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Summar y

The moisture transport properties of po

buil ding energy consumption and indoor th
climat e, the external boundary conditi on:¢
significasd liyn firmlmandor egi ons. Under sal-'t

accumul ate and expand within the pores of
causes severe erosion and weathering of t
transport pr otpediteeshaweg evooused -extensiv
mechani cal propertiesdeandudldrdamigl intayt eao fi ab
moi sture transport properties and mechani s
deposition remaini ssgégegatrhi otaddressonhdus
wor K:

1" Devel opment of an accelerated salt spr

materials. Based on international standarc
parameters and technical i ndicators of ac

and di€ombseed with the core objectives a

this study, an accelerated salt spray te
tailored to investigating the hygric prope

Zlon migration and crystal distribution
The salt crystal di stribution and chl ori de

di ffer €eretmewdt erati os and surface evaporat.
after &@ROsdEnesy sion in a 5 wt%» NacCl sol utii



I nternal pores by salt crystals and the
significantly affect the capillarity and
mortar.

S iquid transport properties of cement
Vacuum saturation tests and capillary atk
speci mens $3ubhjseacltteds proay0 cycl es wusing modi
spray deposietnss iwe rteh eo bsspeeecvied t o i ncrease
decreasing open porosity and saturated moi
for salt i nfluence factors, correction €
coefficient and eapi lolfarcye mamits tnuorret aad o nutn d
deposition were established.

4 Vapor transport properties of cement n
Sorption isotherms and vapor permeability

deposition were measured and analyzed usin

the equilirkericomt ot stodi speci mens above th
NaCl via t-teo kReosb iengswoant i on and Ni el sen for
equations for the equilibrium moisture co

deposition werey, decowveect i Admndi egoati bns f o
permeability of cement mortar wunder sal¢t
on segmented adjustment formulas for salt
From the perspective of moisture transpc
coastal salt spray climates, this study ir
spray deposition on the transport and st ol
usi mMmende Martammonly used pordas tchesteutct
medi um. Revised calculation equations wer
property parameters of cement mortar wunde
| ays a foundaatieonc aflocru |ltahtee @atc coufocrachgei aathar e n

consumption in coastal buil di ngs.
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Chapter 1 Introduction

Chaptlenrt rloducti on

Coastal regions, islands, and peninsul as i
expose building envelopes to thermal and moi
areas,; mo4 eowmern ntraosgon and deposibuiomi afg an

alter their heat and moisture transfer prope
i ncreased energy consumption, significant inm
we l | as daily édrnthye,damalge.evieowe Waro,p current
transfer in building edmuenli dp e s dicr atr e n deryii gzueed
sal t, high humi didrye mainrds hliigrhi tteedmp ewiattturteh e
samdi st pdl edcouwuansfer and i mdeshadtooidomipr éd oes
materials stildl uncl ear . Thus, this study t
explore the mechanisms driving chabgeées$di ng mi
materials in salt Sspray environments, ai min
buil ding envel opeadpeehrufhoordmarnecgei oinns saanldt t o en heé
efficiency and indoor comfrotritng wtihéeh rtehee drodH

and significance, current research status, a

l.1Background and significance

1. 1Sdlt spray climate Iin coastal areas

Chi na, | ocated in eastern Asia and on the
mari ti me nation encomptibesi BghadiouBeamaj el Isew
Sea, and Sodwmtiht hChai ntaotSela mar i ti me a@amebkmpf ap
mai nl and coastline stretching about 18, 000 k

km, and over 6,500 i sl afld® eacsh ceoxacsetead i nrge g5 Oc

from north totewmpehatae,r owar mi demper at e, subi
span 22 Jlatitudinal degrees, with significan
humi di ty, raidnfadglilon amcd oscl drhers&a zones,; h owe
phenomenon of salt spray c¢limate, where mar.i
further expand its infl-tence range, as il l us
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Fig. 1-1 Saltladen hothumid climatic zones in China's coastal areas
t spray refers to a dispeflraden dyepkeat s
pher e, whose formation mechanism is p
tion of d8elhwsatemausaes owaaes t o croddfisde
ating substanti al foam. As these bubbl e
ndedomi et s most fall/l due to gravity, \
i brium with turbul ewtrditfhffusieansurémaien
hen transported into the atmosphere by
sses such as fragmentation, evaporati ol
m, thereby ftoBMli ni ahmosgaedi conuts com
gous to seawater, primarily consisting
i des accounting for approxi mately 90%
scopi d, dtiyamedealrigmodind emas ¢ hraan@i ng from
rine air, | arge primary salt nuclei hav
er particles contain a higher preporti
ration from salt nucl ei , the greater 1
rtion of small salt nucl dg3,4.and the | owe
t spray content and deposi ti onsucrdnasctei t t
pheric salt spray distribution in coas
pheres governed by two pr ismawiyn df adcitroercst
speed, and humidity) and natur al envir

al topography,[3.anAlc dadrsdiamg et d rombrs @ rhwea tsiec

rical Apparatus Research I nstitute of t
al ci tl)e,s t(lsee emdaxaibmem 1NaCl content rang
ng a defcrroenastimegg daewxtd i nl and as distan
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deposition, closely correlated with atmosph
i ncluding seawater salinity, temperatur e, mé
turbul ence, wi nd parameters, , raindf afl ér, esai r
observati oy (eeealTalklheatl t he maxi mum daily N
from 11.51 to 54.0 mg/mjlLd, exhibiting a de:¢
s e[3 4]. Notably, Jinshanzui, Songjiang, and Qi
coastline at the confluence of the Yangtze
significanttlsy NdaiCllutceodnt ent -t hsr cappf avibmeatgsl oyb
seawater concentration, and severads&kid odIn@t e
km correction was applied to the[3actOwveelr ad e a
analysis of salt spray content and depositio
coast al areas are generally subject to salt
multiple factors; distanceafromsthethosaalttis
exhibit a decreasing trend with increasing d
Tabll@bkervation results of airborne salt[dgpray co
Di st a Observation resul Open
Locat from Number wi nd
s e Mean Maxi mit Minimobsery direc
Guangz 50 0. 01" 0. 02 0. 00 24 SSE
Fuzho 25 0. 11: 2 SE. E
Lings 15 0. 11! 0. 27! 0. 03¢ 18 SE
Shant 8 0.33( 0.57¢ 0.221 135 SE. E
Hai ko 7 0.27¢ 0.44( 0.15: 24 N
Zhaniji 7 0. 361 0. 61: 0.21. 120 SE
Zhousl 4 0.53( 1.37' 0.26: 110 SSE
Xi ame 2 0. 71: 4 SSE
Tabl2 Abservation results of salt sprayl[4ddepositio
Di st a Obser vat i(nogNaCrl ey | Open
Locat from Number wi nd
s e(l ) Mean Maxi mi Minimobseryv direc
Guangz 50 12.4. 15. 3¢ 5.13 14 SSE
Baoar 45 10. 4. 23. 2¢ 3.42 14 SEE
Lings 15 14.6' 17.6¢ 11. 3¢ 12 SE
Shant 8 31. 11 58. 2 9.26 68 SEE
Hai ko 7 33.1: 47.7: 20. 7! 10 N
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Zhanj

Songj

i 7 19.4° 42.2¢' 10.2 58 SE
Zhous | 4 21.5. 54.0 4. 75 42 SSE
Jinsh: 0(BO) 19.2! 29.8° 8.0 12 SSE

i 3060) 8.22 11.5: 5.41 12 SSE
Qingp 4675) 10.3. 12.5¢ 9.11 8 SSE

1. 1St2atus of bsprdiyngsé$i matealkzbnes
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st al areas adjacent to the ocean typic
itated external connectivity, rapi d ecc
ation and resources. Si xtyn pe0Cekmn of I
|l i ne. Il n China, coast al regions accoun
rt 45. 1% of its population and contri bu
The devel opmentuloar csoiagsrtiafli caarnecaes fhoorl
h . Driven by popul ation aggregation, ur
S have been undergoing continuous de
ment ation ofuprefmr b ®ha8nada do®penbagi zati on
dl y; by 2016, the urbanization rate in
nal avebl.agker omh BK¥8B5t%0 2020, the propor
60s coastal regions rose from 5.98% to 1
sSuclschbaegeonstruction and dense popul

e building climate environment a critic

ected by the salt spray <c¢limate, numer
al areas are subjected to severe erosio
natriyng ywdtes driven by fsoalntatsi pornaya nrde addeipl
crystals within porous building materi e
crystals in materi al OJ0porkeesy edxrervtert eonfs iel
e to buil di ngaldnvsdrogpy eradsirdml|l sot Son
i orati on, such as weathering, di scol or
eeling [GLIQwdlult matseri aldsices i nternal pr
e, reduced bonding strength, mass | oss,
i shedlidfur abielgimt e xposure to harsh salt

ficant threat to the safety, comfort, a

visually assess the current state of buli

Research Team from the Building Energy Conse
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of Subtropawcal Ui aehndcieng conducted a field su
traditional vill age dwellings -2)n. N&intsthat eDdi s.
sout hernmost tip of Guangzhou, west of the P
Li ngdi ngyango Bshteuasrout h, Nansha District feat
marine cl i matoaandwhergen tearmpédpatuireubhadl humed:i
and elevated air hubdhhdveypanosepmgiengdamgpneismm
wal | s, |l eading to mold growt h, di scol oratio
exterior wall tiles have detached due to mor
salt spray effectes,e whoi treeds alitr eadr ybsrtiaclkss aadnhd
and porous materials have | oosened with in¢

cracking, peeling, atnar midal tdegdmrcahyneenrtqgs iwa n hr

and durabiméi oys ovilInl age dwellings and signi
Addi tionally, during the author's joint tra
conducted on historical buil dings and cul tut
coast al city in northeastern Id0tsalry'oss nderde thoy
sea, the island hosts abundant heritage 1inc
monasteries, pal aceser mnsalbtr ihshpgse arye seuH @ seiedo hi anr
wal | pl aster blistering and detachment, bl oc
mortar effl orescence, sa#3@ing, and pulveriza

Porous materials in building envelopes are
environment al stressor st hauwc hcyaced eaci cal bai n

mechani smsdgeAceirdatreai nt hrough nitreird ved $subhf

poll utant gases (e.g., nitrogen oxide&d and s
causes severe corrosion to |imestone, marbl e
[1518 Frteheazwe cycl es-l ii@nwiod vephasod i dransitions

buil ding materials driven by temperature flu
equivalent mass of |l iquid water,cébeexpbnmet
stress on pore wal |l s[171lBe aldn ngorntor axatt,ergd allt d=a

noacci dent adeasamdal narl | mati c phenomenon acrc

climate zonetsermxecantnigndowngy er[8 9. vederdé ect b
salt spray climate represents the most crit.i

Salt crystallization is a <critical driver
building material s. However, solid salt cry
materi al s; the root cause of sudhthraoamdag e olrio
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buil ding materials under salt spray climates
deposition i n materialllpd®2 s Uasi kmei snlmadeyv
ocean grants coast al areas unique natur al | a
results in severe erosionheamd went hpuoong sél
di mini shes theider abfkitoy &zmassatvindustria
weat hering and damage to numerous precious h

significant | osses of soci al resources and p

4|

Fig. 1-2 Appearance of the exterior wall of a traditional village dwelling in Nansha, Guangzhou affected
by salt erosion
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Fig. 1-3 Appearance of masonry structures in Venice, Italy affected by salt erosion

I n 2012, China put forward the "Strategy f

Over the past decade or so, the-baswrdt rnynthags s
management of coast al Zz onxeesa ibttsanprad theg e p dt

pl anning system, anrdowmrnd dmaarlilnye fsopraneidalanu s elc

sea areas, i s | aaesp, lam dP2 @13 3Xd & nptrncepsds ed coop
initiatives including the -GédtkurRy aMa rEictoinmeni S
known as the "Belt and Road Initiative". Amc
five coastal provinceBuphdnmuGuangdbngj esghefP

I n 2Pr2@s Xdermimphasi zed accelerating the buil o

brought new opportunities for the construct.i
areas.

Against the backdrop of the mariti me powe.]
infrastructure in China's coast al and i sl and
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residents and marine workers I|live along the

heal t hy, comfoethibtieentandi winreg ggnd wor king

reliable, and efficient nmdisl ittoarsyt rfeancgitlhietni ensat
However, the complex and hadesharmaati enxrei zceldi e
humi di ty, salt <Smproasye,s ared edgteherh afld etngres t o |

hi gher demands on tshteanddeasridgsn odan dc otaesadahani ccad n

mastering the heat and moisture transfer ch

materials in salt Spray environments, and e
buil ding envted opa&lst aslppaydcl i mat es, are ext
construction industry practitioners.
1. 1A@Bplication of cement mortar 1 n cons:¢
Building mortars are categorized into Cceme
their cementitious materials. Among these, ¢
of cement, fine aggregate, and watneéd ymihxae d ein
It is widely used in masonry, pl astering, p C

struga3apfedBy mixing method, cemenxtdmomotramri gr

ofsi te) anmd&edeandy t ar (manufactured by profes:

Cement is a hydraulic cementitious materi a
even better performance in water. Based on a
into Qeneonakpurpese al-taynple swarciiagtlu repso s eGecneeme n
derived from Portland cement, i's produced by
and pozzolans to meet engl2Befer Fngeaadgteghhe
consi stgsr aodfe dwe lhlar d, and c¢cl ean natural or mar
4. 75 mm; sands are categorized byfifnemmegreades
Medium sand with gooddgfadatiuohm di sgpmeftar,
reduces cement paste demand while enhancing
water for cement mortar can be drinking wate
wastewat epeamiefitdcatgi ssn s, wiotmp| nanht orali nkt agd
prefRM2fpdOr di nary cement mortar has five str
and M2.5. Mortar strength depends primarily
cementgenterally, a higher ratio resuwlwes i n

streagtbh Unl i ke structur al concrete, whi ch ¢
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cobbl estones, cement mortar exhibits | ower s

Building mortars are primarily categori ze
based on function. Masonry mortar serves th
transmission, constituting a criticelgueampegn
used for masonry in humid environdenté® asd
brick col umns, bri ck ardcthyepsi,c aalnldy ruetiinlfiozricnegd
2321 Unli ke masonry mortar, plastering morta
water | oss, which hinders cement hardeni ng.
wal | plastering in civil buil dasgsti rbgut e xpea
components (e.g., plinths, eaves, coping wal
openings) adhumetdl!l t mswdirlghhops, houses, base
concrete beams, columns, rslraebssg taaimdc e b Ui B Qg a

pl aster surface and prevent cracking or det a

base, middle, and surface |l ayers. The base |
l i me mortar i s us walslty au eesd (fdaure Hkroi akhewal |his
mortar or cement mortar is applied to conecr
mi ddl e | ayer primarily serves a |l eveling fur
mortar. Ther susfacemhnily decorative, mai nly
sand, whereas cement morpgraaneda sofrpycpolelaibhsigoars s 8
as wainscots, base surfdzs&£s, window sills, a

Cement mortar is widely wutilized in China
serving as an indispensable materi al in bui l
role in safeguarding buildingosafugthy undemfsa ra

of the moisture migration characteristics of
of high temperature, high humidity, and sal
equations for moi staurectH addeeintaceemeinst morpar ama
effective protective and regulatory technic
i mproving the durability of coast al bui l dir

optimizing i nadmotor ther mal c o mf

l2Li terature review on related topic

1. Zalt andmepchhyasniccad]l properties of buli

Salt erosion is a prevalent cause[lddI9 damag
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2828 The continuous accumul ation of salt crys:s
strjga@P while the transport of chloride i o0ons
concrete structigr923B3 botglgeprsocwsgsosivdingni fic
the durability and safety of buil ding mater
research has examined t-meclkédiecals pfopadti @9
of buil difbgo%®hteri al s

Mechani cal propertdesaclodidibrug | domgr esadieva a:
strengt h, el ast-scramodataescesmanhdcatrmesrics fc
durabi lity. Numerous researcher fli®evce scorfdusa
the mechanical properties o8B)poGouvuenbuthlkedienryg
of cement mortar in construction and the si
materi al , research p-baear ibluy | @ o[B8 @RLenas alnii mdes
i ntrusion met hods empl[lo38 €3d84 B n csieunthe r[8 §4Dh i mme
4 44 § wety c[4r4led§ and sal tfl&@R48By weydhl eax=st du
varying significantly based on specimen si zZc¢
examined are NaCl and Na SO ; while the mech

these two salt crystaldsi fwietrhi nb og dir oiunsd umeet eeri

buil ding materials. Previous studies &dave | a
either i n si ndgadne tohre-me lxyesdiné¢f@aoalmspr operti es of
Due to variationti ¢ at isres,i mexp erpiement al pr ot
characteristics (e.g., type, mi x rati o, and
mechani cal property metrics-31 anak nlcy mpanpad iyl
per centgaeg eo fc hemaanch mechani cal property metric
mechani cal properties of building material s.

1) Compressive strength

Compressive strength denotes the maxi mum |
area when resisting external forces perpendi
mat eri al 6s capacity to resi stinpdiacsattiocr dfeofro rem
the mechanical properties of building mater:i
cubic compressive strength and axi al compr
specifications and tesubhg mempodssi Bpecsifiea

guaranteed compressive strength value measur

10
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test

mml 300 mm

experi ment al
frequently
met hods

protocol s. Axi al compressive strength,
prismatic specimens f ol [[40Pwi ng st
research, both types are empl oy
utilized. During the salt i ntrus
predominate, wher easmnsoanl.t spray test

Tabl3 Slummary of relevant studi egnear atnh e adf fpg otperd
porous building materials
Rat e
Rat e
chan
) ) chan Rate Meth
Liter Typ Rate i n ) )
chang in chang of s Experi
re Mater of Comprflex .
Ve elasstres intr al Pe
Sour Sal gi¢rer | e
mo d u i ool /gdd n
®c stre
u s
thf
3%
9 %
N aS Ful |
Yanegt Ce mer 4,29 -7.5¢ ]
O4 i mme 7-21lays
al? mor t -13.9-22. ¢
5 % on
15%
NaC
5% -
6. 67 Ful |
Seet Cemer NaS 54. ]
2.70'i mme ©6mont |
alBs} mort O 43
21.8Z2 on
34.5
5.1
Heet Cemer ) Wedr
3% 18.0 120y cl
aliy mor t cycl
5% )
8 % 24 .1
5% Se mi
Huan Cemer ]
N aS -8 % 12 % i mme 12ays
et B4l mort
O4 on
N aS Se mi
Maet Cemer -4 0 % ]
O4 -2 6 % i mme 42ays
almp mor t -6 3 %
15% on

11
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N aS
Os
Cheent Cemer
3.7%9
a4} mor t
5 %,
10%
Cor a
Wue t 69 o
r -
apsp 299T7¢€ °
conc
Zheat Mor t 5%
16!
alll} Bri c NaC
8.61
13..
NacC
) Rei nf
Qi a&d
ed
al4? 2 2
conc
N aS
O4
20 %
NacC
Y a negt 3% 2. 4°
Concr 20%
al4h -15. 0 -16.
N aS
Oy
4 %
10%
20 %
Yarnegt 8% -19%
oncr NacC
al4p &% 23% 31%
N aS
Oy
Zhao Asphe 5% 4. 2!
al“4® mi xt NacC 42
Ce mer
Azewvwe mort 5% -
_ 28.9
et Bal (mi x NaCcC 24 .1

wi tfl

91%

25%

-1 0 %~
30%

We-tdr
cycl

Sal t

spr a

Sal t

spr a

Sal t

spr a

Ful |
i mme

on

We-tdr

cycl

Sal t

spr a

Sal t
spr a
4 +18

7T ycl

3 ear

300y c |

100y cl

6@ay:s

l1zycl

l1zycl

300 |
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slud
2%
Fran: ) NaC
_ Bric Wedr
iet 8 % 24% -27.! 6cycl
mas oI cycl
al[3B N aS
O4
Borg Sal t
1@ -7 %~
et Grani spra 15d0ycl
NaC -62%
all51l 4 +18
Baro 14%
Nat ur We-tdr
et NaS -32. 8 8cycl
ston cycl
all5? Os
Mar c 10
Sands Wetdr 6&50
et 14% -56. 5 56.¢« -25%
e cycl cycl e
all5B NaC
Ma et al . at CeptperabmiSoed hs Whi aee sat yack

mortar specimens under varying humméersiyomang?2
mm depth) in 150 g/L (15%) Na SO solution.
7, and 28 of gi mA®PBi oadudt in@dmnin compressive

Chen et al . f y[dn nHoehsatii guantievde rtshiet ef f ect s of
5%, and 10% concentrations) on the mechanica
specimens -Htoyi mmecygcbers. They observed that

t hen dechr eanscerde avsiitng cycl e counts, peaking at

Yang et al . f r o[4np sTuobnjgejcit eldn ipvreirssmattyi c conc
i mmerdariyoinng cyclic tests in 4%, 10%, and 20%
A separate group of specimens was continuou:

NaCl solution tooamandbhwmageché&mecakamr dsund t h

|l oss rates first decreased then increased wi
initial salt crystal formation primarily fi
saturaweder ,h continued crystal deposition a
Additionall vy, concrete immersed in 20% NaCcCl
strength | oss, while 20% Na SO I mmer sion r

peri spectieel y.

Huang et al . fr om tYa pnygetazseu rNeodr ntaol mpU nei svseirvsei s

13
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rates of cement mortar spe<«Sim@ens dwistalgewsa rf yil

mont hs -iorhmesresmion (60 mm depth) I n 5% Na SO
exhibited 8.8% and 22.9% compressive strencg
respectivel ySi Owhernecaosr proarmd i on reduced such
speci mens.

