FORMULATION OF A FRAMEWORK FOR QUALITY ASSESSMENT OF PRECAST
CONCRETE BASED ON 3D LASER SCANNING

*M. K. Kim, and H. Sohn
Korea Advanced Ingtitute of Science and Technology
291Daehak-Ro Yuseong-Gu
Daejeon, South Korea 305 701
(* Corresponding author: joekim@kaist.ac.kr)

D. Wu, J. C. P. Chengnd C. C. Chang
The Hong Kong University of Science and Technology
Clear Water Bay
Kowloon, Hong Kong



FORMULATION OF A FRAMEWORK FOR QUALITY ASSESSMENT OF PRECAST
CONCRETE BASED ON 3D LASER SCANNING

ABSTRACT

This study presents a framework for quality insjgecbf precast concrete components using the
3D laser scanning technique. As precast concredeebeapid bridge construction is getting standaudliz
quality assessment of the precast concrete becamitsal for preventing any failures during the
construction process. Moreover, as Building Infaiiora Modeling (BIM) gains popularity in the
construction industry, autonomous and intelligempiection systems are needed. Current method for
quality control of precast concrete components, év@r, heavily relies on visual inspection and cotita
type measurements, which are time and labor demgndiso, storage and delivery systems of inspactio
information such as the procedures and resultsuafity inspection are lacking. To overcome these
limitations of the current quality assessment tégpim for precast concrete, this study aims to agvel
BIM-based framework for efficient quality inspeatiof precast concrete with the use of a 3D laser
scanner. First, we formulate practical guidelinesluding detailed inspection procedure, selectibn o
optimized scanner and scan location, inspectideréj and data storage and delivery system. Se¢ond
investigate the applicability of 3D laser scannilagprecast concrete quality inspection based on the
proposed framework, a case study inspecting qualfita lab-scale object assumed as precast concrete
component is presented for detecting defects.
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INTRODUCTION

Precast concrete has become more popular in therootion sector today. The main reasons of
using precast concrete exist in cost, speed, aalitgjover conventional site-cast concrete metHdaicks
et al., 2004). Moreover, because prefabricatioroisducted in a well-controlled casting environmeinég
final products generally have high quality and anifity. However, as precast concrete-based rapid
construction is getting standardized, quality assent of the precast concrete becomes critical for
preventing any failures during the constructiongeiss. Current method for quality control of precast
concrete components, however, heavily relies onalismispection and contact-type measurements, which
are time and labor demanding (Phares et al., 2004)tder to overcome these limitations, it is reszey
to develop automated precast concrete inspectistersy that can greatly reduce the manual work for
inspectors and perform real-time quality assuravitdeout human intervention.

There are a few studies aiming to adapt sensoemgsto quality inspection of concrete structure.
Among them, 3D laser scanning-based quality inspedtas gained popularity in recent years. Anihlet
(2011) proposed a concrete structure quality inspectechnique by conducting deviation analysis
between as-design model and as-built model genkbgta 3D laser scanner. Akinci et al. (2006) pemab
a general framework of quality inspection on coterstructures including identifying inspection goal
inspection planning. Other quality inspection stsdusing 3D laser scanning have focused on degectin
defects of concrete structures including large ksaflatness, and volume of concrete defects (Bead.,
2009; Tang et al., 2011; Olsen et al., 2011). Harethese studies do not provide details on pralctic
inspection frameworks for concrete structures saghelection of an optimal scanner, inspectionqutoce,
and data delivery systems even though these faemscrucial to guarantee accurate and reliable
inspection results.



To tackle these shortcomings of current approaches,aim to (1) develop a BIM-based
framework for precast concrete quality inspectiand (2) conduct a case study to investigate the
applicability of the proposed framework using a [BBer scanner. For the former objective, four aspec
consisting of (1) inspection procedure, (2) setectif an optimal scanner and scan location, (3)eoton
goal, and (4) inspection data storage and deliggstems are included in the framework. For the case
study, surface damages on a rectangular precéspateel were detected based on the proposed frartkewo

FRAMEWORK FOR PRECAST CONCRETE QUALTIY INSPECTION

In this section, the proposed methodology framewfmk quality inspection of precast concrete are
presented. The framework includes (1) detailed en8pn procedure, (2) selection of scanner and scan
location, (3) inspection goal, and (4) data storagg delivery.

