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Abstract

Clay-bearing sandstones used in the construction of historic mon-
uments, churches, and castles are highly susceptible to contour scal-
ing, which manifests as fractures parallel to the exposed facades. Re-
peated wetting—drying cycles accelerate material degradation through
stiffness reduction and hygric deformation induced by swelling clays.
This in turn alters the hygro-thermal (HT') properties of the stone. In
this study, a scalar damage variable is employed within the framework
of continuum damage mechanics to characterize the evolving damage
state under the influence of moisture fields. The most critical climatic
conditions leading to degradation are first identified through hygro-
thermal simulations. Subsequently, a fully coupled hygro-thermo- me-
chanical (HTM) model is developed to account for both moisture trans-
port and material degradation. The results demonstrate that contour
scaling can occur solely due to moisture cycling, even in the absence of
freezing or salt crystallization effects. Moreover, the predicted zones of
damage localization and depths of water accumulation align well with
on-site observations.
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1 Introduction

Clay-bearing sandstones are central to the built heritage as local building
material for historic monuments, churches, and castles worldwide. One no-
table example is the Swiss grey molasse from which the Cathedral of Lau-
sanne is built. These stones contain swelling clay minerals (e.g., smectites)
that cause hygroexpansions with fluctuations in moisture, leading to internal
stresses and gradual deterioration. On the exterior facade, the stone suffers
from various weather-related degradation processes, of which contour scaling
is the most severe. Contour scaling is a damage where a subsurface frac-
ture develops a few centimeters beneath the stone surface, shown in Fig. 1a
(documented in Refs. [39, 12, 20]). It initiates inside the stone and grows
in a parallel plane to the exposed facade from the inside to the edges, in-
dependent of the material orientation and bedding of the sandstone block,
before fragments detach. This damage evolution indicates that contour scal-
ing is driven by the climatic conditions to which the material is exposed,
rather than by inherent imperfections. Understanding and mitigating such
degradation mechanisms is therefore crucial for preserving the built heritage
constructed with these vulnerable sandstones. The growth of contour scal-
ing from preexisting flaws due to nonuniform wetting patterns through the
buckling mechanism during the wetting phase was investigated by Wangler
et al. [37]. Additionally, Pratico [20] proposed damage mechanisms for crack
growth, including freezing, salt crystallization, stress corrosion, and wetting-
drying cycles, following Ref. [4]. All these explanations depend on a pre-
existing macroscopic defect. Generating scaling damage in an intact block
of sandstone through accelerated weathering would strongly foster the devel-
opment of countermeasures. However, to our knowledge, all attempts have
been unsuccessful so far. Consequently, contour scaling cracks do not form
spontaneously within the material; rather, they emerge from the coalescence
of micro-damages that have previously locally deteriorated the material due
to moisture variations.

The influence of swelling clays on the deterioration of sandstones has
been widely recognized and extensively investigated for the last decades (see
Refs. [30, 3, 36, 1, 11, 23, 34, 25|). Veniale et al. [30] showed that alternating
moisture cycles with clay swelling and shrinkage result in degradation by
intergranular micro-cracking within the sandstone that reduces strength and
promotes disintegration. Swiss molasse is highly susceptible to deterioration,
as clay minerals are present in the stone cement, which is intended to bind
the grains together. The clays (smectites) swell even by two superimposing
mechanisms [1|. This aligns with experimental observations by Siegesmund
et al. |25], which indicate that swelling clay minerals induce high stresses
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Figure 1: Contour scaling in a Villarlod molasse block used for restoration of
the Cathedral of Lausanne (a), thin section fabric of Villarlod molasse under
polarized light (b), and appearances of clay in an electron microscopy image

(c).

and further degrade the rock fabric when they coat grains or fill micropores.
Interestingly, damage was not observed for situations where swelling clays
are located in macropores, since there is sufficient space for free expansion.
A general and extensive review by Elert et al. [6] elaborated how cracks
generate and progress from clay swelling and shrinkage in the clay-bearing
sandstone.

In addition to experimental studies, efforts have recently been devoted
to numerical modeling of moisture-related deterioration of rock containing
swelling clay. From a grain scale perspective, Discrete Element (DE) Models
were used to model different minerals (e.g., quartz and clay) by particles and
investigate swelling-induced damages in rocks by expanding clay particles, as
shown in Refs. [16, 13|. Zhang et al. [40] exploited Molecular Dynamics (MD)
to simulate different phases in purple mudstone and associated clay swelling
with the adsorption of water molecules in the interlayer space between clay-
clay and silica-clay layers. At the continuum scale, damage constitutive
models were proposed in Refs.[27, 38| for the clay-bearing sandstone and soft
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rock by incorporating a moisture-dependent damage variable. Nevertheless,
these works do not capture the rock’s structural response as it decays under
changing moisture fields. To understand the role of clay-water interaction
in stone deterioration from a macro scale, Wang and Yan [32] adopted a
Finite-Discrete Element Method (FDEM) to consider moisture diffusion and
crack propagation in hygro-responsive mudstone. The approach focused on
macrocrack growth and neglected the initiation phase, which involves micro-
cracking of the intact material. Moreover, the coupling between degradation
and hygric properties of mudstone was neglected so far.

Despite the extensive body of research on water-clay interactions and
their role in sandstone degradation, applying these insights to actual heritage
structures requires greater attention. The first challenge is the hygro-thermo-
mechanical (HTM) nature of the problem, in which the coupling among the
different fields is of great importance. Contour scaling cannot be understood
in isolation from the preceding material deterioration. The second challenge
involves the different time scales of moisture and heat transport, as well as the
variability in climatic conditions. In historic buildings, damage accumulates
slowly, typically manifesting over periods ranging from decades to centuries.
To experimentally reproduce contour scaling, accelerated weathering testing
is a necessary prerequisite. Meaningful time-scaling of climatic influences on
damage evolution can only be achieved through HTM simulations.

In this study, the evolution of moisture and material degradation is mod-
eled in a fully coupled manner to investigate the effects of moisture cycles on
damage evolution in Villarlod molasse, which is the preferred replacement
stone for the Cathedral of Lausanne, after the closing of the grey molasse
quarry in the 19** century. DELPHIN 6, a hygro-thermal simulation program,
is used to compute the moisture field in the presence of damage |7]. Simulta-
neously, the Finite Element (FE) solver ABAQUS 2024 calculates stress and
strain fields, including the damage evolution, in the presence of moisture.
Consequently, one needs to consider, on the one hand, the effects of moisture
on the constitutive hygro-mechanical behavior, including the damage evolu-
tion law (Sec. 3.2 ), and on the other hand, the impact of damage on the
hygro-thermal properties for moisture transport (Sec. 3.3). In the first step,
we identify the worst-case scenario for climate change with respect to damage
propagation, allowing us to focus on accelerated weather testing conditions
(Sec. 5.1). These conditions are then periodically repeated to simulate the
damage evolution in Villarlod molasse with the coupled framework (Sec. 5.2).
We identify localized damage zones where contour scaling potentially initi-
ates and describe its evolution. Finally, the effect of pressure distribution on
the top of the sandstone is examined, revealing damage patterns in the stone
under various constraints.
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2 Problem statement and modelling idea

