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ABSTRACT OF THE THESIS

Development of An Ultra-Wide Band-based Real-Time Vibrator Tip Location
Sydgemfor Intelligent Concrete Consolidation

BY
RAGHAV KRISHNAMOORTHY
DISSERTATION DIRECTOR:

PROESSORJE GONG

Prope consolidation of concrete is criticd to the long-temm strergth of concrete bridge
strucures. Vibration is a commonly used method to make concrete flow able and to
remove the excessve entrapped air, therefore contributing to prope concrete
consolidation. To introduce vibrations to freshly placedconcrete, various tools such as
intemal vibrators are widely used in the congrudion industry. Producing a dense
concrete without segregaton with these toals requires an expelienced vibrator operator.
Inexperienced vibrator operators terd to over-consolidate or under-consolidate concrete.
Many of these qudity problems have their roots in the ladk of qudity control methods
that can provide real-time feedback on the qudity of concrete consolidaion to vibrator
operdors. The proposed resarch involves the dewlopment of a red-time wireless
sensing-based intemal vibrator tracking system to suppot intelligent concrete
consolidation operations. Specificdly, the research team will explore the use of anUltra
Wideband (UWB) tradking system to realze precise localizaion of internal vibrators.
Multiple tags will be attacted to eachvibrator for deriving its predse poses. Computer
progranms will be developed to track tags to infer vibrator poses ard to visualize
operdors vibration effort in real-time. Once a vibrator is tracked, the vibration location,
time, ard depth associatedwith this vibrator will be displayed on a computer in red-time.
A vibrator operator can leverage such information to visudize the distribution of his
vibration effort, and spot areas that may need mitigaton actions. The new concrete
consolidation toal will allow contradors to proactively addess concrete consolidation
issues a problem common to many concrete construction project.
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CHAPTER 1: INTRODUCTION
1.1 Problem Statement

Proper consolidaton of concreteis critical to the long-term strength of concrete
bridgestrucures Concrete being placedin forms should be placedin layers, with each
layer being vibratedwhen it is placed. Placing too much concrete a any one area at a
time or failing to vibrate concrete adequéely can reault in incomplete consolidation,
causng a honeycomb patern (Figure 1).
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Figure 1 Honeyconb defectsin concrete caused by improper consolidation

There are two main typesof methods employed in concrete consolidation proces.
They are manua and mecdhanica methods

1) Manual methods:

When concrete is placedin thin layers, ead layer is carefully rammedor tanped.Thisis
aneffective consolidation method, but laboriousand costly. The manud consolidaion
methodsaregererally only used on smaller nonstructural concrete placement.

2) Mechanical methods

Medanical methodsrepresent the most widely used concrete consolidation method. Its
esential mechanism is vibration. Vibration may be either internal, extemal, or both.



To introducevibrations to freshly placed concrete, various medhanica vibrators
canbe used. Among them, the most commonly used are internal vibrators. Produang a
deng concrete without segregaion with intemal vibrators requires an experienced
vibrator operator. | nexperiencedvibrator operators terd to over-consolidate or under
consolidate concrete, both canlead to honeycomb and segregaton defeds in concrete.
Many of these qudity problems have their roots in the lack of qudity control methods
that can providered-time feeackon the quaity of concrete consolidation to vibrator
operdors. It isided to have away to deemineif anarea of concrete hasbeen vibrated
propely. Currertly, judgng consolidation adequacy may be one of the most difficult jobs
in concrete construdion asthe vibrator operator canonly seethe surfaceof the concrete
during vibration ard limits his observation only to the exposed surface.

Figure 2- Internal ConcreteVibration

Recently, thermal imagng technology hasbeen shown to be a possible solution to
determining the adequay of vibration asa hot vibrator canprovide locd heaing to the
concrete it touches leaving a persistent “thermal signature” (Burlingame 2004). It is
repoted that this themmal signature can be detected usng infrared imagng after the
vibration operation is completed. This allows an inspecor to return to anarea of fresh
concrete ard observe the remaining heat signature up to 20 minutes after vibration was



completed. Howe\er, this appoach may not be feasible for layered concrete placement as
the thermal signature canbe quickly coveredduring the construction proces.
Furthermore, the heatsignature only can provide information on where a vibrator has
been inserted. Other crucial information such asvibration duration ard vibration dept
canrot be determinedthroughthe thermal imaging method.

Therefore, it is reasonable to conclude that a device to measure the adequacy of
consolidation of concrete in-situ doesnot exist and the judgment of adequagy is oftena
myth to vibrator operators and ingpectors asbasic but esential information including
vibration location, vibration duration, ard vibration depth is seldom recorded.There isa
needfor methodsthat canreliably and rapdly recad these kinds of information and use
them as red-time feedback for guiding operatorsto conduct propervibration of freshly
placed concrete.

1.2 Research Objective

The purpose of thisresearch isto dewelop areaktime vibrator tracking based
intelligent concrete consdidation system. Our vision isto develop a system that
incorporates tracking elements, or "tags, attacredon intemal vibrators, which predsely
trackthe location of vibrator tips in athree-dimensional space.Therefore, the vibration
procedure canbe monitoredin greatdetail and in red-time. The trackedvibration
location, duration, and dept canbe usedto pro-actively identify and mitigate
consolidation issues, therefore preventing over-consolidation and under-consolidaton.
The new system would significantly improve concrete consolidaion qudity control

practces.

