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Abstract: Cracksmayindicatestructuralproblemsin constructions madef timber beams, buheir
identification in notablyoof constructionss difficult. Thereforethis paperpresentsan algorithnfor
theautomatic detection afracksin timberbeamssampled by LiDARdJata.This algorithm enables
theidentification, analysiand monitoringdf cracksand theirgeometrical characteristics. The
algorithmis validated bytests on laboratorgpecimensnd on aimber roof structure. Theesults
provethatthe proposedalgorithmis ableto automaticallydentify and analyzerackswith awidth of

above 3 mnirom pointcloudswith an averageesolution belowdi mm.
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1. Introduction

Along history, wood has been a material commonly used in the construction of all kind of buildings
and structures, such as houses, bridges, towers, windmills, etc. In fact, nowadays there are
innumerable historical timber structures around the world. To preserve this heritage, its conservation
and maintenance is needed. For this reason, structural health control is a fundamental issue. Also for
the rehabilitation of old buildings for alternative use, analysis of structural health is mandatory.

During the last century the use of wood as material for structures has declined in favor of other
materials such as steel or concrete. Nevertheless, in recent decades the use of both solid and

engineered laminated timber in structures has increased again.

1.1 Cracks in timber

Natural wood generally cracks when it dries. This is caused by the anisotropic behavior of wood in
radial versus tangential direction along the cross-section of the Beaume( 1J. Cracks are present

in both old and new structures. For new timber structures mainly glue laminated timber is used.
Cracks may develop within the timber lamella or in the glue line and this is generally caused by
stresses perpendicular to the grain as a result of temperature and wood moisture fluctuations in the
beam Figure 1b). The loading and the duration or variation ofifaaélso influence crack growth,

especially in areas with complex stress states.
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Figure 1.(a) Cross section of a timber beam with crackshal direction. (b) Glue laminated

timber beam (side view) with cracks in the lamaltal in the glue line (delamination cracks). (c)
Example of an almost straight and continuous drgiagk (d) Example of a serious crack crossing
almost the entire cross section. (c) Sketch ofdaogerous and dangerous cracks, the green cracks
generally are less dangerous than the red ond, depends on the beam loading and remaining

functional cross section.

Many cracks are harmless, but other cracks nedp@fect the strength of a structure. Depending
on the position, size and shape of the crack, it haave consequences for the safety of the strycture
which in additiondepends on the beam loadifiggure 1¢. For example, large cracks in the neutral

axis of a beam decrease the load bearing capdditg dimber element in shear and can also result



in anew stress distribution which may result in crpospagation Cracks following the grain (fibre) that
deviate from the neutral axis need to be evaludép@nding on their size and locatiémgure 14.
Mapping beam cracks is a necessary task to evahtepotential dangemhe potential impact of a
crack could be determined after crack detectiongiShite element analysiddapping all cracks in for
example a wooden roof structure using contact measents is time consuming and often
challenging, because of the height of the structit@/e the floor. The importance of the depth of a
crack for solid wood strength properties has begastigated byrech [1] High growth rates, the
presence of pits, knots and juvenile wood in thenb@creases the hazard of developing crécks
However for service life prediction and safety adesations, controlling and evaluation of arising

and growing cracks are essential.

1.2 Methods and techniques for crack analysis

For initial inspection and control of building asttuctures, non-destructive methods are most
suitable because the material is not, or very échidamaged by the measurements. Examples of
such methods are: acoustic methods, resistandiegltéchniques and radiograpf8¢5]. Also some
inspection work has been performed using Groun@®atmg Radar (GPRp]. These methods
allow a detailed analysis of the health of a timitemcture but, they have the disadvantage thst it

necessary to access the object and make contécitwit

Photogrammetry is a technique which enables headttoring without direct contact of the scene.
Several researchers have applied photogramme#ssess crackBarazzetti and Scaioni [present
an image-based method for crack analySishn et al. [8propose a crack-monitoring system to
quantify the change of cracks in concrete from iautporal images?atricio and Maravall [9]
present a novel generalization of the gray-scatbram and its application to the automated visual
measurement and inspection of cracks in woodeetgalhlthough photogrammetry is in general a