Although our results have general validity for clay-bearing sandstones, this
study focuses on Villarlod molasse, as it serves as the replacement stone
for the Cathedral of Lausanne. Hence, material parameters are specifically
determined for Villarlod molasse, a soft, porous, glauconitic clay-bearing
stone with a fine and grey appearance, characterized by thin bedding. The
main phase of the sandstone is quartz, with around 50-60 % of the material
by mass (see Refs. [25, 35]). Calcite is the cement that occurs as individual
grains or bonds between quartz grains, and constitutes around 20-30 % of
the stone by mass. These two components do not interact with moisture, but
another crucial mineral in the Villarlod molasse, smectite, does. The fraction
of smectite is around 5-6 % by mass according to Rietveld analysis [35]. For
the sandstone, this results in observed swelling strains of up to 1.85 mmm™*
with water (Ref. [35]). Petrographic images of Villarlod molasse in Figs. 1b,c
show the different phases of Villarlod molasse and the fineness of the stone.
Since clay minerals are smaller in size than quartz and calcite grains, they
are only visible via scanning electron microscopy (SEM) (see Fig. 1c). One
finds clay that coats quartz grains, as well as in the intergranular matrix.
The goal of this study is to investigate the evolution of coupled moisture
and damage fields in a wall composed of Villarlod molasse blocks, subject
to wetting-drying cycles from the outer surface. One expects a cyclic dam-
age progression, as damage modifies hygro-thermal properties, leading to
moisture accumulation in zones with greater damage. This accumulation ad-
ditionally softens and weakens these regions, while exerting higher residual
stresses due to increased swelling, which further progresses damage. Using
symmetry considerations, the problem can be reduced to a single sandstone
half-block of a wall, shown in Fig. 2. It has a thickness of 60cm and a
height of 25 cm, carries the load from the upper structure, and has symme-
try conditions below. Since contour scaling is growing in a plane parallel to
the exposed facade, a plane-strain assumption can be applied for simplicity.
Note that in reality, blocks also have a limited extension perpendicular to
the plane (y-direction) and cannot transmit tensile stresses across edges. The
upper surface takes the dead load of the entire wall above. However, a uni-
form pressure distribution would not reflect reality, as moisture fields result
in material and shape changes. Due to symmetry, neither the upper nor the
lower stone can deform in a way that they could penetrate the contact line.
Additionally, contacting stones can locally detach from each other due to
local shrinkage, forming a gap. Consequently, the load must be introduced
via a rigid contact surface with the vertical force from the dead load being
introduced at its reference point RP (see Fig. 2 ABAQUS model). For sim-
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plicity, a frictionless hard contact is applied between the contact surface and
the block. The evolving damage field renders the originally one-dimensional
problem with no vertical heat or moisture flux into a two-dimensional one (see
Fig. 2 DELPHIN model). Due to symmetry considerations, there will be no
flux across the upper surface and the symmetry line. Realistic climatic con-
ditions typically involve multiple components, such as rain, sunlight, wind,
and others. In the current study, we limit ourselves to simple wetting-drying
cycles with rain for wetting and high temperature, as well as low relative hu-
midity for drying. Furthermore, a constant indoor climate is assumed, with
a temperature T, = 25°C and a relative humidity of RH;, = 50 %.

DELPHIN model

Upper block Null heat and moisture flux
Outdoor Indoor
Q I . Null heat and moisture flux
Vo | 60 cm | € 60 cm
\ } —~—— = |O
‘{ g | 10 ABAQUS model
LN

. RP__ Rigid surface
Villarlod molasse

AN
Dry

Bottom block

Figure 2: A representative block of the wall and model realizations in DEL-
PHIN and ABAQUS (RP: reference point).

3 Model formulation

In this section, the physical foundation and respective model approaches used
in this work for the transport of heat and mass in porous media, the mois-
ture dependence of constitutive mechanical parameters, and the HTM cou-
pling framework are bundled. The description of the hygro-thermal behavior
(Sec. 3.1) focuses on the storage and transport of moisture (Secs. 3.1.1, 3.1.2),
as well as transport of heat (Sec. 3.1.3), before the moisture dependence of
the mechanical models is explained (Sec. 3.2). Finally, Sec. 3.3 illustrates
how the coupling HTM framework is implemented. Note that a separate
section is devoted to the identification of the required parameters (Sec. 4).
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3.1 The hygro-thermal model

For calculating the fully coupled heat and moisture transport in porous sand-
stone, the widely used robust simulation software DELPHIN is applied (see
Ref. [8]). Unlike simplified tools, it solves equations using efficient higher-
order numerical methods, enabling accurate predictions of complex processes
in porous building materials based on a comprehensive, thermodynamically
sound physical model. The governing equations in this study are the mass
and energy balances of moisture (liquid and vapor) and air, as presented in
Ref. [18]. They can be written as

a(pwel + pveg) o a[pka 101 + (pvvk + ]k dlﬁ)e ]

ot 8.1'k ’
(1a)

8pa9g a[(pavng - jlzn(‘i,1ff)6g]

= — : 1b
ot Ga:k ’ ( )
Opmum + prinbh + (pyty + patia)by] _ OO + (pyuy + Palla)v), ©0,] B
82? 8xk
a[jlgdiff - (hv h )Jk dlff@ ] (10)
8[Ek ’

where variables p, m, 0, v, u, and h represent mass density, mass, volumetric
fraction, phase velocity, energy density, and enthalpy, respectively. The liquid
and gas phases are denoted by the subscripts [ and ¢. Liquid water, vapor,
and dry air are given by w, v, and a, respectively, and the subscript m stands
for the skeleton of the porous material. In the equations, j;"j¢ denotes the

mass flux of vapor, jgdiﬁ the heat flux via conduction, and k is the directional
index. To solve the above governing equations, constitutive functions are
required to describe the relation between the flux and the driving potential,
which are written with the capillary pressure p. as

m Ope
Pwly = _Kl(a + PwIk), (Qa)
T,
- Opy
Tk dit = _Kvﬁa:k’ (2b)
. oT
]l?,diff = _Aa_:vk (2c)

The three conductivity coefficients K, K, and X for liquid, vapor, and ther-
mal conductivity are actually functions of the liquid content 8. Note that the
capillary pressure is dependent on 6, as well, which is known as the moisture
storage function (MSF) (see Sec. 3.1.1).
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The vapor pressure p, is related to the relative humidity ¢ by p, =
Py sat(T), where py gt is the saturation vapor pressure which depends on
temperature 7. With the Kelvin equation

pe=pRTInp = pR,TIn Py , (3)

pv,sat

that uses the ideal gas constant of vapor R,, and the MSF, one obtains
the relation between p, and 6;. Substituting Eqgs. 2 and 3 into Eqgs. 1, the
moisture content and temperature can be solved for, if the dependencies of
K, K,, A, and p. on 6, are known.