1.3 Research Impact

The proposedresach provideda much neededtoncrete consolidation effort
visualization system to support intelligent concrete consolidaton. The tuned hardware
system and the developedsoftware can be packaged into a produd for wide adgotion in
the construction industry. The system will potertially reshapethe existing concrete
vibrating proceduesard provide valuable information to inspecbrsto verify concrete



consolidation procedues DOT personnel can be trained on the deployment of the
deweloped system on future job sites The new system may also bring changesto the
existing concrete construction qudity control methods



CHAPTER 2 LITERATURE REVIEW

2.1 overview of the RTL S Technology

Recently, Red-Time Locating Systems (RTLS) have been widdy studied by the
Architecture, Engineering, and Condrudion (AEC) indudry. These systems include, but
are not limitedto, GPS Radib Frequeng Identification (RHD), RuBee, Infrared,
Bluetooth, Ultra-Wideband, Wi-Fi, Cellular, ZigBee,and vision sensors. Most, if not all,
these methodsrely on one of the following methodsto cadculate reattime locations of
trackedobjects:

* Angleof Arrival (AOA)

* ReceivedSignal Strergth Indication (RSSI)
* Round Trip Time (RTT)

* Timeof Arrival (TOA)

» Time Difference of Arrival (TDOA)

* Triangulation/Trilateraion

* RF Fingerprinting

* Proximity to several points
A brief overview of the RTLS systems is providedasfollows:

GPS: GPSis a spacebased satellite navigation system that wasdewelopedby the United
States It provides location and time information in all weaherconditions. A GPS
recaver caculatesits position by precisely timing the signals sent by GPSsatellites high
alove the Earth (Figure 3). In anutshell, a GPS recever uses the messages it receves
from GPS satellites to deerminethe trarsit time of eat messageand computesthe
distanceto each satellite usng the spee of light. A triangulation process is often usedto
ewventudly pinpant the GPS recaver position. Recently, similar satellite navigation
systems have been underdevelopment in or deployed by Russia (GLONASS), China
(Compass), ard Europe Union (Gdileo).
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Figure 3 The Principle of GPS Postioning

RFID: Radio Frequency Identification represents away of identifying, locating, ard
tracking objects or assds and people usng radio wawves, ard it presents severd
advantagesover some other traditional identification techrologies in that its operation
doesnot requie physicd contact, line-of-sight, or clean environments devoid of noise,
contamnants, glare and dirt. Curent RFID systems are comprised of three main
components (Figure 2): 1) RHD tag,or transponder that is attachedto the objectto be
identified and isthe data carrier in the RAD systent 2) RFID reader, or interrogator that
is afixedor mobile device that reads and may write daato the tag though RF wireless
communication when tagscome within its readrarge (varying from one inch to 300 feet
or more); 3) adaa procesing subsystem including software ard infrastructures that

utili zes the data obtained from the trarscaver in some useful manner such asenterprise
integration.
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Figure 4 RFID System Components (Winthrop 2006)

RFID tagsvary in many specificatons suchaspower source, carrier frequency,
readrargeand rates daa storagecapady, memory type, size,operational life, and cost.
Sincetheir power source dictatesother characteristics directly or indirectly, RFID tags
are primarily classifiedas passive or active, depading on the manner in which they
derive opetating power to run the digital logic on the chip and transmit the stored daato
the reader(Sama 2003) Passive tagshave no power suppy built in and derive their
power from the RF energy transmittedfrom areacer that allows it to transmit its
information back. Becaug of the limitedsuppy of power, the trarsmission of passive
tagsis limited in both data content -- typically no more thanan ID number -- ard rarge of
broadcas, usualy shorterthan 32 feet(10 m). Active tagshave an on-board power source
(usudly abattery) thatis used not only to power the logic, but also to transmit the stored
datato the reader. With an indegpendent power supply, actve tagsallow long readrarge
ard other improved capabilities comparedwith pasive tags and are typically read/write
—the readrarge is also constrained by power avail able at the readerard operding
frequency bands The tradeoff isafinite lifetime (optimally, eight to ten years), ard
greaer size and cost. Depemnling on the mode of erergy savings active tagsalso canbe
further classifiedinto wakeup tagsystems or awake tag (beamn) systems. Wake-up tag
systems are deacivatedor adeepuntil activated by a codedmessagefrom areader.
Awake tag or beacan systems are regonsive to interrogaton without requiring a coded
messageto switch the tagfrom anenergy conservation mode.



RuBee: RuBeeis an emerging RTLS techology, which uses IEEE 19021 ard is
expectedto provide an altemative to RAD technology by overcoming some of the key
issuesfadng the RFID systems. These issues include battery consumption and seaurity.

RuBeeuses low frequency and consumes very low power.

Infrared: Infrared haswavelength longer thanvisible light but shorterthan RF. Infared-
based RTLS typicdly uses diffused IR, which eliminatesthe line of sight issues, to
acheveroom-level locating. Infrared RTLS is low cost ard safe, but it hasthe limitation

of short reading rarge and low locaing accuacy.

Wi-Fi (Wireless Fidelity): Wi-Fi basedRTLS relieson 80211 networking for real-time
locating. Its main principle is Rado Signal Strength Information (RSS) and Time
Difference of Arrival (TDOA). In gereral, Wi-Fi basedRTLS canprovide locaing
accuracy up to 1 m. The issue with Wi-Fi-ba®ed RTLS is that it requires signifi cant
infrastructure — Wireless Local Area Network (WLAN), which is normally difficult to set

up in an outdoor ervironment.

Bluetooth: Bluetooth operates in the 2.4 GHz band assame asWi-Fi. Inagenerd
Blueboth baeed RTL S framework, Bluetboth acces points are installedat areguar
distance,and Bluetoth-capable devices act astags. The location engine uses the tag’s
RSS! to caculate tag locaionsbasedon trilateration, fingeprinting, or proximity.