I nspection Procedure

The main process of the quality inspection can wéed into 4 phases; (1) Supplying: The
inspection samples are transported from the suppolithe inspection site. At the same time, infaioraof
material properties such as type and designed dimes of precast concrete is stored in a BIM lifprar
The inspection site can be the manufacturing compae-determined inspection location, or constauct
site. (2) Preparation: Before the inspection, sas@re properly treated first. The precast compoisen
conveyed and located at a pre-determined spot,iderdification of the material information obtained
from the BIM library is performed through portaldkectric devices such as smartphone and PDA. Then,
scanner setup including scanner calibration ancarpater setting is performed. (3) Scanning and
Inspection: Once preparation for the scan is cotag|eacquisition of the scan data is followed.His step,
selection of ROI (Region of Interest) is condudimdeffective data acquisition. After the scannifegture
extraction and filtering are implemented to autaosdly calculate the intended inspection crite@ince
the raw scan has a high data capacity, data reduatiing data mining techniques is necessary fohdu
processes. As a next step, the reference modehvididesigned by architects or engineers is condpare
with the as-built model created from the scan dateer the comparison, inspection results are oletifor
each specific inspection criteria and stored inBhd library. (4) Decision: The final decision winetr the
inspected component is accepted or not is cladsifeesed on comparison between the inspection sesult
and the tolerance of the quality control critefffaerror of the results exceeds the tolerance,ptreeast
sample is diagnosed as a failed product and isdisgrosed or returned. Otherwise, if the resuftassed,
the sample is delivered to construction sites.

Selection of Scanner and Scan L ocation

Selection of scanners is central to make qualispé@ttion of precast concrete successful because
the results of the quality inspection heavily dep@m the scanner itself. Randall (2011) classifieel
applications of laser scanning for constructionjgxts into four major categories in order of theeleof
detail, which are (1) rapid urban-scale mappingddeting, (2) infrastructure asset management, (3)
construction site monitoring, and (4) structuradlgsis and inspection. The standard for this cliEsgion
is the accuracy requirements for each applicatiimong the four categories, this study. quality
inspection, is involved where the accuracy is befloavtolerance. Thus, selection of an optimal seafor
precast concrete quality inspection should be densd for meeting the requirements.

In this study, we consider five major factors foe tselection of scanner (1) inspection tolerance,
(2) measurement range, (3) accuracy, (4) price, @)dscanning time, as shown in Figure 1. First,
tolerance required for each inspection purpose ldhog clearly specified prior to selection of arsver.
The tolerance is specified in the (Precast Conchestitute) manual (PCI, 2000). For instance, the
tolerance for dimensions of general precast coacs&tb is=6 mm. Second, for selecting a scanner,
measurement range of laser scanners should betigatesl, since ideal scan distance is differentefach
commercially available scanner. The measurememgerarfi a laser scanner is deeply related to working
principles of laser scanners. There are mainly types of working principlei.e. TOF (Time of Flight)



and phase-shift principles. Typically, TOF scanrterge relatively long measurement range (up to X6p0
compared to those of phase shift scanners (up @oniR2(RIEGL, 2013; FARO, 2013). Accuracy of a
scanner is another important factor for selectiba proper scanner. In a similar manner of measentm
range, accuracy is dependent on the working pri@@pthe laser scanner. Phase shift scanners ajgner
give better accuracy of around 2 — 3 mm than thafsEOF scanner. Another standard for selecting a
scanner is price, which is more realistic matterifepectors. Commercially available laser scanaees
quite expensive compared to other sensors suchsas camera or GPR (Ground Penetrating Radar)
sensors. The price ranges from US$30,000 to US$R00;The last factor for scanner selection is sicenn
time. For speedy and instantaneous quality deci$ss scanning time is preferred. The scanningtatur
depends on horizontal and vertical speeds of tharsr. Also, size of scan objects affects the dognn
time. The bigger the dimension of a precast coecpnel is, the more scanning time is required.
Moreover, scanning time is affected by extrinsid antrinsic scan parameters such as scan distance,
angular resolution and incident angle.

Scanner Selection

Inspection Measurement L
B Accuracy Scanning time
tolerance range

T

Depends on Depends on Depends on Depends on
PCI manual Working Principle of scanner Company Horizontal & Vertical
I I Speed of Scanner and

size of objects
Dimensions — 6mm TOF scanner — TOF scanner — From USS 30,000 to
(Length, width, thickness) up to 1000 m upto5 mm US$ 200,000 5 min. for 2m x 1m
Defect — 0.6mm ~ 6mm Phase shift scanner —| |Phase shift scanner — (length x width) at
(flatness, warping, crack) up to 100 m up to 2 mm distance 10 m

Figure 1 — Criteria of scanner selection for precascrete quality inspection

Considering all these five criteria, an optimizatiequation minimizing the total inspection cost
can be formulated by adding each factor havingetsfiit weighting factors. The weighting factors déach
criterion are differently determined with respeztinspection purposes. For example, for the dinweradi
quality inspection requiring tolerance a@f 6 mm, accuracy is the most important factor foanser
selection so that the weighting factor for accursioyuld be higher than those of the other criteria.