3.1.1 Moisture storage p.(6))

The moisture storage behavior describes the amount of liquid a porous ma-
terial can hold under a given moisture potential. The MSF is an important
material property for material description, relating the state variable 6; to a
potential. As moisture potential, either the capillary pressure p. or the rela-
tive humidity ¢ (related by the Kelvin Eq. 3 for pure water) can be regarded.
The MSF thus makes the connection between the constitutive equations and
the balance for equilibrium stages. Hence, the underlying characteristics of
the porous material are reflected in suitable pore-space models. For sand-
stone, a model with p. is chosen where the pore volume distribution is de-
scribed with the aid of a weighted sum of Gauss distribution functions (see

Ref. [24]): §

where erf() is the Gauss error function, peog is the logarithmic capillary
pressure, namely log(p.), N represents the number of modalities of the pore
volume distribution curve, and o, peogi, Si are parameters to be calibrated
for each modality. It should be noted that even though hysteresis is quite
common for moisture retention of most building materials [24|, DELPHIN
only requires a single moisture storage curve as input, which can still provide
sufficient correspondence to experimental results in many practical cases [10].

3.1.2 Moisture transport

For accurate hygro-thermal simulations, it is essential to employ a suitable
moisture transport model for both liquid water and vapor. In this work, a
popular liquid transport function is employed, which is based on the bundle-
of-tubes model, as presented in Refs. |2, 5, 24|. The basic assumption is that
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pores can be modeled as tubes with varying radii, following the material’s
pore-size distribution (PSD).
The liquid conductivity K is derived as

2 .0
P10} |
K\(6,) = g/ dx, 5
(&) 2m Jo pi(x) )

where p; represents the density, ) its volume fraction, oy, is the surface ten-
sion at the liquid-air interface, and 7 the dynamic viscosity of the liquid
water. Unfortunately, Eq. 5 overestimates K| near full saturation, also called
effective saturation 6.4, as p. becomes very small in this region. To avoid
high integral values, Eq. 5 is only applied to liquid contents 6, below cap-
illary saturation 6..p. For values above, a linear interpolation of the liquid
conductivity is made from Kj(fc.p) up to Ki(feq) at effective saturation when
all accessible pores are filled. The liquid conductivity function for the whole
moisture range is given as

101) = y )
BlCe) M) (6) — Oeap) + Ki(Beap)  f0T by < 61 < O

with the substitution A; = plafg /2m. Note that A is treated as a parame-
ter that needs to be calibrated rather than a constant since o1, and n are
dependent on temperature and solute in the water.

The vapor conductivity function, however, is derived with the serial-parallel
model presented in Refs. [9, 24]. It considers serial and parallel vapor trans-
port as shown in Fig. 3.

Liquid
Vapor Vapor
Vapor
PpdX (1-pp)dx
dpv,p ’ de,p dpv,s , dpc,s
ax
dp, , dp.
—-

Moisture transport

Figure 3: Serial-parallel model for moisture transport.

The total moisture flux density for the two transport types, serial and
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ser

parallel, m$% and 1y, , is expressed by

1 1 dp
ser _ ser _ Ddry V8 7
Moy 1_ 1—p, do (7a)
por
6 . 1dp 1 dp
par __ . par par __ Ddry 1— 1 o v,p K Qe - <,p b
mtot m + m ( Hpor )pp d.ﬁU + 1( ff) pp dl‘ ’ ( )

where DI represents the vapor diffusion coefficient for the dry material, 0,
is the porosity, and py x and p.x (k = s, p) are vapor and capillary pressure for
serial and parallel transport. For continuity, m{S = rj. . Additionally, p, is
the proportion of the parallel transport that increases with the liquid content
because more pores are filled with liquid water. Note that p, slowly increases
from zero for dry material, followed by rapid growth after a threshold liquid
content, and finally converges to one near saturation. This behavior for p,

can be formulated in various ways, also with the aid of the function
gtrans 0
y (1 4100, 10@)
r (1100 )
eff

(8)

Pp =

Here 7(s, ) is the lower incomplete Gamma function expressed as (s, z) =
Jy t*7te7tdt, and T'(s) = [;7t* 'e'dt is the Gamma function but with s
being a real pararneter Oirans Tepresents the transition liquid content when
liquid equates vapor conductivity. Eq. 8 is monotonically increasing with 6,
as parallel transport becomes more dominant with the increase of the pore
filling level, reaching values very close to one when 6, = 0.¢. Additionally,
two continuity conditions are obvious from Fig. 3, namely

dp, = dpys +dpy, and (9a)
dpep  dpe
P _ . 9b
dz, dx (9P)
Inserting those into Eqs. 7, one gets the total moisture flux density 1y as
dpy dpc
ot = e = D (0 K, (0 10
Mot = Mty = Dy (1) + Ki(0) (10)

where K)(6)) is the liquid conductivity that will not be further considered
here, mainly because K)(6,) is already taken care of via the bundle-of-tubes
model as shown in Eq. 6. Furthermore, D, (6,) is the vapor diffusivity ex-
pressed by the dry vapor diffusion coefficient and the vapor scaling function
fv(6)) written as

Dv(el) = Dsryfv(el)v (11)
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with

0
1 B ecff
fo(6r) = . : (12)
Pp+ < - ﬁ) (1 —pp)
Using the ideal gas equation, one can derive that vapor conductivity is simply

the vapor diffusivity rescaled by the reciprocal thermodynamic factor R, T,
namely

_ D)
R.T

with the gas constant of vapor R,=462Jkg ' K~! and temperature T. Typ-
ically, dry cup tests are performed to measure DI¥. Unfortunately, the
samples are not totally dry but have a small liquid content 604,,. There-
fore, the ultimate expression of K, is given by combining Eqgs. 11 and 13
with the corrected vapor diffusion coefficient Dy (0ary) = Dy air/ptary and

DY = Dy(bary)/ fu(Bary) = Duair/ (1ary f (Bary)) 2

_ Dv,air fv(el)
¥ /LdrvaT fv (edry> 7

Here pi4ry denotes the vapor diffusion resistance from the dry cup test, and
D, .ix represents the vapor diffusivity in the air that is related to the temper-
ature 7" and ambient pressure p by the equation for the vapor diffusivity in
air (see Ref. [41]), namely

K, (6h)

(13)

for 6 < Opor. (14)

7\ 18

Dy air = 2.306 x 1077 - 2. (—) . (15)
’ p \To

Po is the reference atmospheric pressure equal to 1.01x10° Pa and Ty =273.15 K.

With T'= 293.15K and p = pg, Dy i is taken as 2.62 x 107° m?s~* through-

out this study.

To summarize: the liquid conductivity function in Eq. 6 has 4 parameters
to be calibrated, namely A, Ocap, Oesr, and K)(feg), just like the vapor con-
ductivity function in Eq. 14 where the required 4 parameters for calibration
are [ldry, Oary, Opor, and Gang.

