor

The principle of norcontact laser sensors is largely divided intb) eddycurrent, (2) optical,
and (3) ultrasonic waves3J]. The eddycurrent technique has a short measment range and is
therefore not suitable for lonadjstance measurements. The ultrasonic wave style has a long
measurement range and can measure all objects; however, it is greatly affeetiedrbgmental
factors, such awind and temperature. Thus, routsideuseis intendedthe optical LDS technique
is the most appropriate option.

In this research, an LDS was used to measure displacement in an economical and stabl&manner.
optical laser sensor (LLAD100 model JENOPTIK AG Jena Germany Table 1) with a maximum
sampling rate of 50 Hz was used in this study. This model has drbpibcessor function such that
the displacement data are outputted while power is supplied according to the preset data acquisitior
period. Thus, the distance betweka LDS and object can be determined without a separate reader.

As depicted in Figur, the measurement principle of the optical LDS technique is that a laser
beam, often with a diameter on the order of millimeters, is scattered when the target is @adthed,
this scattered beam creates an image on adinensional positioisensing device that is then
converted into an electrical signal. The distance between the LDS and target can be triangulated frorn
the positional information of the imaged laser beam.

In a laboratory experiment, the environmental conditions can be easily controlled for the LDS
application. However, when an LDS is used at a construction site, the measurement range, material o
the object, and surrounding environment should be considenestl, a longreference distance and
measurement range between the monitoring target and d&tB®eeded, considering the various
obstacles that hinder stable measurement at a construction site. The measurement range of the LD
used in this research is D35 m, as indicated in Table 1, and can reach up to 150 m when reflecting
plates are used. The accuracy of the LDS is 2 mm, which is relatively coarse. However, the
measurement range is the primary requisite in this application, where the monitored estsietur
largescale irregular building structure during construction. Faghuracy LDSs witlan accuracy on
the order of micrometeare also availablg34,35} however, theirshort reference distance and
measurement rangehich are less thah m arenot agplicable in this research. Therefore, a deflection
accuracy on the order of millimeters is regarded as acceptable considering thefftiaeteveen
accuracy and the measurement range.
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Table 1. Specifications of the LDS

Measurement Accuracy Resolution Temperature  Max. Sampling
Model
Range (m) (mm) (mm) Range (C) Rate
LLD-0100 0.2 35 12 0.1 110i 60 50 Hz

Figure 2. Principle of the LDS
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2.2. WirelessMonitoring System

The sensor nodeith the fourchannel sensor interface can simultaneously receive data from four
LDSs which are connected through a cable for 32 communication. The remote wireless
communication methogCDMA) [36] was used to send the data measured by the LDS from the
construction site to the host personal computer (PC) in a remote location. The data sent to the host PC
could be verified online in redgime via the integrated management software.

A continual power supply is important for the stable operation of automaetess monitoring
systems. A cable layout plan is necessary for a direct power supply at a construction site, and the
cables for such a power supply can reduce the applicability to a construction site from an operational
and management perspective. Tiheme the wireless monitoring system developed in this research
uses both a technique with low power consumption for the processor and a timer control to switch
between the operating mode (data acquisition and transmission) and the sleep mode (powel
consunption minimized), which are synchronized with the data measurement periods to minimize
power consumptioriThe processor is connected to a power source through the two circuits Regulator 1
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and Regulator 2. Regulator 1 constantly supplies power to the poosthat it can operate with a
minimum amount of power in sleep mode. Regulator 2 operates during the data measurement period:
and activates the sensor node by supplying power to the sensor and CDMA drive3itcunt ¢ther

words, the lifespan of ghbattery was extended by minimizing the power consumed during times of
inactivity rather than uniformly consuming power at all times. The power supply consisted of a
rechargeable lithiuaon battery and was replaced approximately once every three mdriihs.
specifications for the sensor node are provided in Table 2.