Yang et al. fnrcg@nfuBuaniwanm i Busvicombi nati ons
( 3 %, 6 %, 9 %) and NacCl solutions (5%, 10 %, 1
mechani cal property deterioration in cement
found that detertoar atiighheri stue i @it fei e¢edbnwentr a
sul fate concentration, increasing chloride
solution reacts with cement hydration produ
suldtaheeeet e primary drivers of cement mort a
chloride salts do not react with cement mor
mortar, thus partially inhibiting sulfate at

Zheng et al . from Xi'an Uhioylsficointdy cé fe dA wel
dry cyclic corrosion tests on mortar, fired
solution. They observed a significant decrea
number of salt spray cO00Orogcbascythescompesns
rates of mortar and brick reached 6.16% and

Barone et al . at thdsPdomindeicsd ietdydraognimeGaic® mil
corrosion tests on Sicilian natural stone sp
compressive strength dropped from 6.12 MPa t

Mar co et al . at Portugal bsBeRpbgedclmindst o
i mme r-agsriyoinng cytklldés NanCl 1% | uti ons, assessing
various cycle intervals. Compressive strengt
cycles, and 95% after 250 cycl es.

Azevedo et al. at Brazil 643 basdessledUriompnr
strength changes in mortars with 5%, 10 %, a |
using spray generated from 5% NaCl solution.
showed the most pron®B8®ced strength | oss, at

Borges et al. at Portugal[®k Pelry tHNgsHadilct 71 n
spray protocol s, evaluated axi al compr essi Ve

14
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buil ding

decorati obefnrors@udme asftteem PDHO tuaglat

(75 days total). They found strength reduct.

Synt hesi zing -itrhdeuscee s teurda seisgn stayipi cal |y r ed.¢
of porous building materials. Salt crystal d
potentially inducing an inurialg eactgase aige ¢
However, as crystals continue to deposit and
ulti mately causing materi al degradation and
primarily wunderigno cpédhyesretdc aporchasrgmeast eri al s, w
i nvol ves both physical and chemical process
products to form ettringite and calcium sul f
both chbosiudéataen ar e Opdruees etnot ,t hcehilro rsi ndael |i owc
di f faufsaromm Na Cl crystal siltOh0a tn nf)i,| Id esnusriffaycien gp ot
structure and thereby p[a7y4thi ally i nhibiting s
2" Flexural strength / Split tensile strength

Fl exur al strength refers to a material's &

pr
me C

gen

(7]

efined

ne per
S
ch
di

—+

as

ng,

- T »
> O <
-}

e
exur al
t hr

Zhao

eat
et
an
und
After

er
12

I marily
hani cal
erally
approxi mately
as

one

concrete.

-pfodi unitmme t hod

t o

alyzing

coupl ed

he

i ndex

than their
1/ 5 t

maxi mum

britt]l
wii Il dii mg mmatt eerr

reflecting t of
property

| ower

strength
for
compressive stren
1/[49 &ipliits tewmbi ¢ ec
by test
di

t hevalmpatritraghtt h en dfi Icexsu rf alr

0
|l oad borne

t he

t he a

pendicul ar to |l oadi ng rection

of perfo
Fl exur al -poti mé n dtem dgi anigrt tiam gl
wp aihn tt hbee ntdhirrege met hod mor e
be

porous

commonly

can al so applied to
buil ding
durabil ity ofilbdiiidgls.ng
Dd4Busedl iS58 NaCy Yol wueir ®int y o

com

split t

strength of mat eri a

t he structu

al at

the flexural strength of three

stahl @& w scpyrcalye sa nadc rforsese zfeidlBrACQ ur i n

cpgel spect menthypes exhibited 42. 3%

15
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fl exur al strengt h, alongside 56. 5%, 53. 1%,
respectivel vy; notably, the maxi mum fl exur al
curing temperature increased.

Zhang Ke et al . [B&fexCphangd aas pJma lvte rmii Xtyur es
water, 5% NacCl, and 10% NacCl solutionmdgyvia t
cycl es, -tamadw fcryecelzees , assessing theademebhghi

humi dity condi tieomss | ei atspephgth and chlori de
treat ment <cycl es, Sspecimen porosity rose pr.
specifically, after 15 continuous i mmersi ons
12. 98 %, 19. 82 %, and 29. 4d3r% rceyscpleecst,i v@®.l ¥ 6 %,af
46. 04%; and -tafatwe rc ylcd efsr,ee2z29e 95%, 49.72%, and

Yang et al. affd pExmgni nednibwe msitthye damage t
NaCl and Na SO saltdrygrggthkebi anti ohevuedesi w
in 20% solutions of thesedrgalctysc.l elSh e ys pfeacu ma
strengt h efdi rtshte ni erceaesas ed, with a 19% reduc
after 12 cycl es. Il n continuous | mmersi on, f
7.69% (Na SO ) after 30 days, and decreased
days.

Ma et al . at Ce MtDeabp | 8 g 8 tdhhnmsed nsiivoenr siint y150 ¢
solution to invesitindatedsphysiccglstalrbsizahi ol
varying relative humidity amimetrsmmper atsipree.i mi
watceerment r aetxhoi boift edd. 3657 . 68 % r esi dual fl exur :
RH, whereas under 35AC and 45% RH, flexur a
phenomenon stethsi ¥eamt hamsé@iot jmati ons bet ween
crystal s, wiatlh heunnviidriotnymefnl uct udathidocedexaosit lo

cement mortar.

Huang Qi an et al . at[3Maowgnd et Neotr meafl t eUrni v r
I mmer sion in 5% MNsa ©dOnt asioniuntg omne menmtn omor t ar
fl exur al strength | oss ratesSi O7. &%, ddsa¥Pesar
3wt %, and 5wt % r es.p2e%,tiand y2. la%3lif Oir. 884 t8Bme ns
dosagesSi ONamoefines internal pores in the n
hindering sulfate ion miiignmdauded damager.us mi t

Franzoni et al . at [BtBaxgdsné&di vebesphysb€abB

16
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split tensi lreeisnfreerngadh cod mefntbietri ous matri x (
to i mmerrysiimgh cycles in 10% Na SO solution ai
6 cycles in the salt solutmpwnsi ttdhespediimenser
by approxi mately 27.5%. Bonding mamagsormdy a
joints and the mechanism of salt crystal for

Azevedo et al . from Feder al Brhbcovedsct gd o
accelerated salt spray teidb$®% ehubdgmecmot eat
NaCl solution, following relevant standards
hours) showed that the flexdO&l, sandendtwh sdfuc
decreased by 4.84%, 7.53%, and 24.19% respec

Synthesizing these findings, the flexural
salt exposure is a matter of broad concern.
concentration, and cycle dur atamnmatcearoisal sst:
varying degrees of reduction in flexural str

factor contributing to damage and di minished

spray environments.

3€St r-eetsrsai n curve [/ el astic modul us

Stress refers to the intensi-gdgctoifon naferaall
member, where the nor-snatticompiosé@MPramalanden @s
tangenti al compdiMPa) ;i stshearisntbesretheri v

in shape and size of any point within an o
mechani cal guantity to describe the degree

concrete as ansterxaimplleaywmn gisq-d&Btirgeusicsée udes segm

the |l inear elastic stage,olwbdgoredpAd, nthd mat ¢
the stable crack propagation stage, with st
exhibitingcpeémassiiccshawhile the stress at cr
| oh@rm compressive strength. The CDE segmen
specimen is macroscopically compl eteltye damac
compressive strain; beyond inflection point

convergence point, after which the main cr

(@]

apacity becomes extremely | acawmanarcdaliti nterp

—

riction within [4HRe Ifmr atghme nitiende aro neclraedtei ¢ de
strain at any point s alt)i,s fwi tHo otkheedb sp rLoapno r(tHE qc
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known as the e[bBstfioda mepdewlivmse n(se)under uni dir
strain relationships-2area8§i (hpl i fied to Equat

IRERC

L)

35.0

30.0}
BD

= 250t
g 200}
Z 150 WSRE
b
1000 1 BiBRRRA
5.0 WA S F
0.002 0.004 0.006 0.008 0.012
0 0001 0003 0005 0007 0009 0011
Fig. 1-4 Stressstrain curve of compressed concretg49]
o o o " [ alll
e, r-t (4)
u;- T ‘ ” ” r _T
” !O- (-2)
-=-= - (B)
Wherein, E is the compressive elastic mod
modul us for short; G i scithetlshelnat moalul aenbDI ¢
call ed Poisson's ratio.
Su et al . at [SThngjoindUWot edr suintiyaxi al compr ¢

specimens wit-demderdtf erainit osvaéepos @l montstud ftad
obtai n tshteriari nstrreelsast i onshi ps. Results reveal
decreasemantAHd eadf 6er osi on ,-c esnpeencti nreantsi oviafh Qa.
6. 67% decrease in ultimate stress, a 60.98%
i n elastic moduicesnenthosae¢e i wi tofi & .wadu lexihmati g e

stress, a 36.96% increase Iin ultimate strain

18
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with @aewatnegr rati o of 0.42 displayed a 21. 8¢

i ncrease in ultimate strain, and a 34.56% de

He et al . from [XVTemplhogedUndeiecisngigBalt S
concentration) to examine mass | oss and rel a
undefrdrwetcycli c corrosion. The relative el ast

foll owed by @dgeekedswptcydl wef then gradually
cycles increased. After 120 cycles, the rela

3%, 5%, and 8% salt solutions decreased by 5

Chen et al . fr[diosHahadlia WO v erodiutty on concer
wedry cycles as experiment al p a-s & mal peurrév,e sp| o

of cement mortar at concentrations o-fr Y. 5%,

cycles. Ald ciuwiviekesd wient o t hree stages: l i nea
failure. Thédelravtidc f modu it s xlhii rbe & re de laa g triem ¢
increase followed by decrease, peaki wgtyat 4°¢
cycl es.

Wu et al . from the CHSipdaedd | Adademye osfa mpdie
aggregate concrete in the Sout-BtChinacBeuaeasat!
mechani cal testing system. They observed t h.
approximately | ineaesseartiopmenantn wmat ht ai ni n
after peak stress, the curve dropped sharpl:
Under-t éomgsalt spray exposur e, both the stre

concdecreeasedoniogmibfiiycanhleyel ast iitOMmomml furso |

the surface dropped by 91 %.

Qi ao et al. from LanzlHhdopdi abbni cat idt y eoihf ©e
specimens using four distinct concrete mix p
drying erosion tests, with salt spray gener a
0.16 mol /L Na SQ us. offhealell afsadurc snpoedcui mens i n
the experi ment ; yet as corrosion cycles acHt
degraded the concrete structure, | eading to
modul us.

Marco et al . from the PolytfgeREbnoculdaedt f DuU

sandstone types from the exterior walls of t

19
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to accelerated salt spray testing. Untktaxi al
strain curves, redepl cpgl ebatthét epe@Omevres
change in maximum strain, tha@aégb7eheAftelasd
maxi mum strain decreased by 24.60%, and el as
I n summar yst rtahien scturrevsess and el astic modul t
under salt erosion are also topics of widesp
pores typically Il eads to reducsetd aulInt. i nTahtee es
mo d udlduesr i ved from the dtimeiadgeergmanlty oé&xisit bie
of initial increase followed by decrease. Th
crystallization fisl,| sr etdluei pgr @egoroki speanunhen
reduces strain under a given stress adirdy t hus
cycles continue to accumulate, internal er os

and mechapectal ep [A4Mdpbdet eriorate

I n seawater or salt spray environments, S i
alongsi de water, and as water evaporates, S
pores. The expansive stress gememwodt endhtley i &l
and diminished dutabduketdydaGiageni mpactsalkthe
engineering structures such as -beptdlyestpuciress
been conducted onntbal ppbyspelndd @ad drondnteemimelng |
salt envyrehméngsa relatively c¢clear under st
by which salts affect their mechani cal pr o]
concrete ilorpmdeéneed ocathr osi on, and chloride

shaped by multiple factors (including pore
concentration), the theoretical mod el of c
ref i naenmdenitmp M5/ & me nt

1. 2S2lt and microscopic pore structure

Under dififnduertd ealotsi on conditions, the f
pores of porous building mater[l8@8% BUumMmer sus”h
scholars have carried out experiment al i nve
i ncl udi ndg436i0tnk s tsam@ $6 @re b[A3,c kmp43)t, arand r epali
pl ap6ler These studies have focused on analyzi

and various alterations induced by salt eros
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since the physical and chemical propert.
I mpact on the pore structure of por ous
reviewed below by salt type.
Tabl4e Slummary of studies on changes in pore
i nduced by salt crystallization
| ni t I nit .
Fine Fina
) por o por e Sal t Samp
Liter. poro . pore
Mater Sal y diam intruloca
sour ¢ Yifine di ame
Lor (g% lNforig met he n
( %) rei(8m
) em
Koni o] Full I nte
k M.t Mort NaC 23.7 14.(C0.02 0.03 immer and
1B n sur f
i 0. 4
Rodr i
_ N&S O 0.5 Uncha Ful'l I nte
-Navar Li mes 18.
4 20 0.2 d i mmer and
C.et e 10 ]
NaC 0.0 " Uncha n sur f
1l
d
NaS O
Hendr i 4 31, Parti
. Uncha .
Ret &€ Bric NaCcC 33 31. 1.7 3 i mmer | nte
[6 36 1 Mg S ( 4. 2 n
4
_ N&aS O
Espin 13- ¢ i
4 Parti
Mar za Li mes 11. ]
NaC 14. " 20 I mmer
R. M.t e 13.
Mg S ( n
[4 5 12.
4
Na&S O Ful |
Angel Sands Uncha
a 3.9 4.4 0. ! i mmer Sur f
et [&a]l e d
n
Koni ol Ful |
k M.t Mort NaC 12 9 .-&4. 0.05 O0.05i mmer Sur f
1B n
Koni ol NaS O 28 Ful |
. Uncha .
k M.t Bric 4 28 28 0.5 q i mmer Sur f
[4B NaC 23 n

21

char a



Doctoral Dissertation of Politecnico di Torino

Cacl
) N aS O
Koni ol 15. . Ful |
k M.t Mor t ¢ 12. ! 16 0.0 O0.05 i mmer Sur f
4B NaC 16
n
Cacl

Ful |

Bar en Natur NaSO )
6.2 22.%: 2.00 2.75 immer Surf

alls? ston 4
n
250 Parti
Lubel Uncha
Gy psu NaCcC 58 52 30 i mmer Sur f
et [@H d
0.0! n

I" Effects of Na SO and NaCcCl on pore structutl

The most commonly used salts in research a
most abundant[l4lalb®s Tihre speaawetregyr met hods for s
materials are full i mmer sion or partial i mme
empl oyed. To analyze changes in pore structu

of porose tyi maemddipotrri buti on are performed be
specimens. Since sampling location significa

to specify whether test samples are taken fr

The influence of Na SO on total porosity
mercury intrusion porosimetry (MIP) ranges f
the gravimetric method i s d&flarghltilwetsttoaserad il ¢!
pores and | arger pores, the rie8peati®@0 ®.%por o
Na SO exists in two crystalline for ms: anh
(Na SO L10H O), whose distingtredubomesngowmnen

owing to the coexistence -foifl Itihreg er dtwe d for tmis ¢

bet ween two threshold values (approxi mately

crystallization fildkby |llacwermri nigntpaomadi tpyorlek:
propose that It di stributes across pores of
reveal ed that salt crystals grow along ©pore
pores to a&litzer dtitsea rpdomue i on; additionally, a
crack formation in materials, further contri

NaCl exerts a more pronounced influence o]
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Research indicates that the maximum porosity
crystals can reach 47% [13] and 50% [11], wi
4% [45] and 10% [62]. While crgsttaahéi mat ewoina
a substanti al reduction in porosity is pri me
Na Cl crystallization in brick samples alter:

pores exhibit a tendeéelnowgveowasdmrkeduced Bblaz8
crystals in samples is extremely small, so t
caused by salt crystallization remadiwh®rlei mit
mat er isailt ypodeocr eases progressidvehyeiwli th ©tnci
mechani sm drnidwicregd MwahGlsi c al erosion damage t

2" Effects of other salts on pore structure

I n addition to NaCcCl and Na SO , studies he
such as MgSO , 6NaNOhg paondeCaClructurfd3d poro
6 bR Contrary to Na SO , under identical ma
crystals occupy both | arge and small pores
reduction in porosity w28®O0&a36@axiitnmsu m ndfelcur eenacs
material 6s pore size distribution, however,

i ncreases, porosity decreases gr5agdudai miyl,b amwi t
NaCl and Na SO |, NaNO al so alters the pore
pores to PBlBalCreystsalzleiszati on experi ments usi
conducted on brick and mortar speci mens. Re
significant effect on brick porosity, while
the poeedvetumbut idonmta@alhdryacti enrcirsetaisa sng-the p
shaped pores from 76% to 95%. All three salt:
i ncreasing their poroBity by approxi mately 2

Based on the above findings, the process
mi cpore structure of porous building materia

di fferent salts deposit wi t hi nmatl He r mgptoareisa |l

ot hers occupy | arger ones, and the underlyin
combined influence of factors such as exper
solution properties, amdcharyastltad padsetpFocsant i @ n
mi croscopic perspective, the complete fillin

mi nor alterations to pore volrymeatilsstanbbei a
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di stinct crystallization modes of di tfgfaesr ent
i nterface within pores and, with sustained s
pores are fully filled, whadrlesasanNa g3Q@ d ucarlyl syt

along their[lidmhB surfaces

Moreover, the same salt can al sfb319&krt varl
For instance, in experiments with full I mme I
porosity detb.e6a% eadn doyp o2rfle®% whiel byabohmer st uc
full i mmersion in NaCl solution caused a 3.5
i n po@& sUnzdeer full i mmersion in NaCl solutic
with no significant chlhngetianpothersszeadgi $§0bD
porosity decreased by only 1.9% [@dhdeTrhepaert
di fferences stem from variations in the prop
and due to the | ack of unified experimental
depending on their Bessedr ctths sgeolaadltsi oandc ohoe
i mmersion/ drying duration, drryi rdiyldti3éesbp3er at ur
6 46 76 B

1. 2S@8lt and moi sture transport propert.|

Moi sture transport properties are extreme
envel opes: they are not only <closely[710i nked
7RPbut also significantly affect buil dfj9ng ene
107B while acting as a key factor in analyzi
on the inner surfaces of buil ding component
strug¢rtddaphes

The coupled heat and moisture transfer p
coefficient, t her mal conductivity, and heat
moi sture content and temperature, ewhgdtei owat
i nfluence energy transfer thr ffibghCuarsrseorcti art eesd

has developed a relatively thorough under st

moi sture transport in porous materials, with
t his pr7olc esiswever, i n practical coast al engi
porous building materials typically contains

driven by salt dissolution and crycltadilozati
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including density, Vi scosidttyh,e rseryf anmtoed i tf eyn sniga
moi sture transport pEg&esses i n porous mater

I" Effects of salt crystallization on moi stur ¢

The porosity and pore size distribution of
that determine the moisture f1lr0a g1s3p b r tWhpemo me r
solution contacts porous material s, it pene
permeation; as moisture evaporates, salt cry
[19628L The formation and growth of salt cryst
the material 6s density, which not only redu
buil ding materials in humid air bnufl96adl so | o
However, when | iquid water penetrates the in
accompanied by the migration and redistribut
which the delyisgaé¢scenmat e ons chradr@grey\sweif c Isead ta fcfr
moi sture transport properties [@ARBRSBLiIi | di ng ma

There remains considerable uncertainty reg
of salt crystallization in porous material s,

alters the porosity and pdriye ngt tiheti ur enoo fst ma

NacCl , the most abundant salt in seawater, [
buil ding materials: wunder partial seawater |
soil water, disselvaedeNaGFr péneoratwuses bubhl dir
undergoing continuous permeation, mi grati on,
NaCl solution in a given regi[8B85brelAtchckise ss alt a
shown that NaCl crystal deposition induces

coefficient of porous materi al s[8fhialned isn ami d:
phenomena have been observed by numerous sch
materials foll owing sat (458 eld Farbasnokrep tainodn Gorfa
examined the effects of Mg SO and CaSO L2H
properties of ceramic tiles, finding that g\
200m ebel ow the speci men sruartfea;c ead drietdiuocn anlgl yt,
absorption coefficient decreased due to the
capillary water passed through this zone, t
MgS@roded specomphisont &ee fafbisci ent remai ned

crystallization did not bl ock i1 nternal por e
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coefficiertroadfedgympercmmens decreasecdribydeldal f
speci mens remBBifned unchanged

Espinosa et al. reported consistent findin
due to the blocking effect of salt crystal d
exposed to the three salts wee[dbalTlholugve rN atCl
created the narrowest Dblocking zones in mat e
resistance to capillary water, a phenomenon
progressively to fully {68y potematdelrynga
significant reductiondithimoassoréentdraasperth
by NaCcCl crystal | ayer sf[438ddduldede @t éhre, eotalpeorr as
demonstrated that salt crystals deposited on
thereby enhanci n[@Qc a)siilnlgaray dadderrpetnitormppr oac
Hendrickx and Roels investigat-eadnt @ienimog smaltr
vi aaay tegehs@pl adyey dried saturated brick spec
di stribution of NaCl and NaNO crystals wit

absorption expearyi mematgsi,ngandev¥al ed a | inear
absorptiien endefand capillary moisture conteni
crystal s, in contrast to the aforementioned
crystal deposit s, measured capill argr pgntoii st ur
coefficient decreased |inearly.

