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Original Research Article

Crack-growth on canvas paintings during transport simulation monitor ed with digital

hologr aphic speckle inter ferometry

ABSTRACT

A study is herein presented aiming to detect stnectohesion failure before its appearance in foferacks on
precious painted canvas surfaces subjected topiamsion. Transportation is of prime importance tbe
deterioration mechanisms that disintegrate thecsiral condition of movable painted artworks. Ciagkis
most common result of intense transportation andtmommon cause of reduced state of conservatiere H
two realistic conditions are encountered in thetatory to simulate transportation effects: A tygors simulator
that reproduces transportation vibrations and & higsolution portable system based on optical eoiter
metrology technique that monitors in real time theface response. The measurements were carriednout
canvas samples with known defects. The known dgfeexisting and indications of new cracks. their
propagation effects were revealed. Preliminary ltesobtained in this study are encouraging for iSicgnt
assessment of transportation effects in crack dramd propagation studies through real time manigoof
canvas surface.

Keywords: Canvas, transportation, holography intéeoimetry, digital holography speckle pattern ingedmetry

1. INTRODUCTION

Fragile canvas paintings subjected to transportalizring a loan for exhibition may return in a wotate due
to adverse conditions while travelling [1]. Trangption including handling of freight at ports aadports,
vehicles on bumpy roads and trolleys are associsitdconsiderable risks for the canvases. Theessuising
from transportation refer to the direct impact ba artworks, the methods to assess this impactkadto the
contrivance of new approaches to prevent the dasngjerhough a lot of work has been done on the ambient
conditions (i.e. temperature and relative humid[8;%], not much work has taken place on the vibratind
shock during transportation. Studies of early 199%@¢e recorded the impact of vibration and mishagdith
photography and natural frequency measurementarofas as well as acceleration measurements wétbheitl
accelerometers [5-8]. An electrohydraulic shakelypg random vibration had also been developethénsame
period to test canvases in the laboratory [9]. Thes output of the measurements was mainly acéberdata.
Later on, commercial sensors have been developediier to record the oscillation characteristicvibfation
and shock during transportation while other sensome simple prove the event of a mishandling @ th
application of a critical frequency. Recent worls liadirectly estimated the strain of real canvastpegs during
transportation and handling by the use of triantptalaser displacement sensors [10]. In orderdoudhent the
impact of transportation (i.e. mechanical damageacks, detachments etc.), conventional methodh asc
visual examination, raking light or microscopy agplied by conservators. A non conventional mettod,
conservation, developed to predict crack creatimh growth, through computer generated strain fidinite
element analysis using computer simulated moddls [the main problem though remains that the impudct
vibration of composite objects like artworks, undeal travelling conditions is very difficult to l@ssessed and
predicted.

Non contact laser techniques that have been ugibeé itopic of structural documentation of canvesf high to
moderate resolution, are optical coherence tomdyrgp2], coherent digital holographic interferonyeft3]
photorefractive holography and shearography [144%] they were not used for assessing the impact of
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vibration loadings so far. Furthermore, the caititevel of tolerable strains induced by vibratiquoted in the
literature are based on fatigue research dealitly modern construction materials which has beetiexpplso
on painting materials [7]. This paper aims to recthre vibration impact during the process of geti@naof
cracking thus to record the impact of vibratiorréal time by a technigue that has been appliedhaeraomplex
conservation problems [16]

The state of the art up to date refers mainly ® study of vibrating surfaces while the recordingcess
registers the vibrational modes of the examinedvases. This approach does not allow thorough crack-
generation studies. Thus we reconsider our appreachinstead of recording the vibrating surfacethet
moment of the vibration (direct vibration effectwecord the impact on the artwork itself duriransportation.
The vibration impact on canvas is the factor tormmt the real conditions of transportation to meddras of
fatigue and failure of the layers and materialssigiing painted canvases. Vibration forces canvaseandom
motion or resonate local structural faults genagainhomogeneous distribution of stresses amonfydinee and
the vibrating membrane of canvas. Stressed aredagringenerate deformation or fracture or pulveitra
depending on the vibration characteristics, theenwls, their cohesion as well as ageing factoepdated
vibration cycles exceeding the elasticity threshofdatigue level deteriorate the invisible struetuproblems
and lead to progressive plasticity limits assodiateith the structural failure and cracking causeg b
accumulative fatigue. From the instant that theeattin of materials is getting loose and degenetatewisible
micro-cracks till they grow and interconnect anadrae visible to the naked eye, it is a continuotgcess.
Being able to monitor the canvas reactions to @i&tigrocess that progressively or abruptly leadaitore is an
essential step to the understanding and interjataf the destructive mechanisms due to vibration.