suitable technique to assess cracks, photogrammastyydepends on the light, color and texture of



the specimen surface to analyze. In some indogatsains bad lighting conditions may therefore

hamper the use of photogrammetry for crack analysis

Laser scanning is a promising alternative techniquéstructural health analysi$0-12]. Laser
scanning provides several advantages with respather methods such as: enabling the analysis of
inaccessible structural elements, obtaining thes@@ace without direct contact to the specimen,
efficient data collection in the form of ready teeu3D point clouds, no dependency on lighting
conditions, color and texture of the specimen sgriander analysis. Some applications of laser
scanning for structural analysis are: dimensiaoahpliance contrdl13], construction progress
control[14] , analysis and documentation of historic struct{it&sl6], 3D modeling for structural

engineering purposé$7-19] or analysis of structural healfhl-12].

In the field of timber structures, laser scanniag been successfully used for 3D modeling of
historic structuresilessandri and Mallardo [2@eals with some preliminary structural analysis of
the wooden roof construction of the Church of tregiwty in BethlehemBalletti et al. [21]study

the wooden roof structure of the dome of SS. GiavarPaolo in VeniceDreni et al. [22]illustrates
the switch from a 3D content model to a Historigl&@ag Information Model (HBIM) in order to
support conservation and management of built lgritelowever, to the best of our knowledge only
Van Goethem et al [23jas reconstructed and modeled timber boards witkskirom LIDAR data.

Knots and their location in the boards were anays®l structural wood quality could be estimated.

Some work has been performed on the analysis okssampled by LIDAR data in non-wooden
structuresLaefer et al. [24presents the fundamental mathematics to determenminimum crack
width detectable with a terrestrial laser scannamit-based masonriaefer et al. [25fompares
the relative performance capabilities of crack dibe by sidewalk-based manual inspection with
digital photographySanchez-Aparicio et al. [2@fresents a set of procedures based on laser

scanning, photogrammetry and operational modalyaisaio improve calibration of finite element



models in historical buildings. This work includascks in masonry walls. In the same widyang
et al. [26]present a pavement crack detection method comb#ingnd 3D information based on
DempsterShafer Theory. Nevertheless, none of these wortieead the automatic detection and

guantification of cracks in wood structures fronbDAIR data.

The aim of this paper is to develop a first aldortfor the automatic detection of cracks in timber
beams from LIDAR data. This algorithm allows anabgrthe geometric characteristics of each
identified crack, as well as generating a datatfitg labels each crack including all of its getmoe
characteristics. This algorithm will in addition bsed for monitoring the possible growth of each
crack in time. After this introductiojection 2outlines the proposed and developed algorithm. In
Section 3a series of tests with laboratory specimens aaldiraber structures are performed to
check the algorithm and experimental results agsgorted. Iisection 4results and applicability of

the proposed method are discussed. Finallggiation 5 conclusions are given.

2. Methodology

The general methodology used in this paper foatltematic detection of cracks and controlling

crack growth between different epochs is showhigure 2
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Figure 2 Workflow of the general methodology used in theper.

The process begins with the scanning of the tisbreccture. Within the point clouds obtained by the
laser scanner, a region of interest (ROI) thataiostthe beam to analyze is selected. This istthe o
manual step in the whole process, which is perfdrmiéh commercial software for point cloud
processing. Next, the segmentation of the fackebeam to analyze is performed. For this

segmentation a RANSAC algorithfa7-28] is used. From this segmented face, the new atgorit



proposed in this work is used to identify, analgne label each crack. As a result, a data file waifith
geometric characteristics of each identified crigadbtained. This file will be used in future for
controlling the crack growth during different petgof time, by comparing the geometric
characteristics of the cracks between the inifipbbch 1 and some consecutive Epochigure 3

summarizes the workflow of the novel algorithm tisgproposed to find and analyze cracks.
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v
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v
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v
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Figure 3 Workflow of the novel methodology to find cracks.