Z Ilnteractive effects between salt crystal d

The deposition of salt crystals within por
pore structure, thereby changi ngl®hpe7/8pat er i a
oL however, the content and distribution of
the migration and crystallization of [3@mlts a
599 P On one hand, the ongoing migration of s
evaporation of surface moisture drive a ste
gradual accumul ation of salt cewsbgl sonwkhnte
gradients as they migrate toédwdhnud ,thdemat srtira
salt 1T on concentration and crystallization i
of capillary moi stfdrues i @ams orwp ttihon han dnaitcemr i dil
being the mog¢5t9 Br iOni ¢ ale foachtear hand, the por.

materials also exert a significant i mpact (o
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st
on
s u
p o
| a
Ad
f a
Vi
t h

st
e X
ce
pr
s a
an
t h
cr
Wi
wa
oV
qu
t h
cr

ma

ructure with few micropores confers super.
por ous[9 fnatsarlitalssol uti ons i n micropores a
persaturated state (generating more salt ¢
re Wa&9® s)and as salt crystal content i ncr e

rgedwlpem etshi s stress exceeds the mdakrial 6

ditionally, the migration properties of sa
ctors including mater i al moi sture content
scosity, surface tension),erlatquried aénodnt hawmi
ough their underlying microscopi8 op@chani s
Th mi gration and distribution of sal t cr
rongly influenced by moisture content and

g
e
n
hibits a clear trend where under siaddntciomal
me nt mortar, the more moisture it retains
erties of porous mat er i allsOlla rCh nlveads |tyq
S in porous materials can only migrate a
f

l uctuations in moisture content of por ¢

d

e | ocalization onM[l16&GR0JS Adrry shuwrhi dactcyu nfud ratt h
ystallization: when ambient humi dity exce.
t

in porous building materials absorb wate

® - On

rr- vapor i s fabwmornmaead, stahay at eansalt solu
[X01mMed 0.7 Under repeadetli gugstahtezatyicobes

-

ntities of salt can induce ong#6fliOjBg Genveni o

e

a

e i nterplay bet ween t he moi stur e propert
ystallizati on, the microscopic mechani sms
t

rials may [dff freark isnugb stthaentmiadrlayt i on and d

us buil ding materials remarkably compl e

1
® O OO uv

ractive effects and mechani sms between s
The above studies provide valuable i nsight
moi sture properties in porous building ma
e extent to which salt crysttlesonft emor oumg
mai ns unestablished. On one hand, discrepa
factors such as the pore structure charac
ncentrationmet lbaadd, |iamdk rme @ &r0EOmeonnt ttheec hontil

nd, the deposition of salt crystals alter
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transport and storage properties (e. g., Caf
content, and saturated moisture content) and
water vapor permeability coed[fpPecét @Bt lam dt uvergnu,
shifts in the moisture properties of porous
pores, which in turn governs the migration ¢

the deposition of sabtuceyptapsrtndschanmeas
process that further complicates moisture mi

coast al areas.

l. 2Rel ated researclhrwaotackaythr om t he | ab

Guided by Chinads mariti me power strategy
Guang-H#ong -Klangu Greater Bay Area, and addres
faced by buildings in Chinads coasthlteamgi anh
the Building Energy Conservation Research C.
recent years. These efforts areg escltppbet dldtby
Natur al Science ORdlemad a tainaneMafsasnCdT ir Taraesrfma | Per
l ndex System of EnMemiope€l i matExtZemes tHHot No .
Proettthe National Natur &i R8écsieancéd BoulCoatpi e
Mass Transfer and Energy Conse-Huai dorCl i ma tBi
Conditionso (No. 51938006) , and projects fr
Buii lnahjn d Wrchhaennce ( No. 20222zZCO02, No. 2022KA03)

I n 20180jasXxud red ceramic permeabl e bricks

typical summer daytime a&afifowati eefconidntibas Sc
(Dongsha Island, Xisha Island, Nanshad | sl and
vitah e rhmoari dity climate wind tunnel experi ment
coefficients of buil ding materials wunder dr

effect of salt spray on the hemdnstrawasf ;D s
pronounced during the hours around midday, W
coefficients was mini mal

I n 20 1181]0 ePpalni cat ed -Hthmrei & xd arednet ihmns of Sout

in a dynamimi dihtty malli mate wind tunnel. He ex
salladen humid air, met eorol ogi cal factor s, |
mechanism of ceramic porous material s, propo

and fsgpetcarfic correction equations for the ¢
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both fresh water and salt solutions yi-<ld su
umi d cl i mates.

I n 2019[11]]Hunaegtigated the effects of wvari
relative humidity, wind speed) on sal-t conc
humi dity climate wind tunnel experi ments. H ¢
i nfl gesaih concentration in the wind tunnel 0
the actual at mospheric conditions of typical
he proposed salt spray concentrdtiscenaonbsol

I n 20[19)2ddressed technical challenges in w
theoretical anal ysi s, numeri cal simul ati on,
constr uenmeead haenr alylrhaummicd itthye rcmhailmat e wind tunn
tocha eve multiple wind tunnel parameters, an
parameters (wind speed, temper awauvres , r ahduind tdii
rainfall, and salt spray) i n t hvweawea nrda diuantnieod
the wind tunnel was also established.

I n 202 1]8bMadwcted accelerated salt spray c
tunnel experiments wusing ultraviolet weather
wi t h -bweasteed pol yur et Hamse dc aeatriyn g sc, dwsestiteddngs, a
coat ithggst assubj ect s. He explored the relation
various heat transfer coefficients, and by r
met eorol ogical days, analyzed the fwaat atrans
coefficients of building coatings after surf

I n 202[2]]#Maosed on glass (a transparent bu
the effects of salt deposition on glass sur
coefficient, and the variation | awsyofamwdsi |
shading coefficient with deposition amount \
tunnel experiments. Additionally, through si
examined t he influence of s ailndoadetphoksri ghla to n
environments, envelope heat transfer, and bu

I n 2023, hDodHeyead gon -aslatmptl-t eneye eha lgthr i n
areas. Usn mtgora UM tequi pped with a sampling
analyzed sources of sampling system errors,
concenmeasuoerment s, and established an ef f ¢
experimental smetffaceédBal anear
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I n 20231 1&ddamegssed chloride deposition on
proposing an efficient sampling method by o
compared and selected analytical met hods for
t hmst hod to test chloride deposition charact
River Estuary (Guangzhou), analyzing correla
and chloride deposition quantity.

I n 2023, [IMaAhgcwowed on air salt Sspray <con

devel oping a method to determine salt spray

measurement s and l nvestigative studi es, h e
met eor ol ogisc,al ofcfosrhdoirtei ochi st ance, and bui l di
concentration distribution. He found that a

spray concentragi/onn, bwhupetentPtbsdéd buil ding

sadpray concergfmti on to 36.79

I'n 2023[118Bsedi dml | i mmersion in salt solut
i n aerated concrete speci mens, then tested
water vapor permeability coefficients.e He f o

absorption performance of aerated concrete,
with moisture content: it enhances the coeff

| ower moi sture contents.

To summari ze, the teambés studies on build
conditions fall i nto two categori es: one f ¢
climatic par amethams d reewli iroatmemd s hm&amtdale st
platforms; the other involves analyzing how
materi al s (e. g., evaporative cooling capaci
coefficient, heat transferti onsef fisailantgprtahyr
measur ement , and accel er atdedthalstt usipreay ome
mechani sms of building envel ope materials un
experi ment al met hodasct hecladls vail grei ffiocrandevpel o

performance systems and advancing energy con

Whil e heat transfer occurs in building en
pl ace. The moisture transport properties of
of building structures and buciolndpilnegt eedn ewogryk c
primarily focuses on the heat transfer and

without exploring their moisture transport p
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on existing research, the team wil/l conti nu
properties of porous building materials in s
o f building ther mal perfor mancearaemd, e mer gwe |

objectives of the aforementioned projects.

1. Budmmar yevahdati on

" Physicomechanical properties
I n coast al regions, under seawater or s al
porous building materials alongside moi stur e

threat to the safety and durabetchapniocflsproe
of -lsaddén porous building materials halvne | ont
earlier experimental studies, the primary sa
sSsubjects encompassinglcommem @aenstomectiten ma
a

phal t, and natur al stone. Met hods empl oye

> nw < 9

cluded fulll I mmer si or,r yp ar¢dtriyamre yicrnreesr)si am,d
cling. Keyommahmhaei matripesftested included

-+ <

rength (splitstirmgnstcuewvegtsh) ,angt redsassti ¢ mo

nw un O

c

mmari zed in two aspects:
Firsi ndsaktd erosion | eads to the deterior
il ding material s. Generally, hi gher salt

-~

sult in a greater rate of dechgnéhienemat gr
peri ment s, salt cryenalhndepgsimait @émnehhy ab imk

me cases, Iimprove properties |ike compress

O O X o cC

ntinues to infilteahaa&niacnadl apcrcoupreurltaitees, dfh e

c O u o

ti mately degrade.

Second, NaCl primarily undergoes physical

S erosion mechanism arises from the growth
e resulting expansion stress edceepdskith@g :
mage occur. I n contrast, Na SO under goes

sed material s: sul fate i1 ons react with ce

|l cium sul fate, a criticeali adrsi.veNotafb!| ge graa

Z O T o
o9 v 9 o I -

SO solutions can effectiveldased tmagtadrei &lh
Il n summary, extensive prior stdeiped khaat yc

of how salts affect the physicomechanical pr
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the patterns of mechanical property changes
body of work holds substantial theoretical v
of buildings and infrastructure in coastal a

2" Pore structure and moisture transport properties

As salt crystals accumulate within the int

modi fy the material sd porosity andd@®mareg si z¢

t he most critical char actodearries tyi Ictss eotlf tpoo rtohuesi
structure, the moisture behavior of porous n
key research focus. When salt solutions pern

concentration to rcihseoumtti Isadat wrraytsitoan ,s atr ew

bl ockage by these crystals reduces porosity

i n moi st ared parameters such as <capillary a
contenatemandawor permeability coefficient.
The mechanism by which salt crystallizati
materials is notably complex. On one hand, t
is influenced by multiple factroomer tmaetser i arh
humi dity, and the deliquescence and moi sture
sal t, results measured wunder specific exper
ot her hand, the distrobstbaonl odfngamat eriyasltsa
transport properties interact reciprocally:
altering porosity characteristics, whdl e sal

meani ng t hdyt cuyncdeers ,wetthe moi sture transport p
salt migration and distribution.

To recap, from varied research objectives
have established a valuable foundatiloandefnor u
porous building materials. Yetgngisaén Tthgsdta

and moisture transport in porous material s,
the moisturecpmo@me mti ings maft esalat s remain inco
further i nvestigatrieomnmearAdhdidax hinailtlsy, | ipmii toat
met hodol ogi es and systematic inquiry:

(1) Most studies have wutil i zderdy icnyncelressi otno,
salt ingress into porous building materials
moi sture properties. These metlddenvi mouwmgnle nt
concrete structures such as seawalls, marine
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bui l
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ding envel opesex mosceoda sanmd parrienabsa daerpe aafifre
I tions. Consequentl vy, salt sol-wbor bd I
ronment of buil di ngs, nor cancti tbutirludliyn
rial s.

) Some studies have employed artificiall
buil dangamptenchl sonsi stent with the ac
ver, in the absence of uni fdiscreppaci msr
ri ment al met hods and contr ol par ameters

y generation, specimen di mensions and pl

to drying phases, grcyieng etre mmer, ataunroensy, oanrhder
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met h

ings from the same materi al in different
) The migration of salt ions and distrib
influenced not only by pore structure bu
Il tions. Previous studiesnhbaveeocemboakdd
e two variables on salt and moisture tra
ri ments with pure water can dissolve sal
ihadesalpodaendtthbcsuanbkso conflicts with t
tions f ordmepo swihteend ssualftacer ystal s del i que
) In salt spray climates, salt intrusion
sport and storage properties of porous b
€ moi sture property paramétemos Isitsurer u coia
energy consumption. Most prior studies h
t al deposition in materials wunder salt

ecting systematimcd reatear chapaoar |t qan dp owrat
titative method to define how salt <crys
s materials has yet to be proposed.

i ded by nati onal and regional devel op
ervation Research Team of t he aStda tUr bkaeny
nce has <carried out Ddesepmpasvifngstexdp e
vations, numerical sdmotasednen tame ummeic
| enges confronting buildings Siem Chilmrads
gside building ther mal perfor mamwclet imetr
meter dy-hami di ttyhecmamat e experi ment al

odol ogies, elucidated the | aws governing
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of bu

engin

estab

moi st

spray
syste

1. QGu

Bui

Scien

Tr

t he |

Sci en

Struc
Subtr
Spray
Subtr

obser

cl i ma

Bey

Schol
20220
excha
The e
China

nt er

Gui

uni qu
buil d

i ter

(1)

Il ding materials and structures, and p
eerinegfadandi emter degsi gn of coast al bui l
l i shed experimental met hods iarvde sftii gaitn g
ure transport properties and their unde
climates, continuing to a-toaster éhend
ms, and aiming torbantdebetepmenChianddy

tl i ne of this dissertation

ding on the resdctare hKdy skrso gorfarm hao fe et lpe
ce Foundation of China (No. 51938006)

er and Energy Conser Hatmi an Cil n imBa io lcd iCroa
nternational Cooperation Project of th
e (No. 2022zC02) entitled "Research on
tures in Salt Spray EnvStraotnemekeys "L a bamrda
pical Building Science (No. 2022KA03)
Ther mophysical Corrosion Catastrophes
opi cal Matrhits mdi Regrn toatsi"am ne mdg!| oeyxsp ea i o
vation and theoretical anal ysis to sy:¢
tes influence the moisture transport pr
ond these three funding sources, the au
arship Council 0s I nternational Joint T
6150001). With a focus on thedr asadadramhc
nges have been conducted with the LI NCI
xperimental work for this dissertation

University of Techndleowgeyr agndg Pohet edr

nati onal coll aborative research and int

Rekbeabjcenct i ves

ded by the prominent challenges faced ¢«
e climatic conditions, the goal of enh
ing envelopes, and the majentiiimedathoec
ature review, the research objectives o

Given t hat mo st studi es on the moistur

experi mental methods invéawmiapgprir ommehsmiosal ng
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salt spray environments whtelries cdiassgearlt abtuiiol nd i
effective accelerated salt spray experimenta
standar ds, di verse experimenttaldr eappamachies &

goal s pertaining to the moisture properties

(2) To address the interactive effects Dbe
mi gration, cement mortacem@rici mdhisosvi amd viaal
conditions wtktlelr mumdertgoal | anmgmer si onacitrs MdCl
di fferences in internal pore structure and
mi gration and salt crystal distribution wil!/
moi sture migration and diasntarliybzuetd.on i n cemen

(3) To address the issue of salt crystal d
absorption, saturated NacCl solution wildl rep
absorption experiments. Thise wpdrle entadr a&c ted If
moi sture absorption propelradens odndcietmeanrnts .mo
equation wil|l be devel oped based on the var.i
parameters under salt spray exposur e.

(4) To tackle the | ack of systematic rese
parameters in porous building materials wund:
varying salt spray cycle duratiene®fwillliguudde
transport parameters and water vapor transp
conditions. Moi sture property parameters unc
i nfluencing factors and correction equations

Based on the above research objectives an
porous building materials for buil ding enve
parameters of porous building matéencauseunbde
capillary absorption coefficient, capillary
water retention curve, among others. The wat
equilibrium moisture contemt cuinsve®t hammal wam
permeability coefficient.

1.2Res e aarmrcthent

The primary research methods employed in t
experiment al observations, and mechani stic
objectives, the specific research content en
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Firstly, through an extensive | iterature
experi ment al met hods adopted in relevant don
spray test standards in rédlsatcdhdatsndéthksr aKiegn

salt solutions used to generate salt spray,

temperature, specimen speaié¢éiazmal pyvnsd. annt ¢

focus on the moi sbpbrexpeansmpat al pmapertinés,

test method for porous building material s wi
Secondly, cement mortar, a typical porous
material. Speci mensemdrtth rceotnitaso |l aed wat eral
subjectedrmoplhomngal i mmer si on efnf eac tsgp eacfi fdiefdf
in internal pore structure and external evap
crystal di stribution patterns in cement mort
tests under fouonmwmentsalbfcexdierinahs eavercondu
groups to compare and examine-ltaldee nmaiegntewnrt e nt
under varying evaporation conditions.
Thirdly, cement mortar specimens are subj e
employing the established accel erated salt ¢
the absorbing medium to conducptvaouumssat uan
retention tests on specimens expogeadctla ddinfgf
open porosity, apparent density, and saturat
salladendssrteateast ermineenceée hef i salt content on
curves and water retention curves of cement
for capillary absorption parameters are revi
Fourthly, i sot her mal moi sture absorption t
performed on cement mortar specimens exposec
salt spray on the equilibrium omwoptsitam ec wcrond ¢
speci mens are evaluated. A fitting elgaudaetn on
cement mortar in humid air wild!@l be devel opec
humi dity and salt coeat&emisomnmticother mad, mionts
del i quescence and moisture absorption princi

equation for the water vapademecwmmaht!| imoy t a

adjusted hlpassead toncoint ent influence factors

coefficient cal cul ati ons.
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133ThefFiaamewor k

Based on the above research objectives and
route shd®wn TheFigtroduction analyzes the cl
coast al buil dings and the research | andscape
the experimental subject. Chapterd2festpblbs
materials by defining key parameters and con
of -m@ilsture migr@tipomeursdemnucYyaryisnand evapol
observations of chloride distribution, micro
absorption tests. Chapter 4 studies | iquid v
salayspycles to develop correction equations

i nvestigates water vapor transport propert.i

equilibrium moisture cont ent and waa rd vap
fundament al principles, with SEM, MI P, XRD,
mi croscopic mechani sms. Finally, t he di sse
contributions, |imitations, and prospects fo
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Background and problem
formulation

Salt spray climate characteristics in Salt spray erosion on building
coastal regions structures

Current research status and gaps

|
| |

Experimental method for Interaction between salt
salt spray replication and moisture migration
Standards and technical Salt erystallization and Liquid water migration Water vapor migration
specifications moisture migration characteristics characteristics
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Conclusions and innovations

Fig. 1-5 Technical route of ths dissertation

l1.Chapter Summary

China has an extensive coastline and dens:
coastal regions and on islands experience se
term exposure to marine salt seprayr rcdntmagtes
research domestically and internationally a
properties, mi croscopic pore structures, and
under salt exposureajletctalryo otfrdadbes |talbb®ormne e
buil ding ther mal engineering under the extre
South China Sea islands, analyzes the notabl

studi es, sand ei demtritfcioeani ngs adpma rgtaipcsu li anr Ipyr ervd
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salt spray experiment al met hods for porous b
moi sture property parameters. Building on th
route of this dissertation are established.

39



Doctoral Dissertation of Politecnico di Torino

Chaptgeccelerated salt spray t
buil ding material s

21lInt roducti on

Unl i ke marine concrete structures, whi ch e

nd altedngt scguweng, many coast al buil di ngs

-

e instead ex-posmed adaobmasphéerpet Apti hgctabss
effective method to replicate the erosive
astalllOlg@yblolj®Os Accel er at edc hsaarlatc tseprriazye dt ebsyt sc

®® o 2 9 ©

® S5 O oS

vironment al par amesterrvwse aansd tshheorpgr idmarayt | amE

-

search in salt spray envi rdeervmed rotpse dg Iscald al |sy

~+

andandawidgxhi detailed technical specificatic

-~

otective <coatings, electrical engineering
plicable to pofloa]2buinl dit ug i mat é ovicalss ng o

peri ment al met hods and contr ol par ameter s

3 ®© 9 T O

O X ©

tivations and objectives.
This chapter will first analyze and synthe

parameters of accelerated saldspeaspirfaiyc tetsarsda

rel evant research I|literatures Bagaddongsuhs:
properties of porous building materials and
It wi || then resolve key technical chall en

parameters and salt, spmay dewel iompg amr catcacced er
protocol tailored to studying the moisture p

climate zones.

22Anal ysis of salt spray test par ame

2. Exberimental materials
Porous building materials studied in accel
being t he mo s t preval ent . Thi s Il ncludes 0

i ncorporating fly ash, $4128 g1 2p30o 24 e t, h earn dmactoerr:
encompass natur al stones s§/ch31282]l6ragahase, f mb
and carbon f[lRdr8cwmpesptesfing materials |
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SBHodi fi eddBpsmasalwel | as mortar speci mens,
assemhiBli4#&3sh4 B Concrete and mortar speci mens

standard curing after demolding before test.i

mi X pr odpboyr té¢ @mtsr ol | i ng pafrcaemetngr sr as u oh aad
condbeat exlraarw nmat eri al compositiond4dZlRdl uences

Most experi memasewutal gpescsi mghe, yet in pr
materials are often integrated into assembl.
To investigate material i nttersartdy,n ss cammed sotvuec

composite specimens coinpd3@dBeyonrdd-fladlr @matt erd)
specimens, field sa[®phRi Whiils d&n cetl de rs aanpd ri magc
mat eri al weathering in real salt spray envir
across different building | ocations or ori e
prol ongednglreomeisrstt Sampl ing thus -t eEmmtehthge:

I n materi al properties over ti me.