To record the impact of transport and handling diyefrom an artwork we employed Digital Holographi
Speckle Pattern Interferometry (DHSPI), widely us@do date in high resolution structural documgoitaand
diagnosis of artworks [16-24]. To study in a sysséimand controllable way the vibration impact thieration
conditions, as recorded during real transportatigre reproduced in the lab. The reproduction wasible by a
new transport simulatbrthat allows reproducible simulation of any tramsdogs on sample paintings in the
laboratory. Monitoring interferometrically in retilne the realistic conditions has enabled the Vization of
crack growth process on canvas. The study was madew canvas painting samples subjected on coasequ
vibration cycles.

2. EXPERIMENTAL DESCRIPTION

2.1 Digital Holographic Speckle Pattern Interferometry (DHSPI)

A custom-made portable system (DHSPI) principallgséd on geometry of phase-shifting holographic
interferometry with digital capturing of holographépeckle patterns is implemented to illuminate oty the
canvas surface during the process of vibratingesyéh order to monitor the structural reactions].[ZEhe
geometry is according to holographic interferomgtrinciples that allow recording the phase variagiof
mutually coherent laser beams represented by beamging an object (OB) and reference (RB) fieldheT
superposition of phase variations gives rise torpsmopic and thus visible interferometric fringegidaid on
object surface. Each fringe-pair describes a cadisieibution of light equal to half of the laseavelength.
The total number of fringes corresponds to the ritade of total surface displacement taking placergduthe
deformation process of the surface. The technigueirectly quantitative while the measurement it/
employed allows the recording of microscopic swfawotion with high precision [26-29]. Another irgsting
point of the optical geometry is the unique propest sensitivity to x,y,z and especially the z-dtien of

! Developed in the framework of CTI Project: “Transtiog fragile paintings” (vww.gemaeldetransport.ch)
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displacement. Thus the DHSPI system registers titeofoplane deformations that are due to the canvas
response in the transportation frequencies withweglecting the in-plane stress at x,y due to common
transportation punches.

The DHSPI system shown in figure 1, implements jtical head with a Nd:YAG Elforlight G4 laser asight
source with special characteristics: 250 mW at B82 DPSS (Diode Pump Solid State), high spatialpienal
coherence with TEM:00 SLM (Single Longitudinal Mddand a coherent length of 30 m for far access
illumination to the target, and a CCD detector Bag#l102f with resolution 1392H x 1040V and pixetesi6,45
um x 6,45um as high resolution digital recording medium. Taptured images are transferred to a PC using
the Firewire 1394 protocol. The object’s surfaceeisorded using a 5-frame algorithm, which uses sets of
five captured images separated at temporal windawk) sec at each set. The first set of imagesjsuced
using ther/2 phase difference in a relaxed state of the sandle second set of images is captured using/the
phase difference in a displaced state followingitftRiced surface displacement of the canvas, witnown
phase difference. Multiple sets of 5-frame imagescaptured and compared to the initial set. Thialugical
data provided by DHSPI is of the order of 26612 (laser wavelength 530 nm) [29, 30].

2.2 Transport simulator

A transport simulator shown in figure 1 is blito simulate linear movement along a single axithvei
maximum displacement of 70 mm. A maximum weigh2@fkg can be accelerated up to 50°maleng the x, y
or z axis on the slider. This allows performing gisulation sequentially along each axis to achievery
translational degree of freedom. For this studyrti@ement direction perpendicular to the sample wssesl.
The control element (dSpace, DS1103) is capablemiducing any logged vibration profiles captudeding
real transport monitoring as well as harmonic vibras and bandwidth limited white noise. The movataen
the sample painting are logged by a triaxial acoeheter (PCB 356A16) attached to the stretchersandiaxial
accelerometer (PCB 352A73) mounted in the centtéeback. The placement of the uniaxial sensorhaasd
on the ideal behavior of membranes. The highestirdps are expected in the centre of the canvas.attual
canvas displacement can be derived from the aet®larsignals by appropriate numerical computations

IR lamps — Canvas sample

Transport
simulator

Figure 1 Photograph of the DHSPI monitoring syséad transport simulator set up with optical geosntr
provide a holographic correlation interferometethwid inline reference beam sensitive to out of plan
displacement of surface and object illuminationrbé, Llens assembly and | the CCD position level.

