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Abstract: The everyday fluctuations of temperature and humidity lead to fluctuation of stress on the stones constituting many 
constructions and produce in long term some kinds of fatigue damage. This paper investigates the combined role of stone properties 
variability and environmental conditions on the generation and the amplification of stress variation and fatigue. Thus, the randomness 
and spatial variability of the mechanical, thermal and hydraulic properties are taken into account in a finite elements model of typical 
stone wall masonry of Chambord Castle. The quantification of the impact of this spatial variability on the variability of generated stress 
is performed. 
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1. Introduction 

Damage and deterioration of historical masonry 

buildings are complex phenomena whose 

understanding is yet nowadays a field of intensive 

various mechanisms such as salt enhanced weathering 

due to salt crystallization in pores [1], atmosphere 

pollution, stone wetting and drying [2]. Severe frost or 

heating are evoked to be of major impact on ageing and 

deteriorating of stone buildings [3]. A large number of 

experimental works were dedicated to reproduce the 

in-situ environmental conditions in order to identify 

and quantify deterioration mechanism and their 

combined effects [4, 5]. Damage, cracking and their 

evolution in historical masonry building were assessed 

in-situ through an approach combining nondestructive 

techniques and nonlinear numerical simulations [6-8]. 

Other authors have used a long-term viscoelastic creep 

model [9] to predict the damage evolution. They 

observed, that the difference in strength and stiffness 
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lead to a stress redistribution and stress concentrations 

which could be in the origin of initiation and/or 

acceleration of masonry damage. Generally, all studies 

led to the conclusion that the damage of stone masonry 

buildings results from a combination of “natural” stress 

due to gravity and/or horizontal loads with other long 

term phenomena, such as chemical, thermal or 

hydrous-enhanced stress. 

In a previous work, the authors addressed the impact 

of daily variation of temperature and humidity on the 

damage of the white tuffeau stone [10], broadly used in 

construction of so called “Chateaux de la Loire” castles. 

The THM (thermo-hydro-mechanical) analysis for 

unsaturated porous media used in that work to study the 

behavior of a stone wall showed that the everyday 

fluctuation of temperature and humidity induced a 

stress field whose fluctuations are strong enough to 

induce a fatigue of white tuffeau stone. In this analysis, 

spatially uniform properties have been considered for 

the stone. The spatial natural variability of stone 

properties from point to point of a wall not only could 

explain why for the same conditions the stone 

deterioration will take place only on some parts of a 
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wall, but also it could be a factor for amplification of 

stress fluctuation itself and initiation of damage [11]. 

Many authors consider that the stress field fluctuation, 

both spatial and temporal, is a major factor of fatigue 

enhanced cracks [10, 12, 13]. In Ref. [13], the authors 

concluded that the failure could take place earlier than 

predicted by mean field theories because of 

fluctuations of the stress state. The stress fluctuation  

is mentioned also as a principal crack           

growth mechanisms of materials under uniaxial 

compression [14].  

The principal origin of stress fluctuation on 

heterogeneous materials as stones is the spatial 

distributions of minerals constituting the stone, porous 

microstructure, grains boundaries and so on [15]. To 

understand the behaviour of stone masonry walls, and 

evaluate the effect of different parameters like mortar 

joints, nature and shape of the stones, several 

experimental investigations are performed by using 

destructive and non-destructive testing [16-18]. 

Following the above mentioned work [10] on THM 

modeling of stone wall behavior, in this paper the effort 

is focused on the influence of the spatial variability of 

stone properties on the stress fluctuations and 

consequently on the deterioration of historical 

buildings. For that, the authors use the same 

mathematical and physical framework as in Ref. [10] 

but some key properties are supposed to be randomly 

distributed. The stress field is then characterized in 

respect with their spatial fluctuation and related to the 

heterogeneous nature of the tuffeau stone as a 

potentially mechanism on the damage and 

deterioration.  

2. Thermo-Hydro-Mechanical Heterogeneity 
as a Source of Local Stress Fluctuation 

This paper firstly describes the theoretical and 

numerical framework of modeling used to predict the 

stress variation due to everyday variation of 

temperature and humidity on the surface of a stone wall. 