3.1.3 Heat transport

Since the drying rate of a material is influenced by temperature, its thermal
properties are important. In sandstone, diffusive heat transfer is dominant,
which is characterized by the thermal conductivity A as written in Eq. 2c.
Generally, thermal conductivity increases with increasing moisture content.
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DELPHIN utilizes a simple linear dependence of A on the liquid content with
an assumed slope of 0.56 Wm ™' K~ (see Ref. [31]), namely

A(61) = Adry + 0.566;. (16)

In Eq. 16, A4y is the thermal conductivity of dry Villarlod molasse.

3.2 Effect of moisture on the mechanical model

Moisture acts on Villarlod molasse in various ways through interactions be-
tween clay and water. As moisture increases, the stone becomes weaker,
swells, and softens. However, the increase in compliance can be attributed
not only to the softening of the clay phase but also to the progression of
dispersed damage. In this work, we consider damage by a scalar damage
variable D ranging from 0 to 1 in an isotropic fashion, following Ref. [17].
The Young’s modulus of the sandstone in the presence of damage and mois-

ture is reduced as
E(D,0) = (1 - D)Ey(6), (17)

where Ey(6)) is the moisture-dependent Young’s modulus of the intact sand-
stone. Since the material block in this study allows for the reduction of the
stress state to a plane strain condition, only two normal and one shear com-
ponents need to be considered for stress o and strain €, reducing the secant
stiffness matrix S to

)\1 + 2/1,1 )\1 0
S = )\1 >\1 + 2/J1 0 . (18)
0 0 2

A1 and p are the Lamé constants and expressed with the Poisson’s ratio v as

E(D,el)l/ . E(D,(gl)

V-2 M T Ay

(19)

Due to the brittleness of sandstone, plastic deformations can be neglected.
Consequently, the total strain €. is only composed of elastic €., and hygric
strain €yy,, namely

€tot = €cla T €hyg- (20)
€nyg is calculated from the moisture and written in vectorial form as
€hyg = €hyg<91)(17 L, 0)T7 (21>

where epyq(6)) is the magnitude of hygric strain at a given moisture content.
Note that hygric deformation will affect only the normal strain components.
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The stress is then calculated from the elastic strain using Hooke’s law with
the undamaged secant stiffness matrix S, as

0=5:€mn=(1—D)Sy: (€ot — €nyg)- (22)

The damage evolution law in this study prescribes the damage driven by
the deformation with respect to the maximum principal strain in history,
Emaxa as

(et (00)) (1—exp(— Bemas))
@) =D (ta(e (@) exp(—Femm)) 108 D < 0.4, émax 2 0,
D(€max, h) = { 0.4 for D > 0.4, €pax > 0
0 for €pax < 0.
(23)

In Eq. 23 § is a function parameter, € is the strain at full damage of the
sandstone (D = 1) that depends on the moisture content 6, as

at(Gl)
Eoy(6)’

e =15 (24)

and g(e;(6))) = exp(0.58¢¢(61)). The damage evolution law in Eq. 23 is plotted
in Fig. 4 for different values of 3.

0.5
0.4
0.3
Q
0.21
—e— [ =5000
0.1
—=— B =4000

090 05 10 15 20 25 30
Emax X 1073

Figure 4: Damage evolution laws for ¢ = 3 x 1072 and different 3.

ot(6)) in Eq. 24 is the tensile strength of Villarlod molasse, which decreases
with increasing moisture content. This introduces the moisture dependency
of the damage variable D together with Ey(6;). The coefficient 15 is chosen
because the tensile strength only characterizes the initiation of damage in-
stead of the fully damaged state. One can simply check the limiting cases
D =0 for €y, = 0 and D = 1 when €,,,, = ¢;. The damage variable is lim-
ited to a threshold value of 0.4, since such high values would mean fracture
formation in sandstone [14]. Damage variables beyond 0.4 further reduce the
stiffness but also lead to numerical difficulties.
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The tangent stiffness, defined as the derivative of stress with regard to
strain, is required by the FEM solver. It can be calculated from Eq. 22 as

0 0D O€pax
T — (1= D)Ss— (S0 : (€101 — €nye)) ( ‘

)- (25)

O€ot O€max O€ioy

Note that Eq. 25 results in an asymmetric stiffness matrix that leads to poor
numerical convergence. Moreover, upon unloading, the damage variable does
not evolve, meaning that the second term on the right-hand side of Eq. 25
vanishes abruptly at stress reversion. This non-smooth transition of the
damage variable leads to additional convergence issues that are addressed by
the viscous regularization technique, which smoothens the evolution of the
damage (see Ref. [15]). The regularized damage variable is updated by

n At

n+1 — Dn =
vis + n + At

. Dt 26
V1s n + At ? ( )

where Dy is the damage variable after regularization, n is the viscosity
parameter that controls how fast D.;s approaches D, the subscript n is the
time increment number, and At is the time increment size. Thus, the damage
variable D that occurs in Egs. (22) and (25) are replaced by Dys.

3.3 HTM framework

The hygro-thermal and mechanical models are intrinsically coupled, as mois-
ture variations influence the progression of damage. At the same time, the re-
sulting material degradation alters the porosity and pore-size distribution of
the Villarlod molasse, thereby modifying its hygrothermal behavior. Emerg-
ing microcracks will modify the PSD by introducing a progressively more
pronounced secondary peak associated with smaller pores, corresponding to
open microcracks. The PSD of undamaged Villarlod molasse, shown in Fig. 5,
exhibits a single peak around 10 pm, whereas Sander sandstone displays two
characteristic peaks. Sander sandstone is therefore considered representative
of the fully damaged state of Villarlod molasse. Intermediate damage states,
characterized by values of the damage variables between 0 and 1, are assumed
to have PSDs that can be approximated by linear interpolation between the
two reference PSDs.

To efficiently couple the HTM model, 100 material datasets are precom-
puted for damage variables spanning the interval [0, 1]. During model execu-
tion, each material update in the hygro-thermal (HT') simulation is performed
through a simple dictionary lookup to identify the dataset corresponding to
the nearest damage state.
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Figure 5: PSD of Villarlod molasse (VM) from Ref. [25] and Sander sandstone
(SS) from Ref. [26].
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Figure 6: Workflow of the coupling model framework.

The entire block is discretized into small patches within which the mate-
rial is homogeneous and updated collectively. This approach introduces ma-
terial heterogeneity by accounting for spatial variations in the local damage
state, resulting in more realistic and stable simulations. To limit computa-
tional cost, the material properties are not updated at every time increment

in ABAQUS but at predefined intervals, namely 1h. In general, the HTM
framework operates as follows:
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Step 1. Retrieve the current damage field over the domain when a material
update is required;

Step 2. Reassign the material properties in all patches and compute the up-
dated moisture profile using the hygro-thermal (HT) model within
DELPHIN;

Step 3. Evaluate strains, stresses, and related quantities in ABAQUS based
on the current moisture profile;

Step 4. Extract the updated damage variables. If another material update
is required, return to Step 1; otherwise, repeat Step 3 for the next
time increment in ABAQUS.

The detailed workflow of the coupling framework is displayed by the
flowchart in Fig. 6.