2 Academic research collaboration with Prof Nathalie Baeschlin, Haute ecole des Arts de Bern, Switzerland
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2.3 Samples and loading
2.3.1 First set of samplesand loading
2.3.1.1 Samples

For the reproducibility of the experiments, canpaitings with defined composition and layer thieka were
produced as modeled samples. The first TP1 sarfipk Painting 1) support is a linen canvas, whiels sized
by brush with warm skin glue. Two layers of gessove as vulnerable paint layer. A partial blackelapf

acrylic paint was applied for optical contrast. lBe and dammar were used for varnish. On the ttrac
“weak” spots were integrated as known defectsrdteoto produce adhesion gaps between the sizgubstiand

the gesso layers Tricyclen- Camphen was used. dlenyCamphen sublimes very fast. It was heatedd)f&€ 7
and applied with a brush. The position of the weadts is shown in Figure 2.

a b c d
1 o} o} o 0 5
I.-l,'l e paint layar
' ~aiheskn gap
2 o) o 0 o) i /
8 9
[v]
. CAMVAS /i,'{. - vanigh
3 0 o 0 o i}
[ 4]
A\ 'IHI
4 o) el o) o 9
1 3
80 cm | |r',|
&)
(a) (b)

Figure 2 (a) Schematic of a sample. Circles indithé location of weak spots. (b) Schematic of the
construction of the sample.

2.3.1.2 Vibration loading

Several types of real artwork transfers were loggitd respect to shock and vibration emissions. fbineat of
the logged paintings was medium to large. They wramesported in specific climate cases with triagensors
mounted on the object and the protective case.

For the first set of experiments a random whitesaavith limited bandwidth (1 to 50 Hz) and variabhaplitude
was chosen as vibration loading.

2.3.2 Second set of samplesand loading
2.3.2.1 Samples

The second set of samples were constructed by sauygports also which were primed and painted twith
layers of a gesso mixture made of chalk, gypsumfishdylue using a paintbrush. Two separate spiots o
weakness were integrated in the otherwise homogeteature in order to concentrate mechanical fo(itgsre
3). Small weights (1.6g of gesso) were locally fixe the surface with a grid of 10x10cm to causeers of
vibration. Zones with adhesion gaps were genenaititla volatile intermediate layer of cyclododec@hese
zones were of interest to study tensile stressinvitie gesso layer. In order to have the same [mjat
thickness screen printing technique was modifiezst paintings named FG1, FG2, FG3 contain bothskafid
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fragile spots (F is for the fragile spots of thénesion gaps and G is for the gesso weights). Sandpieensions
are 80x60x£0.1-0.3) cm attached on a tensional frame.
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Figure 3 Schematic of canvas sample with knowrcairal defects on the sample.

2.3.2.2 Vibration loading

The second set of experiments was based on arcegfrdne main shock and vibration events of thgepoofiles
(figure 4). The ‘truck’ sequence thus culminate@sec of handling (loading/ unloading/ trolleydeé80sec of
truck transport. For longer simulation the accogdorofile has been looped. The root mean squars) (of the
whole profile is 2,14mfs with a maximum acceleration of 28/s

30 T T T T T T T T

20t -

10

0

acceleration [m/s?]

-10

-20 - B

30 I | 1 I I I 1 I I
0 10 20 30 40 50 60 70 80 90 100

time [s]

Figure 4 Vibration profile of rms = 2,14m/s

2.4 Description of Experimental Procedure

The vibration loadings applied by the transportiudator and followed by DHSPI measurements took elas
described in table 1. Before any vibration loadangeference DHSPI record was performed registetiieg
structural condition of the sample and the indudefiécts before the vibration impact. To provokeldisement

5



172 before vibration loading a thermal excitation wadLiced by two infrared lamps, placed in front & §ample in
173 distance of 0,7m measured from the center of timepka The induced temperature increase of the ssmpl
174 measured in the centre, reached maximurfiCt3he recording head of DHSPI was at a distande3ff m from
175 the samples to achieve detailed visualisation meagents in the centre of the canvas. After theieapbn of
176 the first vibration load the surface displacemersiswecorded and the raw data was checked for pessib
177  vibration impact. Consecutive vibration loadings revesuccessively monitored. In order to minimize
178 environmental influence on the samples’ reacti@nl#iboratory conditions kept constantly stable.