The geometrical model used in this study is much 

similar to that used in Ref. [10] and represents a wall 

stone masonry with mortar joint mimicked stone walls of 

Chambord Castle. Then the heterogeneity of stress due to 

variation of meteorological variations and spatial 

variability of material properties is estimated through the 

variance between the homogeneous and heterogeneous 

case. Likewise some previous works [10, 19, 20], the 

numerical models and tools developed for geomaterials 

are used for modeling stones behavior considered as 

partially saturated soft rocks with a solid phase and liquid 

(water) and gaseous phases (dries air and water vapor) 

contained in pores system [21].  

2.1 Thermo-Hydro-Mechanical Model 

This paper briefly presents in this section the 

essential of equations for coupled THM model. The 

interested reader could find more details in Ref. [21]. 

The well-known effective stress taking into account 

the effect of temperature and relative humidity is done 

as follow:  

 TKb  3π'       (1) 

where, the second ( πb ) and third terms (  TK3 ) in 

Eq. (1) present coupling terms respectively for hydro 

mechanical and thermo mechanical behavior 

respectively through Biot’s coefficient sKKb /1  

and thermal expansion coefficient α (supposed for the 

sake of simplicity as being isotropic). The parameters 

K and Ks are bulk modulus of the drained medium and 

solid grains, respectively. In the case of saturated 

media, π represents interstitial pressure but for the 

unsaturated media it is a function of liquid saturation 

Slq and capillary pressure Pc (difference of the gaseous 

and liquid pressure PC = Pg − Pl) [21]: 
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The function Slq(PC) represents the isothermal 

sorption curve of the material which must be evaluated 

by experimental tests. The tuffeau sorption curve is that 

  C

S

Clq dPPS
lq


1

 if Slq < 1 

Pl       if Slq > 1 



Damage of Historical Stone Masonry Buildings: Combined Effects of Spatial Variability  
of Stone Properties and Environmental Conditions 

  

745

used in Ref. [10] and can be approximated by an 

empirical Van Genuchten expression:  
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where, Pr (stress units) and n (dimensionless) are two 

fitting parameters.  

For a given air humidity, the capillary pressure Pc 

can be evaluated from the relative humidity by 

considering the perfect gases law (Kelvin’s law): 
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where, R and ol
lM  are, respectively, the constant of 

perfect gases and the molar mass of water, and Hr is 

relative humidity.  

The advection of gaseous and liquid phase is 

governed by generalized Darcy’s law:  

  gasliquid,grad  jP
M

jj
j

j 


 (5) 

where, the flux vector Mj is propotional to the effective 

hydraulic conductivity j  in unsaturated media of 

each phase (liquid, gas). This hydraulic conductivity is 

defined as: 

 
gasliquid,
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where, kin is the intrinsic permeability and 
rel
jk is the 

relative permeability, a limited value function of liquid 

saturation Slq taking values between 0 and 1.  

The diffusion of the vapor in the mixture of gases 

(air and vapor) is described by Fick’s law: 

 vp
v

v CF
M

grad


        (7) 

where, Cvp and F are respectively concentration of 

vapor in gaseous phase and Fick’s coefficient.  

To complete the transfer equations, the heat transfer 

is governed by Fourier’s law: 

 Tq T grad         (8) 

where, 
q  is the thermal flux and T is thermal 

conductivity.  

In this study, the proposed modeling consists in 

combining the heterogeneous stone nature and 

variation of climatic conditions to evaluate the 

effective stresses. So a linear elastic model is 

considered to describe the behaviour of both tuffeau 

stone and mortar to avoid other nonlinear mechanisms.  

The tuffeau stone wall is modelled in plane strain 

configuration by a vertical cut perpendicular to the 

stretch of the wall. The thickness of this cut is of 80 cm 

and the height is 15 m corresponding to historical castle 

walls (Fig. 1). In order to avoid the effects of boundaries, 

the authors focus attention on a stone block comprised 

between two mortar joints, while the other parts of walls 

are considered as an equivalent continuum media with 

average properties of stone blocks and mortars (Table 1). 

