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1.1. Research Context

The preservation of historic architectural structures is crucial for safeguarding cultural heritage
YSAKYANER 9 |1 lFaalyA RSAONAROGS KSNRGIFIAS & | GAONIY
and should be considered to the maximal extent posqikkshmiry et al., 2024)

Additionally, there have been multiple studies conducted that showcase the role of heritage
buildings and their economic value for tourism and local econofhiazrak et al., 20140Koster &
Rouwendal, 2017)

A study on the economical value of heritage shows that the daily spending is 60% higher for
tourists that where dedicated for cultural heritagk was also concluded that historic rehabilitation
creates 13% higher return on Investment then newly constructed architecture, it holds 16.5% more
jobs and produces in order of magnitude 1.2 times less waste (Nypan, R0@&pver, built
heritage creates positive spillover effects, enhancing the value of real estate in its surrounding areas
(Lazrak et al., 2014lf. must be noted that the cultural built heritage is valued differently over time.
Nijkamp highlights that, following the Second World War, many buildings in the Netherlands were
demolished to make way for new developments. However, these historic structure®argighly
valued for their social significan¢eazrak et al., 2014)

CHALLENGES OF PRESERVING HERITAGE BUILDINGS

Preserving heritage buildings poses numerous challenges, inchditfpering due to

environmental influences, and the complexity of preservation guidelines. As nearly all conservation
projects encompass both repair and maintenance phases, it is crucial for all stakeholders to
thoroughly understand building defect diagnostics and applyenia treatments with consistent

care (Harun, 2011). Additionally, the shortage of skilled workers and experts further complicates
preservation efforts, placing the responsibility on conservators to ensure that building practices and
materials align withthe integrity of the heritage structuréPintossi et al., 2023)

Over the last decade numerous studies have been conducted on the environmental factors
influencing the conservation potential of heritage structu¢etall et al., 2016; Sesana et al., 2018)
Sesana et alconducted an extensive literature review on state of the art impacts of climate change
on the built heritage in a broader sense. It was concluded that waterd®btne most important
decay factors. Rising precipitation levels associated with climate change could lead to soil saturation
and the overloading of drainage and runoff systems, thereby increasing the risk of damp infiltration
in historic materials, inclling masonry wall§Sabbioni et al., 2008yVater can also penetrate porous
materials through condensation and capillary actiparticularly in buildings located in areas where
the groundwater level is higlwWhile these processes are not caused by climate change directly, they
are exacerbated by it due to fluctuating groundwater levels and longer wet peridis water
ingress accelerates material deterioration by promoting corrosion, biological growth, and salt
crystallization within the materig/Sabbioni et al., 2007)

| RRAa2y Il ffes (KS KAIK Oz&aid yR (SOKyaldlt O2YLX SE
OKIffSy3dSa RdNAyYy3 SESOdme2yd 2KAfS LINBASNYIeazy 3d
AYGSaNRGes RAYOdzZ aSa NN IS REMGY 2 RKRS 2 NI A NBI 2B y LI
02480 20SNNHzyas Ayl LILINZPLNAEFGS NB&alG2N)yez2yamr | yR SE
a0FtS KSNRAGFISOoWRR 28 OV la [AHRAY RH ARSnImird 6 vnunv KA

2F dzAAyYy3 &dAGHAYEFO6ES yIGdNIE YFEISNALIEA (G2 268N
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Conventional diagnostic methods for heritage buildings, including visual inspection and manual
probing, provide only surfaelevel information and are often unable to detect eastage or
subsurface damageinderscoring the need for advanced diagnostic technolotiiagcent years,
significant progress has been achieved in analysis, inspection, testing, and monitoring methods for
diagnosing masonry heritage structurgxoietti et al., 2021)These advancements are primarily
driven by the need for accurate evaluations of structural conditions to ensure the preservation of
these structures. Nonetheless, the diagnosidafage processes affectihgritage buildings

remains a complex tagiMakoond & Pela, 2021Besides the studies towards the diagnostics of the
currentstate of the structure there have also been studies that focus on future state of heritage
objects in the form of damage functioimsrelationship with weathering processd3amage