179

180  Table 1 Experimental Procedure

STEP 1 1. Reference state registration
1.1 DHSPI measurement before any vibration cgléhermal loading (with backboard)
2. Altered state registrati
STEP 2 2.2 Vibration cycle (without backboard)
2.3 DHSPI measurement by thermal loading (with baekd)
2.4 Raw data check for visible crack creation armgbagation
STEP 3 Repeating 2.2, 2.3, 2.4 as long is required
181
182
183 2.4.1 Methodology for crack monitoring via fringe pattern
184

185 The employed interference fringe formation proagesserates equidistant distribution of continuoekifseen as
186 dark and light zones overlaying on the illuminasedface. Surface cracks are located by the brestictuse in
187 the fringe continuation. So the fringes appear @adeend fringes. Subsurface cracks starting deiegate
188 between the interface of canvas and the overlagaigting layers are not causing break in fringetioomtion
189 unless they are affecting the illuminated surféwesuch case provoke inconsistency in fringe foramaprocess
190 and the fringes appear as bend in the propagalimmegister both surface and subsurface cracksmtiraious
191  field of fringes all the areas of inconsistencies eegistered and examined in each record. Frondreds of
192 images recording the birth of a crack it is reteid\that as the crack reaches the surface the fricgasistency
193 becomes more apparent till fringes localising aiathg the crack appear as broken lines. Then thekchas
194 reached the surface from the point of view thagetf the surface and not from the point of view tha@een on
195 the surface. In parallel examination with IR thegraphy images the DHSPI system located the crabk tmorn
196 many cycles before it is apparent in the IR imalgee visual characteristic of the crack effect oa fitinges of
197 the interferogram is the “broken” or “dead-endnfyes that have been classified and categorisedrmst of
198 cause and effect [31-33]. The crack maps in thidysare drawn by selecting the localized fringefiniptions
199 manually by the aid of software; the length of eadtk is defined by the length of interrupted des.

200 Crack evidence it is traced through the sequendetefferometric data in order to conclude crackspnce, An
201 indication may appear occasionally in one intedeaon or in few interferograms. During series of ssro
202 checking monitoring tests with other sets of expental parameters it is concluded the present wrdu
203 existent of crack. The same method it is used fmeldetter the crack location and size. Insteaa drack is
204 constantly present in sequence of interferogramss lacation and size is confirmed. Thus the crack
205 interconnection and propagation is possible to kaméned. This is performed by the determination of
206 coordinates describing the full length in eachriiet@metric map. The coordinates to express a eedth are
207 scalar ‘X’ and 'y’ measurement on planar two-dimenal surface. A crack map is produced using tliesgt of
208 data of each monitored sequence of interferogr&ash interferogram records the physical differdiimof the
209 surface due to the impact of the - hidden but eglistracks in respect to the illuminated surface.

210 At the time instant an interferogram is recorded alb the cracks necessarily provoke displacemertha
211  surface to produce differentiation at the interfeetric pattern covering the surface. Therefore soraeks, or



212
213
214
215
216
217
218
219
220
221
222
223
224
225

226
227
228
229

230

231

232

233
234

235
236
237
238
239
240
241
242
243
244
245
246

247

even some parts of a crack depending on the poesifithe crack relevant to surface, remain hiddgn e@acks
running not parallel to surfaces but perpendicolatying in angles. The intermittent appearanceraicks is
common during surface relaxation from a loading &hne first interferograms witness in most detai th
structural condition including tracing of existemtinborn cracks. This initial time-frame of firstterferograms
formation represents a unique temporal responsepfexamined surface to the impact of loading.th&t start
of thermally induced dimensional changes defectsvsthe highest spatial density values [34]. Theria
loading is a critical parameter for best visuai@atof structural condition in thermodynamicallynséive
inhomogeneous composites [27]. In the measuremeatsded here cracks appear with £2,5pplied thermal
loading and with +3C atAT,, AT,, ATz etc. The thermal differentiation of a crack resgonsakes its location
distinguishable. Thus loading is applied in a geddocreasing procedure to ensure full detectiorexiftent
defect or crack.