Table 2. Sensor node specification

Number of Channels Power Consumption Data Output Software

DC7.424V
4 : CDMA LDSMS Client
100 mA (operation) en

3. Application to a Construction Site
3.1 TargetSructure O Building)

This research applied the proposed wireless displacement monitoring system to and conductec
reattime monitoring of a building under construction (D building). Thding is located in Seoul,
the capital of South Korea; itonstruction began in April 2009 and is scheduled to be completed in
2013. As observed in Figure 3, thebbilding is an irregularly shapetbuilding thatwill be used for
various exhibitions as a museum, experience facility, convention hall, designedaterpffices ana
sky lounge and conssstf three underground floors and four stories.

Figure 3. Target structure, D buildinga) Threedimensionalview of the main elements
(b) Crosssectional plarof the main elements
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The exhibition zone uses steel frames to present a large free space, and steel trusses with particularl
large crossections were used to secure this space. These members can be grouped -mtssasga
and B, an edge truss, and a floor truss accorditigetolocation. The composition of the compkpace
consists of four megeolumns (#1, 2, 3, and 4) that support m&gases A and Bvith additional
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smaller supports consisting of diverse steel numbers andsac#snal sizes (Figure 3). As observed in
Figure 4, megdruss A was fabricated in several parts and constructsdeghrough sequential erection

and welding. The span length of the edge truss in Figure 5 is approximately 142 m; thus, it was divided
into 10 parts for fabrication and similadpnstructed via a sequential erection and welding process. To
ensure structural safety while welding each part, a temporary bent was installed below the welding
spots to support the weight of the structural memsbeh as megatruss or edge truss.

Figure 4. Megatruss A

| Sth II: 1st Lo an 3rd | 4t]1 |

In addition, each of the cores, which consist of raglamn #1 for one and megalumns #3 and 4 for
the other, is a reinforcecbncrete (RC) structure, and these two cores are connected through the fourth
floor slab used by the exhibition hall. As there is no column under the fourth floor slab, the dead load
is sustainedoy the floor truss, which supports the center of this slab, and the edge truss supports its
border and flows into the connected mégess, wheh is supported by the megalumn and RC core.

The distance from megaolumns #1 and #2 to the edge truss is 35 m and 12.3 m, respectively, and
the megaruss connected to the edge trisof the cantilever type. Thegravity load of the space
frame, whch is installed on the exterior panel, combines with that of the fourth floor slab, particularly
during construction; thus, the deflection of thegatruss is a priority control and monitoring target
during constructionln particular, the variations irhé deflection of the edge truss were continually
monitored as the 10 temporary bents that had been installed to support the construction of both the
megatruss and edge truss were individually removed following the order shown in Figure 6.
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Figure 6. Removal shedule for temporaryerts.
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3.2 Measuremen®etip

The vertical deflections of thedge trussvere measureffom three points (points 1, 2, and 3 in
Figure 3. Point 1 is the connection point between migas A and the edge truss, poinis2the
connection point between the edge truss and floor truss, and point 3 is the connection point betweer
megatruss B and the edge truss. The deflections that can occur at these three points due to the dea
and live loads only were calculated using anotercial structural analysis progrdamM| DA S/ GE NG
ver.800, [38]), and the predicted camber of each point is listed in Table 3.

Table 3. Camber of each measurement point

Location Point 1 Point 2 Point 3
Camber (DL+ LL) (mm) 155.1 164.4 44 .3

Whenmeasuring vertical deflection, it is best to measure the displacement by installing an LDS on the
ground and reflecting off of the targetmember. However, due to the conditions of the construction
site, such as the various construction equipment and movements, and because the measurement ran
of the LDS is limited (maximum of 35 m), it was impossible to install these sensors on the ground.
Therefore, in this research, the LDSs were installed horizontally within the building in the areas least
affected by the construction to measure the data in a stable niaiguee 7)

To determine the vertical displacement via the horizontal displacemeasurements, a triangle
module was welded to thargetpoints, as illustrated in Figui& A module (300 x 300 x 300 mm)
with a height (h) of 300 mm that forms a 45°angle to its base was welded onto the measurement point.
The module was planned sudtat the horizontal displacement of the LDS and the measurement point
would create a vertical deflection. In other words, because the triangle module was at 457 determining
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its vertical displacement by measuring the horizontal displacement was possigieghgsiprinciple
that the distance (px) and vertical variation
in the z direction.