2. Bpz2cidmmensi on

The shape of salt spray test specimens i s
met hod. Common forms include prismatic speci
and -phaped specimens. For instamwaée, nedlyi @ mpr

i n compressive -streandgduitbe snsdf ost rcewskse compr e
measur ement s, prismati cowler eaaxs apr icsomgtriecs s§ |
favored for fI[@356r0R3]1 s@yleinmdrhi delstsspeci mens
mechani cal property tests to avoid stress c
volumetric analysis at a -spepcobsgk3rasopbotion

Speci men sizes vary <considerably across s
Met hod of Basic Propertie20®@f9)Cesmpstcri 4 adteisorv 0N
mml 70. 7 mm cubic speci mens ftohraw ornepstiesstsaanicee s
40 mml 40 mml 160 mm prismati[2RBspeciomensgf oo 3
l iteratur e, cubic specimens employed in salt
100 mml 100 mmli 100 mm, 250 mmi30 mml35 mm, 36
mml 10 mm, and 300 [@®mi48P48mON2H0 Qwym i ndrical sy
i ncl ude sb6il1z0e0s msmul c366508 snmmml 1 0 06 M350 mmIidE B5 Inm

Empl oying small er specimens that satisfy ex
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materi al s but al so shortens the ti me needed
thereby reducl133 the test cycl e

Standards for testing porous material s Qe
specimens for different e-2P@9%9i megubsresoB s8R
group for cubic comptrleawivesisstramgerho esads ,f o fe
while for tensile bond strength test[8B 1t re€
I n research |l iterature, the number of specin
more may be employed when destructive testi
content [HX 34 rTohsei onnu mber of specimens is deter
under test, technical methods, and requireme

2. Bpkcimen placement angl e

The natural stone salt 200r3gpyE)t estnet aspeacid
pl acement angle of specimens within the sal
generated by nebulizing salt solution into f
dropl ets disperse tbatbughoetttbobael chambder agd
speci mens are placed horizontally, salt depo

al most exclusivehygi mgn ¢ hrefiaceaespwawhli-wbr Iddb e s

environmemtsal Faanmndietrimor e, the inclination at
significant I mpact on s allt2 Ad35p dSstiutdii cers  arnyd Ma
Al exander i ndi cate that corrosi on reaches i

30A0A angle with the horizontal plane, with
within [1lRi2s range

Salt Sspray test standards for met al mat e
mul tiple countries specify specimen pl aceme
tropical el ectri-t@9%99 )prandd cAIS(THI) JHEYWT 7 48D GAimetr )i
for Testing and Materi ai3s0Abortehl asttiivpeu ltaot et haen
nationaldi ntcd udla mays6AMS TNUSBA)1,72196S8S ZJ2ap d&am)7,0 BS 1
(UK), HNP-R996 (France)l9mnhd( WdsNd aS@sP0miapggi fy
20A 01308A Irsage rel 12022 3® whiec hv eirst iccansi st ¢
and Al exander s findings. I n specific exper
should be determined by research objective:

mat eri al 6s actual serquceemanwtig,onmaedt ,t het asr
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efficiency of the salt spray chamber.

2. B5a4t spray solution preparation

Seawater comprises complex salt components
primary salt responsible for corrosion in po
used for sal t[351plr9a3yd 3pgbr3Bp Ay i icamn | vy, hi gher s
accelerate corrosion rates in salt spray tes
to salt crystal formation, which <c[L3@8&2nozzl
136 Additionally, t he average gl obal seawa
concentrations <c¢close t-wontlhd scoadtual bedltter s
Accordingly, salt spray test standerdypfiacrald
specify NacCl solutions with concentrations r
reliability and reproducibility of experi men
wt . % NaCl[l3@PR2tFmommsi nstance, st ardar(ddSA)nc |BuS
122870 (UK)LOLMBG6AqQIFrancé4pPp2D(WeS509GE&r-many) ,
1970 (East Ger mamy)3, (almdp all)S ed t2h3e7rl speci fy o

5% NaCl srolsalitonsprfaoy preparlati on, as detail

Tablle Compari son of commonly used sal2-DgRray test

Experi met

Saline ¢ o _
Scope Conditi oAt omi _
Stand ) : Experin
Appl i Deposi on _
No. Conce Tempt Dur ati
n ] pH Amoumlt Met hc
atio tuk e
/ 80%hc
I nter Sampl
nal wi th _ -
_ 5N1
El ect ident ]
, % 6.5 - Conti 16244,896
hnici¢struc 35NzZ 1~2
, by 7. s 1683672
Commi s and
wei g
n | EC prote
2-11 |l aye
I nter Met a
nal coati .
_ SON 6.5 . Conti 2, 6, 2
Organi Mater 35NZ 1-~2
“gl L T7.: S 240, 4 8

on f¢ coati
St and ¢
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ation
376®d7
Amer i
Soci el
Testi
and
Mater
ASTM
B1-73
Uni t e
St at«
Mi | it
Stand
MI ESTD
S 1083
Uni t e
St at«
Mi | it
Stand
MI ESTD
202F

Briti
Stand
BS 20

Frenc
Stand
NF C2
511

We s t
Ger ma
Stand
DI N
500213

Met a
coati
Mater

coatii

Equip

spra

envir

Compo
ts o

el ect

equip

Qualii
and

uni f o

prote
| aye
Qualii
and

uni f o

prote

| aye

Mat er
compo
s an

equip

" 5 N1

%

by
wei g

5 %
20%

"~ 5NO .
" %

by
vol u

5%

by
wei g

~ 5NO.
" %

by
wei g

»

[NEY

35

35N1

15N0.

Cont

Cont

Cont

Cont

Cont

Cont

4 ®r
regul a

Sel ect

accordi
t he

r el

48, 9

Accor di

t he

require
t he

tes

247 88

Same as
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El ect
compo

Japan s, me 20N

Stand mater "~ % 6.5 . Conti 16N1,
35NZ 0. ~. N
JI'S Gt and by 7. < S 4 8N4,
75 inorg weig
or or
coatii
Anodi
oxi de
Japan
of R - .
Stand . 5N1 3.0 . Cont i
al umi 50N1 1~2 4,8, 16
JI' S % 0. : s
and
H8680D .
al umi
all o
Chine EIl ect 5RO
Stand and 6.5 - Conti 16, 24, 4
%b vy 35NZ 1~2
GB el ect 7. ¢ S 8, 336,
wei g

242381 produ

Numerous studies have demonstrated that i1
wt . % NaCl solutions, significant chloride io
such as[36bhe848d&@3@AE20 This migration induces
structure characteristics and macroscopic ph
[11,2343/Additionally, some experi meanadntsr atdii c
salt solutionsopumparatdi vg%] silas®, gassh dl 6(51 0gd LN
g/[L3I®WaCl solutions, for salt spray preparat:.

2. BZa%t spray test control par ameters

Accel erated salt spray tests can be cl assi
351234 inter mi {8t3e/h4]0 sapmrda ygilanlgti ngd AL 2,23 1
141 Al salt spray test standards for metals
countries |1 sedmml oy tTlad | @o ”2tH onweowesr ,s prreasye anrgc |
spray tests of porous building materials di"
drying better simulate the natur al salt spr.
mode i s used in mest Nexperheleassa] speadif®eic
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variations in the set durations, rati os, CVY (

procdqlsi®3441 Statistics on salt Sspray test

domestic and internatiofal studies are det ai
Tabl2e St at prsdatdeoxund mrola metsatgpr agfst s

Me &
Temper _ Dry N u
) Dryi Cyc sur Tot
) e in Spr ¢ ng mb e
Litere Temp e menDur
Mat er SprayDur a Dur r )
Sourc ratce Per t tio
Chambe on/ tio Cyc
) di I nt d
(Humi d h es
rve
35 6 55 6 12 15030 75
Song Concr
_ 35 12 55 12 24 150 30 15C¢C
Guanglwith m
i 35 8 55 16 24 150 30 15C¢C
[14]2 admi xt
35 24 55 24 48 15C 30 30C
15 24 -18 24 48 12 24
Zhao L Aspha 25 24 -18 24 48 12 24
et [48  mi xtu 35 24 -18 24 48 12 24
45 24 -18 24 48 12 24
_ _ Concr *
Li Bir .
with m” 75%~8 12 * 12 24 27080 27C
a[1.3]1 )
admi xt ~

Wa ng Concr
Jianmi with 35 8 55 16 24 1530 15¢C
al[L2]4 admi xt

Gl ass
Liu Ji r eddiars: 8 ~:
35 24 24 60 60
et [1a&2]7. compo ¢ 4
mat er
Car bon
epoxy-
Wang C P Y
basec 35 24 * 24 4 8 5 1 10
al[ll2]8
compo:
mat er
Zheng Morta 45 50/
) R 3 60 2 6 30( 75
Shansu brick 9 0% 00
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all.p mason
Qi ao
~ Reinfc
Hongxi * 16 60 8 24 10(C 20 10C
concr
al4.p
L- p-ArzcC
P ) 60/
P. el Grani * 4 35 8 12 15(¢( c 75
al[l 4]3
Azeve Sl udg
A. R.G. bl end * 24 24 30( 30C
a[3.b mort a
Li mest
Sil va ] 12 ( +
and si * 60 24 11 5 10+
(8] )
rock
Sil v Joi n
* 24 24 40 40
Z.S[13@4 concr
Note 1: I'n the tabl e, """ jJndicateéd timat cianfesr mataitorn hiirs tHh

experi ment .

Song's comparative study on different s al
duration ratio of drying to salt spray was
under the same environmehd4].al Adcdointdii an alnlsy ,wasse
have adopteddthesallb+8prawetcycle, finding th
salt penetration into porous buil ddR@g2,4dmat er i
l4@notabl y, -dirhyi sd uZr:alt iwent r ati o aligns with th
standard BRO(EM 141147 spray tests involve the
parameters | ike temperature, humi di ty, and
experiment 6s temperature and humidity condit
buinlgdimaterials, the set temperature for the
the drying mode g&nler;alsliyncrea nsgaelst fsrporna y5 5f i | |
spray phase, tests have shown stohat 1 el gteinvee

controlled in the salt spray mode.

2. 2Mé&asur ement amat lreorchd uati on

l1l€Chl oride 1 on content

Chl oride i on content I's one of the most c
determining chloride ion content, the deposi
i ntrusion into specimens can e dwartintgattiewd
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i nclude titrati on, t est paper met hod, i or
potentiometric titration.

"1 Titration method
Titration methods can be further categori

met hod based on [Mid&44LrManhr 'isndmetali @d suses po
(K CrO ) as an indicator to determine chl ori
solution. When chloride ions completely reac
remai ning AgNO CrrOeactos fwirtmh red silver c¢chrom

titration endpoint. The mercurimetric methoc
i ndicator, which reacts with residual mer Cc u |l
mar ki ngathentendpoint. Since operational pro
results, titration is suitable for solutions
AgNO K Cr O |, and Hg(NO ) are we | md axurce ss
should be i mplemented during testing, and wa

"2 Test paper met hod

The test paper method relies on the reactd.i
reagents to form colored complexes on fibrou
the chromogenic reagent and t hiegHtorrmemrdg e,o0 mpH
change before and after the chemical reacti o
rapid,-casd, | owpi cally coibplmdtniun g st b éArse rat stebmn
analysis techni quge ioff ha&nsatgmdidtdiremsr of n

"3 lon chromatography

l on chromatography 1 s a technigue that sep
based on the principle that ions exhibit dif
and mobi[l 46 phiars®ets, i ons in the test sample a
col umn, foll owed by separation of di fferent

chromatographic peaks are obtained by contin
ion types identified by pegkLordbrs Tkehdege

rapi d, and highly sensitive but requires rel
c o §1t 1%6
"4 Spectrophotometry

Spectrophotometry is a technique that <con
concentration by continuously irradiating a

l i ght of varying wavelengt hs, badsodrbnl it bkt
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specific wavelengths. It of fers high detecti
and absor balniceeaar eatnomi gh concentrations,
measurement. Moreover, it has sesemceé ofequart
i mpurities can compromisdlliéh4g7 accuracy of de
"5 Potentiometric titration

Potentiometric titration is based on titr
determined by changes in solution potenti al
i on content[l¥4e Ahetbel staon of titration, si
potenti al are | ow; as titrant is added, silyv
potential rises. When chloride ionsiatepktakskb
This method has i200dep@g)6t Conreabbg, odanS5aut oma
titratofriwenhtdl wseperation and high detection
this technique.

Chloride ion content in porous building ma
test samples are prepared by drilling cores
are ground into fine powder, assolsvedednt ar
vol ume of solvent, shaken thor ¢ludhdh Il yn, raensde atre
comparative analyses are typically perfor med
same specimen and at the [$2M42 dreoprt hf | cefx udiafl f e
subjected to the combined action of salt spr
section of the specimen to investigate the i
concenl[flrati on
2€EMass change rate

The mass change rate can macroscopically
caused by salt spray weathering. Typically,
bal ance before and after the salbf ¢$phreragppexpaea
i's measured and recorded. After different sa
salt spray chamber and placed in a drying o\
the specimens are weighgMd, samdl|l chi¢éiat echassi ol
f or m& #1a2]7

gu=—— pmmh (4)
wheMel s the initial dry Weiisghtthe fdrtyh ewesipgeh
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specimen after exposure to different salt sp

I n salt spray experiments, salt deposits o
the interior with water, resulting indthe fo
this initially increases speodi meresmassa.l tHawe
pores generates expansive stress, i nduci ng
he materi daler mThwmd,t Ispmpy weathering ul ti mi
speci[8ei1s3]9

Depending on the specific objecti-oycloef m ¢
speci men treatment involvegs|ltaoi agpr é@cheas:s
sprianyduced corrosion and the extent neof odama
spalling), specimens are removed from the se
i n a coomittahi neart ei B v omemet Re tot al vol ume of
gradual, requiring daily watwuer mwhaplcdhcemerteru
the conductivity of the solution in contact
clean deionized water, after which speci mens
room temperaturelMiandeblhie idenddrhye vseeicgohntd cas e,
the mass of salt crystals deposited in speci
be cleaned with-edkeieonimeed ;watnesr e@ast t hey ar
wei ght in a Mtryiinngmeassnr,ednafter cooling to
3€EPhy smecconani cal properties

The pmecihamni cal properties of porous buil

determine their service functions and dur a
i ndicators such as compressive stremrdtalstifcl e
modul us are typically testedst Mdrrovervestca
to analyze changes i n [InBtedi3dBl9méestaanngaéqptr

includes el ectronic univer sadnttrexslt thgd ralad dtcm
servo pressure testing machines. Loads appli
sensor s, whil e generatae dd adtar aaicnqsui asrid i monii the
mechani cal properties are typically tested a
patterns of materi al mechani cal properties u

Based on the |iterature review in Section
the pmgshaoi cal properties of buil ding mat ¢

401401160 mmj are predominantly usedbtasnednech
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buil ding material s. First, specimens are po:
press for flexural s tproe mgt mett dhotdi"ng thei g atch
then removed and placed on ttrheengprhe stse shtaisneg .pIT
|l oading rate for flexural strength tests 1is
is (500N50) N/[85103t9 (1NO.5) MPal/l s

a) Flexural strength test b) Compressive strength test

Fig. 2-1 Mechanical property tests on prismatic specimens

4€Mi crostructur al anal ysi s

To characterize changes in porous building
or across different erosion stages, from a
mi crotopography, pore structur ef oramad.c h@onmmma
anal ytical techniques include Scanning El ec

Porosimet«ypay( i PYraXtirary FXRD)y esaredcx ( XRF).
SEM empl oys &nfeaogwys ed.,ecltirgghh beam (narrow i
nteractions between the beam and the mater

coll ected, amualgiefdi ¢ d, cdrad arce er i zpeh[fit4h9e MhePt er i
s a method for measuring the pore size dis

principle is 4wkbati mgrcoryyoss$ sBOhHhi ds; extern

—

rce it into pores, with tho gbmaldlpeaass pore se

antifying mercury i ntrusi on under varyi n

O QO

o
u
orresponding to edr30 sXRE icsana btee cdhrentiegqure nfead
h

~—+

at | evaey agiesf Xaction in <nryst alf|l iana ematnerdi
irradiate crystalline substances, they scatt
i ons wi tshhian .t Hleh e asycsa tutnedreerdg oX phase reinforcel
producing characteristic diffraction pattern

for determining trace el ement typ-eayapbdotons
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or other microparticles to excite atoms in t
charact-eaysti whiXch are then wused for COMmpo S

i nvestigation.

I n research, combining multiple analytical
mi crotopogr aprhga acnn@mpr scirtoi on a l anal ysi s. For
mi croscopic pore structure of porouneamat eng
sample porosity and pore size distribution.
observe por e connectivity and di stribution
component s, corrosion produf/rg &,31139N dF usralhter o
i ntegration with XRD and XRF enables identif
compositions in the material. Based oen exp
technique combinations can prfoowri dgu ad ci ctuarta tv
guantitative evaluation of physicochemical ¢

i n porous mat er i adusl tdiuma tnegl ys ad ftf esrpirnagy a efsotusn

mechani sms underlyi m@nmascr 0 1c P@iroupsr dued tdy ncg

spray exposur e.

23Accel erated salt spray test met hoo

Based on the above analysis and discussior
as wel | as the test methods and technical p ¢
on the researchodesbjuedgtiinget &f nigeeicsk dpna @ enrqaufi dc hn
water vapor moi sture migration characderist.i
and combined with the existing facilities
accelerated salt Ssprayngesmat echaims $sort polre
established.

2. Halt spray testing equi pment

The salt spray chamber i s a commonly use
experiment s, capable of simulating the salt
specific environment al parameters ™0 cyeallti |

spray test chambe2) (as kshawnamnm&ngfuaet 2r e w

primarily comprises a solwution storage tank,
panel . The solution steonbhgetibankwhoktdsi sheup
via compressed air and atomized into a fine
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buttons for setting the compartment temper af
sight glass on the exterior of the solution
is fitted with adwshoelruet iao ng Inansbse tfpubananceel i ectab o p n
repleni shment of the salt solution. Th-e salt
sided pyramidal transparent | id to direct coc
window on the f rarmttmefnatc ef abcfimei i emot eictmgrre anlg o f
conditions and specimen changes inside.

The salt spray generation compartment hous:s

and a sample st.®28¢ . (89 phewentndFrgct I mpin
specimens in front of the nozzle and ensur e
compartment, a spray diffuser (7) is instal./l
the satol Isgpatagr (9) is used to measure the
i nternational sRROMNBHED)sd BASTEMIRBERHU 7t he aver a
salt spray depositioni2ratLé (88 TwpiLball Anspaeac
above the saturation tower (5) and sprayer (
spray deposidswah i e phdisthiearneiaceulldkead t o sal
bl ocking the salt spray generation device ar
experi ment . A water trough (18) at the inte
coll ects condedcwnd twhad eirnrdrowwalgl of the 1id
specimens) and drains it from the compart men
| evel reaches a specific height. Additional!/l
edgfe tohe top | id.

Fi 22CEAST 5050 salt spray test chamber

2. Jed8t parameter settings
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Based on salt spray test standards in var
experiments of porous building materials (Se
solution concentration to avoht bkoe&sinwea zEk
combined with the main salt components and
aréabvis study employs a 5wt. % NacCl solution
anal ytical reagent (AR grnaede)t i danGl wrtyhs tsalesc)i
referenced to internat2opFandt ASTHMBSLI1IBS EI
Notabl vy, the salt spray is neutral, with tt
(measured at 23 ) ranging from 6.5 to 7.2; t
tank must be free from suspeanldeglgiumg i afs 0d oleuwt
and nozzl es. For clean compressed air, suffi
into the internal air saturation tower, ens
saturation tower 0Kk Ptaognpr ¢ ®snpree ae¢ uc eedxc&2dAS

Prior to the experiment, salt spray deposi
hours of continuous spraying with the prep
cal cul at ed, wi t h i€Qacnl /  BI0l eccnt] o:rh Yyrioellednipregt ehteu
spray generation chamber is achieved via an
withtirm@al moni toring by upper and | ower inter
is controlled at 35 , iamcde thhuemiddr yainrg imo dteh eat
saturated during the salt spray mode, relat:i

%N

N

e Y

9 L 7 5
l’ 11
10 10 1
wl] ~ l * ' TT
whib || e b b || ik EiRIE] InEEl|m
[ |
¢ £ u = 1=1F
| N il
13-—_||
Iir
14 a) Front View b) Side View

1 Sealed chamber 6 Atomizing nozzle 11 Specimen 16 Heating controller
2 Sloping top 7 Spray disperser 12 Drain 17 Spray deflector

3 Dust free compressed air inlet 8 Non-corrosive specimens supporting plate 13 Air 18 Water seal

4 Salt solution inlet 9 Collecting device 14 Solution waste 19 Filter plug

5 Saturation tower 10 Specimen support 15 Thermometer 20 Overflow hole
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Fig. 2-3 Schematic diagram of the internal compartment structure of the salt spray test chamber

2. edign of specimen support

I n Section 2.2.3, salt Sspray test standar

commonly specify a spei@DhMenCphacdmenngasgkeid

pl acement angl e, spacing, and thensalnmors$prnr:
speci mens wi || be placed with their front su

First, a suitable support structure must &
the chamber s sample stage. The design adher

satisfying strength and experimemitabhryedésig
iterative optimization, six distinct24)c.hemes
These support models were additively manuf act
ltaly) from the DISAT Calk bouyalkbrrHegu iTéhaeg e aDv ap

is polylactic acid (PLA), a novel bi odegr a
resistance, and ther mal stability, widely us
printing offersntedwantealg efsabsuchata o ni, high p
control, and higat trraitleuti @ad tuliatl i alatgonwel | \

requirements of this experimen5bSome finish

/ / o/ /gl Jaf 4
! / ¥ J
WENES LSS

H fide—

T inl
/L U/ /ar Jar /.
szfuz/uﬂ? WS

B

e

ST LS

— .
JrIL JI RN

apPesign schemes bBD model s
Fig. 2-4 Design and modeling of salt spray specimen supports
Scheme 1 is structiumtadnsyi v b uStd eme e rn@attee rhio
of speci men backing plates and bases with
consumpti on; however, their rel atnededl swpaices

bet ween speci mens, partially Dblocking salt
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speci mens. Thus, Scheme 5 narrowed the backi
pl aceabl e Sspeci memspedbdbiumenr eslpa&cing.i nGieven t
di mensions to be fabricated in Chapters 4 an
andmmlo7 0 mml 20 mm) d b WSiclhceimeg 66adjScehteend BY remov

backing plates at interval s, wi dening the r ¢
frertar specimen spacing to I mprove aiartecircu
around speci mens. Foll owing multiple design
selected as the final specimen support for t
and di mensi ons25i Icl.ustrated in Fig

a) 3D printer (WASP Delta) b) Printed products c) Selected model and dimensions
Fi.g5 3D printing fabrication of salt spray

2. Badt sprawyocegdalneg

To simul at e t he alternating weat her cond
characterdsyi cal 6f swetay cyclesdryhhng atudyn
cycle regi me, drawing on relevant Arhddd&dur e
20@mPFand ASTNMMUBELL Eatlbu2d4dcycle comprises 8 ho
spray (35 ) and -tleémpheoruartsu roef dcroynisntgan(ts5 ) .