ZigBee: ZigBeebased RTLS operates basedon the IEEE 802.15.4 gardard. ZigBeecan
suppat large number of nodes providing alow cost global network. ZigBeeoperaes a a
slower datarate than Wi-Fi does, therefore consuming less power.

UWB: UWB is anemerging sensing techrology thatis capdle of deermining three-
dimensional resource location information in objed-cluttered environmentsin red time.
In genesl, an Ultra-Wide-Band (UWB) system is composed of active tagsard mounted
recavers which use angle-of-arrival and time-of-arrival of the UWB signalsto determine
atagsposition. The tags send UWB pulses which are short and have low repdtition rates
(about 1-100mega pulses per secand). A typical UWB system is shown in Figure 3.
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Figure 5 Typical Components in a UWB sysem (Ubisense 2013)

Cedlular: As mobile devices become ubiquitous the intered of usng cellular devices asa
RTLS system isrising. Cellular devices use the Ultra High Frequency (UHF) portion of
the radib frequency spectum. In the simplest term, the cdlular-based RTLS relies on
resolving the position of the mobile devise by indicating the cdl with which the mobile
device isregstered (Figure 4). In addtion, when the receiving cdls provide RSSI for

mobile devices the location grarularity over the cell of originad can beimproved.

Figure 6 A Cdlular-based RTLS System (Credit: www.cisa.com)

Vision-based Systems: Vision-based systems, such asdigital cameras ard range sensors,
aretypically used asa locating and tracking system when it is not possible to attachatag
to the asset or person neededo be located. The principle of vision-based RTLS systems

isto use computer vision methodsto proces image dataobtainedusng live cameras To
compare these various RTLS technologies, their key characteristicsare summarized in
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Table 1.
Table 1. RTL S System Comparism

RTLS Technology Common Frequency Reading Range Accur acy
GPS 1.2276GHz 0.01lmwith

1.57542GHz differential

GPS
2-5m others

RFID Low frequency — 30kHz - 300 | Passive 10m 1-3m

kHz Active 100m

High frequency —3 MHz —30

MHz

Ultrahigh frequency — 300MHz

—915MHz
RuBee 131072KHz 15
Infrared (IR) 10 5-10m
Wi-Fi 2.45GHz, 5 GHz 100 1-5m
Zigbee 2.4 GHz 10-100m im
Ultra-Wideband 3.1-106 GHz 30mr 0.01mr
(UWB)
Cdlular RTLS 800MHz, 1.9 GHz 50-200rmr

2.2) Related Studies
Asset location data have long been consdered asa critica type of information for

de\eloping busness intelligence.In construdion, the availability of location data
providesoppottunities to understard many agects of construction opetationsaswell as
to dewelop intelligent construction monitoring apdications. To dae, RTLS systems have
been studiedin the construction field on their potential for construction produdivity
monitoring, construdion safety, construction equipment autamation, construction qudity
monitoring, logistics and material and tool management, ard building and infradructure
asset managament. In addtion, many studieshave focused on assessing the performance
of variousRTLS systems or developing dedcatedlocating methods Thisisafield witha
vast anount of relevant sudies The following provides a brief review of these studies

Tracking Assets. Materal wastesare one of the rea®ns for which material management
is of vital concern throughout the project management proces (Cheng, T., Migliaccio, G.
C., Teizer, J., ard Gatti, U. C. (2012) Althoughtracking the locaton of materials and
equpment used to be economicaly challenging, it has become more viable dueto the
recertly developedadvanced automated data collection technologies Implementing
proper reource manageament systems should start from the supply chain, with
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manufacturers readyto implement suchtechrologieson their produds (Cadro-Lacauture,
D., lrizarry, J., Arboleda C. (2007). For many years logisticsand supply chain
management were made easier with the help of GPSdevices attacredto delivery trucks.
This system is often preferredfor its worldwide availability and cost effectiveness,
egedally for locating largeitems. This cost increaseswith the needto preasely position
alarge number of reourceswithin an enclosed space. An altemative to GPSis applying
RFID techrology (Lu, W., Huarg, G., Herg, L. (2011)). Tags can be attacled to
materials during the manufacturing phase; materials will then be delivered to the
construdtion site, where areader is in placeeither atthe ertrance of the lay down yard.
With this method, every material that entersor is takenout of the construdion site can be
trackedand introducedin the inventory daabase.

As amore affordable option, RHD technology is suggeded.RHD tagscould be
atachedto pemanert materials used in congrudion, i.e. structural steel beams, concrete
piles pipes or instruments to determinetheir locations( Li, N., Calis, G., ard Becerik-
Gerber, B. (2012). Tagsplaced on sted beams, during erection of a building, would
provide anaacurate count of matenal used,thusallowing project manages to monitor
produdion easily ; furthermore, tags placed on the bottom of concrete pileswould provide
information regarding red depth of piles.

Tracking People: RFID tagswere placedon equipment and personnd protection units
ard antenres wereinstalled on sites to adivate visud, acaugic and vibratory alerts for
both approaching personnel and equpment opetators. Field tests werepeformedon
much heavy equpment such as loader excavators, dozers, scrgpers and moving labors
(Lee,H.-S,, Lee, K.-P,, Paik, M., Baek, Y., and Lee, S. (2011)). These tests provedthe
high capailitiesof active RFID tecimology in improving safety on construction sites
Further teds were performedto denonstrate the high effectivenes of acive RFID in
prevention of collision acdadents of heavy equpment suchas hydrauic excavators ard
mobile cranegCarbonari, A., Giretti, A., and Naticchia, B. (2011)).