Crack pattern

Constant crack pattern p i . Intermitient crack

appearanc appearanc

v .
i A

Selection of . —
interferograms for post- Paramet.rlc pn e:-xmtatlon and

processing monitoring interve
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Crack map drawir | | ~ Measuring number/ | | Graphical Analysis
lenath of crack

Figure 5 Schematic representation of the experiah@néasuring methodology.

3.RESULTS
3.1 First set of samples and loading

The first preliminary tests were carried out by lgp twelve vibration cycles with a random whiteise (1 to
50 Hz) and increasing acceleration amplitude st@réit 1m/8 (rms). The duration of each cycle was set to 10
seconds. In detail the description of the vibratiygles is shown in table 2. The upper limit of thensport
simulator was 10m?sA characteristic crack map showing the one-dirizeras length propagation is illustrated
in figure 6. The exemplary crack pattern is geregt@mong the adhesion gaps confirming the frach@ery of
active connection among existed defects. The layegr is not active yet and the theoretical modetetheon
elastic media are not enough to predict time oivatibn since canvas is not considered isotropite Tirst
surface crack appeared after tifevBbration cycle. No new cracks appeared afterdheycle and after the'8
cycle a sudden increase is shown. Frdfnt® 9" cycle the number of cracks is doubled. The besfbfi the
points of the diagram was made by an exponentialecdescribed by the equation §2&'*?(figure 7). As it is
shown in the diagram of figure 7 it is quite clehat the experimental measurements of the totalbeurof
cracks after each vibration cycle can be fitteddnordance with an exponential growth function .

Table 2 Vibration cycles applmd Test Painting 1

_'\'“”?bef of Acceler_at|on RM S Acceleration Duration
vibration cycle Profile
1 Noise 1-50Hz 1mds 10s
2 Noise 1-50Hz 2mis 10s
3 Noise -50Hz 3m/é 10s
4 Noise 1-50Hz 4mis 10s
5 Noise 1-50Hz 5mis 10s
6 Noise -50Hz 6m/< 10s




7 Noise -50Hz 7m/<¢ 10s
8 Noise 1-50Hz 8mfs 10s
9 Noise 1-50Hz oamfs 10s
10 Noise -50Hz 10m/¢ 10s
248
249
i
>t
sadhesion gap —~
—% }
g
o S
p-i 1
250 =
251 (@ (b)
252 Figure 6. Interferometric example local crack map registered from interferograms aftét dibration cycle at
253 t=100 mincompared to known induced defect 1, in a) crack map resulted from interferogsaofi sample TP1,
254 propagation length marked in reahdb) the known defect map. Note detachngereration seen as circu
255 fringes among cracks. Most defected fringes areldged in the area with the |existing defects are dens
256
Test Painting 1
10 4 Equation y =exp(a+b*x+c*x"2)
Adj. R-Square 0,99409
Value Standard Error
8+ Number of Cracks a -2,63519 1,33194
0 Number of Cracks b 0,41859 0,31184
4
§ 6 Number of Cracks c 0,00758 0,01806
O
S
S 4+
Qo
IS
>
p4
2
u
®  Number of Cracks
0] —— Exp3P2 of Number of Cracks
T T T T T T T T T T T 1
0 2 4 6 8 10
Vibration Cycle
257
258 Figure 7 Total omber of cracks measured afeach vibration cycle. The crack growtheigponentic.
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Figure 8 Deterioration rate of the test paintingaswed in number of new cracks generated afterdhcdtion
cycle.

The rate of deterioration, in terms of new cracksegated after each cycle, is illustrated in figgireNumber of
cracks are measured in absolute scalar terms thrtkegqualitative examination of the crack pattefnis at an
experimental stable rate until th8 8ycle with higher increase until the™6ycle. Each vibration cycle from 1-7
m/seé rms generates new center of cracking deteriordtirtger the structural condition. The next fiveks

from 8-9 m/seteach worsen strongly the deterioration. An expianaon this reaction it could be found in the
sudden decrease of resistance to the repeateadptdit due to fresh sample condition and smallbemof

cracks it took 8 cycles to occur. It is also expea higher number of cracks between theidd the 16 cycle

as the applied root mean square acceleration red@tie10m/5 considered as very high for transporting canvas
paintings.