After calibrating the salt spray depositic
group are placed on the internal supports. F
proceeds per the presetb.prEovteprcybé’s asr veél asta
with one group of specimens retrieved for te

sequentially.
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Fig. 2-6 Placement of cement mortar specimens inside the salt spray chamber

Consistent with the research objectives ol
buil ding materials under salt spray depositi
conducted. The salt spray cyclee ed uerxgteira mse nft
presented-3i amMilalHors e2ach experi ment, 6 speci
groups! mddesdl dpeci mé@dbssakpospdayocycles (one
and 1 gr-forugpe odostanSdple cdipfgicciamenst he vacuum sat

water absorption test, water retention curve
included 4 paral-3)l Berectimeniss tTladd maR moi st
which reguinet &i di humi6distpyecé meinr @mmealmptss wer
, wi t h 3 p-4 )y Bad yl oend stpheec
aforementioned specimen groups for moi stur e

each humi di ty | evel

group wasl poefpaer retrieved at each sal't Spr

detecti on, SEM microtopography observation

anal yses.

Tabl3e Ralt spray cycl e durhaytgiroincs perkoposeprétoneensé 8 gr o
Hygric pi
experim

O cyc 7 cycld cy 21 cy 28 cy 35 cy

Vacuum
1@ 21C 1A LA 1B 21 1@ 20C 1D 210 1K 21t

. 1@ A4C 1A 4.,1B 41 16 440 1L 4l 1& 411
experim

satur at

Capill ¢
2@ 2C 2A 2A 2B 2 2@ 2220 RI[ 2F 221

. 2@ 20 2A 2.,2B 2 26 2 2B 21 2& 2]
experim

Water re 4@ 24C 4A LA 4B 24 4G 404D A0 4 241

curve ex 4Q 40 4A A4A4,4B 4 4Gg A4 4D Al 4F 441
Wat er Vo

absorpt

5@ HC 5A A 5B H 56 05k HI 5F 2t

) 5@ HC 5A H.5B 45 56 451 5L HI| 5k 451
experim

per meab
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Tabld4e Ralt spray cycl e dursaotripdtrssothdife rsmp exipmen memd
Ambi ¢

) Ocycl 7cycl ¢ 14&£ycl 2k ycl 2&ycl 3=Fycl
humi c
3 A2, 3 A1, 3 A5,
301, -3 3A1, -3 3AB, -3
33% 3 A2, 3 A2, 3 A8,
1, 30 1, -23A: 3, -3A:
3 A2 3 A2 3 A3
5 3 o 302, 3 3B1, -33B2, -33B3%, -33B4, -33B4&%, -3
0
2, 20. 1, -3B. 2, 2B 3, 3B 4, -8B 5, -3B
75 o 308, 3 3¢1, -33¢C2, -33C}%, -33C4, -33Ch, -3
0
3, 30. 1, -3Cc. 2, -3Cc 3, -3Cc. 4, 8C 5, -BcC
3 D2, 3 D4, 3 Db,
304, -3 3Db1, -3 3D3, -3
84 % 3 D2, 3 D2, 3 D8,
4, 30:. 1, -3D: 3, -3D:
3 D-2 3 D3 3 D3
95 305, 3 3E1, -B)J]3E2, -33E32, -3}]3E4, -33E&, -3
0
5, -80: 3 E-B 2, -2E 3 E-3 4, -8E 5, BE

2.5Met hods of eavnaalluyastiisonand

To analyze salt deposition and changes 1in
accelerated salt spray cycl es, mass change r
were measured and evaluated foprapecymke duo
Unli ke the procedure spwbefeedpieni B&n<ENarlell
dei oni zed water and dtrdsetd tto detnesmn ching e dweo@eha
| oostshi s study aimed to quanspegimahs.cThsbal s

directly dried to constant weight and weighe

Chl oride ion content was measured using a
Cl 3000. Wh e n a 3g sample was fully di sso
el ectrochemical reaction, chloride iotnheonce
analyzerb6s probe el ectrode. Detailed methods
4. 2E®Br. analyzing materi al composition, mi cr ¢
mortarmy XMiffraction (XRD), scamdaimgr ceurey tirrmotn

porosi metry (MIP) were used to characterize
spray cycles. Specific protocols for SEM, M
21466 [124P19 SO-1129WA5 and BS2ERMBERIZT=Espectivel

Met hods f or measurrienlgatneod sptruorpee rntiigersatofo nc el

spray deposition are detailed in Chapters 4
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content, apparent density, open porosity) a
absorption coefficient, capillary moisture
Chapter 4, Section 4. 3. Me as ur edreeqirt st iodn icsuor
and water vapor permeability coefficients wun
5, Section 5. 3.

24Chapter summary

To establish an accelerated salt Sspray t
materials in coastal salt spray zones, this

for salt spray testing acr ossntvalr iroause dri eeH dls

Key technical requirements and eXperci mantnal
specimen specifications, salt solution <conc
cycling regime, and meadwreagme rcto mprad eav alnuwa tain

Based on the research objectives and avai
control parameters for the salt spray test w
reqguirements wer e designed and fabridcated,
measurement/ evaluation methods suitable for
accelerated salt spray testing method develc
for the investigations i n Chlapmaetresr 4a nan dwai e

mi gration characteristics of cement mortar u
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ChaptChrl oc3ri de migration and c¢
cement mortars

31l ntroducti on

Under the perenni al influence of salt spra
deposits within the pores of building envelo
mi gration of salt and moi stume.ddhalsi Ipihteyn oaonfe
mat eli9ladlBut al so alters the hygrothermal trar
thereby impacting bJi21éi@dbdndnendygocotfBAammal o
15657 Salt cannot independently penetrate bu
and migrates into the materi al through <capi
determines the deposition | ocataitafpBBRIBd di str
59 To understand the migration mechani sms ¢
porous buil di ngabnad rdpdisigugse, r-i ¢ceagmirIsli amy i n sal t

were conducted prior to accelerated salt spr

This chapter focuses on cement mortar, a p
envel ope engineering. $ peeariemd n sr awii tols  VaN/ yCi) n
evaporation conditions were subjectedi ndupar
salt absorption and crystallization. Adv a
Chromatography (I C), Scanning Electron Micr
(SEBMDS)-r ayX Diffraction (XRD), and Mewecary |
empl oyed to investigate chloride ion distrib
characteristics. Additionakby, ncemapamratiede Na

were conducted to study -tbaet daiymirmgcopmentbeh

research provides a theoretical foundati on
crystallization depostiyi omamages hiygroe¢ mmemtmaro
climate conditions.

32Experi manénai anms haddd

3. 2Mdt er i adescigmedmpar ati on

To investigate the salt migration mechani s
wa tterement ratios (W C) under different evap
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were prepared. Four groups were used for capg
Section 3.2.3), while the remaining two grou
concentrations after i mmersied spediaGénsowiut

ratios of OThe ®dementanmorOt.a8r. speci mens wer e

Portland cement (PO 42.5 grade), deioni zed w
density of 2580 kg/ ng,, andjraadwedlslpambdol assbt
Based on sieve analysis results, the sand pa
each size fraction occupyim@la specific prop

The wuniformly mixed paste was thoroughly
compaction. The mol ded-cspedi meinsa weornesttamen t

humi dity chamber for 24 hours. After demol di

mm I 40 mm I 160 mm were obtained. These s
controlled curing chamber (20 N 2A6, amal giziev
the potenti al i nfluence of wevapor atn omo rcoounsd i

mat e 60, 6216898, two out of the six specimen grou
|l ayer on their four | ateral surfaces (above
This modification allowed teées ecomgar atiiffere:

evaporation conditions.

o
100% I —&— Gradation curve Cumulative curve ]

90%
80%
70%
60%

Mass ratio

40%
30%

20%
10%

>4.75 >2.36 =118 =0.6 >0.3 =0.15 =0.15

Particle diameter  (mm)

Fig. 3-1 Grading curve of natural sand

3.2Sadlduatni on

Prior to salt absorption, atlt i ecemant 7mACt
reaching constant mass (defined as a weight
at 28 oMr 2i f1t58 viahles)dr i ed speci mens were ther
containers filled with &im2Wwt3t 8 NacC€i-drsiovaeure i o
salt infiltration. This NacCcCl concentration w
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11151 B. S1L917202,4 -NCIADPGI62,0 2,2 3])6, previous studies
erosion in por o3sli1lPBiAI3-GBBgamateat al 81 seawat

speci men was-meml esvai etteess at®el support to en
and the solution. The experiments were condu
(23 N 0.5AC, RHEre@dNc5%eplwini shment of the :
' i qui d l evel and complete replacement of t

concentration.

a

Fi g2Sp3aneins partially immersed in NacCcCl 5 wt . %

3. 2T &8st anaanidynet b o d s

l€Sadrtyst aldl szat bonhi on
As the salt solution continuously infiltreaea

evaporates from the unsealed surfaces expose

crystals are partially deposciutneud awietdhionn tihtes
[5B resulting in an increase in total specim
meT mo=m -
mT Mme=m A
whemegi s the initial drnyi smatshkse odr yt hrea sssp excfi mtem:

soaking in NacCl 5 wmibbs sbhettonafFomad@20ofiaygal
specimiexnistthe mass of the external salt cryst:

anmdi s the mass of internal salt crystals.

2€Ch | oip rcarec e n tar alt yi LIns
To analyze the migration and distribution
(Cl ) concentrations at di fferent -%@0 ghots a
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Chromatography System (i nabhlle)m8nEacpharsapmdieme
vertically sectioned into fiid 68 memt beabbhn
and S5 (40 mm height). During 1itSIBe weexiped s ad i
above the salt solution surfa<dnent hiwbkl @oBbzo
slice was then cut from the top of each segn
2mmdi ameter core sampl e was odrliolW ed nf rscamptl hee

3)Both core and rim samples were individual!/
mortar. For CI concentration testing, 1 g o
of deionized water. The solutionawdsabWVl gwedu

settle at room temperature for 30 minutes pr

ﬁ 30 BARE 30

=L L
g A ;
— A
e e X
+ =
5 0 8 -
[ = | 40 40 = | 40 e 40 ]

Fig. 3-3 Sample preparation for determining Cl- concentration

3EMi crostanakysr al

To observe sadlntducreyds tcahlalnigzeat it mn cement mort
were conducted3n080NgsaamMnitmgheél &ctron -micros
di sperrsaiyvespct r-bBS8S pygnd S& MBaryu kdeirf fr8aRR)o nfedare r

qgualitatiweanand astemie characterizatiomd3of cr\
15960 Additionally, pore structure evolution
| aden specimens was analyzed via mercury in

foll owi ngl[15,0 uWt5i9l0ilzci onrgr asiyy e nroint r ogen gas as

Il nstrument paramelTa&blde a3 e summari zed i n
Tablle. 3Speci fications of Analytical | nst
I nstrume Manuf ac Mo d el Precisi Measurer
range
) I nfusion
|l on chromeé Di ane C: | G000 ) 0~10, 000
density
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Scanning Hitachi ) Magni fic
) S3700N Resol uti«

mi croscop Japan 5300, 00
Energy Di-=s Bruker The el e
Quant a
ray detec Ger man 4Be~921
Xray diffr Bruker D8 Angul ai 2@®cale
( XRD) Ger man ADVANC accuracy 0 150A
Aut omati c Mi crome AUTOPOTF Poséerza&ng

_ 0.00% c
porosi met Co. US I V. 95 336G~ 4ntn0

4€Capi bblsaorryphtairoanct er i sti cs

Capillary absorption tests were conducted
on mdiest ur ei mé e mat [ldjar Pai smati c speci mens ( 4(
mm) were sealed with transparent plastic fil
two holes punctured in theda).p Thd mbdadtot canh | 1o
l at er al srued acrese aleemait o avdiidyuii rdt ecrofnetraecnc e !
were positioned on stainless steel supports
2i5 mm above the support top. During It)e swaisng,
periodically replenished tdbg¢ns Specameaoanst gn
measured following the method described in S
(Acap) was determined in axzrcorBaRInENI[LIEH22 :i: 1 HY @

— FL

Fig. 3-4 Capillary absorption test (a. Schematic diagram b. Test scenario).
While capillary absorption tests t[¥yplcally
16]3 pure wat etrl aidrefni Iptorratuisn gnad asinktii &1t s ngars ad it s ¢

within the pores, |l eading to salt mi grati on
absorpti dig6hlf.aviooraddress this, saturated N
the absorption medium in this study. Howeve
tension between saturated NacCl solution and

absor pef b nlc &® 18 29| To quantify this effect a
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absorption cAeflAkbprhentwor grioopg¢ of speci mens
dei oni zed WOWr ahldakehleedot her in sADGB)atad N
showhi gshb.3 Based on the Arip/sdgd Wwsompdr atail cel a:
absorption tests weaantcaomidnuactteedd sbpee cwieneenn ss awil
surfaced&dSE) alaelded hose coated with e@P®S)y, res
both I mmersed in satumeatited Na<lii sl udmnadint i d&n

are summlahbl2ee d3 i n

Tabl2Prtreat ment and test conditions 88 BpecA@ens

Grou Amour Water Lateral Partial ir Liquid
sy mb of cemen treatm treat Biewt ¢ capi ||
speci ra{WoeC "~ Epoxy NaGlol ut2dd absorpt

=
o
I

NOW 1 0.6 N o N o Pur e wa

1 0. 8

1 0. 4
Satur at
NOS 1 0.6 N o N o )
sol uti

1 0. 8

1 0. 4
Satur at
NSS 1 0. 6 N o Ye s )
sol uti

1 0. 8

1 0. 4
Satur at

CSS 1 0.6 Yes Yes

sol uti

1 0. 8

3.30bser vatmears ua rieeesrutl t s

3. 3Sdtrtysdiaslt ri buti on

Salt crystals on the surfaces of cement mo
i mmer sion time, exhibiting redayed mgneowt lonr, a
salt crystals were predominanttyoabbevebkd whn
density increasing vertically. Di stinct <crys
tocement ratio (W C): speci mens with W C = 0.
i n upper regions, Whéraas Oh8sexwWwitbhtWdCthi:
| ayers al ong-5t)he Theisgeghtdi (fFieg.enxX es stem from
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where denser matrices (|l ower W C) suppressed
W/ C) facilitat 4gl65. t hNioct kaebrl y d-e geaptsoexdys srpeesciinme n s

significantly fewer surface crystals, appear

_-Sol ulteivoer

Fig. 3-5. Salt crystal distribution patterns on upper lateral surfaces of cement mortar specimens

Significant di fferences in internal ver su
observed among cement mor iarememdcirmdn 9 swi(tWl (
6). For unc omoh<endos IBioR €Nkois EMEMog>=Meos(r e spect i ve di ff
o £8.80g, 5.09g, and24.07g).1 n c ont rcaosatt,e de psopxeyci mens exhi bit
W/ C  Oica4mMeos Mos> Meos andmos>meos(d i f f e r e88g, 4.18g, anéi38.229).

These results indicate that e@xrydcoartf age
depositfml mass e increasiimg Thhe er mpér dephbilse t ¢
suppressed | ater al moi sture evaporation, t he
Notably, under prolongedndmmedsiea@apansabe sty

the epoxy coatingyoal spechgesaltevwenpnstual § to

EM, mEmM =M *Specimens coated on the lateral sides
60 1
S 50
S 40 -
2]
=
T 30 -
[
P
S 20
©
n
o N |
0 =l
0.4 0.6 0.8 0.4* 0.6* 0.8*
Water cement ratio (w/c)
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Fig. 3-6. Mass distribution of salt crystals in cement mortar with varying waterto-cement (W/C) ratios

3. 3Chl oriombencentrati on

Chloride 1ion (ClI ) concentrations in cemel
di stributions. For -7uanc oaCtled csomecceinme mast i (OFisg .i r
those in core reWiCodpelat mahs, hedhmhdamighateit o 1C3
observed in the top segment (S1), with core
respectivel vy, decreasi ny/ @ raongh sBpedived nys fgloanw
comparable core CI concentB®abtbbDomyg/ gcramgs 118
respectivel vy). Howev & C PDpeei nteonnsc efnlt u att u dathe
whiW/eC Ope8Bci mens di splayed a gr aWu@l0.decline

I n epoated spece/ibmensCI( Ficp.ncEntrations in I
were reduced across al/l segments (eWEEpPTt S1
0.a4n@. 8, S1 exhibited el evaf&ds € me coemacrelhyo wa
uni f or mW/vG IpeBc.i mens exhi bited minB/hallc€fe:
<0.75 mg/ g; edge: <2.28 mg/g), with a gradue:
t hat Cl di stribution wunder c atperldlar g v aapbosroa
conditions and pore structure (influenced by

Two critical obctPuwnrftaoes adeanpeempaet c onst al |

Uncoated specimens experienced continuous mo

to surfaces, promoting s all[ fla6ec unhwlsa teixgd an ena
hi gher (QI295 1 segment behavior: Mi ni mal Cl c
coated and uncoated groups in S5 arose becau
| ateral evaporation, which altefdd salt tran

704

60

50 4

(mg/g)
(mglg)

40

304

" Da
" Do

204

10
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a) Uncoated lateral surfaces b) Epoxy-coated lateral surfaces

Fig. 37 . c@ricentration distribution at varying heights and depths in cement mortar specimens

3. 3Mi cr osmoapihom!l ogy

To microscopically identify chemical el emi
i mmer sed cement mortar, sel ecEDeSd asnpde cXgRile.8s w
8shows EDS spectra oftocesmperct measi ows t f Ww@)} e o
ClaracterraystencerXgy peaks revedlsed vmalj ogre ge loemmme 1
C, o, Si , Na, cl, Ca, Al , and Mg. Il n additi
di stinct Na and CI peaks confirge8B3NaCtt fcery
identi fied crystalline phases such as CacC
3CaOLAl O L3CasSO LL32H O in both W C 0.4 an

deposition and distribution within the morta

cpsleV.

35
30
25

20 al
1 © o Na Mg Al Si cl ca

15
1.0 -

05—

L

0.0 e
00 05 10 15 20 25 3.0 35 4.0

a)W/C=0.4
cps/eV
50
] Nb
40j al
Hf
Zr C
] Au
Ru zr
30 K cu Hf Nb cl n
B h [0 Na Al s Au Ru K Ca
Ca
20
10 l [
L A JITA L LA bl AL
e B o BN e o o e e e L e B I e e e
0.0 05 10 15 2.0 25 3.0 35 4.0 45
keV
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b) W/C = 0.8

Fig. 3-8. EDS spectra of cement mortar specimens sampled after immersion in 5 wt% NaCl solution:

To analyze the distribution patterns of Na
el ectron microscopy (SEM) was employed to ol
comparisons to pristine NaGClO)rw@Emperl sc¢)pw i 0a
di splays SEM i mages of pristine NaCcCl crystal
regular cubic shapes, smooth surfacesif) and i
shows NaCl deposit-day rarssmeocni menn s5 anmtt% rNalC10 s o
to constant -maBs ov-Bmme Pwmisdicredcr ystals exhi bi
mor phol ogies with blurred boundarie€e®ondmadedl u
salt solutionmsatimhecwdnsupeanpaturation and r
mor phol ogy constrained by the internal por e
with the macroscale salt di stribution tren
crygtadliloin patterns are governed by pore arclt

porous material s.