Moreover, selection of an optimal scanning posii®important to obtain the most accurate and
reliable inspection quality while minimizing costcatime. In order to minimize cost and time, thevdst
number of scans is preferred for acquisition obhject’'s geometric information. Also, dense scamiso
are easier to obtain more accurate quality reslidtis sparse scan points. However, since densepsiats
require much scanning time and computing cost, deanéor optimizing scanner location needs to be
formulated to meet both demands.

I nspection Goal

Before acquisition of scan data, determinationngpection goals should be preceded. There are
two categories in the inspection goiaé, geometric and defect characteristics. These itigpeitems are
selected from the checklists and inspection maofiBICI (PCI, 2000). Table 1 shows the inspectioalgo
First, geometric properties consisting of dimensismmaightness and squareness are inspected. &or th
detailed inspection goals, dimensional quality sashlength amd width of precast concrete panels is
selected. As for the second inspection goal, defiesqterties include pit, crack, warping, and flasmeSub-
inspection goals for each attribute are also sededor the inspection criteria. For example, fot pi
inspection, three itemgge. number, volume, area and location, are the deltailgpection goals.



Table 1 — Inspection goals for precast concrete

Quality Criteria Attributes Description
. Dimension Length; Width; Thickness
Geometric . o .
. Straightness Size; Location
Characteristics ) .
Squareness Amount; Location
Pit Volume; Area; Location
Defect Crack Depth; Length; Width; Location
Characteristics Warping Volume; Size; Location
Flatness Size (Depth); Location

Data Storage and Delivery

In most projects in the civil engineering sectde ttonstruction data are stored and delivered
within various formats due to the diversity of pepants. For example, as applied to this studgnstata
consisting x,y, and z coordinate information aged in ASCII, whereas AutoCAD designers use DWG
files to draw the scanned projects. This data gw@nd delivery unavoidably generates inconsisteficy
data or even information loss. For the inspectioocess of precast concrete, the same inspectiaft res
may sometimes have different quality levels, du¢ht information asymmetry. Thus, it is necessary t
transform inspection data into a standardized fdikm,the Industry Foundation Classes (IFC) fornTdte
IFC data is an object-oriented data model basedlass definitions representing the details (elesent
shapes, processes, etc.) and it is widely utilimedpplications of construction or facility managent
project. Figure 2 describes the concept of the ggeg data storage and delivery system. All infoionat
created during all processes of the inspectiontased in a BIM library through cloud sever. The
information is represented as an IFC file so tHaparticipants having access authority can update
access those information without limitation of lboa and time.
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Supplier provides precast e Selecting information and inspection parameters of 3D On-site engineers can
concrete samples and scanner are recorded in the output result. use tablets to access the
initial properties of these e All the data are stored according to Industry Foundation inspection data.
samples. Classes (IFC) format.

e ‘Reference Models’ and ‘Quality Control Criteria’ can be
called from the BIM library.

Figure 2 — Scheme of the data storage and delsygtem

To represent and store the inspection data inRfiefbrmat, an IFC extension is proposed. Using
an Entity-Relationship Model (ER Model), Figurell@strates the association between different estitn
the proposed IFC extension. For example, the eftiitit’ which is the sub-type of ‘IfcinspectionRelt’,



has three attributegge. number, area, volume, and location. The schentheofifcPit’ entity is shown in
Figure 3. Note that due to the limited space, nothe element attributes in the entity are incldde
Figure 3.
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[Tt | po-Sohemaotliobt
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Figure 3 — IFC entity illustration for a precastceete sample using ER model
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CASE STUDY
The objective of this case study is to recognizecast concrete surface defects quantitatively
using a 3D laser scanner and identify the applitpluf the proposed framework. For data analyssg
the obtained scan data, a damage localization igedmtilizing damage sensitive features was depeo
Also, damage volume estimation was performed tatifiyathe recognized damages.
Experimental Configuration
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(a) Test configuration (b) Test specimen
Figure 4 — Experimental set-up and test specimen

Flat Shape
(10*10*7)

350 mm

Figure 4 shows the test configuration and the gpstimen. The scanner, FARO Focus-3D, was
selected based on the framework for the scannectsmh. Since this study aims to detect concretface



defects with level of below 4 mm, the first prigrivas the accuracy of the scanner. The scannerda®v

an accuracy of 3 mm at a distance 10 m, whichterdoést among commercial scanners (FARO Inc. 2013).
The laser scanner was mounted on a tripod and edahe test specimen both horizontally and veRical
as shown in Figure 4(a). Two different parametens Hoth distances (8 m and 12 m) and angular
resolutions (0.009and 0.018) were investigated in this study. The test spenimade of Styroform was
assumed as a precast concrete panel. The eiglicsudefects with varying size and thickness were
induced as shown in Figure 4(b). For the damages types of damage shapes, flat (numbered from 1

to 4) and convex (numbered from 5 to 8) pit damagese simulated to mimic practical surface damages
of the precast concrete.