Next, the steps of the proposed novel algorithndaseribed in detail below.

2.1. Removing points inside the crack

During the segmentation of the timber beam facetpdhat belong to the inside of the crack may

remain Eigure 4. These points must be deleted to prevent ertdfgeanext steps of the algorithm.



Figure 4 Example of points inside a crack that may renadter segmentation. a) Cracks in the
beam. b) Plan view of the point cloud (red points@deaned by fitting suitable polynomial surfaces)

c) Profile view of the point cloud.

In order to remove these inside points, polynomsiafacesPn) are fitted to the segmented point
cloud of the facé(x,y,z) For this task, a plane is not sufficient becahsesurface of a timber beam
is in general not fully flat. After surface adjustn, all points above a distantg from the surface
Pnare removedHKigure 5. L is a value that depends on the noise level ofaberlscanner

following Equation (1)

L=oa, 1)

whereo is the nominal precision of the laser scannercgrath adjustable range for cleaning,

obtained experimentally. This step results in ammésl point cloud’ (x,y,z).

2 .2. 2D Projection and new 2D coordinate system



A plane is fitted to the cleaned point clo&d(x,y,z)of the face by orthogonal regression. All points
are projected orthogonally on this plane, afteew toordinate system is fixed in the faey(re
56). The origin is always placed in the left bottoorrer of the face. Subsequently all points are

changed to the new coordinate system obtainingvapoént cloudN(x,y)in 2D.

Figure 5 (a) Face of a timber structure with cracks. (@nPcloud of the face timber structure. (c)
Polynomial surfaces fitted to the segmented pdoud of the face. (d) Removed points located
beyond a distancé, from the polynomial surface. (e) Points projeatedan orthogonally plane. (f)

Cracks found after using Alpha-shapes.

2.3. Determining crack outlines

In this step Alpha-shapes are applied for detedtiegoutlines of cracks. Alpha-shap28] can be
regarded as a family of “shapes” associated withig set of points. This approach generalizes the
convex hull and allows finding non-convex shapeas laoles in a finite set of points. The result of
this method is the shape generated by consecutingé pairs that can be touched by an empty circle
of diameter alphaHigure §. The obtained result depends directly on theashof the diameter alpha
(D). In 2D, Alpha-shapes have been used successtuliynding building roof edges in LIDAR

data[30] and also, for estimating parametric plane modatsdetermining boundaries of planar

10



patches in buildings in large-scale and noisy ramtclouds/31]. In both these works, Alpha-
shapes are used for finding the outside edgesgé urfaces. In our case however Alpha-shapes are
applied for estimating the location of the insidiges of small holes in the wood, where the diameter

D, is critical in obtaining an optimal result.

Figure 6 Alpha parameter P The area of the crack is the sum of the aredl oiangles.

For too small values, the results outline individu@ints while for too large values no crack isridu
at all. Because of this, it is necessary to idgritiat valueD,, that enables finding all cracks with
maximal accuracy. When Alpha-shapes are used,ntptme cracks are detected, but also some

false positives may be obtaingddure 7).

Figure 7 Example of false positives detected by Alpha-glap
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It should be noted that if the val@g is further reduced below a certain critical valine number of
obtained false positives increases exponentiat reason for this behavior is that for too srivgll
natural gaps in the point cloud due to the limpetht density are reporteligure 8shows from left

to right the effect of decreasing the diamé&grof the alpha circle.
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N Cracks=2

Da=4 mm
N2 Cracks=6

Da=2mm
Ne Cracks=18

Da=1.5 mm
N2 Cracks=362

Da=1.25 mm
N2 Cracks=1102

Figure 8 Number of possible cracks found according tovélee of the diametdd,.

In the proposed algorithm the Alpha-shape funcsitamts by using a valu®; for the diameter of the
alpha circle. This value is directly proportionalthe density of points on the face of the beamiand

calculated according tequation 2

WxH
Np

D, =3 )

whereW s the face widthiH is the face lengthlN, the number of points in the face and 3 a value

obtained experimentally.