- S0, — 1 ®Si0, mWCaSO,2HO 4 CaO
2 B CaSO,2H0 4 Ca0 12 “ Ettingite ¥ NaCl
3 + Ettringite ¥ NaCl 13
4 14
= 5 - 15
3 c=u n v % AT et A e T . Y e & ee %ty
5 =
- >
= =
7] 2} .
e . c
[0} % Q
B ',tl_|_m%' . oxb vl E 7

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

26 (deg.) 260 (deg.)
ayW/C=0.4 b) W/C =0.8

Fig. 3-9. XRD patterns of cement mortar specimens at varying heights
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Fig. 3-10. SEM images of NaCl crystals before and after intrusion into cement mortar pores:

(ai ¢) Pristine NaCl crystals; (d f) NaCl crystals within pores

3.83Pore structure characteristics

Mercury paoartoslismethry ( Ml P) t edtayy eml $ p eswil o
i mmersion revealed porosity and pore size di

(Fi-§1T,a 3¢9 .3 Despite similar porosity, distin

161.3 nm (wWC = 0.4), 60.9 nm (WC = 0.6), a
apparent and bul k densities, reflecting oper
foll owed by W C = 0.8 (0.23) and n0O W C( G. 20)
specimens | ikely stems from air entrapment
workability of l ow W/ C pastes. This enhance
aligning with significantiguBface salt depos
FiglTa@rther compares cumul ative and increm
pore si @00 awyoge®¥s3sVo..120i0000 Von>aVio. 3V0..2010 Vam:
aVo aVo.W/ C = 0.4 specimens exhibited ~30% por
to ~10% for W C = 0.6 and 0.8. This suggests
and fewer small pores, deviating from conven
[16]l.7 The anomaly may arise from insufficient
0.4 mixes, |l eading to dry, Vi scous pastes w

i ncompl ete cement hydration under [l W/ C
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Fig. 3-11. Pore size distribution of cement mortar specimens with wateio-cement (W/C) ratios of 0.4, 0.6,

and 0.8

Tab33®ore structure data of target speci
Pore paramet e wic = | w/ c = w/ c =
Porosity 12. 65% 10. 17% 11. 38%¢9
Aver age Por amD4vd nie i 161. 3 60. 9 40. 3
Per me abnmdairtcyy 113. 67 56. 27 56 . 27
Bul k Densi t(y/ nalo). ! 1.82 1.75 1.81
Apparent(gbDenh$i t 2.08 1.95 2.04

3. 8Capi labaorwypan oes

w T O —~ O’

-~

r
t

The <capmislolrany oaNOWiId & ies n iozfe dNOWastaetru)r ad real N:

olution) speci mMeglPBobiulpist shweondi #ti nct phas
Phase 1) followed by a gradual pl ateau (Pha
oresponds to capillary pore filling, while
ores anfdo6]®&i buvongsPhase |, the AcaphokolfarNOSab
peci mens was | ower t han (Achpahow oCal NOWat
atAc &Shosp, Noar W/ C = 0. 4, 0. 6, and 0.8 speci

espectivel y.Aagmidserr eNdACGdrt iissogisuitfnrooorm it s hi ghe
ensi on, and vi scos[BDly7],0c omhp acrhe d ntpoe dfeli rcen pw d tl &

Phase I 1, NOS specimens with W C = 0.6 and O
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NOW counterparts, whereas the inverse trend
—=— NOW-0.4
—&— NOW-0.6
*7 AN A —A— NOW-0.8
P —5— NOS-0.4
30 K oo o [O-NOS08
P A“‘MA A A A [~ NOSOB
25 /;A"//A
A ,/il" ..—-IVI"I—I—I
] - '".-..:;?:/; DD&,% ¢

Inflow (kg/m?)
.
[4;]

-5 T T T T T T T T T T
200 0 200 400 600 800 1000 1200 1400 1600 1800

time (s%%)

Fig. 3-12. Capillary absorption curves of NOW and NOS specimen groups
The hygroscopic behavior of porous materi a

enters pores via capillary action, permeatio
10000 [In7h whil e per meat i on [lo/g2c WArss siRio gWinb ,B ens >
W C = 0.4 specimens exhibit the highest prc
enhanced -¢geirwemat monsture uptake during Phase
curve morphology compar ecdsto W C = 0.6 and O

Figl¥8mpares capillary absorption curves o0
solution (NSSfgeeup)pewimensal NOS group) . T

| owedpy @l ues. A i/Aogp, Nolweéi o (see Agueal oas 3wB8r &
nor mal Acaggdl atbd )e. 3Compared to NOS,A.BBS&8ngescbme

+101.26% (W-45.F2%. 4W C $650.085%, (Wnd = 0.8
correspaplilamges o0bH6+ 39 %K. UN4%, indicating sa
alters salt solution absorption and transpor

For W/ C = 0.6 and 0.8 specimens, salt crys
pore volume and suppriesanange cldqsad.) adoyn vaebrssoer|p
W C = 0.4 speci mens, with | arger open pores,
mi gration, forming abundant external crystal
by Ilimited internal cnAy{nalreasrelsgncevhidapihlylg

crystalwsa98l evate
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“& nNOSO04 30 |
AbbA A A-A—4 | & NOSOB "smuu 08|
ad ) an® A-NSS-0.8|
30 s onssos| 27 . s csso
1 AN geemett® el NSS.038 e e ©-C88-0.6|
g /= o (g /-C5S-0.8|
& 254 & 201 " =
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B L) [=] e
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i 157 ; ahAaaa
ﬂﬁ ¥ r Ak ::o-o---
B B g ah 4. A
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| o
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Fig. 3-13. Capillary absorption curves of NOS and NSS specimen groufiseft)

Fig. 3-14. Capillary absorption curves of NSS and CSS specimen grouRight)

A comparison of capill a&NrSyan@sSpept men guou
reveal s that epoxy coat iM4p nan, | aad esFhadgh s .Birf a c
Compared to the NSS group, CSS speci mens w
nor mahAbpZz@®ducti ons of 122.92%, 136. 1%, wand
reductions of T1T9. 76 %, T-8P2. 8ZMesanded2dt i5QH[/06s
from suppressed | ater al moi st ur a pdva&kpeo rf atoino n
specimen base and diminished total absorptio

Tab34e The vAalgunads.hbofr t ar gett sgNeXx0Rmle rEs 6 0 %

Samg Acap, so Acap, w
e C/w kgE it kgemp v Dhoerow Dieer
B ~ " kg LM " %" %
gr ot
0. 4 0.04 / 145. 7 / /
NOW 0. 6 0. 02 / 136.0 / /
0. 8 0. 03 / 177. 4 / /
0. 4 0. 0314 0.043137. 5 -21. 085. 6¢
NOS 0.6 0.020 0.022187. 1¢ 9. 83+37.
0. 8 0.036 0.037212. 9. -0.9619. 9
0. 4 0.069 0.087137. 5 +101.+v21.
NSS 0.6 0.011 0.012187. 1¢ 45, 756. 3
0. 8 0.014 0.015212. 9 60. 856. 3
0. 4 0.053 0.067150. 6t 22.929. 7¢
CSS 0.6 0.007 0.00854. 84 -36. 138B2. 8
0. 8 0.010 0.01067. 38 -28.5-257. 5
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34Me c haran aslmy s apsp laincdat i on
3. dMelc hanisstm gofat idostanduti on

1)Sadrtyst aldepaattban

The migration mechani sms of chl oride ions
crystallization patterns and CI di stributi:
mi gration, while CI concentrattionss.trhlte wa
toement ratio (W C) <critically influences s:

uncoated WpEcFredOnisdhi t ed t he hi ghest m)s,ur f ac
approxi mat el W/ @ o sabne (B8R ihga)t . n"3vGeor W/ Cy 7s ple.c8 mens
showed the highest im),t emenand | ys afl itveWlyGmad gnr

0 .a4nd. 6 . These distinctions arise from vari at

W/ C =s ple.cd mens, with a higher pTraobpl-8e) t 3 on
all owed rapid salt solution permeation. Su
accumul ati on on surfaces[10,wWd.t h | mb WBWMdH mta s to,p

0.abn@.s8peci mens relied on capillary action 1ir

i mited salt mi gration to surfaces, whil e
supersaturation and cr[y78.WAICI i=2 pOle.c8 me m 1, swmiat
small est average pore di alnPelt Bnrnglaln)d8, hti hguhse set x hm
the Imrgest

Epoggated speci mens nm)h oawedd mselerdsuackeed ¢troytsatla l (

(@)

ompared to uncoameédcrceoeantegpmy emadwewhrlkeéat
tabl e )(.Filgn. p3or ous mat ermed idd4.es Llotat ming@r &tuip@n

- o

ater al evaporation, hinderingWbhe€t bk ®aldt =@l

clogged surface open pores, mZmyap.piAdgdintoiroen asla
crystal dntomipmol aggrs on dense matrices vers
sur fdasesgoverned by materi al properties, s o

moi stur il 6&dHt ent

2€Chl oipnid®t ri buti on

Cl concentration profiles across heights
key patterns in salt mi g r artai)o n .e dFgoer ruengci coantse (
exhibited higher CI concentr &t pondrtitvbeam scaolr

74


file:///C:/Users/GA/Desktop/水泥砂浆在盐溶液半浸泡下的氯离子迁移与湿特性研究%20-1.docx%23_ENREF_14

Chapter 3 Chloride migration and crystalline distribution in cement mortars

transport towarw Cs s placdemen Noslabwgd el evated

i n the top segment (S1), driven by combinec
evaporation at the upper surf-a)s.pdiay edosimaa{
vertical Cl gradients (except in S1), as ¢
redirected salt migration vertically via cap

Vertical Cl di stributions differed signif
except in the i mmersed S5 segment and upper
and horizont al salt transport .anHloweovcearl,i ziendh o
cracking (caused by salt crystallization st
Fow/ C =colatéed speci mens, Cl concent#dhba)t,i ons
attributed to | ow porosiatky,capadr apgr ecd o ome

upward salt migration from the base.

Al l speci mens, regardless of W C or coatir
fully 1 mmersed S5 segment. Her e, Cl | evel s
within internal pores, as surface evaporatio
3. 4M&€chanisms of capillary absorption |

1) NOW v s. NOS Compari son

The trend of the capillary absorption curve
of the materi al and the properties ofhehe a
capillary absorption was affected by the pol

I ntevapophtitbe speci nneénodeicuhr gdeghvf Daistehs

mul tiple. olpgmgeoirersespnalfl upomdsd |gmramastodd iing i
rapindtiatapthgptiyo@beoversely, for otDh.e6 sapnedc i r
O. Bipi swasabksed br elsdtoiwheyl oguagphy | la@it i on, gi ven tt
surfaces and ssSmat lisepierctivanrerha Itohfe.a@®@n€G n s thi gythed a
water c o nttheantt wihtabnfO a @ urraitnigo prigfsagher onpor os
correspondingly |l ed to a (Ripgdhledp)sBased obén cap
resut bfNOW fan dt eXs@8-4 2t hAeap 0 toitenr ee sipre stltee n st e d
NaCl soluticompdeleicdh ®elde pur e wWwhthhtea tdydressiau s e
surface ttheeasuont el NWNa€é i gbht uyi angher d@han t|
21Canidtvs scosi t ywacso ettfiiiadcei @ n t eua rew gvaMtehmre. hi gher
densitthgeab b Natskodl ut i on, ctohud edmmpest manhe a | arge
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wei §kdtr awitntge i sma me t \nsed lutmes o In tive Dot akdlse ghle a n
t hwe a p[8WP9 81 7].0
2) NOS vs. NSS Comparison
Throughaptind ary abhswatpuarn @tseod eMd @Insoft hseal @f f

crystallilydpilioapecdrices memwtr s peci mearsalwfeped t h e
NSS speciWieshsofwiOt.h6 a Mmbaa Ovt 8y, e rbeo tf b eitmme dbsaes e d
on the capillary absorption &8uU3yesTlhif s tthien di

attributed to not only the dense surfaces of
of the p3I3r)e,s wWhliacbh ecoul d be compl[6Fle7]l5y Tdd sl ud
finding furthetheoef bbedraybtthaN\RNW®Pr operti es
natural stone anddfcream ntihca tt i d[ffe3dNja éugbcerdyidsiutieaelr e
t bhdei fferent material tComerserasred ysolfwtri drmep NS
the ratio ®&fagOwdp n cbrog¢ ths3@gadh eand3-4TablTehi s findi
attributngertinali tand ekt 6 axradp ssrad tc hcaorha @tner 1 st
11T,a b33 . | i, r gi ven t haev errealgaet iiweleyr nlaar gpeor e di a
(16dAm3, the salt crysttalus ddagwooanelttthdeeni nher pat e
Seconmdrleeyduced pordd hei zapaerd Hahege &Ltgl. mgest tsh,us
sadrtystal 9§ ndd mpagienadnicens s e vwsepedcrlogggyr oscopi ¢
[9017]6 water i nwadhealsperchtame obuyg ht loegpmi m cp erass ,n gt
bo#&Ahpanwtaw[8 61 0.1

3) NSS vs. CSS Comparison

Comp arbiestonne &5 St hagr €CGPP-14 T a b3t4es howe td h AJag t
anwtagf t hceo astiedde s p e c itndeinfsfedree@mte asedvi ghl i ghtin
sur face e@vcagpirlalta royl haeb scraylptiteamoss i t ed i n porou
courledduce t he thhyrgawghe otph atiifrteyoicrctl enrsn dlhepdmes i n
[456 71 718Howe v emqgn tdhdeet ed ssvascigmehi cantl yt heower
uncoanewhertlams r e maian end st umnhkiB@d hTgheids obser vat
i ndichatedyaslttal hi zlae | dime c m onte n & ddet fr fiedModr recotve r
Weaparied with the Wweedf tthlee sppedc imeerss wi The t
0.8 were respectively reduced by 32.82% and
compared to the specimenThwicoh| dhbéer @thiteo i b @t
di f famengleee iosi ty and poFieglsgi &8 §Beys tcroinbturtai sotn,
speci metnhrewt t b wat @s4ocilaatregde rwiatvhd rzzeeg ea npdo rneo r

connenatcedspores. These features enalrleeadc ht he
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the top of byhé&a hepketrmenon and fcalplidwed ybyabi
evaporation. This expgloatned tome i miSo i mMobaint eafpfee
t sei-deat ed sveeei mesmsoci at ed wa tshakngostp oorna tyi odni ,m
alaloowered rate bodt Bwepewhiheb mad e rtifhgeic hdgercsr e a s
ot hé&dad NVt ap

3. dEn3gi neappl nhgaetoommendati ons

To enhance the sal't dbarsreads imant errd sail st a mec &€ o@:

optimizi ntgo ¢ hentwarn &tri o (W/ C) and incorporat.
slag, silica fume, fly ash, | iinie svteosn e epdouvwcdee rp
and pore size through filler effects, yi el di
coeffiAdpermtnd (chl ori de {Li7faf 808].20 nSuade fma deii feinct
mi ni mize internal salt crystalli zaitnduwc eadnd

damage f-depmw piotreed sal ts.

Applying waterproof coatings (e.g.,- acryl
butadiene rubber) on cement mortar sur faces:s
pol ymer coatings form i mpermeabl e Isaromi emngd t
i nternal moisture evaporation, effeclit-vely r
182 This dual mechanism supports their use i
resistance of building envelopes in coastal

35Chapduenmar y

This chapter tcrovad £tdi gaantde du necpooaxtye d c e ment
wa tteare me nt ratios (W C) of 0. 4, 0. 6, and O.
solution for 120 days. Salt crystalpiddmoygit
absorption characteristics were systematical
CrystalDyinzamTitopnhes i mens wi t h W/ &r gcer0 . plor eex h(i é.i ¢
clustered external salt | ayers on upper surf
Conver seolex, melme svith oswWhell |==r0.p6o/rOe.s8)( ef.ogr.me d
external | ayers but accumul ated more intern;
sl ow evaporation.

Salt miMercahtainddmmeat ed speci mens showed highel
regions at al | hei gihti vy,enr dafolre ztoinWiwil lecsstag @ r arti
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specimens displayed reduced | ater al Cl gr e
redirected transport vertically.

Capill ary BzathaoRagodrli i ng pure water with satu
capill ary absoXxigtidor ¢ oehfiighieent $ ugcd odygn nigt y
by sal tSicadeattiang . f urAdpenrd dmadarsdaavggd bpynt emt t i
evapodatven capillary action.

AniSial t Corrosi €ny sSttafalbieamgzteisonexpansi ve stre
deposition are a primary dé¢é d8nahdaantcieodn ndartirviexr ..
Achieved by optimizing W C and incor plo2r)ati ng
Surface i mpermeability: Waterproof coatings
evaporation, improving durability of coast al
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Chaptleirquydi d water transport p
mortar with salt deposi

41l ntroducti on

l nvestigating moisture transport propertie

hygrot her mal anal ysis of buil ding envelopes
environment[@il 586phlu |l Motiisotnur e transport I n poi
i nvol ves |liquid water and vapor phases. I n

water transport dominates d-bedéen pertsetmeaeat
coastal rsoanlmennet sgnvsial t crystallization f or ms
crystals cannot migrate independently but ar
i nto matelidad3piht 8al brdeposition alters poro

thereby modifying | iquid moisture transport
l iquid water transport in porous mafBésd9 al s c
9P However, the mechanisms governing | iquid
spray c¢limates remain poorly understood.

This chapter employs the accelerated sal't
2 to replicatemadasct londaltt oapr adfoanu died ¢y @rs ¢
porous bui ddengnwmeaslBhygat eochemi cal evolutior

porosity, apparent density, andq 29iad ui dc omma iesntt

behavior : | mpacts of salt d@psictipoh|l anysabug
coef fAegd,emtap(i | Il ary moi sture stModgé, rehnhdnweat
Modi fied equations for capil lardwcahlls groptei osnt
alter@Miecmne®structur al Il nsights: SEMaarsgpoMItP
phenomenasctatmmpaesmeé X | Ther extpieansnent al wor kfl
i Ri gl. 4

42Samp |l ea lginrodeysntet hod s

4. Mal er i splecame ns

Cement mortar speci mens welr e3 2p.r5eRp ac-emde nus,i
standard sahd2(QB@ekENavb@&@@d wi-tt-dhhemewiatreati o (W
0.5 anrdoesmaenndt ratio (S/C) of 3. The homogeni
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mm I 160 mm steel mol ds, vi brated for compa
chamber (23AC, 95% eebadi weg, hs mie &iumge)ds aMfe r2edr/
for 28 days. Subsequently, they wer ¢ 140t i nt
mm I 40 mm I 10 mm: For vacuum s@2)0r ammi 6n48n
mm I 20 mm: For capill apgcameosptwicore trestsed
ovalmied to constant mass, | abeled, and groucg

yropmee I. ...... s e P e T

Salt depositi Dependent variable ‘s“" crpstal

o] Pore-related physical
evolution parameters

Capillary
hygroscopicity

Micromorphology and pore
characteristics

1 1 1 Microscopic
------------------- " isREsEaEEassa R RIARRANERSED seasassasafeannnannne mechanism

pore diameter

H . H H

a . o] Satrated moisture content W | % - - =

. = . = o . H Capillary absorption . . L 2

: Salt spray cycles . N = = cocfMicient Acsp :lnﬁuwnwg}ﬂrwrlﬂ ST

H -

. . d Open porosity @ ] : . E > - wq :

H . . = . Capinar; adiine H eap,salt Weap,salt

H . -

e R e :

Nessssssunsnnnnnnsan . - = . H
............................................

Fig. 4-1. Experimental workflow for hygric properties of cement mortar under salt spray environments

4. AcZ2 el ealgitredays t

To replicate coastal salt spray climates a
cement mortar under varying salt exposur e
conducted wusing a CEAST 5050 salt Iprwaays c he
atomi zed with a deposition rate of 2 mL/ (80
from the vertical axi29, Ehasaedyc¢c| @amhbampps i cf
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continuows SHHTALY ihrogur satof5 WAGF.i ng

The chamber configuration and parameter set

property test (capillary absorption, vacuum
were prCoemareoel@: grolagnsit tghlodps 28, and 35 salt
Each group included four replicates to calcu
1) .

