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The durability of a building stone is its resistance to deterioration processes under
the climatic conditions of a given geographical area. This parameter plays an
important role in the selection of a suitable building stone, as ignoring it can lead
to premature deterioration of the stone during the life of a building. Therefore,
before selecting a building stone, it is necessary to pay special attention to its
durability and to select a stone that has a suitable resistance to environmental
degradation processes. The physical and strength characteristics are among the
factors that influence the durability of a building stone. The evaluation of these
characteristics can provide valuable information about the durability of stone
subjected to deterioration processes. In this work, the effects of physical and
strength characteristics on the durability of building stones were investigated. The
results indicate that porosity, water content, degree of saturation and pore size
distribution are the most important physical characteristics determining the
durability of a building stone. In addition, strength properties, including uniaxial
compressive strength, tensile strength, flexural strength and abrasion resistance,
also play an important role in the durability of a building stone. The results of the
present study can be used as a simple, quick, inexpensive and practical tool to
indirectly evaluate the durability of building stone against environmental
degradation processes.

Introduction
In some cases,

masonry

higher quality stone for use in a particular

is subject to location in a building and under particular

deterioration during its life in a building.
Climatic conditions and the location where the
stone is used determine the nature of the
deterioration process. The resistance of the stone
to deterioration processes can be assessed with
the durability parameter. Undoubtedly, when a
building stone is exposed to a deterioration
process, its inherent characteristics undergo
some changes. A smaller change in the inherent
characteristics indicates a better durability of the
stone and vice versa. Therefore, in order to select
a suitable and high quality building stone, it is
necessary to study its durability. This will lead to
an increase in the service life of the stone in a
building.In order to assess durability more
accurately, the study of the factors that influence
durability can be of great help in selecting a

climatic conditions. In the present study, the
effects of inherent characteristics, including
physical and strength characteristics, on the
durability of building stones against
deterioration processes were investigated. The
results of this work can be used as a quick and
inexpensive tool for preliminary assessment of
the durability of building stones.

Materials and methods

This paper presents a comprehensive review of
previous studies on various aspects of the
durability of masonry exposed to deterioration
processes  such as  freeze-thaw, salt
crystallization, heat-cool, wet-dry, acid and
alkaline solutions. A systematic method was
used to analyze the data from previous studies
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from an innovative perspective. Based on the
data analysis, the effects of physical properties
(porosity, water content, degree of saturation and
pore size distribution) and strength properties
(uniaxial compressive strength, Brazilian tensile
strength, flexural strength and abrasion
resistance) on the durability of building stones
were investigated.

Discussion

The role of physical characteristics in the
durability of building stone

Porosity: A building stone with a higher porosity
has more pore space. Therefore, the contact
surface of the stone matrix (i.e., the solid part)
exposed to water/fluid is greater. This can lead
to an increase in the adverse effects of the
deterioration process (especially the chemical
deterioration process).

Water content: Water content plays a critical role
in the durability of stone in two ways. Water
facilitates the lubrication and softening of the
stone's constituents (particularly clay minerals).
These processes facilitate the failure of the stone
under external stresses caused by deterioration
processes such as salt crystallization and freeze-
thaw.Saturation degree: In addition to the role of
the degree of saturation on the strength
characteristics, it also directly controls the
durability behaviour of the stone against
deterioration processes. The intensity of stone
deterioration due to the freeze-thaw process is
significantly dependent on the degree of
saturation. The water in the pore space of the
stone becomes ice when the temperature drops
below 0°C. This is associated with a 9% increase
in volume, resulting in stress on the pore wall.
When the ice crystallizes in pores with a degree
of saturation above 91%, significant stress is
induced in the pore wall. In addition, when the
degree of saturation is less than 91%, the pores
have some free space for volume increase due to
the transformation of water into ice. Under these
conditions, the intensity of the stress imposed on

the pore wall is less than when the degree of
saturation is greater than 91%.

Pore size distribution: The pore network plays a
significant role in the durability of building stone
against deterioration processes that occur in the
presence of water/fluid. In general, the
susceptibility of a stone to the freeze-thaw
process increases as the number of fine pores
increases. Stones with finer pores are also less
resistant to salt crystallization than those with
larger pores.

The role of strength characteristics in the
durability of building stone

Processes such as  freeze-thaw,  salt
crystallization, wet-dry, heat-cool and the
activity of organisms create stresses in the body
of a stone. In some cases, the stresses caused by
these processes can lead to deterioration of the
stone. The durability of a stone under the stresses
of freeze-thaw and salt crystallization is a
function of its mechanical properties,
particularly those related to the strength of the
stone. If the strength of the stone is low so that it
cannot withstand the stresses imposed by the
deterioration processes, the stone may undergo
pore modification, which will result in its
disintegration. In terms of durability, the
strength of a stone is a measure of its resistance
to stress induced by deterioration processes. The
greater a stone's resistance to stress, the greater
its durability against deterioration.