Performance of Systemsin Openand Closed Environment: Tracking systemson
construction sites are meant to be used in both indoor and outdoor ervironments (Khoury,
H., . Kamat, V. (2009). But these technologies encounter performance limitations based
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on site conditions (e.g. weaksignal and poar line of sight). Several studies were
performedto evaluate the effectivenes of currert tracking techrologiesin openand
closed construction site situations. Focusng on evaluating the performance of
commercially available UWB technology usng outdoor experiments. Their experiments
simulated two openspaceconstruction sites 1) 2000 ft2 ard 2) 1,000000ft2. This study
concluded that while the accuncgy of reailts revededby the 2D positioning system was
within the manufacturer s spedfications the 3D error is dominated by the measuredtag’s
height. This error wasfound to be deceasng asthe tag heights increased. It should be
noted that althoughthis study considered outdoors construction environments only, the
researchers acknowledged the suitability of the UWB technology for indoor apdications
(Yang, J., Arif, O, Vela, P. A., Teizer, J., ard Shi, Z. (2010).

Collectively, Table 2 shows the distribution of these studies across two variables:
(1) the technologiesused; and (2) the targeted apgications. It also can be notedfrom
Table 2 thatthere are limited studies on usng RTLS systems for construdion qudity
monitoring. This study focuses on this ggp by develop a RTLS system for monitoring
concrete vibration procedues More spedficdly, the primary goal of thisresarch isto
teg the apdicability of red-time location systems for monitoring concrete vibration
procedures. In orderto trackthe tip of avibrator, aRTLS system should have the
following capabilities: (1) high position accuacy; (2) high daa updde rate; ard (3)
regstart to interference Based on the above review, the reseach team selected the UWB
system asthe potential technology that canmeetthese requrements.
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CHAPTER 3 RESEARCH APPROACH

The proposed methodology consists of two major components: (1) Real-time

vibrator tip position tracking; and (2) Real-time visudization of vibration effort. The first

component involves system assembling and validation of tracking accuracy through

experiments. The second component focuses on the development of a visudizaton

method that can display the spatial distribution of vibration effort in red-time. The

following sections provide detailed de<ription of the reseaich tasks acaomplished in

ead of the components.

3.1 Real-time Vibr ator Tip Position Tracking
This activity starts with the selection of a preferred Ultra Wideband system for the

envisioned apdicaton. Two popular systems, including Zebra tednology ard Ubisense

tecmology were evaluatedand comparal based on their specs (Table 3). Based onthe

evaluation, the system with the higher tracking acaracy was chosen.

Table 3 UWB System Comparisons

UBISENSE-ULTRAWIDE
TECHNOLOGIES

ZEBRA - ULT RAWI DE
BAND TECHNOLOGIES

enable tracking over aan area of
12000s milesRadio Frequencies
Ultra-wideband channd: 6GHz - 8GHz
Telemetry channd: narrow-band
2A4AGHz

ACCURACY Precision upto 15cm in 3D. Highly offering real-time location
reliable accuracy of one foot (30 cm
SETUPTIME Subjective to the produd but then again | Suljective to the product but it
the whole apparatusfrom the sdtware | can be set up from arangeof 2
to the hardware can be commissioned hoursto one day.
to active state of function in therange
of 45 minutesto 2 hours.
RANGE Ubisense uses some of the best sensors | Zebra's active REID tags

known as WhereTags upto a
distance of 1,750 meters
(5,741 feet).

Transmit Frequency Band:
2400-2483 MHz .
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The Ubisense Red-Time Locaion System consists of sensors, tagsard Ubisense
software platform runnng on a PC.The sen®r is a precsion ultra-wideband (UWB)
measurement device that contains an aray of antenras and UWB radio recevers. It
deteds UWB pulsesfrom the tags allowing the Ubisense locaion system to find the
tags positions. The sensors are connected to a PCvia Ethemet cable. In addtion, sensors
are connected among themselveswith Ethemet cables that serve as timing cables
(Ubisense Location Log Ubisense Manual). The tag trarsmits UWB radio pulses, which
are deteded by sensors; each sensor measuresangle of arrival (AoA) ard time difference
of arrival (TDoA) of the in- coming signal and this information is usedto detemmine tag’s
location (Ubisense Research Network2007) . The system opetateson 6 —8 GHzradio
frequency range In addtion, 2.4 GHz channrel is usedfor serding telemetry commands to
the tags(such aswhen to emit a pulse). The adwertised operating rarge (in open
conditions) isup to 160m with achievable accuracy better than30 cm. The angles of a
sensor coverage are 120°horizontally and 100° verticaly.

3.1.1 System Setup and Calibration
The Ubisense system is relatively eay to setup. The whole proces ranges

between 45 minutesto one hour. Oncethe software is ingalled and the DHCP server is
commenced. The systems platform control is initiated and the Ubisense core server and
connection server is commenced (Ubisense Locaion Engine Configuration User
Manud). The serviceingaller includes all the apdication to run the device from atest
zero to full operational quo. The service managerallows for all application to runasper

requredfor theteg condition.

Calibration of sensors. The typicd deployment and calibration routine for the
system asoutlinedin the Ubisense Locaion Engine Con- figuration Manual congsts of
following steps

Install a sensor cdl
Measire the sensor positions

Start the location engine software
Add or import sersors

o kr w0 e

Configure the cdl plan
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6. Configuretagrarge

7. Boot sersors

8. Calibrate the sersors thresholds

9. Wake uptags

10. Calibrate orientation and cable offsets
11. Check the operation

The recommended practice for measuring sensor positionsisto use alaser
surveying ingrument ard fidudally marks that can be found on sensors' front sides if the
coverisremoved. Known sensor positionsare prerequisite for the orientation and cable-
offset calibration using the methods built in the Ubisense software There arethreeways
of performing orientation and cable-offset cdibration.