Fig. 4-2. Accelerated salt spray chamber and interior specimen arrangement

Tablle. 4Group numbering of specimens subjected

Control Vacusamur at Capi labaorypt Wat eert enduir e
Tests test s tests

7 cycl 101, 102, 201, 202, 401, 402, ¢

14 cycl 1A1, 1A2, 1 2A1, 2A2, 2 4 A1, 4A2, 4,

21 cycl 1B1, 1B2, 2B1, 2B2, 4B1, 4B2,

28 cycl 1C1, 1C2, 2C1, 2C2, 2 4C1, 4C2,

35 cycl 1D1, 1D2,1 2D1, 2D2, 4D1, 4D2, 4|
Control 1E1, 1EZ2, 2E1, 2E2, 4E1, 4E2,
4. Zh3 omirdecentteati on

To quantify salt ingress and analyze its i
chloride ion (CI ) concentrations in specim
measur ed usi ng -Ca GIOI0O®r i smesBtagm C(THiig.| 84 st em
el ectrochemical principles: Cl il ons dissol v

detected by a probe equipped with el ectrodes
for temperature effects, iispkaneeromdt he® IiChst
(Fi8b)4 The CG@Il 030M@ties Lpecifically calibra
and ceamgeaet materi al s.
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Prior to testing, tuhsda nign sftirveemesmotl uwa so ncsa Iwi bt
of 0.005%, 0.01%, 0.05%, O0.1%, and O0.3%. EI ¢
dried dwrelk kioth between each dowbéenobhheCacti
di spl ayed a stabilized walltidbgeat aod MO &S u rpel
completed within 2 hours to ensure accuracy.

a) Sampling, calibration, and measurement component®) Chlorimeter C-Cl 3000 device
Figg43. Chl oride ion (ClI ) concentration meas:
To comprehensively assess chloride ion (CI
thickness samples were extracted from dried
speci mens and ground into fi-sha&) p oA d3armpulpsea wmde |
was weighed using an electronic balance (0.0
bottle containing 20-4ml) .o fT hac ibditda | £0 Ilwatsi acm p(
shaken for 1 mimmithait ef slelt dtwva lohiglbiypzeer itdhde tsoo Isut
was then | oosened sl owl vy -4tco) .r edf enaesmeu 2i enst ,e rtnhad
was inserted into the solution, and the CI
di splayed on theeenstrumentoés LCD sc

Al l measurements wer e conduct ed( Egtec2BA@Ge
mai ntenance: El ectrodes were kept clean, dry
i mmer §Ppobe positioning: The sensor probe w

avoid contact with settled residues4d). the b
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a) Grinding b) Weighing c) Dissolving d) Detection
Fig. 44 . Measur ement procedure for chloride ion (CI )

43Experi menhadlisqgiwad gransport
characterizati on

431Vacusamur desiton

The vacuum sat Fathi)hoeda sap par akteuys hygri c pro
buil ding material s, Il ncluding apparent densi
Whil e this method, originally developed for
standard BS[1BM h®uX*6 :bzEN6 wi dely applied to ch
various por[@aes/l &dageri abs wcsoentiami sated cement
l'i mi ted.| ahem s@mddi mens are exdeppoesdttead dGiad ti

di ssolve and migrate, altering the original
crystallinsaed conditio
H ERTR
Ao Ly 1 ?
A % %1% L) S

EZN

FRIEIK

Fi.45 Scheamagr amvaocfusanh ar &t p emi nend @ |

To address this | imitation, saturated NaCcCl
dei oni zed water as the absorption medium in
(Figa)dwerediiedtabvB8BAC t o cdoenssitcacna t6oomh s(sFi gc
and wemghedi ng an analytical balance. Speci me
within a vacuufchamMbess(Fée gwa.\gor.k7TBaalhygd r
mai nt ai2iN@dh2ofuorrs t o evacmuaper @asérd)Firgeratdipat ed
solution was sl owly i njected into the chan
i mmer sion over 015 minutes. After i mmer si on
at mospheric pressur e waisn erde sstuobr@edd?ly eadr & osf Feé @i.
46¢e) .
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Foll owing Archi medesd prnmidyed kd)e,wd sh emesasbure
a hydrostatic balance i-6f sat8patemeMNaCwersel I
surfraoeted with damp cl ot hsnswakRd)wehnghed. for

Fi.46 Vacsastumr axtpgerni metnd @apraoncde dur e

Based on the measurement r esuletsdt Hea oanp f aree
denso kKg) mopen Ppos)osat yr at i on wsnfokigd/tnuarned csoknet | een
dendi tkdglorh each group of cement mortar speci

cycles were calcul ated-1ys it6gg. (4he f ol |l owi ng f

Uyem Ovd«DHre (4-1)

0 @ — 4T

i -

" 4-3

0 - pTTh ™y

0 : " 45

” O

5 3 (4-6)
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I n the abonkw sbéwgeuiagthito nosf, t he sspaetcuirnmaetne d ns ttahte
MindieBhseu b mer ged weight of the s peit®neeeigrmder
of the NaCl sweladtuiran eidn stplehdaregtneMeé k ght of t he
(kg)is dtemesi ty of the saturated VINasCatplhgeat @mnh i o1

vol ume of the specimen (mj).

43 . Qapi labh o rypgda ston

To determine the capiAlaf&rgyamadb soa pitli loaar yc o
conweapk g )f cement mortar specimens, capil/l ;
in compliance with EN | SO 154X 86 am3IT M\ STIM5 8C51
permits the use-aafhersda svien pd aatdihnegsd ,v lemmman u i n s
as sealing material s. However, for smal.l spe
1.5 mm into the substr atee ,csréotsesrebyg!| radeai hg
absorption and resul tindé:admasglya3d ePmaetliicmiunnadreyr
withadoeasi ve plastic films revealed two crit
film and specimen surface triggered anomal ou

zone at the | ower sirdevga l-blp tadi bostoirbbietdi osno | ubtoitoh

significant measurement errors. To address t
empl oyadhesi ¥fe aluminum tape to fully encap:
centrally poei bpnonhbde vept shoface facilitated
Fi.4¢7) .
Sealing /’ Fitting of the 2" stage
material W H| e e et e e
ca ./
N Specimen E ’// Cross point
5 /
L i
Container g | S
g f'/ \“\\ T st
: ~ # Fitting of the 1™ stage
Solution
4
Specimen /

support 05
p

Fig. 4-7 Capillary absorption setup schematic[187] Fig. 4-8 Capillary moisture content Weap
determination [163

To prevent the dissolution of salt crystal:
saturated NaCcCl solution was employed as the
However, the density, viscosiadalyytiaomm aswue flice
t hose ¢@@f78Watwehri ch may infl uenéegndicgl® fhedour ed
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ev
de

w o o —~+ o 9 O O
-~ ¢ T o T <X O

q
> D O

mo
t h
cu
Fi
t h

aluate and quantify this effect, two refer
il oni zed water and saturated NaCl .4$®9&aJuti on

Fi.49 Caphibsloarrpptp @emi nme@tnu @mpraoncde d ur e

Based on the measurement results, the rati
ndi Aca.@iR&p, f Was cal-caoahaaedingabpeci mens subj
cles were then tested49bn)¢s aamnud att reed mMeaald u rse
sorption coefficient was c(wme/dt thigwaBhe cu

termined by sub@ingagckgpm the (wheéidy bweidghftlf er er

i me points and divi egiercdg | WA atThheer scpeepcii ImMeanrdys

rfiv&l 8&was plotted by correlating the cumul a

(t%, ¢ which exhibited two distinct phases:
cond phase .4&)s. Ahwawn dent eFringi ned anmgiemdg t(he n
gression) met hod, i 603k 8, §1 8] %achalp t reedc oimme s tl e d
ternational 91 6,nh dAaS TdM [0 85508 &In5d1 4B8S[1EBR BY 25

ittinghtalse fdiat aat p o i7nA; swatso obbg uaa tnieodn (A4 t houg

t explicitly defi wgp tthrei c apamudmdtiom imetfhrod
search as a critical moi sture characteri st
i sture content corresponding to the transi
e capirpltaoyl WY& eFol | owi ng ASTM C1585, t he
rve was | inearly fittegphasaeadfiitttsi nognteurswe t
navkdyps derived by dividing the cumul ative
e speciHhE&€Ed8 hei ght

5 e 0 (&)
0 — > (4-8)

I n t he keigsu atthheonf,i tti ng parameter.
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During the testing process, t hi@ 8& @b iwe r th ta
|l ative huam0o®wi t FThefl 4% d | evel in the tan

-~

sitioned (5 N 2) mm above the specieleynds b
on i mmersion of the specimen into the solu
rface moisture waesutabdsaompedl atsh ,nga md wtrhuer gs
an analytical bal ance. Thili6 mroocedsye2Wwas

d 48 hours. tiAdydi tweornea |l p ewefiogrhmed as neede
servations to obtai ma asterdiefsf eorfe ntett inmmaes sy
eration cycle (removal Y drying Y weighin

e
0
Y
u
n
O minutes, 1 hour, 2 hours, 4 hours, 6 hour
n
b
Y
ompl eted within 20 seconds. The weighing ac
a

3 O O O ¥ W O W < T

ss. The edge |l engsh mefascubdcuspegi mewverwi
sectional ar ea errors controll ed wi t hin
i Mmemeasurements were N5 %, and the standard o

sl ope was approximately N4 %.

43 . ®at er retention curve test

The water retention curve, a key moisture
defines the wupper | imit of watierapsi dbaage pc &|
rel at i[lo9nks92 pSt andard measur ement e 31hop3d s 1 n ¢
pressure [Ime2n®Y4 amangi ng WMad%4eHd5 caonldu mmer cury i1

porosi me[lb@96MTHPgdse met hods, however, | ack f
range. Feng Chi (2019) i npterrontdeuacbel de trmmeombarl at neer na
mi rropoidetw met hods, validated up to 11 T 10
clacium silicate bo@lr9/is Garve npdihet altrws bnumehtb6
unavailability, t kpiesx nmeetabd ye emepribayasn et ee tsheondi f
and simplicity.

This method isolates spepgpemaaablfe ome morl aurt
mai ntaining hydraulic contact. Specimens equ
pressure in magnit udgB,bual | copv -y trceaoenit o B @ 01 |
exchangeg.uiRddtri um, moi studeOronEepéri memeasu
Fil mtec BW3OXFRLE membrane (305 I 305 mmj ) .
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Airtight container Plastic film

Specimen slot

Specimen

Semipermeable

Salt solution membrane

support

Fig. 4-10 Schematic diagram of the sempermeable membrane experimental setupl98|
A 27 1T 18 cm] opening was cut at the base
cmj) and sealed with Bostik bl ack -pergme adblreub

membrane with its smooth side fparcelnigmiinmawayr dc L
of the rubber (48 hours), the container was
me mbr ane sealing integrity. A white plastic
| arger container (52.a39 Il s®7alled3 @.omtcamjn)e,r awads
me s h . The | arger container was filled with

ensuring the solution 1i5evmen teox cfeud d eyd ctohnet ancet s
Following |1 SO[132530x20@teRr]) mortamiepediome

constami)y marssa (forced convection oven. Specir
( Fidg 1 a) , and both cont“dalbepranwweseosed!| el @F
temperature.4dhambeAf { Ergone week, speci mens
Moi sture equilibrium was assunm®2ddowhen ntthereea

showed O0.1% relative variatmveanThei photbhdum
repeated at capillary pressures dofi 51 2. 6160 [ Pila

adjusting K SO solution concentration.
A

Fig.4-11 Experimental setup and procedure for water retention curve measurement via

the semi-permeablemembrane method

According to the <t0dBdardhd/ CECS&t 1O0R29Ri p b
prespgfuPra and K SO s@(l kugt /i kogn) cwoi ntchei i@ .rthht & grnk g g
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can be approxi nmba.t eldh eb ye geuwgiulaitb ra(hgpodf mepet umen s
cal cul ated uls,ngarEdqutalte owatder retention cur\

across capillary -pr.essures via Equation 4
pc= 2. 880C 3. 423D T 49
0n _— " 410
67 6,tB ;1 QiR s 37s S 41T
Nomenclwtplrsequilibrium moisture CPn(tmands at

fractipompd®W)l;ary ErEsSQresg¢lPaf)iion cmadycreydt r at i
mass of s pmeg)megnud(lkigh)r;i um mass of s pd &Kigmen a-
QQ.Qarettfing spacamet®e®i @B LR 1 wisaturated

moi sture content of the specimen (kg/ kg).

43 . T2echni ques of observation and measul

To analyze the moisture evolution mechani :
deposition from a microscopic perspective, m
el ectron microscopy (SEM) were conadmucdausedi
by i nward migr atdroyi ndgurdyal essa,l tprsipsrmaayt-i ¢ sub
sections from the surface to the core were e

and microscopic morphol ogty ayclvardgumagt dems hs

First, samples were dried to considand ma s
subsamples were tested using an Autopore |V
2000 bar, resolving pores down to 6 pmrvia
specimen ensured data reliabi-toayedFwrtBENDpI
Ssputter coater, USA) and i maged wusing a Hit

foll owed | SO5Q50 P): 2005 | $IHLIBM)E.: 2019
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a) MIP (Autopore V) mercury intrusion porosimeter b) SEM (Hitachi S4000) scanning electron
microscope

Fig. 4-12 Analytical instruments (Lince Laboratory)

44Ef f ect of salt spray deposition or

44, $alt spray deposition and saturated

Based on chloride ion concentration measu
mortar speci mens, the salt deposition (char.
spray cycl es413. shmevnsdlnt Fdgnt ent i n speci me
the number of cycles, rising from 0.9% after

concentration gr &wl rcaypcildelsy bbuett weleamwe7rd t her e

deposaintdi gr adual salt cre sdmdciamenusnud myii mg sva
cycles. The deceleration in | ater stages | ik
and subsurface open pores, hindering further

Conversely, the sawsyirdeedemoerdt wr eh.ddontert
13). Control speciwment2 Lhgfia ertwdeslygh ttsed 1
kg/ mj (7.56% reduction), further declining
(Tabld)e. 4The reduction rate accelerated in | at

suggests that salt cpypstal srpdagregsipoeley vioi
Despite undissol wad usian tsadmuy attalosnn dvarnihndaCl
Fi.46), NaCl 6s inherent hygsbagmaepdodd Madliis kel y

For all tested groups, chl oride content st
whiwsgdevi ations $4p.a3n’n%.d TOh.e8s4e% v ari ati ons pI
heterogeneous pore volume distributions and

remained orders of magnitude smaller than me
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negligible in this study.

Il Saturated moisture content
|| Chloride ion concentration

200+

T
o
o

1504 1.5

1004

Saturated moisture content (kgjm
T
A
o

Chloride ion concentration (%)

504

T
o
2

reference 7 cycles 14 cycles 21 cycles 28 cycles 35 cycles
Fig. 4-13 Chloride ion concentration and saturated moisture content of cementmortar under varying salt
spray cycles
44. Open porosity and apparent density

As showdAldn Fheg open porosity and apparent

opposing trends during salt spray cycles. Wi
decreased, while the apparent densityed ncr eec
reduction in sat wfjia,t etdhinsoisuqges tco nttheantt qal t
cycles partially occluded opanupabks , Tthteher eb

control group (no sgdtpfkgdmmgn Appanenntadeds

to 2151 kg/ mj, rising further to 2173 kgl/ mj

increase aligns with the denls9,y wohfi cchr yi sNasQG

hi gher than the initial mortar density (2133

(1.168 kg/ mj) undegr=1R a¥@&n B QOO0 Thiutsi, omssal ¢ (
s

deposition within pores Jdirectly contributes

For all tested groups, the standard devi at
whil e that of apparent density varied bet wee
to materi al heterogeneity, wertwr eod dwealsued am
deemed negligible.
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® o
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- 2160
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Fig. 4-14 Openporosity and apparent density of cementmortar under varying salt spray cycles

45ef fect of salt spray deposition or
| i qgui d water

45 .Clapi |l I ary absorption coefficient an

As showdAlbn Fheg relationship beéenewvew)@®) cumul

anttli®l |l ustrates the capillary absorption pro
experi ment al groups. These six curveds8,align
exhibiting a steep initial |l i near phase foll

the sl opes determined from the first phase
second phase differ acrof8€2¢0dmpy-qgo Btaditnigng
speci mens absorbed moisture faster than the
21, and 28 salt spray cycl es. This accel era
hygr osddiOldi tSwbsequently, -abasoaphiog gabeps.i
decreased and were overtaken by the referen
phase. At this stage, the moisture content |
cysle 28 cycles > 35 wegrcdes,oboéab8asdeint Wi gh
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Fig. 4-15 Characteristic curves of capillary absorption of cement mortar subjected to

different salt spray cycles

The capillary aBsp(ripnt ideni ocnoi eehdi(siwimretnstas) u maa
NaCl solution) of the reference cemeniT. mort e
The AagAcop=0. 8wWals sl ightly | ower thah0,20® t heo
and the experiment al value of O. 8% rTehpiosrt e
di screpancy may arise from differences i n ma
this ratio Akp8&d)ved tphhameechfei firsgncair viesg
speci medd5int Redap/rarl auetsed or all si x speci men
4-1 6 . Fol |l owi ng .48h e tnrpdtditsoeb d nrdF8 sgwiem eFil g near |
and their intersection pWhnussi Nvge r eeuiad & eni 4

measured density of Jssrltludr9dktgeldm dN adCd i ogporl zuetdi own:
998k%m/amt standard temperature and pressure (
Laboratdormaporastudr y of Lince Lab, Politecnic

Weapbsdised on t hielisghe Asi ey i.d-26 ofdbmitnttiaggecr eased

with increasing salt spray cycl es.

For all groups, t Aeng it prachagred d #hoinZa5Ch 0%2s%d o
1. 16% 19 %, respectively. These variations, pr
uneven salt crystal di stribution in pores, v
values, thus deemed negligible.
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0.002+

0.000-

reference 7 cycles 14 cycles 21 cycles 28 cycles 35 cycles
Fig. 4-16 Capillary absorption properties of cement mortar exposed t® to 35 salt spray cycles

Salt spray exposure signifPoranftfl yemmpacmor

shown i nPograabdredsi vely decreased with increa
18. 7% reduction after 35 cycl eisnduMweldt i pdreo s
reductions in building mat[dBi anas:onlriymégti crke

6B gypsumi @R 1mo34 %)y (1 21[1@87 Y% nd cedréanmi7cyw)t i |
[6 T Notably, these stuflli3@¢hore nppalrotyi ead 26ijimime risn no

NaCl solutions, whi ch di ffer significantly
experiment al met hods and materi al propertie
porosity by crystallizing [@88pore walls unti

After 7 cycl eBRo,wsaW £pd W catiidowesr ei nmi ni mal . B
cychwesdecr eased | eBoa nwha( kiegd)l,y stthgaognest i ng addi
beyond pore volume govern capillary moisture
hygroscopicity: i ncreased sal t deposition

of fsettiqgi pweomr osBlwoOlli ddoweypedec!l i ned mor e S
t hachp, wparticuiBa&rkycbeser i p8icating greater
salt spray effects. This phenomenon rel ates

but also to altered pore size distribution i

Tabd4d2dMean and standard deviation of hygric propert:
samples treated wistah t7¢sypdrldgys 21, 28 and 3¢
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Salt spraRefer 7 14 21 28 35
Oi [ %] 16.9 16N8 16N0 15N6 14N2 13N7
0.14 0.34 0.25 0.21 0.39 0.35
Wsatkgd m 202.:200. 192.1 186.9 175.1 164. 4

Reduct@ o

anws ot %]

Weapl k °1 m 14
1.78 4. 4.

0. 6¢ 4. 98 7.56 13. 3 18. 7

>,
N
2

14M5. 0 1368410 1281.3 1187. 3

Re duc tvcep
[ %]
Acapl Kk g°nP 0220 0.2 0.2aN 020N 0.1BN 0.1@BN
2. 0B£2.30B4 2. 6BEL 2. 18L£ 1. 96L& 7. 4BE

0.7 21 5.6 125 174

ReductAcem

[ %] 0.9 46 7.3 17. 7 3.
45 . Ral inity influence factors and modi

Under salt spray deposition, salt crystald/l
cement mortar, | eading to significant change
capillary absoAkppt iaomd coeaediflilcad reywtgdpnd i St adiet icool
moi sture characteristic equations fail to pr
guantify the influence of salt c-8pteaxyptosocend c a
cement mortar, sal wertey cahtulaeaneed bastdr on
factors were then fitted to empirical Cur ves

equations ori gifnradd yp adreau sv emda tf eorri aslad .t

Using the salt codlt3e)nta ngdr ocwatphi Itlraernyd p(aFiagme
4-2 ) across salt sprAaypawcde gplb @ ¢ we echoend amlathi og @
reference specimens were computed for each c
facthobsAar, amdy fwhy w . 17 plots these factors

establishing empirical relationships to guid
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Fig. 4-17 Variation of the influencing factors sacap and swcap With salt content in the cement mortar

Based on the s alghcpd rtgycafponrf | cueenmecret fnaocrttoarrs s p e

4-1 7, pol ynomi al equations were fitted to ¢
concentCd)at iasn f(ol | ows:
- T @ ™ p T @ RP=0.95 412
- ™ Yo ™ xo T R?= 0.97 (413
The above equatiiompabmbhioni geriemihtelcdd nd &@rmant 1
on the capill ar yAcagbedap pwwvhioonh piags almemier sed t o s
The applicable chloride concentration range

functions of capil Aaprsndbsappti anywmedfEt ar er
cement wmoht amlt contaminataopr BB 6faltowpray

0 0 r WL T wp T® @ (44)

O § O 7 T YP T XD T (4-15%
45 Bqui Il i brium water contest and water
The equilibrium moisture ugonaredhpscayictl eadf er
speciunag) 8379 cycl es), memesrumeablve amd mlker ameeni me t

in Fi-p8iae Water retention curves for the sib»

equilibrium moisture content val uéesSbsr Amef ou
capillary pressure of the salt s8®18@Ra otnho bene
200OPh, the equilibrium moisture content of e
capill ary-commdaswnne,g sgletci mebnrsi uenx hmobiistteudr e ocwoel
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the reference group, with further reducti on
I ndicates that salt crystal deposition in ce
the water retention curve wilmi cmpmdil triyr @rc
al | pressure | evels. These findings wadti gn w
under salt deposi4li3o)n anSde cca pinl ldavmdy, 1S s tgu o @
4.5. 1416Fi g

For all gr olug,s mena sFurgeumeent4d st andard devi at |
Control gilouWR® Oy Al0oE8 .. 4 %14 0c% c | s 3304 20 Yoc | e s :
0. 1I9%233% cycl Bs :2.90e2sle% devi ations, orders of
the measured values, confirm negligible expe
g (¢ ¢ N s ]
Eon]? 3 i ; § igom e, ,

q | . (3;1;; 4a0®  sao’ b 0 e z;mapc(Pajxios w0 50

Fig. 4-18 Water retention curves of cement mortar under varying salt spray deposition

The macroscopic measurements <collectively
and the associated r eddcet)i dneaidn topedn mp oin & die
transport and storage capacities. Kewgditpar ame
capill ary absoApt i ocnrapc d e fafriyc wepnits tatnrde eaqain tl @ r
moi sture codeenteage with increasing salt <col
dynamics is primarily attonbwtiedi hopba€k, c
accessible pore volume and open porosity.
For buil ding envel ope systems, reduc-ed moi
filled pore vol ume, | owering thermal dconduc
benefici al for energy wefficiency.ueAddi tli owmear
moi sture content i mproves materi al durabi |l i
transport and stobpagempnapedt pesoon$ materi al
criticaleffforcieennetr gdyesi gn mandpi ediootri ¢ mer mal (
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46Por e

structure and microscopi c mor
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Fig. 4-19 Pore volume distribution of cement mortar after different salt spray cycles (including reference
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and capillary absorption properties of c eme
porosi metry ( MIP) wassp reag/e IfelBcbméecdy coesji ge ospsk
reference groupgl9As ahbwsi knspegi mens exhibi
vol umes near a peonr e Compmeedr tof-stfredkyp @ $ ed e n
speci mens showed significant T#0edict aogs, i whip
pores | arlggerr etnhaainnedd | argely wunaffected.