Conclusions

The physical and strength characteristics play
significant roles in the durability of building
stone subjected to environmental deterioration
processes  (such as  freeze-thaw, salt
crystallization, heat-cool, wet-dry, and the
activity of organisms). According to the data
analysis, an increase in porosity, water content
and saturation degree and a decrease in pore size
significantly reduce stone durability during
deterioration processes. On the other hand, the
stone strength has a critical effect on the stone so
that with increasing uniaxial compressive
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strength, Brazilian tensile strength, flexural
strength, abrasion strength, and point load index,
the stone durability increases.
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Fig. 1. The use of stone in ancient monuments A) Tomb of Bu-Ali Sina (Hamedan, Iran) B) Persepolis (Fars, Iran)
C) Third Pyramids (Giza) D) Colosseum Amphitheatre (Italy)
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Fig. 2. Some uses of building stone in modern buildings A) Internal fagade and flooring B) Roofing tile C) Paving
D) Stair



OFA

Sordaz | o plgs p Soglie 5 (S Sloogas (EE (o) 2

ol il S S Oliogas Ol s Sul 4z e
S Sl gl cpl b Koy 9 0l S g plgo
ol 55972 O plsS sy oSl 5 b Lz L
2 S 2,5 Li g jee Job (ralil 4 i sl 0

g g0 Dol o leisle
Bl slaanlp oy jo S8y Slexsle S
Dglee 357 SIS Shogazr o Slsd s 05 e
5 oy sbplasle 5l L @indd Sldlas wlol 4
clae a5 W)l 3925 (e el 5o Sl slale
):;;’L"c,adbo])oowooﬁ)lfgdbj&
3 load (i caml g oSS lze Jlgy slaanl B
Slloe iSin slaan jo Joxd 4 p2ie (al0)lge (S 2
Al b laitlo S Sy ol 00 Canye 5 cliliz
g Swelital 5o sl plS (o e plys Ghls ey
P 3 Sl sl b plasle o 5 Yol s Bwile
Wb e S plgs ax e il walss Iy e
g ol a8 Jlg5 seanld ple 5o ol 6]
o b slaisle o ool (gl i LBl 4 ol ol
(Sl sba yo 4l Jlgy gl b (03500 sl (e e

sl bl el o plss 23yl 5 (o)

Gabbro

50 0,lgen HleiBle 10 (B0 g Dae Job o LK
Sl e g (oalBl Ll i Jlgs slavil b o e
cu..\...u u] 9 .)Lo.’}u‘ | J‘S) 1.\.4\.3‘)3 &54 3&\‘;&.&” Socw
9 Sagb, (D SES 5 5 A S g 05 (S jsks
st Jl55 sloail st 5| ol | ol
Sl Kiw 4555 5 cu,Bs 0 1) b i oS
Iy kol cpl ply o S culiw] S 51355l
Al sloacs i1, 093 o5 Sae 5l o sl asly
g M3 oe Suwd (g (JElil; Slhogas (eren
sloan¥T 1 L & bl ol & oslaly;
Calizw! .ol 00l ools uL““ Ses ‘;o)o)}w 9 LS)-M‘
Debise i)l pled eyl b Jlsy sloanl g nly yo S
ol S S8 Sleogas 5l slacgoms Laa> 4y plgo
ol S (Sopd S s 9 S5, aile) 5,0l
oy bl bawld ply o (S5 5 9 Cueglie
(Bell, 1993; Hashemi et al., 2018) ssi oo axss
S8 Jlgs wal® (o me )3 (89 Sleile Sow S8 (g

Sed oo 09> S Slesgar ;o Sl (o 0,5 o

Travertine

S
5350555 5 &yl glooai VT asile Jlgj slavnald (S s 4 pleslo lod S 4 (Bl ] ¥ S0
Fig. 3. Aesthetic damage to building facade stone due to some deterioration processes such as atmospheric

pollutants and efflorescence

Digh oo S Sope 3 (P9 sle,eS el

S Sleogar jl Glasgeme Jold Sgy0 slaygSl

Sleidle S plgs 80 s goaxe slo,eS

ol 05,5 55 4y ba,gaSs ol (F) U3 b gllas o



¥ b)l.o.oj: AA 0,99 ‘G‘“W wLo.w O

OF4

ol 4y Sbls SaS Wl o o1 5 NS 50 sla 4S8
Lyll g 0,5 o6 5o eolaiwl gly jowasSL K
O o) 4y ol dalllas joall aily pls o ddl
2 seglie 5 (Soid Slaogas ol SIS Slogas
hee Jlgy slaanlp ply po Sleisle oS plgs
9 & (5)‘)"‘ ub...c L J—"}“_g" CUL.J w‘ 0l 4.._‘>‘.));
350 (Slaizlo S plgs (Slesde obj)l sl 4y yo o5