Figure 7. Installation location(a) Lasersensotl. (b) Lasersensor® and 3

Figure 8. Triangle module installed at the measured pdiax point 1 (b) point 2, and
(c) point 3.

(b)

3.3 Total Station

To verify the accuracy and applicability of the deflections measured by the proposed wireless
monitoring systems, theertical deflections were also measured using a total station as a sensor for
comparison with the LDS during the bent removal, which was thought to cause the largest deflection
during this construction process.

The total station combines an eleetnatical instrumeni{electrical discharge machine (EDMp
measure the angle with a theodolite to simultaneously measure distance. This device can determine th
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threedimensional coordinates of the target pdifigure9). The total station consists of four parts: a
detector measuring the vertical angle of the up and down motions, a detector measuring the horizonta
angle of the right and left motions, a distance gauge measuring the distance from the body to the targe
point, and a tilting sensor that measures and revises the level of the body. Prisms are installed at the
target pointsanda light wave with a known wavelength and frequency is transniiigdres10 and11).

The distance can be determined from the tintekiés the light wave to return, and the tkil@mensional
coordinates can be determined based on the azimuth and altitude. Therefore, the data measured usi
the total station are more accurate than those measured with the LDS, which only measures the
onedimensional distance. Thus, this research used the total station measurement as the real deflectio

when comparing and analyzing the results obtained using the LDS.

Figure 9. Measurement method of the total station
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Figure 10. Total station measuremei(&) total stationand(b) prism.




Sensor2013 13 5806

Figure 11. Prism:(a) point 1 mark, i§) point 2 mark and(c) point 3 mark

(b) (©)

In this research, the prism was installed above the point where the LDS measured the deflection
and only used the total station for measurements during the bent removal period. Figures 10 and 1!
provide images of the installation of the total statiorhatdonstruction site and the prism at the target
point, respectively.

4. Evolution of Displacement during Construction
4.1 Evolution ofDeflection atEach Point duringConstruction

After the welding connections of the fabricated magas and edge truss were completed, the
temporary bents were removed. The dead load of the structure that had been supported by the ben
was then directly supported by these members, and the edgbedgassto deflect. A total of lferds
had supported the edge truss, and thests were sequentially removed according to the construction
schedule, as observed in Figére

The deflection of the edge truss upon bent removal was analyzed using aratracalysis
program ( Ml D8OG[B8) BN compaeed with the deflection measurements obtained from
the LDS and total station. When modeling the structure, the space frame, or external panel, was
excluded to reflect the construction stage atithe of measurement, and the meégssses, edge truss,
and floor trusses were modeled as rigid connections considering their large sectional size and welding
construction. The analysis was performed by removing each temporary bent in accordance with the
construction process, and the deflections at points 1, 2, and 3 for each step were analyzed2 Figure 1
presents plots of the calculated vertical displacement of the structure both before and after the removal o
the temporary bent3’he maximum displacemeaotcurs at point 2 on the edge truss after bent removal.

Figure 12. Calculated displacement of buildin@) before andlf) after bent removal
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The plots in Figure 13 compare the values obtained from both the structural analysis and
vertical deflection as measured by the LB&d total stationfor each measuring point. The LDS
continuously measured each point every 30 min, and the total station was measured while each ber
was being removed.

Figure 13. Variations of deflection duringdmt removal:(a) point 1, (b) point 2 and
(c) point 3.
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The difference in the deflection between the LDS and total station at point 2 was less than 5 mm,
and changes occurred as the deflection increased with(setgiential removal of the bent). The
vertical displacement determined for each point from the analysis overestimated the LDS and total
station measurements. Nevertheless, the increase in sequential deflection due to bent removal wa
reproduced in the stectural analysis results.