functions are utilized in predictivdegradationmodelling but their predictions involve uncertainty
because they rely on extrapolatign{ ¢ N¥ A6 .SG |t ®X HaAmMo0O
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2.1. Masonry Damage Diagnostics
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2.1.1. Characteristics of Masonry in the Netherlands
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2.1.2. Damage Types and Processes
¢t2 aasSaa GKS SEGSyd 2F RIFEYF3IST AlG A& SaasSyoel f
ONRI Rf& dzyRSNEG22R a Iy FfGSNra2y Ay O2yRAa2Yy>
LIS NF 2 NV Iy GSYAdi KEK S n@amy0OSLIG 2F REYEF IS NBtFdSa G2 ¢
RSGUSNA2Z2NI a2ys SO02y2YA0  DARNAEY | 1R OBAND ¥ 205 fH M YilL
G§SOKYAOIFf LISNRLISOa@S>: RIFYF3IAS YA@K(O F20dza 2y aiNd

t2 O2yd RaASBY 2 LR AARSGE H a1 MR LINBEKSYaAdS RSUyAsz2y
Ay (KS 02y GSEl HE KB RSAME R b RY0 LRDOS® &4 S a OKSY)\C
SESNI adGNBaaSa 2y GKS YIFGiSNARIf&aE 6KAOK 6SI 1Sy (K
583dIN} RFa2y OFy 6S RSUYSR Ida Iy AyONBF&aS Ay RSOl @
LISMINX I yOS 2F GKS YFGSNAFE ® ¢Kdzaz RFEYF3IS OFy 0685 |
LISNF2NXYIyOS 2F (GKS YFGSNAIFIEZ | 0S0Oeay3a AlG& RdzN} 0Af
' & LINBJA 2 dza fOK | ibaBes2 yvaSiRizRAeY 2F YIF A2y NB RIEYIF3IS RAL 3

aA3ayAUOryGfte FROFYOSR o6& (GKS ¢2N] 2F @Fy 1SSa |y
a2ai0SYlFaO I LILINR2IF OKS&a T2NJ S@I t dzl a0/vA@d RBIIYS NRSNT o2iy

HAnpT =Ly & I §Sys mpdhyD

al a2y NE aiGNUzOGdzZNBa FNB @dz ySNrotS G2 | 6ARS aLISC
RSGSNA2Z2NI a2y LINRPOSadaSad C2NJ OfF NAGe yR O2yaArais
FILOG2NE OSEGSNYLIE F3ISYyiaoraRE Y AR RINZIOBE AaB&LIBRSE
YIyATS2NI RB0H & (BEISHE20dza 2F (KAa (KSara Aa 2y Y
SYGANRYYSyGlFft FIOUMNBEY (ISRNABEY 2NISE I w2 £ KBdzKB I a4 & A L
0KS 62N 27 fY® N&wd @Sy ISR [ 2 dzNBy 2 SG fd 6Hamno

Ayarakia FNBY GKS a5/ { FTNIYSE2N] @

1 9YDBANRYYSYGilRKSHRISOG NBAR SEGSNYIE AybdsSyOSa G(KI
LINE OS5daSad 9EI YL Sa AyOfdzRS NIAYyZ INRdzyRéIl (SN
G§SYLISNI GGdzNB b dzOldzl o2y & 06 Ay Of diRKANEIdzFFKNENRAGZOADY I KR
ASSLI AIPRSYERAR DEY AYyAol 1S& 2NJ adzadGlrAya REYFIAYS

9 5FYF3aS LWNROKSE&HSa NB (GKS dzy RSNI @Ay3d RSOFe& YSOK
LISNF 2 NXY I yOS 2 F mwBiHfa20ySNe dINR2ONS3808dSNSS | NB LI Nb Odzt |

HP



a{® . dzAf RAY IO RISOKNRY 2 & KEH 1I2 53 V&SR AZYH IR8S § LY N DIANMIEA ER WI RY Yik S8R bl zg,gedz;\t RAy 3a

TUDelft

o {Ffd ONEBAIKIME ld2fydzof S alfia 6Sead OKE 2 NA
GAUGKAY LRNB gtffas IASYSNIoay3d AYGSNYIFf &GN
SEFf2tAl a2y o

o /| KSYAOl f 028/ B-NEIAZR yUKS (NI yaFT2N¥Iasa2y 2F fA
F2NX¥IFo2y 2F &a¢SttAy3a altida oSgNAYyIAGS:ET (K
0dzf AAYy 3T 2NJ 6dzNAay IO

o CNR&G RIMNEBESSR 6& (KS SELIyairzy 2F FNBST Ay
f SIRAY3I (G2 RSt YAVl a5 &2 NO20W G12Aydd  § K N2 dz3