25,5 18 solal

Application place of stone

== | External factors

Type of deterioration process

\__durability /| Intemal factors |~

a5 stes Slap] e clo)sSh aitas i
Jold 09,5 05 93 42 095 45 Wigd oo Jroot S 2 (99 2
Wgb oo SSE Jlgy wmlp gg g S 38
S 0 )5 G S S Cleogas Gl jiaS 0l
Jsb )3 S plss Oliee 808 (ns Jlgy anl B g5

el el 50 ] (B gy e
S plgs el oas ool yioles (F) IS5 j0 a5 jghailen
O byl 5l pasu a5 cul saxie sla,esl Gl b
G, (P g s b o S S8 oleogas
Jss anlp g5 5 olaitle s S 5pl5

" Stone : Inherent
i characteristics

St plgs 00iS s slo 91516 F IS
Fig. 4. The factors affecting the stone durability

G dmodls el g e el sl
gl az 3 (ol slyome (o Jols (S0 58 loogas
Coglin Jold (oglie Dloogas g 38l ojluil @395 g
9 e Seaglo (el (SAES Cunglie (5 eSS (s,L08

w00 ) r 6:Lq..;>l.m S r:‘go » LSM.JL.«; C,mjLﬁ..o

K 18 Oluoguas
aS Wgh oo 485 Sluogas aiws ol Sh olisgas
Ko s Ko K25 (Sigfa 5 Canle 5l ool
SF S0 5 23y ] 0g)F a4y St Coale Gl
e S LS (sl o Dglil Wgd e e
Gl S 098 o0 oy G1B Sleogas (35 Sglicie 4,
FSis LSl ol s glo Sl Sl bole ol 5l a5

o sogy g olge
Oty SRS S5y ol ey ol aslllas o
Szl sl plgs alize sbvacs> g5, ool ploxl
ssk eond ol g slezl ol Jlss sloal 3 ply 5o
O go 4 Baes botogh onl o plul LB 5 suul
gl e Sxe jo oud e Aol g Jo YL
Sleitls b w plss 5 gy e jo Jaicelo of 4
L b3yl o aS olaiagh 5l atws ol aelsl o oiies
Sldllas sloosls canspllas g, G o aial zl,5el

Jlos 5 4325 5590 alygle g wam aBaus 5l ciey



ooy

Sotoz | o glacKin plys pr aglis 5 (So3ed Sloogas (B o)y

Py e S ples jo Gl g S Sleogas
oS 8 Sloogas a5 )l 05 Jlsj slasnl 3
aalgr Dglaie jo S plgs (L8 wilaglane Soen b
09,5 b 5 S S Sleogar S sba o5
S S5 b s LBl S
$og,S cnl 5l plas e (0 USL) wiyS oo )3 Sl s
25975 4 plaS 52 a5 098 e 09,5 15 g0kt el Lol
S ed Sleogar (i 4 dabl o wyls 3l S plgo

05..»69 4.».>‘$).a Sow ﬁ‘jé > L;ABLM 9

{  Physical

Types of inherent
characteristics (

gy S b Falite 18 Slogas S o el o
@ B o wisnl g o Sligw, I o St
Lulys j0 a5 565,50 S SO (uized Cils walgs
ool ol oad JoSi5 ) Blosl jo YL Lad g Leo
o sloKiw b 18 Slaogas dw), Jylie LS

bome 5 (SoSz (o9 Dslite 4 4z g b o)l o5 s
3 S Clogas s alie SlS S g (LSS

.QJ‘JJ S39>g Caads

" Petrography

Aesthetic

S plgs 5 08 56 515 Slivgas & JSb
Fig. 5. The inherent characteristics affecting the stone durability

Sois Sis (3,0 4 0B 4 dlwgny ddlie §s,b 5l wlgs oo
S 590 4 Jlow 101 355 (gl o0 by andl S
Orizen (odes b (Siwgy pogdle 38l a5l ol
L Sl a5 (J)se)s aidl Jale ji S gl 4
S ) S5e w8 g S5 R ggemme Sl S5 pi2

AU SORET N

Sl S plgd p (59 b Oluogas i
L Sleislo Siw )0 (S5 g 0,80) Bl px> e
Sl (Son B8lie 098 o0 ()l JSS L 4 5 elil
Gogb il dlgnl &jgoa b il Jate S0Ss 4
b s il anile gz g T ym bl | aigS gt 45