Data Analysis
Procedure

It started with acquisition of spatial informatimf the object from the laser scanner. Then,
coordinate transformation from scanner coordinatelject coordinate was performed. This processemad
one of the corner points of the object locate atdhgin (0,0,0) and it helped computation cost tfoe
posterior processes. Next, filtering of unwantedkgaound data was performed by setting boundsedo th
coordinate transformed data. Sequentially, damagalization was implemented by using two damage
sensitive features. Finally, damage quantificabariocalization and volume estimation of the damags
performed.

Damage Sensitive Features
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(a) Normal vector variation of locally fitted plane (b) Deviation from globally fitted plane
Figure 5 — Two damage sensitive features

For damage localization, two features, (1) normedter variation of locally fitted plane and (2)
deviation from globally fitted plane were used mststudy as shown in Figure 5. First, normal vecto
variation of locally fitted plane was employed figtection of edge region of damages. To obtain abrm
vector of a scan poink-nearest neighbors of the scan point were firsiyaeted based on Euclidean
distance. Then, a local surface was created bgdithose extracted neighbors such that summafidimeo
deviations between the fitted plane and each peaist minimized. In this studk was determined as eight
since it represented the average normal vectohefidcal points situated at all directions. Gergrah
edge region of damage area, variation of normatoveof locally fitted plane is larger than those of
undamaged area. From this observation, a damag inalsed on variation of normal vector of locally
fitted plane can be formulated. Second, deviatiomfthe globally fitted plane was used to deteetitimer
region of damage. In Figure 5(b), deviation of arspoint can be defined as the closest distancecket
the point and the fitted plane. In general, dewiain the inner region has larger values than tlobseher
intact regions. From this observation, damage irfzised on deviation from the globally fitted plaoaa
be formulated. To detect the damage area accurdtelge two damage features are combined together



such that the combined damage index is both seasiti the edge and inner damage area. Thus, the
combined damage index can be determined as:

DIComb (pl) = maX(DIVarfnormal(pi)rDIDeV(pi)) (1)
whereDl comy(pi) denotes combined damage index, Brigl, norma (i) @andDlpe(p;) stand for normal vector
variation and deviation damage indices, respegtivBly taking maximum value between two damage
indices, robust damage localization can be achieweda similar manner, threshold valuéR, is
determined by taking maximum between thresholdsvofdamage indices as:

TR = maX(TRVarfnormal:TRDeu) (2)
The threshold of two damage indic@%Rva norma and TRpe, Can be obtained from probability density
function of Weibull distribution of calculated dageindices in undamaged area. For real applications
threshold can be determined before initiation afnsing by conducting a pre-scanning on the healthy
surface of a precast concrete panel. Thereforapede classifier can be determined as:

If Dlcomp(p;) > TR, then p;is diagnosed as damaged point 3)
Experimental Result

Damage Localization and Quantification

10 20 30 40 50 60 70 80 9 100 110 120

(a) Image of combination damage index (b) Imageéavhage classification
Figure 6 — Damage localization results of the expent

Table 2 — Damage quantification on localization

] Angular Damage 1 Damage 5 Damage 8
Distance (m) . - - .
resolution ) Recall ~ Precision Recall Precision Recall Precision
8 0.009 1.00 0.86 0.78 0.99 0.62 0.62
0.018 1.00 0.80 0.90 0.95 0.93 0.60
12 0.009 1.00 0.84 0.94 0.95 0.68 0.60
0.018 1.00 0.71 0.99 0.86 0.93 0.57
Table 3 — Damage quantification on volume estinmatio
Distance (m) Angular resolution9) Damage 1 Damage 5 Damage 8
8 0.009 0.99 0.79 0.74
0.018 0.97 0.84 0.95
12 0.009 0.98 0.94 0.70
0.018 0.95 0.90 0.75