Because HT and HTM models use different solvers, the meshes used differ
(see Fig. 7). Material sections are assigned to patches in DELPHIN, which
are defined in the FEM mesh by grouping 3 elements in a row and 2 elements
in a column, as shown in Fig. 7. Each element in DELPHIN is then assigned
to the patch if its center falls within the patch. The moisture profile ob-
tained from DELPHIN is mapped to the integration points of the elements in
ABAQUS using linear interpolation. Finally, the resulting damage from the
HTM simulation is averaged by taking the mean value of all damage states
inside each patch for the next material update and HT iteration.

DELPHIN HT solver mesh ABAQUS HTM solver mesh

T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
x (cm) x (cm)

Figure 7: Mesh for the HT simulation with DELPHIN (left) and the damage
calculation with ABAQUS. Colors distinguish regions for individual material
assignments.

4 Parameter identification

The HTM model, like any numerical framework, relies on multiple parameters
(described in Sec. 3) that must be obtained either from dedicated material
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experiments or from literature sources. Since the overall framework involves
two coupled models, the experiments for parameter identification for the
hygro-thermal (HT) model are summarized first (Sec. 4.1), followed by those
of the mechanical model (Sec. 4.2).

4.1 HT model parameters

The moisture storage curve parameters (i.e., &, Delog;i, and s; in Eq. 4) are
calibrated on data of mercury intrusion porosimetry (MIP) published
in Ref. [25] as well as on sorption isotherm lab tests, performed for this
study. Based on the calibrated moisture storage curve, the moisture transport
properties (i.e., A1, Ocap, Ocfi, I1(Oeft), fdrys Odry, Opor, and Girans in Eqgs. 6 and
14) are identified. For this purpose, two moisture-transport lab experiments
are conducted on sandstone blocks: the drying and the water-uptake tests.
The transport parameters are then determined inversely using a Bayesian
optimization procedure to achieve agreement between simulations and their
respective test results. In the last experiment, the dry thermal conductivity
Adry 18 directly measured by a thermal conductivity meter.

The PSD obtained from MIP can be translated into the relation between
capillary pressure and moisture content via the Laplace equation:

o= 201 cos 6. (27)
r

o1 denotes the surface tension between air and water, 6 represents the con-
tact angle which is taken as zero for mercury in this study (wetting), and r is
the pore radius. However, using MIP to obtain the moisture storage curve is
valid only at low capillary pressure, namely, high liquid content, as the MIP
test mimics the stone’s desaturation process. To obtain the full range of the
moisture storage behavior, static gravimetric sorption tests were per-
formed at a constant temperature of 23 °C to obtain the sorption isotherm.
Different salt solutions were used to create relative humidity levels ranging
from 90 % to 20 % in a desiccator, with three 4 x 4 x 4 cm large samples being
tested. The samples were first saturated and then equilibrated at a single rel-
ative humidity to determine the corresponding liquid content by mass before
being moved to the next lower relative humidity. The calibrated moisture
storage curve is plotted in Fig. 8. For consistency, an artificial point with a
moisture content of 0 is added at a capillary pressure of 10'2 Pa where the
moisture storage curve ends. Note that an even better fit could be obtained
by increasing the number of modalities of the pore volume distribution curve
N from Eq. 4. However, N = 8 is used in this study, as excessive modes of
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the MSF would lead to numerical problems during later calibration of the
moisture transport functions.

0.14

100 10 10° 10° 102
Capillary pressure (Pa)

Figure 8: Calibrated moisture storage curve with MIP, sorption isotherm test
(SIT), and the artificial point (AP).

For the water uptake and drying tests, three samples of identical dimen-
sions of (4 x 4 x 4cm) were used. In the water uptake test, each sample
was suspended from a balance (METTLER PM 4000, precision as 0.01g)
with its bottom surface in full contact with deionized water, as illustrated in
Fig. 9(a). The balance continuously recorded the sample mass until equilib-
rium was reached, from which the liquid content was calculated. For Villarlod
molasse, equilibrium was typically attained within 2-3 h.

In contrast, the drying test took substantially longer, as vapor diffu-
sion proceeds much more slowly than capillary absorption. For this test,
the samples were first fully saturated and then placed in a climate chamber
maintained at 25 °C and 35 % relative humidity. Equilibrium conditions were
reached approximately after two weeks.

Subsequently, the drying and water-uptake tests are simulated in DEL-
PHIN to calibrate the moisture-transport parameters using the Bayesian op-
timization technique. The loss function for optimization is formulated as the
error between simulations and both experiments. Since the two tests have
quite different scales, the numerical and experimental results are normalized
to the maximum and minimum values from the lab tests, so that they fall
within the interval [0, 1]. The calibration result is shown in Fig. 10, where
the test results are the average of the three samples used in the experiments.

The dry thermal conductivity, A4,y in Eq. 16, was determined using
a thermal conductivity meter (Kemtherm QTM-D3, precision as 5% of the
reference value) on a specimen with dimensions of 18 x 25.5 x 15 cm, as shown
in Fig. 9(b). The measured value of \g;y is 1.73Wm ™ K1
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e 25
Figure 9: Experimental setups: (a) Water uptake test; (b) Thermal test; (c)
Longitudinal swelling test.

The calibrated hygro-thermal parameters of Villarlod molasse are sum-
marized in Table 1 along with other model parameters and their reference to
literature.

0.1251 —— Calibrated curve
0.100- o Drying test 4
T E
;0.075- E\
S =
E 221
5 0.050+
® & —— Calibrated curve
0.025 0 o Water uptake test
0 100 200 300 0 20 40 60 80 100
t(h) t(Vs)
(@) (b)

Figure 10: Comparison between experimental data and numerical results ob-
tained with calibrated material behavior: (a) Drying test; (b) Water uptake
test (my: Cumulative water uptake per unit area).

4.2 Mechanical model parameters

The previously described mechanical model of the HTM framework (see
Sec. 3.2), requires additional parameters to be determined, such as the mois-
ture dependence of the Young’s modulus Ey(6;), the Poisson’s ratio v, the
hygro-expansion behavior epy,(6)), and the damage evolution law formulated
in Eq. 23.
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Table 1: HT model parameters and constants.

Quantities Value Source

Identified model parameters

Coefficient in Kj(6)) A} =3.39Pa’s Calibration
Liquid conductivity at Oeg K1(fogr) = 2.38 x 10795 Calibration
Porosity Opor = 0.179 Calibration
liquid content in dry cup test Oary = 0.002 m3 m~3 Calibration
Vapor resistance from dry cup test pary = 11.18 Calibration
Effective saturation feg = 0.125m3 m—3 Calibration
Transition liquid content Otrans = 0.048 m3 m—3 Calibration
MSF Fig. 8 Calibration
Thermal conductivity at dry state Adry = 1L.T3W m~ K1 Measurement

Model parameters from literature

Vapor diffusivity of air under 20°C Dy pir = 2.62 x 1076 m?s~1 Ref.[41]
Ideal gas constant of vapor Ry = 462Jkg 1 K1 Ref.[41]
Reference gas pressure po = 1.01 x 105 Pa, Ref.[41]

According to Ref. [29], the Young’s moduli of Villarlod molasse under
relative humidities of 0, 33 %, 67 %, and 97% are measured as 8.43 GPa,
4.46 GPa, 4.39 GPa, and 2.61 GPa, respectively. The moisture content corre-
sponding to each relative humidity is obtained from Eq. 3 and the moisture
storage curve in Fig. 8. The behavior for Ey(#) can be described by an
exponential function of the type

Ey(6) = Age P2 + O, (28)

with the fitting parameters Ag, Bg, and Cg. The best fit is confronted with
the experimental data in Fig. 11a.