3.2 Second set of samples and loading

The second set of experiments (8 2.3.2) carriedbguapplying a stable acceleration profile and aying
duration of each cycle. The detailed descriptiomadth vibration cycle for the three samples is showtables
3,4 and 5.

Table 3 Vibration cycles applied Dest Painting FG1

_'\'“”?bef of Acceler_at|on RM S Acceleration Duration
vibration cycle Profile

1 LH 2,14m/8 30min
2 LH 2,14m/§ 30min
3 LH 2,14m/¢ 30min
4 LH 2,14m/8 60min
5 LH 2,14m/¢ 60min
6 LH 2,14m/§ 60min
7 LH 2,14m/8 60min
8 LH 2,14m/?¢ 60min
9 LH 2,14m/§ 120min
10 LH 2,14m/¢ 120min
11 LH 2,14m/% 120min
12 LH 2,14m/s 30min
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13 LH 2,14m/? 30min
14 LH 2,14m/é 30min
Table 4 Wration cycles applied on Test Painting F
_N“”_‘bef of Acceler_atlon RM S Acceleration Duration
vibration cycle Profile

1 LH 2,14m/¢ 30min
2 LH 2,14m/? 480min
3 LH 2,14m/$ 60min
4 LH 2,14m/? 60min
5 LH 2,14m/é 60min
6 LH 2,14m/$ 60min
7 LH 2,14m/? 60min
8 LH 2,14m/é 30min
9 LH 2,14m/? 30min

Table 5 Vibration cyclapplied on Test Painting F3

Number of vibration Acceler_atlon RM S Acceler ation Duration
cycle Profile

1 LH 2,14m/$ 30min

2 LH 2,14m/$ 230min

3 LH 2,14m/$ 30min

4 LH 2,14m/$ 30min

5 LH 2,14m/$ 30min

The first two surfaceracks on sample FG1 appeared athe 11" cycle anda total vibration time of 750mit
while the next two appeared 60 nt@ter at 810 min. In FG1 sample there were generétedhcksafter 840 min
in total andthe last two cracks were formonly 30 min later at 840 min.

The first surfacerack on sample FG2 appeared athe 7" cycle anda total vibration time of 820min, while ti
next crack appeared 30min lagr840 min(figure 9). In FG2 there were also 6 craelker 870 mirin total and
the last four cracks were formed only 30rlater at 870 min.
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Figure 9 Example of interferograms, a) referenterfarogram -before vibration loading- of sample2FG
according to the sample construction shown in fg8irb) after ¥ vibration cycle at t=30 min. Orange arrows
show potential yet hidden cracks. Red arrow shiwditst surface crack that appeared aftevibration cycle
at t=810 min, c) with red arrows indicating thel fehgth of the crack, d) FG2 aftef 9ibration cycle and at t=

890 min, e) zoom-in surface crack map studied firierferograms of sample FG2 showing the first sudface
cracks and f) zoom-in known defect map.

The first surface crack on sample FG3 appeared #iféee?” cycle and a total vibration time of 260min; faster
compared to the previous samples. To verify if flaist response is within a statistical range arrosie¢ of
experiments and samples is planned.

The results from the above three samples in terfintkeonumber of cracks after each cycle are ilatstt in
graphs of figures 10 and 11. It is noticeable thaall experiments and samples inborn yet hiddextks are
giving evidence of existence in the interferogrdms the starting of the vibration loading cycleslaenths or
hundreds of minutes before first surface crack appe

Exp3P2 of FG1
Exp3P2 of FG2

Equation: y=exp(atb*x+c*x"2)

FG2

Number of Cracks

T T T T T
750 800 850

Time, min

Figure 10 Number of surface cracks of samples R@GILRG2 measured in time, after each vibration cythe
growth of crack number is clearly exponential.

11



m FG3
Exp3P2 of Number of Cracks

4,0

Equation ¥ =exp(a+h*x+cx"2)
3,5
Adj. R-Square 0,97852
Value Standard Errol
30 Number of Cr  a 895425 7,25728
04 acks
Number of Cr | b 0,07257 0,04647
acks

25 Number of Cr | ¢ 1,45603€- 73753265
) acks 4

2,0 1

Number of Cracks

1,54

1,01

T T T T T T T T T T 1
260 280 300 320 340 360
Time, min

329

330 Figure 11 Number of surface cracks of sample FG8smed in time, after each vibration cycle. Theaghoof
331 crack number is clearly exponential.