9 5L YIFI3SyieksSasS NS (KS LKearOlf aevwLiizyvya NBadz
Gersa AyOof dzRSY

o0 S5AAAYIBIANZBARFNAY IS ONHzYof Ay3asz alOlfAyao

o [FESNRAY3I I YRIOSESOARIE B2 Y3 RO ZNRIEYA il G SR Y2 NI
o { dz2NF I OSY Ot lyaydmy 35 SP2NBa0OSyO0Ss ONHza G T2 Nk
o aSOKIyAOlIt YRA BANMEE @NJOS Y Sy i

¢tKAa NBUYSR OflaadaAaU0lez2y y20 2yfe IfRIWanIBA I K (K
LINE OFANESAISHKAOK Aa SaaSyeslf F2NIRAFIy2ara FyR Y
A

CKS az2ydzySyu 5AF3y2ara yR [ 2YaSNBlI a2y {eaiusSY oa
FyFtéelAy3 RIEIYIFF3IS LINRPOSaasSa YR GeéelLlSax LI NbOdzt | NI
a5/ { 680 FLILIAOlIa2y RSOSt2LIGRC)ARABKEGC Y238 REGI
OINF AXKSR YIFIAY YIFaz2yNeE NBfFUIUSRCCRIOYISI™MYUelLISa | NB adz
Damage Type Sub-Type Sub-Sub type
Brick Surface Change
Chromatic Alteration
Moist spots
Staining
Deposit
Soiling
Grafiti
Encrusation
Efflorescence
Crypto-florescence
Transformation
Crust
Disintegration
Detachment
Loss of Adhesion
Blistering Paint
Peeling Paint
Loss of Cohesion
Powdering
Crumbling
Brick-blistering
Cratering
Alveolization
Layering
Delaminat
Exfoliatior
Spalling
Scaling
Cracking
Crack
Haircrack
Crazing
Star Crack
Deformation
Bending
Bulging
Mechanical Damage
Scratch
Incision
Perforation
Splitting
Chipping
Biological Growth
higher Plants
Lichens
Liverworts
Algea
Mosses
Mould

Missing Material

¢rovb8 YFIS 1t a OflFaaauUllez2y 2F . NAROl RIEYF3ISa O6NBGN



a{® . dzAf RAY IO RISOKNRY 2 & KEH 1I2 53 V&SR AZYH IR8S § LY N DIANMIEA ER WI RY Yik S8R bl Iﬁ,;@dz}\t RAy3a

TUDelft

2.1.3. Damage Diagnostics
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2.1.5. Salt-Induced Deterioration: Goal and Scope Definition
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2151, Efflorescence in the Netherlands
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215.2. Detection of efflorescence
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2156.3. Measurement Techniques
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2154. Indicators of Efflorescence
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For the purpose of the machine learning component of this study, a selection of damage types from

the Monument Damage Classification System (MDCS) will be incorporated, with the scope tailored to
the available dataset and the visual characteristics ofdéwmage. The primary focus will be on

damage types categorized unddisintegration particularlyloss ofcohesiorandlayering These

types were selected due to their relatively high frequency in the annotated dataset and their

relevance to saltelated deterioration processes, such as those triggered by crystallization pressures
beneath surface layers.

In addition to disintegrationelated forms of damage, the research will consider visually similar
deposittype phenomena. These includeaffiti, encrustationsandlichens While graffiti is an
anthropogenic surface deposit unrelated to material decay processes, it shares visual features with
other white surface deposits and is relevant from a classification perspective. Encrustations, defined
in the MDCS as surface accuatigins typically resulting from environmental or chemical processes
(e.g. calcium carbonate), can resemble efflorescence in texture and tone. Molds, which fall under the
broader MDCS category biblogical growth are another form of surface deposit thartlead to
misclassification due to their light coloration and patchy distribution on masonry. While these

deposit types are not damage mechanisms in the structural sense, they pose a risk of false positives
during imagebased classification and therefowearrant inclusion in the detection framework.