10 2.5

o Test —— Fit

8 — Fit 2.01 o Test
o 5151
o .

] s
h 101
0.5
0 ) 20 30 20 9% 5 50 75 160 125
6, x 103(m3/m3) 6, x 103(m3/m?3)

(@) (b)
Figure 11: Variation of Young’s modulus (a) and tensile strength (b) with
moisture content.

For the hygric expansion curve, a longitudinal swelling experiment is con-
ducted in this study. The Villarlod molasse sample has an initial length of
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80.9 mm and is immersed into the water, as shown in Fig. 9(c). A Linear Vari-
able Differential Transformer (LVDT sensor) is placed on the top to measure
the swelling deformation, plotted in Fig. 12a.

A1.5 1.50
€ VG-P
E 1.251 o ‘ eng
£ — Fit
= 1.0 T 1.001
£ S
o x 0.757
=
0 2
20.57 & 0.50
] 0.251
&
0.075 5 10 15 20 0.003 50 100 150
Time (h) 6, x 103(m3/m3)
(a) (b)

Figure 12: Results of the longitudinal swelling test in the lab and hygric ex-
pansion curve of swelling clay from literature: (a) Evolution of swelling strain
with time in the swelling test; (b) Fitted hygric expansion curve according
to Ref. [22].

According to Ref. [22], the variation of swelling clay’s void ratio with
the moisture content can be described with the VG-Peng model proposed by
Peng and Horn [19] that is expressed as

e(Q) = e+ (es —e) [+ (kQ) 7], for 0< (<G, (29)

where e is the void ratio defined by the pore volume divided by the solid
skeleton volume, ( is the moisture ratio defined by the water volume divided
by the solid skeleton volume, ( is the saturated moisture ratio, e, and eg are
residual and saturated void ratios, respectively, and k, p, and ¢ are fitting
parameters. Actually, the change in void ratio with moisture content can
be translated into volumetric strain and, in turn, into strain in one dimen-
sion. Taking the calibrated parameters for Eq. 29 from Ref. [22], the hygric
expansion curve ey, () is fitted with a Richards function that is cast as

1

enye(0)) = A. (1 + B. exp{—Cg(ei—lff — DE)})F( : (30)

where A, B, C., D., and F, are fitting parameters. The fitted curve is shown
in Fig. 12b, which is scaled in terms of the swelling strain measurement at
saturation in Fig. 12a.

The tensile strength of the sandstone in Eq. 24 is also assumed to vary
exponentially with the moisture content as

0t<01) = Aat exp{_Batel} + Caw (31)
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where A,,, By, , and C,, are functional parameters. According to Ref. [28], the
tensile strengths under dry and saturated states are 1.97 MPa and 0.50 MPa,
respectively. Eq. 31 is then fitted and plotted in Fig. 11b. Unfortunately, only
two points are available here for fitting, and thus the limit of the exponential
function in Eq. 31 is assumed to be just a little bit lower than the value at
saturation in order to determine the three functional parameters. The strain
at full damage, ¢¢, can then be estimated with Eq. 24.

The last missing parameter of the mechanical model is the contact stiff-
ness K between the sandstone and the rigid plate on the top of the block
shown in Fig. 2, which should depend on the stiffness of the deformable body,
namely the sandstone. In this study, it is calculated with the Young’s mod-
ulus of dry Villarlod molasse and the size of elements in contact with the
rigid plate, denoted by h.. The model in ABAQUS is discretized equally into
twenty 8-node plane strain elements (CPES8) in the vertical direction, and
thus h. = 0.0125m (see Fig. 7). All the parameters used in the mechanical
model are summarized in Table 2.

Table 2: Parameters of the moisture-dependent mechanical model.

Parameter Value Fitting source

Decay function of Young’s modulus

Ag 5.67 GPa
Bg 92 Ref. [29]
Cr 2.68 GPa

Swelling curve

Ac 1.44 x 1073

Be 1.65

C. 32.41 Ref. [22]
D. 0.84

Fe 7.88

Decay function of tensile strength

Ag, 1.50 MPa
Bo, 30 Ref. [28]
Co, 0.47 MPa

Other parameters

Poisson’s ratio v 0.3 Ref. [28]
Damage parameter 8 5000, 4000 Hypothesis
Viscosity parameter n 0.5 Hypothesis

Contact stiffness Kt 640 GPam™! Eo(0)

he
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5 Results and discussion

In a first step, pure HT simulations are conducted to identify the worst
climatic conditions that have the potential to cause the greatest damage
within the structure (Section 5.1). In a second step, this climate is applied
in cycles but within the HTM framework to simulate progressive degradation
of the sandstone (Section 5.2). Note that the identified worst climate case
can also be used for accelerated weather testing in experimental settings.

5.1 HT simulations without material degradation

To get started, the moisture field is calculated regardless of material degra-
dation, keeping the hygro-thermal behavior unaltered throughout the simu-
lations. The identification of the most critical case involves minimizing an
objective function (Section 5.1.2) that requires a prior parameterization of
climatic conditions, as discussed in Section 5.1.1.

5.1.1 Parameter space for climatic conditions

Climatic conditions can be extremely diverse, including relative humidity,
wind-driven rain, solar irradiation, temperature, wind velocity, and other
factors. This makes it difficult to identify critical conditions and their his-
tory that could promote intrinsic material damage or degradation. Only if
those are known, lab studies of climate-induced stone degradation, that rely
on accelerated weather testing, become feasible [21, 20]. To stay within the
operational modes of typical climate-controlled chambers and for simplicity,
wetting-drying cycles are investigated with rain for wetting and a high tem-
perature with low relative humidity for drying. Five independent climatic
parameters, related to these two processes are chosen: rain flux Fj,i,, raining
time ¢,,in, surface temperature of the sandstone during drying Tg,y, relative
humidity for drying RHg,y, and drying time ¢4,y. Note that DELPHIN is ca-
pable of considering excess water from the rain as runoff, which is realistic
[7]. Another noteworthy point is that the material’s surface temperature is
used as a drying parameter rather than the ambient temperature. This is
because the drying process is also influenced by solar irradiation (or infrared
heating inside chambers) in addition to ambient temperature. The surface
temperature can be regarded as a result of both factors. The temperature
and relative humidity during the rain are taken as constant values of 20°C
and 98 % in the simulations. The hygro-thermal boundary conditions of the
model are displayed in Fig. 13 together with the climatic parameters. The
parametric space with feasible ranges of the above five parameters is given
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in Table 3.