Fojlads VA 0,98 ¢ pwiign (ol yae

o0

Fig. 6. Porosity in building stone A) Open porosity B) Isolated porosity

E90 g0 (pl A5 Al wales i o YL 5ol b S
&9 3 ors) Jlgy waal® y—de Sl o i 4 e
Szl GlocSis 51 (S 03,5l sl (oot
L ol ol YU e Joedss o 4 oS el Jodss
3O P [ (V) (S ...\.LSGA i Sg> )L';_">l_,...» I
$oanio bl Judo a4 S ol iams oo lid 1y o6l 5
S O 50 b S flgreay Slolyd a0 jls oS
)Q U")Q‘)" as GEJ‘)_M; )\) QHGA oola_wl LbuLo.oLw
S 5 Jdo A 08 18 sa L eyee
Sk 3l b Jlg; o ojls a5 (gl ol g5
YLJ:J:U‘SALM@U“S)J)J%)&QW@JMI
O yxie 5 el5 o (b A le Jlade Ko oile @)
s b o1 sanms LS5 (sl oot gl 3
Plesil alys wais cel o9 plas ol salys gaww!
&lp g5—o90 0wl (Parvizpur et al., 2022) o4& o
Jlgy Sl (SlSe Jlgs 2 ogdle a5 Sad slo Jolxe
Golo 3 il ) S bauws JSii syl ol d

5 ol «Sd Gl ke il calize SVl L ol
Sl Sl 5 bond o) pae Jolse 51 LA
oles Loy oyl Jole slitinlay aites Slasle
ol s ey oYl L Ol jga ,0 aewwls)
Jx)b),;i“&u‘;aw)éjw.)éﬁﬁ‘sali.auxil}
b Ko Aty ©f Caz Ul sl Jedsee S
o S bais S o S g8 adl conl &l
£s ol buy bSiwank wibe ow, bS5 s>
Jr Slsle sbXw 0 0,5 o0 Sjg0 b S
OBl diwgu ey sbalyos 3,k 5l aS conl s g4
50 aes e |y K (5,0 @ gl 5l YL b Ol Jlasl
dgnl lalyzme g Bl o a4 J5e e R3S Jilis

2,0 i K (49,0 4 ol 3485 g Ldx 0 (alabite)
S slelad i S5e s b gles b Sow
saumo LSid gl les @Ja_..; Ol el oyl (o i



ooy

Grdaz | S plgs 1 (Seglie 5 (K508 Sleogas (A )y

Sreshes Fr o 8510l b 5 ddlie (B ol 03,5 jgae Lz o oylos 51 S5, 0] Sl (A 55505 50 yige J5dss ¥ S
Fig. 7. Open porosity in travertine A) The blue rope has passed through a conduit B) Large pores with a size of

approximately 60 mm
039 el Jozie (N) yidow S5e Jodso b slaSos oS
5o leads Sed ks Sl 0 spwas (DWL) Ses

BB s Moy 555 45 35 ol e 4
.o)lo f‘jé L ‘5....»9S.I.n ‘U"“) U"‘)"L"' 9 LJ‘?)

20

Jamshidi et al.,) ol,Ken § (gowins Lidgh o
K plss (g9, Fie Jlss i dslllas 4y (20132

a3 o Hlis (A) UKo jo alBislesl slaosls (o oo

# Igneous rock @ Sedimentary rock ® Metamorphic rockE

-
(6]
1

DWL (%)
=
o

DWL = 3.66In(n) + 6.53

R2=0.74

n (%)

(N) 5o J5dss 5 Sas ks (b ,o (DWL) S St )39 mals bl A JS
Fig. 8. Relationship between dry weight loss (DWL) due to salt crystallization and open porosity

L S daums JSid gl wled o ]380 (Y
Jul o]

el T oS 5 Laas o lls (¥

B i Sow g3 SIS Slevgad (sled oS 5y
S5 P15 ool (S 515 jinST e o8 (Ko s
sy oo SVl 5 OIL o pe Jlgs slosilp plyn 5o,
Wl cdled gleisle slaKiw plgs diwy jo a5 (g0l )3

e RV ‘50.99 éé‘gjb .s))‘») ‘5:|).~u m‘ )J}o J?!.l?u

g L coll Slasle Saw s SR o 5L
Sl g wdy gyl wesoe Gl o )l
ol 2 1) S 55 258 o6 S hglow wiile (plapusl)l
5 et slaoanlp Gk 5l el nl WS o

gl ge S Jlgy 4 e (Sl
plgo 2 i 85 ds 4y J5low (sanper (lyica

Cd Jeges (V o0, i Jlgs sboan] s ol o Saw
S 5900 4 Jlow [0]