The number of cracks; found when using valuB; is calculated. Progressively, the value @fi®

decreased until a valui®, where the number of cracks found exceeds a val{ejuation J.
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( Whilen; <n; i=1,..,m
Diy1 < (D;i—P)
! Min « (x_shape(Np(x, y)) to Dj;4 3)
else
found cracks < oc_shape(Np (%, y)) to D;
\

Here, n; is the number of cracks found by the Alpha-shapes; a threshold for the number of
cracks, which is calculated based on the ratiyrwhere nis the number of cracks found angl il

the number of points on the beam face to be andjyes the value oD, used;P is the step value
for decreasindp; For common point resolutions between 0.1 and 2mareagxpected from a phase-
shift terrestrial laser scanner, a step valuedPyécreasin@®; equal to 0.25 mm is enough; Finally,

No(X,y) is the point cloud sampling the beam face in 2djqmtion.
2.4. Labeling each crack

As mentioned in the previous section, when Alphapsls are used, not only the cracks are detected,
but also some false cracks ($egure 7. To mitigate this problem, we need to differetgibetween
true and false cracks. For this task, first a mumn area\my, is fixed. The minimum area used
should be greater than the area of the circle didgimeter D. This parameter is adjustable by the
user and depends on the minimum crack area thevases to detect. In this paper thg, used was
50 mnt .Subsequently the area of each detected craeidslated. For this calculation, the
algorithm triangulates the points that define ttigeeof the crack as estimated by the Alpha-shape
(Figure 6).The area of the crack is the sum of the areal§ tifamgles. If this area is bigger thég,i,
this is a true crack and it is labeled, otherwise deleted Equation 3.

if Aj A, i=1,..,n

Labeled: L « Crackhd;  j=1,..k
else Deleted < Crack A;

(4)

13



HereA is the area of each candidate cractis the number of candidate cracks,, denotes the
minimum areal  is the identification number of each true cracll s the number of true found

cracks.

2.5.Analysis of the geometric characteristics of eaeltk

Each crack is analyzed based on the points thatedi$ edge. The results are calculated in the

system coordinates fixed for the beam face. Tha defined for each crack are:

1) Main direction. This is calculated by orthogomegression from the point cloud of the crack

(Figure 9.
i) Area. Calculated in the previous step.

lii) Centroid of the crack. This is estimated froine centroids of each triangle contributing to the
area of the cracksquation 5-%. These triangles are obtained by a triangulatiaihe points that

define the edge of the crack.

Xee = ’ i=1,..,n (5)
A i A (6)

HereX.. andY, are the coordinates of the centroid of the cracikndy; are the coordinates of the
centroid of the each triangle s the number of triangles is the area of each triangle afidis the
crack area. For estimating the centroid of thelcjast taking the mean of the crack edge points is
not suitable, because in many cases the numbermtspn one side is much higher than on the

other.

14



iv) Length of the crack. Length calculated in tmmgipal direction of the crack.

v) Maximum width. This parameter is calculated bgasuring the maximum distance between crack
edge points orthogonal to the main direction. k@ purpose the crack width is calculated at
constant intervals (in this paper at intervals @ihdm because such interval provides sufficient

resolution for typical cracks in timber beams) #mel maximum width is reported.

0.1

0.095¢--

0.09 i L
0.12 0.14 0.16 0.18

Crack n°:001

Area 160|mm2
Length 45/ mm
Maximum width 6/mm

ez Main direction
@ Centroid

mennste  Points

Crack n®: 002

Area 2367\ mm2
Length 270|mm
Maximum width 13|mm

Figure 9 Example of two cracks with their geometric chéegstics

Finally, a data file with all geometric charactéds of each found crack is obtained. In future kyor

the size, location and direction could be usecdeteminine whether a crack is dangerous.
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3. Test and results