Frain et train
Null heat and moisture flux

: Tin = 25°C
A [l
° Villarlod molasse| Indoor
RHin = 50%

\,,‘ / .
RHdry 7(\- tdry Null heat and moisture flux

Dry
Figure 13: Hygro-thermal boundary conditions of the model (7}, and R;, for
indoor temperature and relative humidity respectively).

5.1.2 Worst climatic conditions

Damage develops as a consequence of residual stress, which can emerge from
differential, self-restrained swelling due to hygric or thermal inhomogeneities.
Since thermal expansion is neglected and hygric behavior is kept unaltered
at this stage of the calculations, the moisture gradient must be considered as
the driver of damage. Note that the moisture field will be one-dimensional in
this case. As shown in Ref. [20] for Villarlod molasse, at a depth of 6 cm water
accumulation and degradation are observed, which eventually develop into
contour scaling. For simplicity, the liquid content 6, is averaged in two sub-
zones (0—4 cm and 4-8 cm) to calculate the moisture gradient. A clear picture
can be obtained, when looking at 6, for a sample parameter set of { Flin,train,

Taeg, RHary tary }={0.002dm® m=2s~1 5h,35°C,30 %48 h}. In Fig. 14a, 6,(t)
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Figure 14: Results for a typical simulation with F;, = 0.002Lm
train = DN, Tary = 35°C,RH4yry = 30 %, and t4,y = 48h: (a) Liquid content 6,
at a depth of 5cm; (b)Moisture profiles at states A and B.

—2 S_l,

is given at a depth of 5cm as a function of time for 10 cycles, after which
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6, reached a periodic steady state. Two states exhibit extreme values: state
A is the moment when wetting finishes in one cycle, while state B is at the
end of a cycle after drying. In a typical wetting-drying cycle, these two
states (A and B in Fig. 14b) potentially have the highest moisture gradients,
and it is sufficient to focus on them. Therefore, the objective function for
maximization takes the form

fobj (FrairU traina Tdry7 Rdry> tdry) = ( 1(?;4,an - QfXS’avg) + (Qﬁg&wg - 91(3];4@\%)7
(32)
where 6 and 6’147 %8 (k= A, B) are average liquid contents of the
regions 0-4cm and 4-8 cm, respectively. The two terms on the right-hand
side of Eq. 32 share the same denominator when calculating the moisture
gradient, and can therefore be omitted.

The maximum of the objective function Eq. 32 is obtained with a Bayesian
optimization algorithm. As a large number of hygro-thermal simulations are
required for optimization, a surrogate model is first trained on the hygro-
thermal model using a Gaussian Process Regressor (GPR). For training the
surrogate model, the Latin Hypercube Sampling technique is adopted with
200 samples from the feasible parameter ranges given in Table 3. Note that
for increased performance, the five climatic parameters are normalized to
the range [0, 1] prior to training. The comparison between the predictions of
the surrogate and original models is shown in Fig. 15, demonstrating good
agreement. Finally, the surrogate model is used in the Bayesian optimization
scheme to calculate a set of values (see Table 3) that maximize Eq. 32 and,
therefore, the damage propagation risk. Note that due to this engineering
approach, there is no claim of uniqueness of the value set. Nevertheless,
these values result in quite harsh conditions that would be useful and rational
conditions for accelerated weather testing of climatic material degradation,
and are a good choice for HTM simulations.

0—4,avg
01 k

o
2

IS
2

Surrogate model (m3/m?3)

N
i

20 40 60
HT model (m3/m?3)

Figure 15: Comparison of predicted 6, from surrogate and original models.
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Table 3: Ranges and critical values of climatic parameters.

Parameter Definition Range Critical value
Frain(dm®m~=2s~1) Rain flux [0.0005,0.002]  0.0018

tyain(h) Raining time 1,7 6

Tary (°C) Surface temperature for drying  [25, 40] 28.8

RH gy (%) Relative humidity for drying [20, 50] 43.1

tary(h) Drying time [48,120] 66

5.2 HTM simulations with material degradation

Now that all model parameters are identified (Tables 1, 2) and the set of val-
ues for the most critical climatic conditions is determined (Table 3), the fully
coupled HTM framework can be applied to capture the structural response
of a block of Villarlod molasse with climate induced material degradation.
For demonstration purposes, a quite high vertical load is applied on the top
reference point of the contact surface with 4 MN, which corresponds to 17 %
of the compressive strength of Villarlod molasse (40 MPa). To introduce
material heterogeneity on the material patches, an initial damage value Dy
is sampled from the interval [0,0.04]. For comparison, only the first 10 cy-
cles are simulated for distinct values S of the damage evolution law Eq. 23,
namely $ = 5000 and 5 = 4000.
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Figure 16: Evolution of strain energy for 5 = 5000 and £ = 4000.

The evolution of the total strain energy provides a first global picture of
the system behavior. In Fig. 16, the evolutions over the first 10 cycles for
the two different values of the damage law are compared. In general, the
strain energy increases and converges, analogous to the moisture reaching
the periodic steady state. As total moisture increases, Young’s modulus
E decreases, leading to higher strain energy for a constant load. This is
also evident in every moistening phase, by a sharp increase. As damage
accumulates, E is further decreased, amplified by the increased moisture
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content in damaged regions, which further reduces E. In the drying phase of
all cycles, one first observes a drop in strain energy as stiffness is restored
by drying. In fact, the moisture gradient reverses (see Fig. 14b) and induced
stresses can further increase the strain energy during drying. The higher
energy for § = 4000 points at a larger overall damage due to the choice of
that parameter.

A deeper insight into the evolution of damage is given by visualizing
snapshots of the damage state variable at the end of cycles 2, 4, 6, 8, and 10 in
Fig. 17. It is striking to observe that damage does not develop at the surface
but first at a depth of 3-5cm, which is in agreement with onsite contour
scaling observations [20]. This is because damage is mainly driven by tensile
stress in cohesive frictional materials, and the sandstone surface is free of
tensile stress due to vertical compression. Inside the sandstone, however, the
material is under a constrained state, and tension can occur. At later stages,
damage localizes and progresses, forming shear band configurations under the
characteristic 45° angle. In the comparison of the damage parameters, one
can see that damage progresses faster for smaller values of 5. Note that the
model is targeted at dispersed damage in the framework of continuum damage
mechanics. This way, one can identify zones of material degradation, where
fractures will form. The fracture formation and growth are not part of the
model. Due to rather high loads and the limitation of D < 0.4, one observes
large, unrealistic damage regions at later states, as fracture localization is
suppressed. Nevertheless, there is indirect evidence that the degraded region
must be quite extensive, since multiple ice lenses are observed, which can
only form in the degraded Villarlod molasse, as shown by [33].