332 It must be emphasized that it takes many hourghiofirst crack to appear on the surface, but gveisd and the
333 next cracks appear in a short time after the fifste applied acceleration profile of 2,14fMm(sms) is low
334  compared to the profiles used in the first setqplegiments (82.3.1). The best fit for the data seepoints in the
335 diagram is possible with the exponential curve dbed by the equation y2&***?(figures 10,11).

336 Table 6 Comparison of the two sets of samples aadihg
First set of samples Second set of samples
Dimensions 60x80cm 60x80cm
Support linen canvas, sized with warm skin glue linen cangized with warm skin glue
Layers » Two layers of gesso * Two layers of gesso
« A partial black acrylic paint layer
* Varnish
Induced » adhesion gaps between the support ande adhesion gaps between the support and
defects the gesso layers using Tricyclen- the gesso layers using cyclododecan
Camphen » Small weights (1.6g of gesso) were
locally fixed on the surface
Vibration loading Vibration loading
Characteristics Random white noise with limited Loops of 20sec of handling
bandwidth (1 to 50 Hz) (loading/unloading/trolley) and 80sec of
truck transport (as recorded on real
transports)
Root mean Increasing acceleration starting at 1m¢s Standard at 2,14m7s
square (rms) 10m/$ with a step of +1mfs
acceleration
337

338 Even though the samples of the two sets have Blighifferent construction as presented in tablen@ #he
339 applied loading as presented in tables 2-5 is algghtly different the experimental measuremente ar
340 graphically represented by the ?3pxponential curve described in the equatjere®™*™? that effectively
341  signifies the infinitesimal increase of one-dimemsil deformation, here as crack prolongation is thet
342 parameter y. In the exponential expression thermidinite growth or plateau to be reached instiegsids long
343 as the cause exists the quantity reaches steagiigmvalues.
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3.3 Post-data discussion for future consider ations

Most important observation that worth to be dendteth the described preliminary experimental residtthe
strong evidence that the experimentally resulteth da in accordance to the shown exponential foncti
described by the equatigre®™**2 Under this experimental observation the crackvficand propagation of
total deterioration rate of a canvas painting apphes a more regular and foreseeable way of respons
vibration induced by transportation and dedicatggeements. To exploit further this behaviour arinke the
limits of deviation and statistical error furthexperiments should be planned. This may be usefidoloe
uncertainties in crack studies in movable artweaaks$portation.

Upon modelling the experimental evidence of surfgc crack due to vibration frequency that with penal
evolution activates cracking propagation and irdenection a stochastic analysis of the cracking s
discussed [35]. We assume cracking surfagewlh cracks y that can deteriorate further with vibration
frequenciesy of a variety of magnitudes jMausing extension of cracking frorg t y. For any such Mthe
surface crack;)is related to frequency,wwith attenuatiory=f(M,4) whereA the distance among y; andA <
A;. Since attenuation relation is symmetrical themxgension is possible witig=vy 74°1S. The algorithm
expresses the probable extension risk gxcess o magnitude. In case that the risk is focused orctheking
extent the frequencyy is related to L reference length and the algorithmyvjsvy 24j/L, for magnitude M,
distancedj and given value ofjy

Then considering the time dependence among thatiobrcycles the procedure follows the deformatimte of
d=dy/dt for displacemens among ycracks of surfaceqSIf a characteristic vibration of magnitude M po&es
displacemen$ the constant rate of deterioration requests \itmatepetition with mean periodicity= o/ dy/dt
for crack y and crack length extension L. Sinceriference crack lengthy Ty=1/vy, thenT=Ty Lo/L;. The
above described physical mechanism of crack gdoneraan be expressed in a model for temporal depend
since time parameter is dominant in the experimefésce if previous crack appeared at t=0 nextkcveid
appear after repetition T and deviatierof the mean value. It is schematically shown gufe 12 where it is
seen the asymptotic exponential plotted resulthef éxperimental study with its Gaussian error dsna

temporal dependence of crack risk and probable deviation ‘

100%

71  Conditional probability

;exp{ -05[(t-T)/0)?*}
o\2m

data fit on graph FG3

T
Fig 12. Temporal dependence of cracking risk witu§sian deviation of probabilistic error.