4.2 Comparison othe Deflection Valuegbtained from the LDS anfbtal Station

As demonstrated in Figure 1fBie total station measurements were larger than those of thetLDS
point 1; however, the results obtained at point 3 exhibited an opposite trend. The total station can
measure the thregimensional displacement of the target; however, the LDS can only provide data
regarding the distance between the sensor and targdt phis type of error generated in a pointer
measuring system was previously investigategioneering researcf39], and in this study, the
discrepancy between two measuring systems is also investigated in the following mahaer. W
structural deformadin occurs, the triangular module on the target object also moves, and the error from
the horizontal displacement and rotational componeratg beincluded in the measurement data with
the absolute vertical displacement. In other words, the differencetande caused by the rotation of
the marked axis shown in Figurd tan be obtained using Equations (1), (2), and (3). When the
member and triangular module are attached to the x and y planes, Equation (1) provides the difference
in distance between the [Dand the slope face of the module when the module retateshe —e
direction. Equations (2) and (3) provide the difference in distance between the LDS and module for the
y and z axes, respectively

About—&) aao="02(sin—~cos+ 1) (1)
About—y, aao="Q( 1 1 ©/(sin—+cos)} (2
About—z, aan="2{(1+sin—+ cos)/cos— 3

Figure 14.Variations in the measured value according to the rotation of the triangle module

v

=

As demonstrated in Figure 15, the maximum distance between the LDS and target occurred when
the module was rotated around the z axis. The minimum distance between the LDS and target occurret
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when the module was rotated around the y axis; however, thatigsannduced from the rotation
around the y axiwvas small compared to the variations of the other axes.

Figure 15. Change in horizontal distandee torotation around each axis
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As these results and the measurement data demonstrate, the largest vertical displacement occurre
at point 2. Therefore, because the module at doa&n be observed to rotate in thewdirection, the
horizontal distance between the LDS and target module decreases, and a value smaller than the re
deflection observed from the total station is measured. In contrast, at point 3, the modulearrotates
the +—eodirection, and the LDS measures a higher value than the real deflection. Therefore, the LDS
measurement in Figure (&} is largerthan that of the total station, whereas the LDS measurement in
Figure 13c) is smaller than that of the totahtion. That is, the effects of rotation are included in the
results measured by the LDS in addition to the displacement by pure vertical deflection.

4.3 Detection of the Redalime Behavior of Structures

April 25, 2011 was the last day of temporary bemoval, and bents 8, 9, and 10 were removed.
The location of bent 9 was the connection point between 4tnegs B and the edge truss (point 3).

Bent 8 was the connection between megas A and the edge truss (point 1). Thus, the locations of
these benthave the largest effect on the LDS measurements. Furthermore, the deflection that occurs
after removing all of the bents is caused by the dead load and can be used to estimate the safety G
the construction.

Figure 16 presents the measurement results at each point during the day of bent removal. At 10 AM,
when the removal of bent 8 began, the LDS measurement interval was reduced from 30 mintm 1 min
continuously acquire data from and to verify the deflection of geaeht in real time. However, a
null-data period can be observed from 7 AM to 11 AM and from 2 AM to 3:30 PM at points 1
(Figure B(a)) and 3 (Figure @(c)), respectively. These nwdiata periods result from lost measurements
due to thepresence of obstkes, such as construction equipment, between the LDS and target during
bent removal. After 5 PM, when all of the bents had been removed, stable measurements were
obtained without large variations in the deflection. From the above results, it can beedlibat\the
safety monitoring of the structures is possible, even when there are sudden changes to the loa
(e.g., bent removal in this study), via the flexible control of measurement intervals. Furthermore, the
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maximum deflection at each point after beatmoval was smaller than the initial camber value
(Table 3) determined from the predicted vertical deflections of 52, 67, and 13 mm at points 1, 2, and 3,
respectively. Thus, the safety of the edge truss and-mneggwas confirmed.

Figure 16. Measured dflectionon April 25 (a) point 1, (b) point 2, and(c) point 3,
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5. Conclusions

This research proposed a displacement monitoring system using an LDS to perfetimereal
monitoring of anirregular largescale building under construction, whidonsisted of structural
members (namely, megeusses, megaolumns, and an edge truss) for large spathe. boundary
deflection of the broad slab, which was supported by a cantitgpermegaruss and the edge truss,