¥ b)l.o.oj: AA 0,99 ‘G“W Lf“wa O

ooy

UCS, = 18.84 + 0.604UCS, — 2.63n o)
BTS, = 1.45 4+ 0.648BTS, — 0.22n )
6,13 Caoglia UGSy 5 UCS, «35a ikl N o] o a5
9 Sod ok il B 5l 3 g des TS 4 6,97 SS
990 o 4 (ki (85 Caaglie BTSy 9 BTS:

s S ek als 5l S

QT 6|5J.°uo

o dayly O (Slgime 05l o ataS S ddlie o
Gzl g p5e Jodsd (d8le 55lil o3 ga) ddle ,LSLu
Jobss (sl 83lusl isli8l asiee S dosws LSS
S| Sy Gl cel ow,y s S 5 Jse
g se

cels Ol o)ls i S plgd 1 & yg0 90 4y o (Sl
9 g 3l S B LSS gl (S5 St
() S G sl ohu9a) Lol (Swisgde 5 ;503 g
Pl e Siw polel (KBl o)l cpl ol salss
Sad ek asle Jlgy sloanld 5l ool Jleel lo s
Jamshidi ) cls salgs o 0 1) Gas ol g slexxil 4
oles 5l b plgo o1 Kos s (and Sousa, 2024
u.au...‘o ) u] o u] lJ Sow 3;\.&0&&.&4 (5‘)9‘
S)lde ojlgen g 09b 0 Z3L AllE Ojgeh O jaia
b gl slo Jolows .o ls g4 Ol eaS 5y allB
Bakgd olge 5l LU QLB sla e (gammsl (L S
Aoy cpl o sl S b slow 5 oloonds
s S5 gl (T S oot slasbe
5l o1 oleewd gy aze o g i

)l b sl gl jo a5 (JSS g5 atly S plgs
ol Fige JodS 09l

aw) Szl S plgs jo Jods puiine ,.:l.a yogdle
)00 50l Sl 52 ()] eliane o GRE (O 359
S plg 2 55 (5138 5250 892 L bl 5o i 43S
AR S SR ol SRS gg 4 axgs
D )god oo 4 (i pud JHIS 9 Fhe S5 g5a)
Bl 5l Kiw pled  eekiespnd g pruiions
S ool i s &y S plyo yr JHS s
Sleogas 5l (o)l K S Slesgas ple g9,
S Canglio b bL3 | jo a8 Slag] ofgds oS 13
oo ggSan Ay Wipdy o b RIS 5l aiies
S Cwglie g (597 SS (s lid Cglie L Rl
S il gl Saagh | Sleitle sloSiw (b
Heidari et al., 2012; Jamshidi et al., ) w&los,s
§| SilSe Jls; laanlp 4o (2018; Akbay, 2023
335 5 Sl Pl g bluil (puds ol 5 sloxsl alox
Jlosl S Silis )l 4 o5 Sei syl
b hozs Slais plp 5o Cualiinl bl 09d o
plgs (S Canglin (y0gs it .09y Al S Canglite
Gl S Jabss a5 glwTyl sl g po | o] it
S gz pled 4 e (plply @sdoo Cuglie ul3él
Oboypd i b b3l s 098 oo gy slaal 2 2l 5
oz dalllas 5l Bl co St plgd 50 Senglie g Sl
- plgo .0 o6 Jamshidi et al., 2017a) |,Sen 5
GyyeSS (g lid Canglie g pSoslail b slazsle o
anld 5lan T (BTS) ook p (it Cuglie 5 (UCS)
J=E5 (V) 9 (V) Lly, oll o asfl-.'.})‘ Seed yels
D) Skl o S 555 Suglie 5 5 SasS S5
dar Cueglie )3 iaS falS 4 o (Ses ok wul B 5
g se Sl Hoks s 4 gy wl 3



oo¥

Sotoz | o glacKin plys pr aglis 5 (So3ed Sloogas (B o)y

sk dkyly (Zalooli et al., 2017) ol oo &1, (1)
] OM] Cowdds (R2 = 079) u.a_»_’.) w)..a Lv (5’9}
039 20 SN Ghals O lyime (ial38 b &S (g 5ba
ol ool 7y Sadjols s 4 St le S Sl
S Hlade YL S Joloes gl b S SO
oy Sod Joloma ioli8l ojls 0g> A8l jo (5 i
aS o)l oler 4 |, Kw pagad gleed 5 (SO
S8l byl S e S iy SRS g0t

5,15 0925 5 LB 5 sl slo Jsle o o O g

Ol Glgime Gl b 00d o)lal 50 4 4z g L
ez Gl iid plp j0 Sow Caglie talS 5 ogdle
Ais |, S pizmen (Jlgy o]y 5l Lab
Olple S oo Jlgs sbaaisl B pl 50 i (6 pdyeas]
3§y plgd oS 9] Sl b Slaizle slo S
Ol e ol OTL g e Jlgy sboasl s il
Olesls 5o QT PO gy e by Sow jee Jobo

g R
Jlesl jlam Sleislo gl Sis (59 sals il

8
DWL = 2.42w - 0.54 .
6 - R2=0.79 s
S o? JPiad
s 4 e
-
&) ¢ .
2 - T e *
PEEEER 208
<
-6
o *-7F : : : . .
0.0 0.5 1.0 15 2.0 25 3.0 35
w (%)