This aligns with prior findings that por c
primarily result from salt crys0t.a08 pepesi tiinc
cement [Mpana&ariO. &Eh pores I 1Ll i @dapt bhary abs
predominantly oid©Odm,s whne rpecarse sp eorfmela.tli on can ¢
as @m[@0]2 The reduced poibe &t orl aamgeec Dint adnEeInt®t O ¢
specimens directly explains theiAa)diomisreirsvhead
in . £li5%y Bn4glo6.

To further i nvestigate microstructur al eV
spray, surface and subsurface specimens were
(Fi4g0). After 7 cycles, cubic NaCcCl crystals
1835 cycl es, surface crystals grew, .@&g0Qregat
285 a) , which ¢l ogged surface open pores, cCo
reduction (Section 4.0é)y. aSmhsui xkawd carhpgli a
( CSH) anldi knee eedtliter i ngi te (. G2ALBICRSOWILt3R Hi g r € ¢
cubic salt crystals nucleated within pores
densifying the microstructure. This microsc
macroscale trendsdofmodesedcue®ds iaogdt iartar(@asi ng
densipht wit h cycl edpBognalsdk)i.on (Fi g

7 eycles 14 cycles 21 cycles 28 cycles 35 cycles

1850 pim depth 960 pm depth 1600 pim depth

Below the surface  On the surface

650 um depth

Fig. 4-20 SEM images ofcement mortar samples at different depths after 735 cycles of salt spray testing.
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4 . CChapter summary

To investigate the i mpact of coastal salt
envel ope materials, this chapter conducted a
cement mortar iS3pe caicneeen se.r aA fetdmesaasiutr esnerna ys  d yna
chl oride i1ion concentration, V a c u upne rsnaetaubr| aet i
membr ane water r et evretli onme assxupreermiemen ttse.c hMmima e
met hod were devel apgedirand!| whaiguadapredpppetrairi e
cement mocaomraminnastddy st iandangzedrassboml|l | ows

(U)ncreasing salt spray cycles promoted Nadc
cement mortar, rBduamdgi mEraa Ppiojp) q s aAlmeaeire Bts
average chl ori der enmaacshsdOdPmmae start autriad re dwsmoi st ur
decr easedpibrycrleBasiekld by 3.85% (vs. control gr.

(2Z)omparative capillary absorption tests ir
yielded a capillaryAadifsos P.t8 6. cDOleifd ircateindg a
combined effects of absorption medium densi
corredddhom-ce®fmltiai ning speci me Msap.aMmd) kéreel equ
established using deaglndloadpty i nfluence factors

( 3B)o tAJupawwtapdecreased progressively with sal
Acap,w decl i nteyd 30%nd wWeap,wdeclinkeyd 17..4%
The reduction primarily r esiOl &n@ dp ofrreosm sdail mi rci
porosity and capillary/ permeation effects.
t heeapreducti on.

This study provides a comprehensive- under

contaminated porous building materials, este
coast al building envelope design. bChaptyerani
i sot her mal moi sture equilibrium under salt s
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ChaptWart e5r vapor transport pr
mortar with salt deposi

51l nt roducti on

The water vapor peld meabebienys cobadef intaisesnt C

transmitted through a unit area of materi al

[203 Equil i briumumoiisstdiefei nceodhtaesntt e moi stur e
equil i brium occurs between a materi af20&@nd it
Under constant temperature and pressur e, t h

describes a material 6s water retention capac
relativel2ha2aabdThgse vapor transport propert
moi sture transf erf20i2n0]6b uinlddiorg eenrvv §4djfneasmtd a |
buil di ng eneif2g0y2 0L8o mealkkmmtgi canc c u r altaedWeusaan ti if a lc
for hygrother mal-efmbideil e mtg Gaesli gmer gy

I n coast al salt spray climates, salt cryst
equi l i brium [md7 32t0rned cwoantteern tv a pOPlr32 pl8Whmelaed i | |
current Chinese standar dsl9f9@rlhmldi nbautiilcd i znayn itnt
desi gn (-20B1l[&H)pRlariel t o adequately address salt
hygrot her mal performance optimizati owatem th
vapor transport-afmeedtaend smer owms shaditl di ng mat

research priority.

This chapter employs accelerated salt spra
cement mortar as a representative materi al
permeability measurements acr ossl ivrmirtyy nign fslau
fact aaedo®ompl ementary MIP/ SEM analyses reve
these changes. Collectively, this work esta

hygrot her mal simadlfatci emdg -afefda atimesd g gno assatl at | en

52Sampared salt spray test met hods

5. Max erial and sampl es

Cement mortar was prepared using CEM 11/ BL
(UNI EN: 2®T71), and tap water. This cemBnt i s
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with a clink7x%,colnitneenstt odri8é %c5o0 ratnedn tg ygpfs uanl ad d i

ofi5 0. The chemical compayi tfilaum,r edeteenrcrai N eXAR F
cG) , i s | i slt.edL oisrs Toanb llegnsi ti on OOAI )rTdwas me
materials were mixed at a mMma8sO0rati Af toér ctelme
the paste was cast into 40 I 40 I 160 mmj mo
for 24 hours in a constant cldi nsateec i arleanmsb eme r(

watceuwr ed at room temperature for 28 days.

Tab®llChemi cal composition (wt%) of cememtnaClMIi s/ BL
Compo Ca Mg SQ@ AO FegO Kz Na Ti2€C Sr CPOs LOI Ot h
t @] 0] 3 3 O O S
Conte60.3.83. 3.12.11.:1.00.10.10.112 0.1
6 5 7 4 8
To accelerate isother mal sorption equilibr
[21,21]4 However, thin cement mortar speci mens

ensuring paste compactness and surface fl atn
first prepared using the aforement ilcdOnemmjmet I
slices. The sliced specimens were cleaned se
to remove adherent particles, preventing ope
grouped, and dried in a fodrcgdt @olny @ [I588®D N0 0 (
constant mass was conf ithromed wehgrhitnlgrse s howede
O0. 1% of s pTehceiomeent intaaslsl.y, cutting | arger spe.
and increase porosity, potentially affectin
moi sture 997 %t Réln i at dO mi nadtwehd clhy r mimai o p onri en
di sturbedt JlnyR &t hcdcus met hod negligibly i mpac

measur ement s.

a~ CNC cutting b™ Cleaning and labeling ¢~ Constanttemperature drying

Fig. 5-1 Processing and drying of specimens for sorption isothermal tests
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Water vapor permeability tests employed sp
cement mortar contains no coarse aggregates
el iminate air bubbles, renderingl2837 2 21 a(thk
[21]6 whi ch governs vapor permeability me as u
homogeneous materials require a minimum spe
speci mens prolong test duration, a 20 mm thi
anaf f i cPioesnucryi.ng, 70 I 70 I 70 mmj cubes were
using the met hobdl ai I(Iruwessturl at5&dh.oimBpking e s wer
sequentially with compressed air and deioni z
open pore occlusion. Finally, cleaned specirt
5 5 AIC5]8

ayYp7p7Omnfcube specibptepn7Pp20nnmPspeci men
Fi 32Speci mens for water vapor permeabilit
5. 2A2cel erated salt spray test

Salt deposition and erosion on

buil ding

ncontroll able climatic factors. Accelerated
onditions for studying vapor tsapspdomi hant
arget el ectricHI2MDR2t aMhliilce iemxd wsdtirnigesst one

4147 520008111751 focus on durability. Aligned
peci mens underwent cyclic testing in a CEAS
.3). Key settings: 5 wt.% NaCl solution; sp
Fr@l8p; clycdprcay O38AQ@) ng I16&5AC); average de.
umi dity uncontrolled during spraying (chamb
Foaequil i brium sorption tests, 90 speci mens

3%, 75%, 84%, 93% RH) . Each group
with triplicates2)f.ovrkpnoermaepaeB DI cty cuéE s

ycl es)
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specimens formed groups 50, 5A, 5B, 5C, 5D,

wi t h guadr upl i5cladt)e s ( TRagb.| geePogbsoG5AIT e al | spec

conditioned to consfd]®to mdd aniaitat 23 A0/ 50 % r RH i
— | —

Fig. 5-3 Salt spray chamber and specimen placement (20°from vertical)

Tab32Gr oupicememdr tgae ci mesalsg rbagyc | e vumindtbohgi t i ons

Amb&r;t RH Reference 7 Cycles 14Cycles 21Cycles 28Cycles 35Cycles

33 3011, 3021, 3A1-1, 3A21, 3A1-2, 3A22, 3A1-3, 3A23, 3A1-4, 3A24, 3A1-5, 3A25,
3031 3A3-1 3A3-2 3A3-3 3A3-4 3A3-5

53 3012, 3022, 3B1-1, 3B21, 3B1-2, 3B22, 3B1-3, 3B23, 3B1-4, 3B24, 3B1-5, 3B25,
3032 3B31 3B3-2 3B33 3B34 3B35

75 3013, 3023, 3C11, 3C21, 3C12, 3C22, 3C1-3, 3C23, 3C1-4, 3C24, 3C1-5, 3C25,
3033 3C31 3C32 3C33 3C34 3C35

84 3014, 3024, 3D1-1, 3D21, 3D1-2, 3D22, 3D1-3, 3D23, 3D1-4, 3D24, 3D1-5, 3D25,
3034 3D31 3D3-2 3D33 3D34 3D35

3 3015, 3025, 3EL1, 3E21, 3E12, 3E22, 3E13, 3E23, 3E14, 3E24, 3EL5, 3E25,
3035 3E31 3E32 3E33 3E34 3E35

water v 9@ HC 55 5A 5B, 2 E 5C;, 2»C 5D;, HLC 5E, 2E

permeab .o o, 54 S5A 58 5B 56 &SC 5B 5D 5B 45E

53Test mdtohodvat er vapor transport pr
531Sor pti on eixspeetrh entemst

I€EExperismeopal

| sot her mal equilibrium hygroscod2a@Gang tes:H
ASTM C-04[88.7 As shobSMnma,i ns preicg mens were placed
plates (O30% open area) within sealed plast:i
specific relative humidity (RH) |l evel s, wi t |
necessart @&aior preweoabstruction through pl ate

Five RH Il evels (33D%, 53 %, 75 %, 85 %, 93 % :
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solutions of MgCl L6H O, Mg( NDi 3 BEéHe©Of i daCl
| SO6s requirement for O4 19B% oamge)dasdr i bt
humi dity patterid$6 %( &Hg. VieKpPaReHn 71 M&asured R
deviated <1% from th8dretical standards (Tab

Vi sible salt crystals ensured continuous
homogeneity and ngo54sbt)useePoreex cmange &FI cont a
23AC equilibration in a climate chamber, Wi
sensors (tenplertact uH70 AG,ngaeccuria@§ wNOadACr a R
RH) .GEcy.

A — T
—
1 R

[T T T % fLRa R

I

M E A

a) Schemati¢187] b) Physical assembly ¢) 23€C climate chamber
Fig. 5-4 Experimental setup for sorption isothermal tests

Tabl3€Cald i br adtiwmaatedl ut i ons: Theoretical[20]5. Measur

Rel ati ve Humi di Rel atii
NO. Sat urSaatbebd u't . .
Theoreti MeasurecDevi ati o
1 Mg Gl 6.8 33 32.9 -0.30
2 Mg ( B2 6,8 53 53.5 0.94
3 NaCl 75 75. 2 0. 27
4 KCI 85 84. 9 -0.12
5 KN® 93 93. 6 0. 65
2€EExperi mental procedures

Following | SO[l25¢emeado0o (mo)tar speci mens
cyclias @da@days) and were driemonotonnct anats sma hA
three consteocgs$siwiet weSEBDh<0. 1%). Speci mens wer
chamber 89 72% RMH3 W mca ofu@chdesalgin(6draydgr add,
28d, 35d) waalsl ehxupnoisdeibBtoyt olesxvpenipst es p&ci mens wer
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as: -13MBWA3 ( 33 % RH)3;B33(BEBI13 % RH)3;C33T1B5 % RH)3.D33D1

1 (85% RH)3;E33BTY % RH). The 33% RH ch@@mber con
3@, 13A 3B A~ 3B Az~ BA B3A BA 3A 3A (FA;9g Tabl e
52) .

After five weeks of iIisothermal sorption eq
wer e wei ghedaluesdi ngr aaf &1 @5.) : prsoubogrodup s wer e
i mmedi atel y-hggrabdbedopinc nooant ai ner s ,eciinsdiiovni;d uaa
exposure <10 s), and returned to chambers. E
24h mass measuremémucci alary,edN®ODOI. 1®.ssol uti on
redistribution at 95% RHat tad rtresg.i nTgh eorré fga rnea,l

exclusively on sorpdeposicued emi ¢toopPprrevsetr veals

Fi 985Gl ass container for sealed speci men

3€l sot hermal sorption curve fitting
The equilibri um)froi setauwcrhe gcroonutpe ntas €lal cul a-
Mean values from triplicate specimens per sa
used to plot sorption isother ms.
6 — (48)

Nomenclu@iwreg:niel i bri um mopiasttuReEKUR adrkige n €6) at
Mvet)d S egbel i br ipar tmR&sk.gart

Sorption isotherms were plotted wiaxhi sRH (
anufx)as tahxe sy. Curve sl ope variations were an
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hygroscopidirteye. ma@yedrepaingels sol el ycomnt aRmHnNn a e

specimens, it is a bivariate function of bot
Existing sorption isotherm model s-4f ofThgor o
opti mal model was selected based on control
the infl descdefaoedr as:
- - "5

Nomenclusatsguueel:i bri um moi stpurag edo stpemti mefn ss 4 |
equil i brium moi dgtrerce coonntr @ t (shpdetcls adettn si d(ekngt/ikcga
condi.ti ons)

Table€lmssical Fitting Equations for Sorpt

Equation Formula

BET218]
Oswin[219]
Caurie[220]
Henderson[221]
Peleg[222]
GAB[223] 0
Feng[191] O 11

Exponential

532Wat er vapor permeation test

I€EEXxperi ment setup
A custom apparabompl (Bing. wh tfhllé SOalhkRbIRe@O0OW
vapor pressure gradients by s eaadhiensgi v7e0 Ia7l0ul n2il

membrane on all sides te&aprevédretn smallndntn gi rth
a 72172 mm] |l id opening wiathhovey mhmétowi ¢t hk0 |
BOSTI K Iliquid rubber (ltaly) was wuniformly a
reveangse application ensured compi7rdtle pomrmadl fi
controll ed moi stnuernes fu nodwe rt hvraopuogrh psrpeescsiur e di |
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Humidity
P2 control
—fp AT {10W device

Moist flow

Specimen ——— 7 - Specimen
¥

Container

Alr layer

Desiccant or saturated
salt solution

Fi g6 Schematic diagram oft edatvflB]gvapor per mea

Given the <critical i mpact of pl astic con
measuremenfl 9, 2d|6usaay qguality wverificat4ion w
assembly by positioning the assembled |id wi

dei oni zed water to submerge tilBe mmerci maramncsee.

the smpexurmfeace t o pr ev/ecn)t. wAaAftteerr itnhgrreees sh o(uFisg .

components showing no | eakage were validate
reapplicati on; finally, al | val i cnalt € ®d 0a Ns €mb
RH in a constant c¢climate chamber prior to fo

a) Perimeter sealing b) Sealant embedding c) Leak test

Fig. 5-7: Assembly and seal verification of water vapor permeability specimens

2€Met hodrat oggal e
Water vapor per meadrigiugphwledtueps tmeantghroedispO oy 286 7
[16 216 wher ecutphemedrhyod quantifies vapi®mlO %di ffu

RH) whil-eup hmetwkead assesses combined vapor/ |
(594% RH), as partial pore saturatioatieoamanc
consequecupd yt edtrsy -cpupecteeletds weor al |l speci me

characterize cement mortar behavior across h

Fodrogup (t23AG, 0/ 50-%) RHsi TabhegBl desiccant
inside plastic boxes, with assembl i ewetpl acec
cup (t23AG, 50/ 94%) RHsafTabheed K SO ysdgallsti o
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ensuring sustained saturation) provided 94N
controlled external humi dity att-bONi2d aRrHt, ) wd
50 mm ( stpseccli urteino n) air gaps standeagractheged ac

adj usafmedhasi ccant/ solution to ens8ur)e. i denti c

Tab35Environmental conditions for water vapor p
dr-gup/-omeg mdg2 1h6o d
Rel ative Huni dity

Experi ment Tmeperatu
Dry stal Wet st at
Dry cup 23N0. 5 0N2 5 N2
Wet cup 23%0. 5 5 N2 98 N2
Before commencing the experiment, t est co

temperature/ humidity chamber at (23 N 0.5)ACc

was achieved. Constant mass was confintmed wh
varied by -8a)5% T(hFei gst abbi | i zed top components
hol ding equal masses of desiccant or -8gturat
All assemblies were simultdmdowchlaynbteran of € mi

The chamber S internal fan was activated to

upper sur f8ages AMmMbiigg.nt5 temperature and humid

using a TestoAlLl7TéH Hdaua WwWeg§er. assemblies we
23 N 2AC controlled environment, with wei
measurement sshoecuirmteeraal 4d8until water vapor

defined aisorO5®Mciniasei actonsecutive readings relze

a) Conditioning b) Specimenassembly ¢) Water vapor transmissionpermeability

Fig. 5-8 Specimen Preparation and Testing for Water VapoPermeability

SEExper idn¢epabakssing
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The total mass of the dry/ wet cup assembl
l i near fitting to determine the waterGy vapor
(kg/.s)The coeffici &nit fodr dteherImi meaarn ofni t{( must

density was calcul ated as:

g=- (5-3)

Whegiiewat er vapor f | yAi sdpeencsiineyn '[sk ge/ x(pnoj.skesd) ]s u
The water vapor partial pressure different
kpy = pv, sAll1T U2 | (5-4)
Wheapei sapor pressurp, dsdtf eratined avagdra)press
23AC)
Total vapor transfer r(efdsABalhkgpe (speci men

R o Ear (5-5)

Air | ayeRai(rfedsAPat:agde

F\’ai:r—ﬁ (5-6)
Whedagrair | ayer ;i hiigcakpnoers spe(rnrmeabi | ity coeff
[ 2T 10 7 kg/ (mkLsLPa)]

Speci men Rgib BAsAPtaa rkege)
RsampiRe ot aRai r (5-7)
Speci men vapor pelw[meldsAP@amy coefficient
hy=—— (5-8)
WheHéspeci men t.hickness (m)

533Mi croscopi c measurement and anal ysi :

1€EChI| oibpicaret en't

Salt crystallization in porous building ma
exposure, though its natur al d e[p-9.si Ta ogu aknitnie
salt deposition in cement mortar speci mens
measured after varying salt spray cycl es. Gi
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deposited salts compri sed exclusively NaCl
determination through CI concentration anal
syst &€&m30C0, James I nstruments, USA,; csap eccuilfaitce
Cl mass concentration via voltage changes f
(Fi@¢).4Prior to testing, el ectrodes were cal
0.001%, 0.05%, 0.1%, and 0.3% CI ).

Fut hi ckness specimens were homagerindedtby a
di stribution. From this powder, 3 g aliquot
4a,b). Solutions were capped, esgbeboskydsbga
by loosening caps. Mea4éumiemeindts , dPpimgne nf2 8 ACah
temperature. Al l samplwesi ghéemagi new t & e shiactccaht ¢

compl et ed wi tchailn b2r ahtoiuvorns. post

2€Mi ccm@r phol ogy and pore characteristi

To elucidate microstructur al evolution an
mortar under salt Spray exposur e, speci mens
analyzedr ayidgtfrXacti on ( XRD; PANal ytgcal X
el ectron microscopy ( SEM; Hi t achi S4000, Jar
Mi cromeritics Autopore V, 9USAlepgab-sedthissng a

represenhiokgnéss| microstructure addmdf mamecu il

specimens. For XRD analysis, samp-mmsmweshet pu
remove aggregate particles. Due to rapid c¢
powders i n[2amR)ipearctpaaierd samples were stored

deterioration and maintain dryness prior to
and d06@pRer cathode, 0.003A step size, 21.42

a) Scanning Electron Microscopy (SEM) b) X-Ray Diffraction (XRD)  ¢) Mercury Intrusion
Porosimetry (MIP)
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