A perfect adherent interface is assumed between the 

stone block and mortar. The initial temperature and 

relative humidity are considered uniform in the wall and 

equal to T0 = 20 °C and RH0 = 53%, respectively. The 

effect of initial state has been studied in previous 

investigation [10].  

The Fig. 1 shows the boundary conditions on the 

outdoor surface (right boundary), the indoor one   

(left boundary) and the finite element mesh. The 

temperature and relative humidity applied on the 

outdoor surface are obtained by a statistical analysis of 

time series of meteorological data around Chambord 

Castle.  

For the thermo-hydro-mechanical modeling, several 

material parameters are necessary. 

The thermo-hydro-mechanical description identifies 

several material parameters. For the tuffeau stone and 

joint mortar of Chambord Castle, in previous 

experimental investigation the material properties are 

available [4]. Some of mortar parameters like the 

thermal expansion coefficient and isothermal sorption 

curve are identified by an inverse analysis based on the 

in-situ measured data. The relative liquid permeability 

is chosen as a third power function. 
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Fig. 1  Geometrical finite element model and boundary conditions. 
 

Table 1  Material parameters for tuffeau stone and mortar.  

 Parameter Tuffeau stone Mortar 

Mechanical parameters 
Young’s modulus (E (MPa))  
Poisson’s coefficient () 
Mass density ( (kg·m−3)) 

1,953 
0.19 
1,300 

1,604 
0.2 
1,240 

Hydraulic parameters  
Intrinsic permeability (kint (m

2)) 
Porosity ( (%)) 

1 × 10−13 
42 

0.2 × 10−13 
50 

Thermal parameters 
Thermal conductivity (  (W·m−1·K−1)) 
Heat capacity (Cp (J·kg−1·K−1) 

0.56 
830 

0.56 
830 

Coupling thermo-hydro-mechanical 
parameters 

Biot’s coefficient (b) 0.5 0.5 

Thermal expansion coefficient (  (K−1)) 6.0 × 10−6 12 × 10−6  
Isothermal sorption curve (Eq. (3)) Pr (MPa) 
n  

0.013 
1.37 

0.013  
1.37 

 

The different parameters used to perform the 

numerical calculations for the tuffeau stone and joint 

mortar of Chambord walls are given in Table 1. 

2.2 Spatial Variability of Stone Properties 

This paper presents in this section the methodology 

used to describe spatially heterogeneous damage zones 

in stone block based on the calculation of the variance. 

The estimation of the stress variance is carried out on 

results of the numerical simulations performed once 

using a homogeneous stone and then a heterogeneous 

one. Usually, the variance at two different locations is 

used to study the influence of heterogeneous fault 

zones on fluid flow of rocks [22, 23] or weathering of 

natural stones [24]. 

In order to take into account the spatial variability of 

the stone, several realizations of normal distribution for 

three parameters (Young’s modulus, thermal 

expansion parameter and intrinsic permeability) are 

performed. Histograms showing the parameter 

distribution are presented in Fig. 2. 

The mean values of distributions coincide with those 

of experimental measured properties: for Young’s 

modulus the mean value is 1,953 MPa, while the mean 

value of permeability and thermal expansion 

coefficient are 10−13 m2 and 6 × 10−6 K−1, respectively. 

To effectively integrate a spatially heterogeneous 

material in the modeling, the values of these three  
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(a) 

 
(b) 

 
(c) 

Fig. 2  Histograms of normal distribution of: (a) Young’s modulus E (MPa); (b) thermal expansion coefficient   (K−1); and 
(c) permeability K (m2). 
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parameters are supposed uncorrelated and following 

normal distributions. The values of these parameters 

obtained by independent realizations are affected in 

random way on Gauss points on the zone representing 

the tuffeau stone block (Fig. 1). An example of the 

contour map of properties distribution is given in Fig. 3 

for Young’s modulus and thermal expansion 

coefficient. Similar contours are obtained for 

permeability. With the aim of comparing the effect of 

the heterogeneity of each parameter on the stress 

fluctuation, several simulations were performed 

affecting as random distribution one, two or the three of 

properties and keeping others as homogeneous.  