In order to verify the correct operation of the deped algorithm, two types of tests were
performed: first on laboratory specimens and, sécon a real timber structure . A phase-shift
terrestrial laser scanner FARO Photon 120/20 id tseollect point clouds in these tests. Thisrase
scanner measures distances over a range of 0.@d29tm, with a ranging error of £2 mm, at 25 m
distance in normal illumination and reflectivityratitions. The beam diameter at exit equals 3.3 mm
and the beam has circular shape. The field of ¥we360° horizontal and 320° vertical. The
acquisition rate varies from 122000 to 976000 sopdr second with a maximum angular resolution

of 0.009°. The algorithm is implemented in MATLABI&thWorks, Natick, Massachusetts, USA).
3.1 Laboratory test

Firstly several laboratory tests are performedcfagcking the correct operation of the algorithm
developed for detecting the geometric charactessif the cracks, as well as detecting its growth
between epochs. For this purpose a polyuretharensee of 500x210x90 mitis used Figure 103
This material is chosen as it gives us an easytwayake cracks of a proper size and orientation.
While in addition it allows us to perform a simudet of crack growth. A template drawn by
computer is used to mark several cracks on thaceidf the polyurethane specimen. Next the
indicated cracks are cut by a cutter at a constapth of 90 mm. Epoch 1 features four different
cracks A, B, C, DKigure 10B. In Epoch 2 igure 109, crack A is kept the same, while crack B is
increased to twice its original width and lengttaak C is increased twice in length, crack D is
increased twice in width and crack E is new. Tlelacanning is performed at incidence angles of
approximately 0°, 15°, 30° and 45°. The scanndecds positioned at the same elevation as the

center of the specimens (degure 100.

16
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Figure 10 a) The specimen of Epoch 2. b) Drawing of thecspen for Epoch 1. ¢) Drawing of the

specimen for Epoch 2. d) Plan of the laboratort tes

The developed algorithm was applied for analyzimgdeometric characteristics of each crack for
each position in both epochs. The obtained reavt£ompared with validation measurements of the
cracks and its direction. A caliper is used to wbthe validation measurements. Besides, the growth
between Epoch 1 and Epoch 2 is analyzed. The av@@igt resolution is between 1.4 mm and 2.1
mm, depending on the scanning angle. After segmgiie beam face, outliers are removed by
evaluating the distance of individual points toodypomial surface fitted to the beam face points,
with a value ofi. equal to 2.0. The measurements of each cracknalotday the algorithm for

different incidence angles in Epoch 2 are shownhahle 1 The detected minimum crack width
directly corresponds to the value of the alpha éimused (se€able J). The differences in the

width of each crack as estimated by the algorithe2zamm at incidence angles of 0 — 30°, and 4 mm
at incidence angle of 45 °. In all cases, the créidkh based on the scans was overestimated by on
average 5 mm. The crack lengths were underestinbgtetaximally 10 mm for incidence angles
between 0° and 15°, and by maximally 30 mm fordeece angles of 30° (real length is measures for

a minimal width of 2 mm). For incidence angles b iconsistent results are obtained.
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Real Algorithm
Scanangle oe 152 309 452
Average point resolution (mm) 1.4 1.5 1.6 2.1
D alpha-shape {mm) 2.2 2.4 3.2 5.0
Crack A Width (mm) 8 13 12 13 16
Length{mm) 190 189 185 160 144
Angle (2) 90 90 90 90 90
Area (mm?) 1500 1786 1609 1552 1484
Crack B Width {mm] 11 16 17 17 17
Length{mm) 90 86 89 90 90
Angle (2] 0 0 0 1 1
Area (mm?) 875 1080 1120 1164 1219
Crack C  Width {mm) 7] 12 10 12 13
Length{mm) 155 154 145 126 86
Angle (2) 90 90 90 90 90
Area [mm?) 990 1282 1063 1038 781
Crack D Width {mm) 13 13 18 17 13
Length{mm) 105 102 98 95 93
Angle (2) 45 45 45 45 46
Area (mm2) 1150 1455 1254 1167 1133
Crack E  Width {mm) 7 12 11 13 12
Length{mm) 70 64 69 70 86
Angle (2] 0 0 0 0 1
Area (mm?) 480 386 653 675 781

Table 1.Summary of the geometric characteristics of tlaeks found by the algorithm for different

incidence angles for Epoch 2.