This focused selection allows the model to differentiate between genuinelyedated damage
manifestations and visually similar but unrelated surface conditions, thereby improving classification
accuracy and interpretability within the context of effimcence detection.



2.2. Machine Learning For Domage Detection
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2.2.1. Development of Object Detection
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Model Year Description
AlexNet 2012 Started the deep learning wave with massive improvement
ZFNet 2013 Improved filter visualization and performance
VGGNet 2014 Ot T H2W1 ! HT DUGHBLINST NOHG ¢! 1l b HE
GooglLeNet 2014 Introduced inception modules (wider networks)
ResNet 2015 Introduced skip connections for very deep models (up to 152 layers
DenseNet 2016 Connected each layer to every other layer
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GoogLeNet FASTER R-CNN MASK R-CNN
{Szegedy et al., 2014) (Ren et al., 2015) (He et al., 2017)
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. - - 1
IT) ;1) (1) :
;2013 2014 ! 2015 : 2016 2017 ! 2018
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SPPNet ~ FPN
. AlexNet (He et al., 2014) YOLO (Linetal, 2017)
(Krizhevsky et al., 2012) (Redmon et al., 2015)
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Year Authors Model Type Overall Architecture/Used Layers Types of Damages Identified Relevance to Efflorescence
2025 Wang F.; Huang J.; Fu Y. Convolutional Neural Two-branch CNN fusing visible, Improved accuracy in Moisture-related damage, including water ingr Directly relevant; includes detection of salt crystallization caust
Network (CNN) and microwave data for moisture moisture damage detection and salt crystallization. moisture.
detection. through multimodal data
fusion.
2022 Zhou X.; Derome D.; Carmeliet J.Artificial Neural Network  ANN with inputs based on Prediction accuracy closely Moisture-related damages like condensation, Indirectly relevant; identifies moisture risks associated with
(ANN) hygrothermal parameters and  matches simulation results mold growth, and freeze-thaw effects. efflorescence formation.
outputs predicting moisture risk.
2021 HatAzr M.E.; A°nce A°.; KorkanABlask R-CNN Region-based convolutional Mean Average Precision  Efflorescence, cracks, contour scaling, biolog Directly relevant; efflorescence detection included as a primary
M network with mask prediction (MAP): 98.2%, Precision: colonization, missing parts, fresco loss, etc. damage type.
layers. ONIOP ®é Kk bNMME
2019 Wang N.; Zhao X.; Zhao P.; Zha Faster R-CNN with ResNei Region proposal network, featurt Mean AP: 0.950; Precision Efflorescence and spalling. Directly relevant; includes efflorescence detection as a primary
Y.;Zou Z.; Ou J. 101 backbone extraction with ResNet-101, and for Efflorescence: 0.999. damage category.
bounding box regression layers.
2024 Karimi N.; Valibeig N.; Rabiee H.Rnception-ResNet-v2 Hybrid architecture combining  Accuracy: 96.58%, Precisic Cracking, flaking, erosion, efflorescence, salt Directly relevant; efflorescence included as a defect type.

Inception and ResNet for improv 96.96%, Recall: 96.24% deposition, no defect.
feature extraction.

2018 Wang N.; Zhao Q.; Li S.; Zhao X Sliding Window CNN with AlexNet (8 layers), GoogLeNet (z Achieved an accuracy of ~ Efflorescence, spalling, cracking, and intact  Directly relevant; includes efflorescence as a key damage type
Zhao P. AlexNet and GoogLeNet layers), employing a sliding wind 94.3%. bricks.
for brick-by-brick analysis.
2021 Tijskens A.; Roels S.; Janssen H.Convolutional Neural Custom CNN model optimized fc Prediction accuracy: High Moisture damage risks (condensation, mold Indirectly relevant; identifies moisture risks linked to efflorescer
Network (CNN) time-series hygrothermal respon: agreement with simulations growth, etc.) formation.
prediction. (qualitative assessment).
2024 Alexakis E.; Delegou E.T.; Mavre PSPNet with ResNet-50 Encoder-decoder architecture wit Accuracy: 93%, loU: 89%, Rising damp and non-damp areas. Indirectly relevant; rising damp is often a precursor to effloresc
P.; Rifios A.; Kyriazis D.; backbone pyramid pooling module for Score: 88%
Moropoulou A. segmentation tasks.
2020 c ¢ qRIl H~IOE 106 H7 ¢ | DegelLeainindladd-AdificICuStdin-ONN architécture and a DL accuracy: 99.4%, ANN Efflorescence, cracking, flaking, contour scalir Directly relevant; efflorescence is one of the weathering types
Neural Networks (ANNs)  fully connected ANN. accuracy: 93.95%, Recall: and others. classified.
oz ek LNMMEHGI
2023 MarA-n-GarcA-a D.; Bienvenido- YOLOVS. End-to-end CNN for bounding b mAP: 0.894 at epoch 100, Efflorescence (simple cleaning vs. major repa Directly relevant; focuses on efflorescence classification and re
Huertas D.; Carretero-Ayuso M.J prediction and damage Precision: 89.4%, Recall: needed). needs.
Torre S.D. classification. 88.6%
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Feature Extraction Classification
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Feature Extraction Feature Fusion Detection
Network (FFN)
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2.2.3. Model selection rationale
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2.3. Key Challenges Identified in the Literature
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3. Experimental Methodology
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3.1. Research Approach
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3.4. Model evaluation
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3.5. Model configuration and Data pipeline