For full cdibration, multiple measirements from five or more survey points with
known and fixed Z coordinate are usedto determine both orientation and cable offsets for
al sensors. In dud cdibration, multiple measuremerts from a single survey point with
known X, Y and Z coordinatesare used to determine orientation and cable offsets for a
par of sensors. The third option is to use orientation cali bration, which determines
orientation (pitch ard yaw; roll is assumed to be zero) ard cabk calibration, which
determinescable offset. Both methods needto be performedon each sensor, ard they
both requre multiple measurements from a single survey point with known X, Y ard Z
coardinates (Ubisense Research Network). The sensors after calibration are adjusedfor
noise reducton dueto external factors. The thredholdsare set way below to accommodate
for noise reducton. Once the system is set up and the tagsare successfully traced,
Ubisense provides a 3D envronment for visuaizing the positions of tags(Figure 7).
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(==) Image Saurce: Ubisens.org

Figure 7 Ubisense Visudization Environment

It isimportant to note that althoughthis software offers visualization capdility,
but it isageneal pumpose programthat doesnot offer the capablity for visudizing
positionsin away that would allow for tracking vibration effort. Dedicated prograns

needto be developedin thisresarch.

3.1.2 Field Experiments and Data Analysis
Indoor ard outdoor experiments were conductedto evaluae the accuacy of the

system in terms of tracking vibrator tips. The indoor experiment is further dividedinto
two typesof experimentsto deemine the tag positioning accuracy. The first type of
expeliments focused on detemmining the accuecy of the tagson the Ground Profile. And
the seaond type of experments focused on determining the accuracy of the tagsoncethey
were attachedto the vibrator.

Experiment 1:

In this expenment, the Ubisense system wasset up in an indoor redargular space.
The geometry of the indoor spae wasshown Figure 8. The UWB sensors were setup as
atriangular arrargement covering the ertire profile of the room. The positionsof the
UWB sensorsin relative to the indoor space are shown in Figure 9.

The Experiment to ted the Accuracy of the tagswas conductedin two parts.

1) Todetermine the accuracy of the tagson the Ground Profile.
2) Todetermine the accuracy of thetagon the vibrator from known distancefrom
thetip of thevibrator.
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In order to validate the UWB positioning accuracy, 20 points in the indoor spacewere

randomly pickedand their positions were measured using aterredrial laser scanner

(Figure 10). The measired positions of these points are remrdedin Table 3.

Co ordinates of the Test Location

o]

N

[e)}

.639, 6.784

o

5

w

N

H

D

M

u

Y Y
w

Figure 8 the Indoor Experiment Site Layout

Location of Sensors

- M' 6.499

50476, 0.236
-
6

Figure9 The Layout of UWB Sensors
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Figure 10 The Benchmark Points in the Testing Sites

Table 4 Coor dinates of Benchmarking Points

Location X Y z
Pointl 4,791 0.8 0
Point2 4,794 2.937 0
Point3 4,797 5.376 0
Point4 3.278 6 0
Point5 1.752 5.386 0
Point6 1.74 2.94 0
Point7 3.261 0.805 0
Point8 3.258 2.017 0
Point9 3.873 2.631 0
Paoint10 4.0019 2.0165 0
Paoint11 2.959 5.078 0
Paint12 2.045 4.469 0
Paoint13 1.129 3.254 0
Paoint14 0.828 4,776 0
Paintl5 2.35 5.077 0
Paoint16 3.879 5.072 0
Paoint17 2.956 2.637 0
Paoint18 2.647 1.412 0
Paoint19 4.79 3.848 0
Paint20 4,789 4.458 0
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Once these points were measired usng laser scanning, UWB tagswere placedon these
points. The coordinates of these points asdetermnedby the UWB system are shown in
Table 4. It should be noted that both measurements, laser scanning based and UWB-
based, usedthe same coordinae system.

Basedon Tables 3 and 4, it canbe determinedthat the average distarce emror
between the position measured by the terredrial laser scan ard the position measured by
the UWB system is 0.089 meter with a standard deviation of 0.337. Therefore, the resaults
sugges that the position accuacy of this UWB systemis well within 15 cm, which is
stated accuracy by the manufacturer of the system.



Table 5 Coor dinates of Benchmark Points Calculated by the UWB System

L ocation X Y 4
Pointl 4.791294! 0.79890¢ 0.0071¢
Point2 4.793956: 2.897745! 0.00121!
Point3 479745635 5.3687965 0.00521!
Point4 3.267896! 5.9967859 0.00789°
Point5 1.75154789 5.3858996 0.00129¢
Point6 1.74587- 2.939864 0.00854¢
Point7 3.259636! 0.8049963 0.00154¢
Point8 3.257485! 2.018963: 0.00745¢
Point9 3.872748! 2.630478! 0.00145¢
Point10 3.9906¢ 2.0158: 0.00254¢
Point11 2.94789¢ 5.07789¢ 0.00248¢
Point12 2.04469¢ 44596321 0.00254¢
Point13 1.111236! 3.23698° 0.0027¢
Point14 0.79291. 4.76469! 0.00789!
Point15 3.86898! 5.096521- 0.00489¢
Point16 3.85478¢ 5.0719685. 0.00145¢
Point17 2.9554869. 2.621458 0.00523
Point18 2.631214t 1.410012! 0.00541.
Point19 4.76287¢ 3.8442569 0.00471:
Point20 4.774569! 445478963 0.00523¢

21



Comparison of the Interpretation of points Obtained by laser scanand UWB.
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Experiment 2:

In experiment 2, a RFID tag wasattachedto aconcrete vibrator. The tag was
placedat adistarceof 1 foot from the vibrator tip (Figure 13). After the tagwas attached,
we simulated the scerario of usng the vibratar vibrating the areaasshown in Figure 14.
More spedfically, we navigaed the tip of the vibrator around the room, ard in particular,
navigating over the various points, which were set up in the first experiment. Therefore,

these points canbe usedto quantitatively measure the position tracking accuacy.