The differences in the crack area as estimatetidwlgorithm for the different scan positions dle a

below 300 mrat incidence angles between 0 and 30°. Theseware all within 30 % of the

crack area. The differences exceed 45% in some @asa incidence angle of 45°. Difference in

percent between the real value for each crackarddhe area obtained by the algorithm for

different incidence angles for Epoch 2 is showfimure 11

18
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Figure 11 Difference in percent between the real valueetimh crack area and the area obtained by

the algorithm for different incidence angles forogp 2.

The differences in the increase in area of eaatkaatimated by the algorithm between Epoch 1 and
Epoch 2 for the different scan positions are athimi 300 mni at incidence angles of 0-30°. The
growth found by the algorithm between Epoch 1 apdda 2 for different incidence angles is shown

in Figure 12
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Figure 12 Growth found by the algorithm between Epoch 1 Bpdch 2 for different scan angles.

3.2 Real structure

The developed algorithm also has been tested eal daimber structure. This structure is situated in
Zoetermeer (The Netherlands) and nowadays suppoestaurantjgure 13. The main dimensions
are 13 m wide, 21 m long and 10 m high. The bugdiras built around 2009. Its structure has been
made of solid timber beams (wood speckiaus sylvestris ).with cross section of 450 mm x 300

mm. The structure has a lot of crackgy(ire 130).

20



Figure 13 a) Outside of the scanned real structure. biitnef the scanned real structure.

Inside the building, three different scans areqrenkd from 3 different scanner positions. The laser
scanning is performed at high resolution (97600@ts(s). Six beams (column, diagonal brace and
beam A and B) of the timber structuféqure 13[) are analyzed by the algorithm. The average point
resolution on these specimens is below 1 mm. Teg dibtained are stored for future comparison.
After segmenting, and outlier removal cracks wereeckted using a valug equal to 2.5. A total of

54 cracks have been found by the algorithm in thed@yzed beams; 11 cracks turn out to be false.

These false cracks are du e to regions occludedbloy pins, speakers and lamps over the beam face

21



(Figure 19. The algorithm is found suitable for cracks watkvidth of over 3 mm; 26 small cracks
with widths equal or less than 3 mm are not detkbiethe algorithm. When two cracks are very

close (separated by less than about 5 mm), th&xeae merged by the algorithidure 149.

Wood pin Alpha-shape

_______________________ ® _

Thin crack
not found

Joined
cracks

Diagonal
brace B

“Column B

Figure 14 a) Column, diagonal brace and beam B analyzeétidglgorithm. b) False cracks due to

occluded regions by the wood pins. ¢c) Two cracksgd by the algorithm and thin crack not found.
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In all cases the maximum width is overestimated Ioym on average. The geometric characteristics
of the cracks found in column A by the algorithre ahown inTable 2 The calculated length is until
a minimum width equal to the used value of the @&gmnalpha. A summary of the results found for

the six specimens of the timber structure analymethe algorithm are shown ireble 3

Orack kabe -1 ST -3 CE-4 ] oEZ-5 -7 ] OZES  OdE-10 CE4Al Ol -l CE-ld4 IR OR-ls QAT CE-lE RIS
e | mimiZ) 4227 1444 481 BEE4 30 20 E¥. i) 2814 &z 1080 575 3581 B385 1085 Bag 248 333 3 351
L nth{ mumi] 35 215 A0E 5 30 43 282 305 3B 187 30 311 382 59 159 el # BD &
Nscirmusn width jmmi) ') B 20 B i 10 5 16 16 7 26 14 B 10 B ] T 7 7
Mea nwidth jmmi) z 7 1z 5 7 & n . | il & ) 1z u 7 & & B & &
Angle & maina |F) 2 2 2 2 0 20 2 2 2 2 20 2 1 2 2 B ] 2 2

Table 2 Geometric characteristics of the cracks founcoilumn A by the algorithm.