(W) ST slgioms 5 Sod yols (5,20 50 (DWL) S Sts 59 mals dlayl, A JS
Fig. 9. Relationship between dry weight loss (DWL) of stone due to salt crystallization and water content (w)

olie Uy usSine bl O glyims amo o ol 1, (W)
L aS aas o plas cpl ol as ol 5 olezil anl)s )
d8lo 8,190 A le.._o.?u Sl s Sal doeii e g s

Fauad Sle Jlgy b oolyen slas; el il oo (ial53l

Sz 559 ghels 5o ol slgime &0 8 ol
als o o Jlgs lbanlp e Slsle slacSin
5 Jlgy slaanlp oy 0 Siw Suglie Sliogas
S a8 O (glpime b glacin o)l cotn 1Sl
Glad Cuglin wile) (eglie Sliogas )5 (S
5 e Sl uhjp (85T Cuglie (555
WS o 4,28 gy sleanlp Sl an (ciale Cuglie
Slogas zols e 4>, (Jamshidi et al., 2016)
plgs 2 cd¥s il jeS Jlgj sloslp pln 5o (Seglie
Glid Caglia Aal, (Vo) KB o) Sie i



¥ b)l.o.oj: AA 0,99 ‘G“W Lf“wa O

000

plgs o0 Sl YL O Glgie b slacKiw a5 sl

lesls lad o9 5l gy sloany] 3 ol o (6 maS

5500
<0 Vp = -761.7w + 5253
* e R2=0.92
— 4500 - e
£ *
E “*
> 3500 &
1 L 2N
\0\\0
2500 . . :
0 1 2 3 4
w (%)

JosSs Grmghs dbwly pl jo 0g anles Sezle S
\f 4, (Nikudel and Jamshidi, 2010) soiwes o

Ol 35 ($65 50 5 (9w, ‘Q%)ST&ML’@L“&L“&“

70
. UCS = -13.69w + 65.0
60 | ®~q@ R2=0.93
= hRN
a 50 S
=3 e
m N
40 - ¢
S o
0 N
4 \0
30 e
20 T T T
0 1 2 3 4
w (%)

(W) o lyima b o

Fig. 10. Relationship between reduction of uniaxial compressive strength (UCS) and P-wave velocity (Vp) after
freeze-thaw process with the water content (w) for building stone

55 welyt e S ples L8, S el

.(Jamshidi, 2023)
svb i geglie Dleogas (55, gledl Ay 28 5 ogdle
ool s ply o S plgs [L8) ouisS JouS it
ol g olessl anl B o a4 Sow gy o el 3 Jlg;
o pia e sles el 5l aw Siw A8l j0 5950
Lol jon dlas ) cpl e g0 b Fu 4 o5 ol a0
a gu Jleel cels a5 0 dples poe ol s,
A0 b d8lee jo Of slezsl 5l am 0gd 0 J8lie 390
S,lg d8lie 5,la00 a4y (goby i wo oY 5l YL ellil
o, g elll ds o oS S o (Jl e 0gd 0
Jros )‘| AS""L = u..ubs‘ &l la)’y 6][} wlas el
Slesl (55 Sad gy cnlilaanls aales 045 2 4y Ol
YL elisl dx o oS cl al i 5l eS d8ls 6 lg0 o

ol Jo,09)

il az yo
glesl &> 0 ansl sad Jlsl Koo oVlw b of 5 Jls
Ju&lgiledfwl&ét@jswdlﬁé‘ﬁwfé)l#“
5 do 0 yao eluil do o wil Sis S a8y lons
Joles sl oas 5 o 5l dlie oles a5 > o
Sleogas B8, (59, bl Az )0 o9 valys s y0) -
Golid Cuglie ol e B S Seglie
5 W ngM ‘u-‘*l‘)]’ Ry wsLM ‘6)9;“&;
oeals S glaal ds e pmoll b siole Cwglas
Wg) P Seisul il zoe oy (e B)b 0 ol e
Eyo90 Q.ﬂ A2 oo ULM &L""‘" d> 0 u-w‘ﬁl LI, g5“*")5‘
Sigml ) zgn Ll Sty a8 Sl Capadly ol 51 20
Sl i O e Jlasl d8le L S S5 0 P