IME 1 Qwa! [ ah59[ !Qawmm20RSf . wbD

tKA&a aS0Oe2y 2dzift AySa GKS RIFIGFE LINROSaaAy3da yR Y2R

Ké L2 (KSasam NerS UONBSOaaTa (72f (Sd2a ( Nzl 2R/ A ¥ KEKS 62 NJ

CAJAABRHNI GKSNYI f KeLRIKSaAazoo
THERMAL HYPOTHESIS DATA FLOW

FILTERING | ‘ PREPROCESSING ‘ LABELING TRAINING VALIDATION ‘ ‘ VISUALISATION

51¢! CL[¢OwLbD !b5 tw9twh/ 9{{LbD

ltf RIGFasSia 6SNB AyAisltte UtGSNBR o6laSR 2y |jdz
t NPOofSYIFaO al YL Sa 6SNB NBY2OSHK S\yra (aKKSIeRIGYKR 4l SNBYT
[26 wD. AYLVAG2 jdA I RSwi f AIKoey3d ®SPIPS aGNRYy3I 3If |



a{® . dzAf RAY IO RISOKNRY 2 & KEH 1I2 53 V&SR AZYH IR8S § LY N DIANMIEA ER WI RY Yik S8R bl zg,gedz;\t RAy 3a

TUDelft

¢KS NBYFAYAY3I AYIF3IAS LI ANAR ¢6SNB GKSYy LI aaSR GKNRd
GKSNXIFf oLw0O AYF3IS&a 6SNB FftAIYySR dzaay3d 2yS 2F (¢

T al ydzZt oFGOK FftA3IyYSyid dzaAy3 + UESR (N} yaF2 Nk

{OFtS, T noyyns { KADmdnndeod FH{2KW T K S ¢nntBE  wai2SiNAs

ClLw ¢KSNX¥YIf {(GdzRA2 SFEILER NTSRTK TUVENCRI KIS SINIGE E YA Y

FEAIYYSYi(is 020KONRLIISRE &1 20 NER 2d0SH RIS LI RRAY I D
Syadz2NBR O2yaAraiaSyid 3S2YSGUNER IyR aolOlfS FT2N Y2RSf
¢l 9wa![ twh/9{{LbD ! b5 C!'{Lhb Lbt! ¢

CKSNXYIFE AYF3ISA gSNBE O2y@PBSNISR (G2 AN @
i

8a0LfS YR Yy
C[Lw ¢KSNX¥YIf {{GdzZRAZ2d ¢KS&S y2NXIfATSR Lw FTN}YSa
wD. ¢ Y2RSt aw AKS OXK!IbyytSlf- 9OdzZ PiS&RSSEYaR NB OOK & I yR

AYy GKS Y2RSt 02y U3dzN) a2YY
a9!bytL-9[ ' yL®FENNI286OMHOPTI MMCDPYyS MnoddpI

A

A

Syadz2NBR (KFd GKS GKSNXYrft RIGEFE gta 2y GKS al
a 3

It RdzS G2 GKS fAYAGSR NYy3S FyR NBaz2fdm2y

&
QX
U Qx

y
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4. Experimental Results
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4.2. Hypothesis Evaluation
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