Figure 6 shows the damage localization resultsh\&tmbination of two damage features, complementary
result was obtained in Figure 6(a). For damagendisig, a threshold value was determined by Weibull
distribution of the damage indices in undamaged aiigh confidence interval of 97 %. Figure 6(b) wko

the damage classification results with the act@athage area (red line). Tables 2 and 3 show the glama
guantification results on localization and volunstimation, respectively. For damage localizati@gtatl

and precision rates which are commonly used in tifyaoy classification performance were employeteT
recall rate stands for the ratio of correctly detdcdamage area over actual damage area, whemas th



precision rate stands for the ratio of correctljedteed damage area over detected damage areathdbte
due to space limitation, only three damage casasades 1, 5 and 8, were presented in both Tatdes 2
3. The result shows that recall and precision ratdkat-type damage (damage 1) are relatively dighan
those of concave-type damage (damages 5 and 8), &lss shown that both location and volume
estimation results for damage 8 with defect of 3diameter and 4 mm thickness are low comparedeo th
other cases. It indicates that small amount of dgemavhich is comparable to the accuracy level ef th
laser scanner, has difficulty to be detected.

Data Storage and Delivery of Inspection Result

The inspection results obtained from the previcaimage location and quantification stages can bedto
in the IFC representation as mentioned in the cectf framework formulation. For instance, the
inspection result for pit damage of a precast cetecsample was stored and delivered as ‘IfcPiticivh
has four attributes (number, area, volume, andtilmeaf the pit damage) in our proposed IFC exi@msi
The following schema tree shows the inspection datapit damage obtained from the previous
experiment.

#288=IfcPit(#276, #277, #10, #6)
#2764fcCount(8);

#2774FCArea((115.5, 30.5, 4.8, 83.8, 61.0, 81.0, 24.0, 7@&N2’);
#104 FCVolume((74.9, 11.8, 3.1, 31.3, 27.1, 27.8, 7.2, 1.4),30m
#6=1FCDirection(((15.0, 10.0), (27.5, 5.0), (26.3, 13.8), (42.6,, (15.0, 25.0), (35.0, 25.0), (55.0, 20.0),

(50.0, 25.0)));
CONCLUSIONS

This paper describes a BIM-based framework forcigffit precast concrete quality inspection
using 3D laser scanning. Four aspects consistir(@)ahspection procedure, (2) selection of scaramet
scan location, (3) inspection goal, and (4) datxagfe and delivery system are investigated for the
framework. To verify the proposed framework, a csisgly using a 3D laser scanner was conducted and
guantification of damages was successfully estichatde case study demonstrated that this study can
contribute to advances in autonomous and rapidagte@oncrete quality inspections.

REFERENCES

Akinci, B., F. Boukamp, C. Gordon, D. Huber, C. Ingo& K. Park (2006). A formalism for utilization of
sensor systems and mtegrated project models fmeamonstruction quality controfutomation
in Construction, 15(2), 124-138.

Anil, E. B., P. Tang, B. Akinci & D. Huber (2011)ssessment of quality of as-is building information
models generated from point clouds using deV|aamié/43|sProceed|ngs of SPIE, Three-
Dimensional Imaging, Interaction, and MeasUrement(78640F), San Francisco, California, USA

FARO (2013)Focus-3D Technical Specification, FARO Inc.

Olsen, N.J., Kuester, F., Chang, B.J. & Hutchindaf,, (2010). Terrestrial laser scanning-basectsiral
damage assessmedwurnal of Computing in Civil Engineering, 24 (3), 264-272.

PCI (2000),Tolerance Manual for Precast and Prestressed Concrete Construction, Precast/Prestressed
Concrete Institute, (Reported by PCI committee)

Phares, B., Washer, G., Rolander, D., Graybea$, Boore, M. (2004). Routine highway bridge
H\ggacltlgn condition documentation accuracy andb#ity. Journal of Bridge Engineering, 9 (4),

Randall T (2011). Construction enPineering requiata for integrating laser scanning technolo i/and
%gdérb%mformatlon modelinglournal of Construction Engineering and Management, 137((J 0),

RIEGL (2013),VZ-400 Technical Specification, RIEGL Inc.

Sacks, R., Eastman, C. M., & Lee, G. (2004). Pooasdel perspectives on management and engineering
rocedures in the frecasﬂgrestressed concretstigdiournal of Construction Engineering
anagement, 130 (2), 206-215.

Tang, P., Hubber, D. & Akinci B. (2011). Charactation of laser scanners and algorithms for detacti
flatness defects on concrete surfadesrnal of Computing in Civil Engineering, 25 (1), 31-42.

Teza, G., Galgaro, A. & Moro, F. (2009%. Contadlescognition of concrete surface damage from laser
scanning and curvature computatibid T& E International, 42 (4), 240-249.