Ohgody glnl dx o Ll s 4y Sl Gl gas



I\ Inl4

Sotoz | o glacKin plys pr aglis 5 (So3ed Sloogas (B o)y

Weng et ) Ko 5 Sy (5,50 dalllas ,o .ol oY
slezsil anl gyl o0 Swawls plgs w, » L @l., 2023
Cowods Iy 0,00 b Joleo Sz glosl i o o Ol 4

.,\so)jT
50 Dglaie glodl & o g0 b S plgo [L8, (VY) S0
ools ales Sileds &y g0ty o ol g olessl anl b ol
Sl gledl 0 5l yaS gt yo a5 gloj el 0als
sl 4y ;0B g 4 of Joous 5l aw esdadg a5 sl
3975 Jd 5145 o] dawgi b oz slaS 3, 5 dolis
Hlie B,k o (VWA S8) cusls valgss 1) wlails
olss S ot &0 51 58, el 0 b Ko
Jos a5 g ygbas ol Ol slessl ol ol yo S
Js5 ol 5 S 555 9 38lis dnnsgi g olml b gy 4
plgs caads> jsbay (VB JSi) 091 wales of o S
gl o iolidlcad slusl dx o 51 e Sada Ko
S Jlg 32 oo o g slesul al b sasad 3G el
JENIPI I STINE S SNCH PR o

5,18 o o g olezsl anl,d bl )0 (65 plgs

3wy ez Gialidl el A y0 5o j0 a8 0 S dx g Wil
05 Jleel b ol jo a5 0l o )y o w0 ol ol oS
dz 0 5l ol i ol e 09wl A8l §ylays @
oaly las bo g .l S oS i3 5 A8l gl
S92 L Xw lod lp Sl gLl &> o Jlads oS
@ pogaste gl Az )3 S 55 52 500 S le 43l
A W5 e o i d9b el 3 (g aS o ls ) 555
DXge o E589 4 ol slezl anl s b jo d8le 3)le0
Shee glal dx s daln cpl o gladl dx o Jlaas
Slp a5 04b o0 oul (Critical saturation degree)
Shme glaldz o ol Jolaie polas e X
5 i S ol @ Jolts S8l ASn 5l (b
B ) 5o ol Sae & o] (Soagey SisSe
alyd 36 dallas L (Chen et al., 2004) -, Ko o o>
By a5 wols oyl By Sow (59, b ol g ol
Ty Bged )d G Jlgj edasy oo w0 yoV e 4 glidl o
god ooV 5l 2eS polae gl a5 50,0 dd oo
L Jolee (Sl gldl b )0 S5 calplo o)ls (YL plgo

o ol g olessl anl g Jlgy ol 3l olas ) glp auo oV



Fojlads VA 0,98 ¢ pwiign (ol yae

ooy

i /Freen:-induoed
microcracks ‘“’(

S
)
J \
7

After freeze-thaw weathering

——————————————————————— B —

elsl &> 50 51 i elal &5 0 (B Sl mw glal a0 5l jiaS elosl & 50 (A o O g slezmil anl)d ol 50 S plgs VY S

(aiwn O slezsl 0l)8 5l as g b8 o 5 @ sl 5 o Coons 9ead) Sy

Fig. 11. Stone durability against freeze-thaw A) Saturation degree < Critical saturation degree B) Saturation degree
> Critical saturation degree (left and right images are belonging to condition of before and after freeze-thaw

process, respectively)

SRR CRCo S VI RN (V. Py N VN LN VS g
Riie 03, 4w DIN 66131 (1993) o kil o saisainls
gat) bawgio (G950 00V 5l S glad) 1) Jold
A5 glad) Sdiyd 5 (09See <[ B L oo oY

e 03,5 Byma |, (g ySeme + 1+ D
30 Sleizlo slacSiw plgs jo ol (it J8le 4
JLw/OT L bLs )l jo a5 Jlg; slaosl,d 5l atws ol oy
By 90 b ol g slessl gl jo S e il dies
Sy yoen jLad g o @ Of Gad o 5l (56 b jLad
4 g oo S Jlg; el OF Gad ol 5l eadady

3 ol g slozml syl | S 5 gl Jpons ok

A8l o)luil &9 395
03, Lz 4 ojlail Lulul 5 glesle slaSin déle
e 5,5 g Ao Cud )0 ddie lawgie daie 3y Jeld
S plaS e gl iz Sluwso g o8l gl co s
s wlals &l gglate sl dels Wees, oyl
De Quervain, ) ;5,58 5o |, begomail oy 5 cesad
S8 elais b A8l )] y0 a5 ol sols slgaioy (1967
L 38lee (raizmen 355 o0 Sl 50 diie ) 15 09,50 O
i S e, Yer e BYee g Ver B0 o slaoslal
50 S oo B Al Cub o g date hawgie sloes, o