Column A Dizg. Brace A Beam A Column B Diag. Brace B Beam B
NE of cracks 15 4 1 13 4 2
M2 of cracks > 1000mm2 11 2 0 7 3 1
Mean area(mma2) 2584 1786 475 1744 2094 1025
Madmum area(mma2) 8654 9461 475 11039 8130 1756
M ean width {mm) 9 10 5 B 11 -]
M aximum width {mm) 26 16 7 29 18 11
Mean length {mm) 236 180 a5 219 182 176
Madmun length {mm) 593 5485 a5 206 662 289

Table 3.Summary of results found by the algorithm forlseams of the timber structure.

Besides cracks also knots were derived from pdotds of the 3D laser scaRiure 15). Even

small cracks within the knots are recognized. Aarapt has been made to determine the depth of
the cracks before deleting the points inside thelcf-igure 15§. Because of the complex
morphology of the cracks within the beam, the poiauds in general do not represent the true depth
geometry. Only if the laser beams are directedgratgular on the crack at which the crack has a

one- dimensional depth, the model can reconsthactiépth.
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Figure 15 (a) Face of a beam with cracks. (b) Point clouthe beam face. Points are colored

by intensity as indicated by the color bar (c) Poinside a crack.

4. Discussion

The obtained results prove that the proposed dlgoris suitable for finding cracks automatically in
timber beams, as well as detecting its growth beitwepochs. But the results also show that there are

several issues.

-Crack width.All results have overestimated the maximum craackiw(Table 1) This matches
other experimental works performed byefer et al. [32andLaefer et al. [24]We have two
possible explanations for this overestimation: peampling and mixed pixels. Considering point
sampling: our current approach estimates the watithcrack based on points classified as edge

points by the Alpha-shapes method. These edgespaiatalways situated on the beam face.

Figure 16 Profile of a synthetic crack.
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Compare the synthetic situationfmgure 16 The three lower points in the middle are from the
crack, the other point are on the beam face. Intfere are two extreme reconstructions of the
surface along the profile in the figure. One isdated by the connected line segments. In this case
the crack starts, on both sides, directly at theédge points. The other situation is indicatedhay
dashed line segments. In this case the beam faoaisuing after the found edge points and the
crack only starts at the location of the two exteerrmack points. Given the discrete sampling of a
laser scanner, it is not possible to indicate wineztonstruction is better. The difference in the
resulting crack width between the two reconstrudis about 2, with r the local resolution of the
point cloud. On average we assume the crack starésdistance 0.5 r from both edge points. This
implies that, we could correct the width by apptyttquation 7in order to obtain a more realistic

estimation of the crack width

We=W —r (7)

Here,r is the local resolution of the point clol,is the width as estimated by the methods
described irSection 2.5andWcis the corrected width. Note that the point cloesblution/point
density is indeed varying throughout the point das it depends on both range distance from
scanner to surface, and local incidence angle.€fber an implementation of this correction requires
as additional input an estimation of the local pdiensity, which can be obtained by counting the
number of points sampling a beam pE&titure work should address this improvement invigithe

use of Equation 7

Part of the overestimation is also expected to tesalt of so-called mixed-pixels (edge loss), whic
occurs at spatial discontinuiti€33] . The amount of overestimation depends notablgherdiameter
of the laser beam and on the scanning distancemtite angular resolutid3]. In this paper, the
maximum width of the crack is overestimated by verage 4 mm at a distance of 2.5 m and by on

average 5 mm at a distance of 7.5 m. Future woskldhaddress the automatic correction of this
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overestimation as function of the beam diametemsing distance, incidence angle and resolution.

Such correction should enable the correct estimatfahe crack width.

The algorithm worked properly in finding cracks kv width larger than 3 mm in point clouds with
average resolution below 1 mm from a point cloud@ang a real timber structure. According to the
conclusions of the work blyaefer et al. [24pn crack detection limits, the minimum crack widt

found from LIiDAR data mainly depends on the resolubf the point cloud, which depends on the
technical specifications of the scanner (samplieg and beam width) the scan settings and the scan

distance.