3. Results and Discussions 

The THM simulations were performed using 

Code_Aster (EDF) finite element tool taking into 

account the everyday fluctuations of temperature and 

humidity during one year. For the comparative analyses 

the effective stresses for 30 and 366 days at each node of 

the stone block are calculated. Then, the normalized 

variance is estimated using the following Eq. (11): 

var homspatial iability ogeneousm

m m

with
mean value of

   
  

    
   

                   (11) 

According to x axes and y axes, the contour maps of 

this normalized variance are carried out by using 

gridding and 3D contouring capabilities of surfer  

code. Fig. 4 represents the contour maps of stress  
 

 
(a) 

 
(b) 

Fig. 3  Random distributions of the stone properties affected at the stone mesh: (a) Young’s modulus; (b) thermal expansion 
coefficient. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7

5.1

5.2

5.3

5.4

1450.0
1500.0
1550.0
1600.0
1650.0
1700.0
1750.0
1800.0
1850.0
1900.0
1950.0
2000.0
2050.0
2100.0
2150.0
2200.0
2250.0
2300.0
2350.0
2400.0
2450.0
2500.0
2550.0
2600.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7

5.1

5.2

5.3

5.4

4.4E-006

4.6E-006

4.8E-006

5E-006

5.2E-006

5.4E-006

5.6E-006

5.8E-006

6E-006

6.2E-006

6.4E-006

6.6E-006

6.8E-006

7E-006

7.2E-006

7.4E-006

7.6E-006

spatial variability homogeneous 

mean value of 
with 



  

Damage of Historical Sto
of Sto

one Masonry
ne Properties

 Buildings: C
s and Environ

(a) 

Combined Eff
nmental Con

fects of Spati
ditions 

al Variability 

 

 

 

 7499



  

750

Fig. 4  Conto
days with nor
 

variance in 

considered a

it is noted th

because of 

modulus an

humidity. On

spite of th

parameter.  

This mea

climate cond

nature of t

represented 

expansion c

considered 

distribution 

towards the 

gradient and

Fig. 6 sh

heterogeneit

should be n

same realiz

in the previ

 

 

 

Damage of 

our maps of th
rmally distribu

the case wh

as heterogene

hat the fluctu

the spatial 

nd the var

n the indoor s

e spatial va

ans that the 

ditions is am

he stone. In

corresponds 

coefficient an

heterogeneou

of these pro

outdoor sur

d there is very

hows the com

ty of these thr

noted that fo

zations are 

ious ones fro

Historical Sto
of Sto

he normalized v
uted young’s m

hen only Yo

eous. As a gen

uation of stre

variability 

riation of t

surface the va

ariability of 

damage due

mplified by th

n Fig. 5, th

to the case w

nd permeabili

us. In spite 

operties, the 

face with an

y small vertic

mbined effec

ree properties

or comparati

used in thi

om which Fi

one Masonry
ne Properties

variance of str
modulus: (a) ac

oung modulu

neral observa

esses is ampli

of the You

temperature 

ariance is low

the mechan

e to variation

he heterogene

he contour m

when both ther

ity parameter

of the rand

stress incre

n almost cons

al fluctuation

ct of the sp

s in same tim

ive purposes 

s simulation

igs. 4 and 5

 Buildings: C
s and Environ

(b) 
resses between
ccording to x ax

us is 

ation 

ified 

ung’s 

and  

er in 

nical 

n of 

eous 

maps 

rmal 

r are 

dom 

eases 

stant 

ns.  

atial 

me. It 

the  

n as      

 are 

obt

max

obta

grad

sim

In

prop

thre

outd

com

the 

(Fig

para

at th

K (F

exp

5.86

EX

valu

Poin

diff

1.46

 

Combined Eff
nmental Con

 the homogene
xes; (b) accord

ained. It is o

ximal varian

ained by sepa

dient is hig

mulations. 

n order to qua

perties on the

ee points (EX

door surface 

mparison show

case where th

g. 7a) and the

ameters (Fig.

he EXT2 and

Fig. 7a). Whe

pansion coeff

6 × 10−6 and

T3 and EXT

ues are the 

nts EXT2 an

ferences bet

6 × 10−13 and

fects of Spati
ditions 

eous and heter
ding to y axes. 