The deviationo of the mean repetition time can be considered &aassian distribution of error deviation
function,

1

(1) == exp{-08{(t-T)/ oY)

13
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So if the previous crack appeared on surface a @rthe next crack will be surfaced after meantiépe T and
deviatione.

The probability condition to occur surface crackime t from t to t+At if there hasn’t reach surface till time t,

t+At 0
plt<t <t+At) :L f(t)olt/jt f (t)dt
3)

For homogeneous and isotropic materials in elastediums the mechanical waves following the above
expression could be used to classify the risk fribiba on a table. However the structural conditi@geing,
existing defects and molecular degradation comgjdtie material properties and construction whitéch crack
deterioration and resonance or attenuation areiatruandom parameters that do not allow a normdlize
probability distribution of crack risks to be tahleAnother important denotation is the differenetween the
times that the first crack takes to appear in caimpa with the time of the second crack. It appehas there is

a “safe” time-window in new canvas paintings withpuoe-existent cracks that the painting preserisedégree
of elasticity and it can withstand transportatiobrations. After this “elastic” period and the appeg of first
crack it is shown that the next cracks should appa#&ch sooner and in an exponential way as probede
The decrease of the deterioration rate after tfeci®le of figure 8 could be explained by taking @t also
the resonance frequency of the sample which withegse in the vibration cycles it decreases. Ther
possibility that the canvas does not resonate aonyemvith the applied acceleration profiles and thios
deterioration rate seems to decrease.

It is clear that the above denotations concernsihecific type of canvas samples with induced defectd
selected realistic parameters for laboratory sitimia. To be able to extent the observations agdraents of
the presented study and generalize safety conalsi$ow canvas transportation it is assumed thééaresearch
on the topic is planned.

4. CONCLUSION

A realistic transportation simulation on canvasnpiag samples with known purposefully induced defec
monitored in real-time with transportable Digitabldgraphic Speckle Patterns Interferometry (DHS®8tem
developed at authors lab based on holographic pedkg interferometry principles have providedeffiective
method to visualise instantly in full-field view dfie surface the transportation impact on canvasition. The
cycling allowed to trace deterioration effectslive instance of generation and to reveal the trabhgpaditions
under which the first surface cracks appear anditorothe invisible yet effects of expansion andgagation.
The interconnection of cracking is visualised angrovides a first insight on the future scenarfofusther
development of cracking before it happens. Therdeeendence of the defects it is retrieved in tivenfof
deformation fringes among cracking patterns. Ther&detachments among cracks are seen on thecesurfa
before any of these is evident. The study of tiveg& pattern formation unfolds a high content ddimation in
regards to defects condition, effects and futueetien. The visual qualitative raw data provided ttecessary
temporal window of time resolution to follow thepansion ways of cracking patterns and measure threm
scale. The quantified results in terms of numbecraicks at each vibration cycle proved to be chos¢he
exponential model of growth on two different typefs samples and vibration profiles. This observatisn
challenging to design further experiments to elatgdthe mechanism of cracking under transportatigact.
This observation maybe holds for cracking pattefnsanvas when it is suffering under repetitive aedodical
impacts. There is a period of material resistaneenf cracking which stops suddenly and then crack
development follows. The crack development in tessibility results depends on the described erpanmtal
parameters. This is a point of interest to exanmrf@ture research in regards to mechanism of agwveént and
growth of cracking. A very important observationidtthe risk indication power of propagation. Prggigon
patterns reveal the potential growth well beforerack is evident to the system detector. Henceanyntases
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before the indicative pattern for cracking thereevyeropagation patterns to show the position afriitracking.
The full-field real time high resolution DHSPI sgst can allow us to study the cracking phenomenatetail
and retrieve possible paths of reactions accortlirgconservation state of the canvas painting tefrést. The
system can be used by the non-expert and with seg-fuendly interface and post-processing routiaes
conservator can study fatigue and deteriorationvtiron such details as never before [36, 37]. Farr8tudying
of transportation effects will contribute in thettee understanding of the fracture mechanisms awas
paintings and enhance guidelines for transportatimhhandling.
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