- Crack length Overall the results tended to underestimateehgth of the crack, this is because the
crack length is only detected up to the width ef Wlalue of diameter alpha used, and the crack may
continue at a lower width, but this is not detect8ake crack length obtained for the same specimen
in vertical cracks at different angles decreasgsifscantly when the horizontal scan angle is
increased. This is primarily due to the followiragfors: i) The increasing of the angle affects the
quality of the point cloudd4|, for larger incidence angles, lower point quaiktypbtained. ii) For
larger angles the presence of mixed-pixels insfdbecrack increases, especially in the more
narrow zones of the crack which are very diffi¢altlean. iii) The resolution of the points dece=sas
and therefore, it is necessary to use a higheihvattthe diameter alpha. However for horizontal
cracks, the length does not decrease when thedmbaizscan angle is increased because in these
horizontal cracks the quality of the point clouchct affected by different horizontal angles of
scanning, as a consequence if the scan angleresased also an increase in the calculated crack

length can be estimated.

-Crack area and growthl'he area obtained for each crack cannot be usectlgibecause it is
affected by the overestimation error of the maxinarack width, but this area value is useful to

assess growth of cracks during different periodsnoé. Based on laboratory results it can be
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determined that this new method can automaticatgat crack area growth larger than 30 % (as
minimum for distances of until 7.5 m and angleshwit0-30 °)(Figure 12) Reported growths below
30% detected by the algorithm can also be duertwsein the point cloud and the algorithm and may
not represent real crack growth. For angles of #te error increases significantly. Although the
calculated area is always on the safe Sidgure 11)the error introduced by the measurement at the
edges should be corrected for obtaining the comexa. As discussed in previous sections, future

work should focus on correcting this problem autbcadly.

-Survey areaWith a laser scanner with technical charactegsti used is this work, this algorithm
works properly until a maximum incidence angle 0f°3and until a distance of 7.5 m (point
resolutions about 1.5 mm). For incidence angle$sot the results are not correct. Therefore, survey
areas of 7.5 x7.5 htould be analyzed by a scanner positioned atsofri7irom the survey area. This
is a suitable survey area and a suitable distaoramény historical timber structures. In any cése,
obtaining similar results, the distance from theelascanner may be increased if a laser scanrer wit
a higher sampling step and higher measurementaxcig used. Obviously, it is possible to use this
algorithm at larger distances with the same scabuaethen the minimum crack width that is
possible to detect is increased and the accuratthyeaksults decreases. Unlike for the laboratory
tests, in the timber structure a larger valueqR.5) was necessary for obtaining a correct
segmentation. This is due to the fact that theaserbf the timber beams was not fully flat, an
important factor to consider when this method igli@g on timber structures or other kinds of

structures with similar surfaces.

It is noteworthy that the methodology and algorighraposed in this paper are not only suitable for
timber structures, but could also be used for dtheds of structures with cracks of similar

characteristics.
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5. Conclusions and futurework

This paper proposes a new approach for the automhetgction of cracks in timber beams from
LIDAR data as well as for controlling the growtharvbcks during different periods of time. The

obtained results prove that the proposed algoritkimg Alpha-shapes is suitable for these tasks.

However, all results have overestimated the maximraok width and therefore overestimated the
crack area. Future work should address the autoroatiection of the area and width overestimation

as function of the beam diameter, scanning distancelence angle and resolution.

With a phase-shift terrestrial laser scanner withrgying error of £2 mm, a beam diameter at exit of
3.3 mm and a maximum angular resolution of 0.00@° novel algorithm works properly for survey
areas of 7.5 x7.5 frscanned at distance of 7.5 m. Although these saue suitable for many

historic wooden structures, future work should cd&isthe use of other types of laser scanner and
scanning greater distances. The methodology amdithion proposed in this paper could also be used

for other kinds of structures in case of cracksigfilar characteristics.

According to the data file containing the sizedtion and direction of each identified crack, fetu

work could determine if a crack is dangerous or not

Advances in structural health controlling from LiBAdata have been achieved in recent years,
however, no important progress has been made iautognatic search of cracks in structures, and

therefore, this work represents an important adeamcthis direction.
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