observed in th

nce do not 

arated simulat

gher than in

antify the effe

e effective str

XT2, EXT3 an

just as sche

ws that there 

he two param

e case with th

. 7b). The par

d EXT4 are of

en one adds th

ficient with th

d 5.76 × 10−6

T4, there is 

same. The 

nd EXT3 are 

tween the 

d 8.8 × 10−14 m

al Variability 

 

rogeneous at 30
 

hat case that t

coincide wi

tions. Moreov

n the case 

ect of the vari

resses, Fig. 7 c

nd EXT4) loc

ematized in 

is no differen

meter E and K

he variability

rameters valu

f the same or

he variation o

he values of 
6, respectivel

no effect b

differences 

caused essen

values of 

m2, respective

 

0 days and 366

he point with

ith the ones

ver, the stress

of previous

iability of the

compares the

calized at the

Fig. 1. This

nces between

K are variable

y of the three

ues attributed

der for E and

of the thermal

5.77 × 10−6,

ly for EXT2,

ecause these

between the

ntially by the

permeability

ely. 

6 

h 

s 

s 

s 

e 

e 

e 

s 

n 

e 

e 

d 

d 

l 

, 

, 

e 

e 

e 

y     



  

 

Fig. 5  Conto
and hydrauli
permeability 
 

Damage of 

our maps of th
ic parameters
parameter. 

Historical Sto
of Sto

he normalized 
s: (a) with no

one Masonry
ne Properties

variance of str
ormally distrib

 Buildings: C
s and Environ

(a) 

(b) 
resses accordin
buted thermal

(a) 

Combined Eff
nmental Con

ng to y axes at
l expansion co

fects of Spati
ditions 

t 366 days with
oefficient; (b) 

al Variability 

 

 

h the distributi
with normal

 

 751

ion of thermal
lly distributed

l 
d 



  

752

Fig. 6  Conto
normally dist
 

Fig. 7  Evo
permeability 

Damage of 

our maps of no
tributed param

lution of effec
variation; (b) 

-4

-3

-2

-1

0

1

2

3

4

5

E
ff

ec
ti

ve
 s

tr
es

s 
(S

yy
) 

(M
P

a)

-4

-3

-2

-1

0

1

2

3

4

5

E
ff

ec
ti

ve
 s

tr
es

s 
(S

yy
) 

(M
P

a)
E

ff
ec

ti
ve

 s
tr

es
s 

(S
yy

) 
(M

P
a)

 
E

ff
ec

ti
ve

 s
tr

es
s 

(S
yy

) 
(M

P
a)

 

Historical Sto
of Sto

ormalized vari
meters: (a) x ax

ctive stresses 
the three para

4

3

2

1

0

1

2

3

4

5

0 0

4

3

2

1

0

1

2

3

4

5

0 0

one Masonry
ne Properties

iance between
xes; (b) y axes.

on different 
ameters variab

0,2 0,4

,2 0,4

 Buildings: C
s and Environ

(b) 
 homogeneous

(a) 

(b) 
points at the 

bility. 

0,6
Time (Yea

0,6
Time (Yea

Time (year)

Time (year)

Combined Eff
nmental Con

s case and hete

outdoor wall

0,8
ar)

0,8
ar)

) 

fects of Spati
ditions 

erogeneous cas

l surface with

1

EXT2

EXT3

EXT4

1

EXT2

EXT3

EXT4

al Variability 

 

se with conside

 

 

h: (a) Young 

1,2

1,2

 

ering the three

modulus and

e 

d 



Damage of Historical Stone Masonry Buildings: Combined Effects of Spatial Variability  
of Stone Properties and Environmental Conditions 

  

753

 

4. Conclusions 

An original modeling of building stones behaviour is 

presented and described in this paper, combining the 

thermo-hydro-mechanical and geostatistical analysis. 

The results have shown that the spatial variability of 

the stone properties has an increasing effect on the 

fluctuation of stresses due to climate variations. The 

effect of random distribution of mechanical parameter 

is greater than the thermal and hydraulic ones. The 

study highlights the combining factors to initiate and 

evolve the deterioration of the stone buildings. As the 

continuity of this study, future work will focus on the 

fatigue model taking into account the cyclic variation 

of climatic conditions and spatial variability. 
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