Figure 13 A Concrete Vibrator with An Attached UWB Tag

The UWB system was set up to run at certain updde rates. During this
expelriment, in eat seand, the UWB system will update the position of the tag. These
position updaes were remrded, and Figure 30 shows the traceof the position of the

vibrator tip during the execuion of the experiment.
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3.2 Real-Time Visualization of Vibration Effort

3.2.1 Software Development
The benefit of using RTLS systemsto track concrete vibration performance can

be maximized when the vibration effort canbe visuaized in real-time. A vibrator
operdor canleveragesuch information to visudize the distribution of his vibration effort,
ard spot areasthat may needmitigation actions. To this end, a computer program was
deweloped uang the C# languace to tracktags to infer vibrator poses and to visudize
operdors vibration effort in real-time.

Figure 16 shows the interfaceof the program. The programrecadsthe position of
vibrator tipsin preddined time intervals, and displays the position of vibrator tipsover
time in variousgraphicd charts. The core of the programis two computer threadsthat run
independent of ead other, one for fetching position data from UWB sensors; and the
other for plotting graphics Each time when new position datais fetched, the plotting
thread is notifiedand uses the new position datato update the graph In thisway, these
two threadswork ag/nchronoudy to keepthe program regponsive under most conditions
The programalso provides capdility for saving the position datainto tex files on the
computer asa projectrecord. The tex file can be plottedinto agraphagan for ingpecbrs
asqudity checkingtoals.

S

Vibration Tracking View

¥ Avis




26

Figure 16 The Interfaceof the Vibration Effort Tracking System

The essence of the programisto use the conceptof occupancy grid to recod
vibrator insertion points. In other words the concrete work area wasfirst discretized into
agrid of cellswith a spedfiedsize. The initial value in each cdl is setto zero. Eachtime
when the pasition of the vibrator tip is updaed,the programquickly detemrminesthe grid
cdl wherethe vibrator is inserted, and increments the value stored in the cdl by one.
Sincethe position updae rate canbe specified, it becanes a straightforward proces to
cdculate the actual length of time each cell was vibrated. One limitation to this appioach
isthatit is unrealistic to assume that the vibration effort of eachinsertion is constrained
to acel, in patticular, when asmall cell sizeisused. A more rea®nable appoach is
correlating the number of cellsto be updatedto the vibration influence zone as specified
by thevibrator manufadurer. It is also importart to consider the atteruaion effects when
the vibration energy propagaésthroughconcrete. Thereore, the valuesin cells
surrounding aninsertion point needsto be incremented non-uniformly. The further the
cdl isfromthe certer cdl (where the vibrator is inserted), the less increment value
should be used.

To test the program we useda schema as shown in Figure 16 to updae the cdls.
A cell sizeof 0.25 meter wasusedin this paricular case. Figures17 ard 18 showed the
results of usng the software to visudize vibration efforts with the updding schema as
shown in Figure 17. It isimportant to note that these results were showing in red-time.
Therefore, the vibrator operator can use it to immediately identify areas that are less or
over vibrated.

05 0.7 05
0.7 1 0.7
05 0.7 05

Figure 11 An Example Cell Update Schema
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Figure 18 Vibr ation Effort Visualization with A Color Map

X1 X2 X3 X4 X5

| 4 0 025 05 075 1 Vibration Tracking View
Y1 ) 0 0 0 0 0 10
v2 025 0 0 0 0 0s
Y3 05 0 0 05 225 45 s
Y4 075 0 0 075 325 575
Y5 1 0 0 05 225 375
Y6 125 0 0 0 0 0 r
Y7 15 0 0 0 0 0
Y8 175 0 0 0 0 0
Ys 2 0 0 0 0 0
Y10 225 0 0 0 0 0
m 25 0 0 0 0 0
iz 275 0 0 0 0 0 o
Y13 3 0 0 0 0 0 =
Y14 325 0 0 0 0 0
Y15 35 0 0 0 0 0 4r
Yis 375 [ 0 [ 0 [
Y17 0 0 0 0 0
Yis 425 0 0 0 0 0
Y19 45 0 0 0 0 0
Y20 475 [) 0 0 0 0
Y21 5 0 0 0 0 0
Y2 525 0 0 0 0 0
Y23 55 0 0 0 0 0
You 575 0 0 0 0 0
Y25 6 0 0 0 0 0 L] 7. 8 9 10 1 12 13 14 15 16 17 18 19 20
‘V’)C RS n 1] 1] 1] n X Axis

Figure 19 Vibr ation Effort Visualization with A Contour Chart

3.2.2 Experimental Validation

To validate the effectiveness of the developed program, anoutdoor experiment
was conducted. More precisely, the experiment served two purposes. First, it isto
validate tracking accuracy in an outdoor ervironmern. Secand, it isto test the programi s
performance in terms of providing real-time feedbad to vibrator operators. As a part of

the expeliment, alayout plan as shown in Figure 20 wasdesgned. The layout plan
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spedfies the positionsof reference points for tracking accuracy validation and the paths
along which the vibratar is supposedto follow. The grid islaid out in the field with the
asistance of a laser scanner. Figure 21 shows the outdoor environment, ard Figure 20
shows the plannedreferencepoint position. Ontop of this grid desgn, vibration zones are
also spedfiedin order to evaluae whether the program can clearly show the temporal
distribution of vibration effort (Figure 19).

sensor 2 5 feet

‘ sensor 1

L+

Reference points

O Flags
‘ Path Traced by
Vibrator

D
4

30 feet

Location of sensor

sensor 3 I

sensorl

Figure 20 Experiment Layout Design

40 feet
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Figure 22 Planned Vibration ZonesOverlaid onthe 3D Photo

During the experiment, the following settings are used: (1) The vibrator is used
twice one when the device is on and the other when the device is off to checkthe
feasibility of the tag;(2) The Tagsare set to afrequery where arealing is possible for
ewvery one secand; and (3) The sensors and tagsare adugedto cover maximum range.
Detailed stepsfor the experiment are explainedasfollows:
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. First we setup aredangular grid 30 feetby 25 feet subject to the length of the
cabks attachedto the sensors.