(98 Veoe 3l 385 elad b ddlie cgumaads ()l



OOA

Sotoz | o glacKin plys pr aglis 5 (So3ed Sloogas (B o)y

ABAS dmo o Lgo)-g)lf 9 ok éb&"”ﬁ}l 5‘ 65" >
=,y b Jamshidietal., 2017b) | Ke2 § gorins
3oy 8 Glisle slefin aglie Dliogas
S sSsed Sl Sy eoad ol 5 ol anld
o plgs o 491 sl (Physico-mechanical parameter)
Joles Ko Caogas dw el cpl jo il &)
(MPS) 33l 35l (oSilos (MS) S Lasl 15 o Cesglie
sl ool e amen Juds () ige SRS g

]y dlaly O gody (SlSem 5 58

MSXMPS

PMP = ——— D
wjl_o_A ‘(5)5'7“‘53 6)L..3 &MBLS.A) Sow wBLM 2\-’4&‘)
Slazsl anl g 5l aw (Glabais [b (a3l 5 ok n (o228
ol (V1) UK o (SillogSozed el )ly 5 o T

ON- el 0ol ool

RONEROR S RN SN &
5 olazl il 5l o K Cooglie o < IVA 5l 55,5
b S o)ls 352y (SlSlamsSud Sl 5 s O
PN pslie Sl Sl AV
5 oxd ol g slezl anld 5l an eglie Sliogas
Sl b S 550 (ggm sl anils plgs ol by
S AVl (SSl s 5d ually jlade (55 A8l 351l
L Sow &5 05 gle gl crlple (7 all) o)l
auld e e e plys S5 ,5 Bl sl Sle

el ails o ol g sles!

@ Esose (nl e iy Ml Sl Rl L
dle po Ol (Sgjaen jlud 5 g el jLad o S
plg eizeed ol Ll o ol o (b )0 i,
A8l b slocKn b anglin 4o p3, Ml sl s slacXiw
Sl fioST Sed slaslone joks alp plp jo seddye
ohlen g angle dewl, ol o .(Scherer, 2004)
Hoko HLlad as wisls Llis 5 (Benavente et al., 2004)
A5, g Cawl Sy Ml 5l 3698y Ml Ho S
b xSl g sk Lad g0 e plgs Siw

Syle Sod el a8
N1 53 (355 (o (5l 5 5kone s glets Koo
e ol el Slaisle glacSin ;s Syzge dilis
!y (Larsen and Cady, 1969) solS § ey ,¥ ;L]
e o ol g slazsl an bl 50 S plsd (o)
0950 VIO L pln Gl elad ol Samghy cnl 08
ol ol bas (b sl sli d8le sl
VIO 5l 35S )5 Ml plad koo b slacSiw ;5 9250
Ot 5 52505 B8l A0 ) plul 5 ety 05,5
plgs S 5 JBla (Sdgyane jLid cnlple g o ouil,
&lr oo 4 2l G ol (hlie Bk 50 0l (62t
03550 VIB 31 5SS dilis glad el b (sloSin
Sd (Sdgyaee LS Lol e (plaS wad oo ) 0S4
S =S plgd S ol cplply 0g dales> d8lis 8,150 @

5,18 o o g olessl anl g ol o



¥ b)l.o.oj: AA 0,99 ‘5““»‘9{“ L;.uLo.w O

004

A B
60 6
UCS =12.5In(PMP ) + 41.8 BTS = 1.11In(PMPg) + 6.6
2 = —
50 R2=0.87 ot _ 5 R2=0.81 . .
g R s o o %e
2 40 - 1\ 2 =y Rt
[9p] ,’ - /"
O . m -7
-] R 2 S
30 + * 3 4 p
23
20 T T T T 2 T T T T
00 05 10 15 20 25 000 005 010 015 020 025
PMPcs(N/mm) PMPgs(N/mm)
C
45
PLI = 6.45PMP,, 0274
i 2 = -
4.0 R2=0.78 ._.-
S 35 | o -7 o
% 35 ’. ”/ .
I 30 ’/6
[a ,,0
i 23
25 o
2.0 T T T
000 005 010 015  0.20
PMP,,,(N/mm)

(B (UCS) (55705 5,188 ool (A (Sl 553528 52olls b i ol 5 sbozl aslyd 5 ao Ko anglio dla, AT S5

(PLI) glabais )b ja3ls (C(BTS) pulsjp (oS Ceaglite
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Fig. 14. Relationship between stone durability against freeze-thaw and petro-mechanical predictor parameter
(PMPP) A) Uniaxial compressive strength (UCS) B) Brazilian tensile strength (BTS). Note: stone durability was
assessed through values of uniaxial compressive strength (UCSa) and Brazilian tensile strength (BTSa) after
freeze-thaw process.
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