. The four sensors are egabished at the four corners ard their locaton is

determinedusing laser scan data.

3. Thereference points usng flagsor markers are set up as shown in the figure

4. The flags are then placedin the intersection of the 5*5 feet grids

5. The laser scan is commencedard the location of all the flagsand the reference

points aredgermined.
. TheRAD tag is placedon the vibrator at a distana of one foot from the tip of the
vibrator (Figure 23)

7. TheVibrator istracedalong the path of the flag such that it forms a square pattem

. Thevibrator is now operational and the vibrator is traced along the reference
points diaganally in both directons.

. Once the data from the vibrator is recaded along with the visudi zation patem
thatindicatesthe intensity of vibration, the data is referenced with laser scan data

to ched for accuagy.

Figure 23 A Vibrator with TagsAtt ached
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Multiple vibration scenarios are desgned in orderto emulate variousvibration
problems. The purpose isto test whether the visudization program can be usedto
identify these defective vibration operations. By Vibrating along different grids
regoectively the contour map obtainedwill give an indication of the points vibrated
ard not vibrated. The vibration time is noted from the Real time logging data ard the
corregponding image obtained from the visualization software will give the areas
vibrated along with the extert of vibration.

Vibration Effort Tracking Validation Scenario 1 (Figure 22)

Case 1- Grid 1 and Grids 3 wil | be vibrated whereas Grids 2,4 and 5 will nat be vibrated this
will give a clear distindion of thedifferent areas vibrated.

sensor 2 5 feet

Grid to be vibrated

nsor 1

Reference points

0 Flags
» Path Traced by
Vibrator

/ . /o
pr— <y a— 7 U 7 N

30 feet

Location of sensor

Grid 1

Grid to be vibrated *
sensor3 v ,
sensor

40 feet

Figure 24 Vibration Scenario 1

Accadingly, Figure 24 shows the resaults from vibrator tracking and visudization. It is
clearthatthe visudization is effedive in terms of demondrating where has been vibrated
ard for how long. In addtion, asthe vibrator stays at these two regions longer and longer,
the vibration patern also cleatty shows the pattern that the areahasbeen over vibrated
(Figure 24), which isthe other concern in concrete vibration.



Y Axis

Y Axis

Vibration Tracking View

Figure 25 Vibration Visualization for Scenario 1(Mild Vibration)

Vibration Tracking View

Figur e 26 Patter ns Showing the Potential of Over-Vibration
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Case 2- Grids 2 and 4 will be vibrated (Figure 22)
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Figure 27 Vibration Scenario 2

Similarly, asthe reault of vibration tracking, Figure 27 clearly shows wherehasbeen
vibrated ard where hasbeen not. Figure 28 gives the indicaton of over-vibration asthe
time goes on.

Vibration Tracking View

Y Axis

Figure 28 Vibration Scenario 2 Tracking Visualization (even vibration)
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Vibration Tracking View

Figure 29- Vibration Scenario 2 Tracking Visudization (Heavy vibration)

Case3-Crids 1,2, 3,4, 5will bevibrated (Figure 23)

sensor 2 5 feet
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Figure 30 Vibration Scenario 3



The vibration tracking results areshown in Figures31 ard 32.

Vibration Tracking View

Y Axis
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Figure 31 Vibration Tr acking Results for Scenario 3 (Event Vibration)

Vibration Tracking View

Y Axis

Figure 32 Vibration Tr acking Results for Scenario 3 (Over-Vibration)
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Tracking Position Accuracy: To further evaluate the tracking accuracy, the tracked
positionswereloggedfor the purpose of conduding statistical analysis. Theground
truth positions of the reference points are shown in Figure 33.
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Figure 33 The Ground Truth Positions of Reference Points

The tracked posttion daa are loggedand shown in Table 6.



Table 4 Comparison of Tracked Podtions and Ground Truth Podtions
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Point X Y y 4 Point | X1 Y1 Z1

1 5.659 2.522 0.304 1 5.599656 2.496332 0.295118

2 4.913 2.521 0.304 2 4.926636 2.499685 0.305448

3 5.023 3.343 0.304 3 5.02124 3.385566 0.29926734

4 5.679 3.313 0.304 4 5.678895 3.312963 0.2937695

5 4.194 1.363 0.304 5 4.189632 1.359687 0.2948996

6 3.566 1.336 0.304 6 3.565966 1.33588 0.2951472

7 2.906 1.342 0.304 7 2.912364 1.342566 0.2963488

8 2.957 1.974 0.304 8 2.956987 1.973966 0.2973452

9 3.62 1.991 0.304 9 3.619865 2.00015 0.29798145
10 4.193 1.988 0.304 10 4.192586 1.97996 0.296915
11 6.804 1.965 0.304 11 6.80004 1.9654 0.2976198
12 7.419 1.967 0.304 12 7.420056 1.964558 0.29147917
13 8.03 1.965 0.304 13 8.02965 1.96496 0.2938364
14 8.003 1.345 0.304 14 7.9596 1.34 0.29429198
15 7.403 1.336 0.304 15 7.40125 1.35 0.29456323
16 6.781 1.36 0.304 16 6.78451 1.35963 0.29468161
17 4.135 4.685 0.304 17 4.13449 4.68599 0.2923016
18 3.555 4.725 0.304 18 3.56001 4.7226 0.293799
19 3.006 4.726 0.304 19 3.000125 4.72546 0.296612
20 4.174 5.29 0.304 20 4.175 5.28799 0.30348
21 3.572 5.302 0.304 21 3.57214 53 0.3010372
22 2.996 5.304 0.304 22 2.99965 53 0.3017042
23 4.205 5.898 0.304 23 4.20566 5.89663 0.3025412
24 3.583 5.911 0.304 24 3.5891 5.91452 0.3024139
25 2.995 5.905 0.304 25 2.98996 5.90112 0.3024309
26 8.002 4.672 0.304 26 8 4.6785 0.3019898
27 7.394 4.759 0.304 27 7.34526 4.76 0.3017
28 6.799 4.794 0.304 28 6.78012 4.794321 0.3021825
29 8.053 5.284 0.304 29 8.0621 5.284015 0.3013867
30 7.414 5.283 0.304 30 7.4201 5.29 0.30172675
31 6.825 5.276 0.304 31 6.821456 5.27789 0.30162606
32 8.065 5.885 0.304 32 8.0751 5.885479 0.30155394
33 7.457 5.888 0.304 33 7.45144 5.921 0.30152947
34 6.834 5.882 0.304 34 6.832146 5.88912 0.30150002
35 1.814 7.098 0.304 35 1.814566 7.093216 0.30148865
36 0.849 7.0124 0.304 36 0.850123 7.016216 0.3014782
37 1.903 7.979 0.304 37 1.87205 7.98 0.30151814
38 1.152 8.011 0.304 38 1.1489 8.011256 0.30155394
39 9.3 6.917 0.304 39 9.2569 6.92015 0.2966616
40 8.518 6.964 0.304 40 8.51456 6.96359 0.2961929
41 9.434 7.611 0.304 41 9.43048 7.610969 0.2962765
42 8.671 7.486 0.304 42 8.67096 7.48599 0.2962922
43 9.018 7.347 0.304 43 9.01756 7.3478 0.2961567
44 10.019 1.086 0.304 44 10.01856 1.379599 0.2950453
45 8.704 1.069 0.304 45 8.69396 1.069 0.2946232
46 8.701 1.898 0.304 46 8.699 1.90012 0.2951666
47 9.597 1.929 0.304 47 9.596989 1.93 0.298967
48 9.25 1.409 0.304 48 9.25012 1.400989 0.29610438
49 1.749 0.874 0.304 49 1.749 0.874003 0.29124435
50 1.091 0.873 0.304 50 1.091 0.87296 0.29130449
51 0.936 1.381 0.304 51 0.93569 1.38099 0.30226087
52 1.658 1.407 0.304 52 1.65796 1.40689 0.30173547
53 1.412 1.141 0.304 53 1.410054 1.39123 0.3032709




A statistical analysis wasconductedto detemmine the tracking accuracy. The results are
summarized asfollows:

AverageDifferencein X value=0.00226583
AverageDifferencein Y value=0.01207246
Standard Deviation=.014603725

It canbe concludel that the tracking results are very acairate.
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CHAPTER 4 CONCLUSION AND FUTURE RESEARCH

Results of preliminary UWB expelfiments in the laboratory and construction environment
are presented usng developeddata processing algorithms and a method to determinethe
accuracy of UWB position measurements. The Resarch invegigatdthe feasibility of
using ultra wideband as a concrete vibration-tracking tool. The Concrete Vibrator can be
trackedby usng the system of tagsand sensor ard the location of the vibrator can be
trackedat all times. Sincethe tagsemit the location of vibrator in red time it canbe
observed and tracedat all parts of the concrete slab in this case, was either vibrated or
not.

The use of UWB is explained in a variety of construction applications including
simplifying on-site management, improving resource produdivity and usage,reduagng
schedde and cost, and increasing work zone safety. UWB tecmology and its advantages
ard limitations are compared with the state of the art in positioning techrologies. Reaults
of preliminary UWB experiments in the laboratary and construction environment are
presented usng developeddaa procesing algorithms and a method to deeminethe
accurecy of UWB position measurements. The paperdiscusses the feasbility of usng
ultrawideband as a data colledion and decision suppart tool for robotic (autamated)
infrastructure construction apgdications in the areasof real-time three-dimensond
material flow and workforce location tracking, optimizedmachine positioning and
aubmated navigation, ard proactive work zone safety.

More spedfically, this study provides the following recommendations
1) The usage of ultrawide band technology helpsto increase the produdivity of
construction asit helps in monitoring and predse location of vibrator tip where no other
tecmology exists to measure this particular phenomenon.

2) The use of RFID tagsisthe most efficient method of utilizing the Ultra wide band
spectumto trackdevicesor materials.

3) The preliminary setting of the RFID tecnology usedrequres arother system that
helps to pre deerminethe locaton of the sensor points, this is necessary to increase the
accurcy of the readingsgiven out by the tag.

4) This Techrology will most importartly will provide a much needed concrete
consolidation effort visualizaton system to suppot intelligent concrete consolidation so
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be usedto trackequpment and man power to increase the produdivity of a construction
field.

Future Research

» Thevibration factor hasto be attributed to the mix desgn of the Concrete
Structure

* TheVibration spatial distribution effort canbe further studied and the effort can
be analyzed specificdly to the frequency of the Vibrator.

» The phenomena of optimum Vibration can be more researched and this can be
factoredto vibration visualization effort.
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