The moisture profiles of the HT simulation, exemplified in Fig. 14, did
not account for the consequences of changes in hygric behavior due to dam-
age. With coupled HTM simulations, however, one can observe significant
differences, as shown by comparing the moisture distribution at the end of
10 wetting-drying cycles for the HT'M models with the HT model in Fig. 18.
It is found that moisture accumulation is closely related to the localization
of damage in the sandstone, although their depths differ slightly. Generally,
higher moisture content occurs in a more damaged zone that is better able
to retain water. The surface region undergoes rapid saturation and dry-
ing throughout the wetting-drying cycles, while water at a certain depth is
trapped and constrained by the sandstone’s moisture-transport properties.
Furthermore, water penetration into the deep region is rather slow, resulting
in a relatively dry core. The distinct moisture accumulation layer forming at
a depth of 6-10cm is only observed for the HT'M models and is consistent
with on-site observation from impedance measurements on the Cathedral of
Lausanne, as presented in Ref. [20].
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Figure 17: Evolution of damages in the Villarlod molasse block at different
times for § = 4000 (x and y for depth and height of the block, respectively).
As the damage evolution is not significant for x > 25cm, the images are
cropped.
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Figure 18: Moisture distribution in the Villarlod molasse block at the end
of 10 wetting-drying cycles for g = 5000 and 5 = 4000 and without damage
(right).

Damage is driven by residual stress and by stress arising from the com-
pressive loading through the normal contact with the rigid plate on top. Only
at the start of the simulation, a uniform pressure of about 7 MPa is present.
As moisture fields develop, material expands or shrinks, and compliances
change due to moisture or possible damage progression, pressure distribu-
tions quickly become complicated. Fig. 19 shows the time evolution of the
contact pressure distribution on the top of the block for the two distinct
damage parameters (3, as well as with suppressed damage evolution. With
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the wetting and drying of the sandstone, significant redistribution of pressure
occurs due to several competing factors: In the wetting phases, hygric expan-
sion increases pressure in swelling parts, which, at the same time, require less
stress for deformation, as compliance and maybe even damage increase. The
emerging pattern across all three cases is that the stone in the deep region,
which is less damaged and moist, plays a major role in load carrying. The
role of damage is clearly seen when comparing the different cases, including
the suppressed damage case D = 0. It is interesting to note that different
[ values do not cause a significant difference in the pressure distribution.
For D = 0, however, the exterior regions of the stone can indeed take excess
load in the wetting phase towards the periodic steady state, but interestingly,
with a maximum in the depth, where scaling damage is observed to develop.
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Figure 19: Pressure on the top of the Villarlod molasse block for § = 5000,
£ = 4000, and D = 0.

If the material regions of the exterior surface are most affected by moisture
changes, reducing pressure by introducing recessed horizontal joints could
help prevent contour scaling. To clarify this question, the damage states af-
ter two cycles for different recess depths of 5cm and 10 cm are compared in
Fig. 20. As shown, the damage pattern is markedly different, localized at the
edge of the rounded contact surface. In addition, for increasing recess depth,
damage evolves more slowly. This is due to a higher moisture gradient at
5cm than at 10 cm depth, and thus the higher residual stress in the structure
superimposes on the stress state caused by the compression, in addition to
a higher overall moisture content that lowers strength. The damage local-
ization is explained by the contact pressure (see Fig. 21), which shows clear
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peaks at the position of load introduction. Even though their magnitudes
might be too high due to artifacts arising from the contact calculation, one
should still expect the failure origin in those regions. Note that after two
cycles, the periodic steady state has not yet been reached, as evident from
the height-averaged moisture profiles.
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Figure 20: Damage fields (6 = 5000) at ¢ = 144 h for no pressure and different
recess depths (0, 5cm, and 10 cm) under the same vertical load and no load
at all (right).

Interestingly, if no external load is applied (see Fig. 20 right), residual
stresses alone do not suffice to drive damage. This is an important finding,
showing that accelerated weather testing in climate rooms can trigger contour
scaling only when samples experience both climatic and external loading
simultaneously.
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Figure 21: Pressure distributions on the top of the Villarlod molasse block

under the same vertical load at ¢ = 144h for different recess depths and

moisture profile for the fully covered case. (8 = 5000, FC: fully covered, MP:

moisture profile).



You Wang and Falk K. Wittel, Degradation of clay-bearing sandstone 31

6 Conclusions

This study investigated the coupling between moisture evolution and material
degradation in clay-bearing sandstone under wetting-drying cycles. Pure HT
simulations are first conducted to identify the worst climatic conditions to
be applied in a fully coupled HTM framework with damage evolution for
a block simultaneously loaded by a vertical force. The damage localization
and moisture accumulation in the sandstone block are found to be closely
related. They match on-site observations and measurements at the Cathedral
of Lausanne. It is further shown that the pressure distribution at the top
of the sandstone also significantly affects the damage pattern. The major
conclusions of this study are as follows:

e Contour scaling in the clay-bearing sandstone can emerge solely as a
result of moisture cycling without degradation by freezing or salt crys-
tallization. Hence, it is no wonder that contour scaling is also observed
in places without freezing or salt problems, e.g., the temple of Angkor
Wat in Cambodia. Nevertheless, freezing and salt crystallization are
potential damage mechanisms that can accelerate damage propagation
and deterioration.

e The initial damage localization zone after several moisture cycles has
a similar depth as on-site observation of contour scaling at Cathedral
of Lausanne, i.e., 3-5cm as presented in Ref. [20].

e Moisture accumulates at a depth of 6-10 cm as a consequence of damage-
induced changes of hygric properties. It agrees well with impedance
measurements at Cathedral of Lausanne shown in Ref. [20].

e Damage localizes at a depth of several centimeters in the sandstone
when the whole top surface is carrying the load, whereas it initiates
directly from the edge of the contact surface when the sandstone block
is partially loaded due to recessed horizontal joints. Wide zones of
material degradation emerge, which are the condition for ice lensing,
as shown in Ref. [33].

Although the fully coupled HTM framework can capture the damage and
water accumulation phenomena observed on site, the mechanical model pre-
sented in this paper remains subject to several assumptions. These include
damage evolution laws under different moisture states, the decay of Young’s
modulus with moisture content, and many others, which call for further ex-
perimental studies of hygro-mechanical behavior. Many insights into the
behavior can only be obtained through expensive experimental setups, e.g.,
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in situ neutron tomography. Grain-scale simulations using Discrete Element
Methods (DEM) with models of quartz grains bonded by calcite and swelling
clay, whose properties change with moisture content, could yield a greater
understanding of hygro-mechanical behavior. Under freezing conditions, ice
in macropores that influences mechanical behavior can also be modeled us-
ing particles in DEM. The constitutive behavior could be elaborated using
a micro-mechanical grain-scale model under variable moisture content and
temperature conditions. This could be integrated into a continuum solver
for the structural response of clay-bearing sandstone under changing climatic
conditions. Works in this direction are in progress.

Nomenclature

*E Fitting parameters for the function of Young’s modulus with respect
to moisture content (x = A, B, C)

*e Fitting parameters for the hygric expansion curve (x = A, B,C, D, F)

o  Fitting parameters for the function of tensile strength with respect to
moisture content (x = A, B, (')

a,s Parameters of the moisture storage function

I6] Damage parameter in the damage evolution law
€. Hygric, elastic, and total strain (x = hyg, ela, tot)
So Undamaged secant stiffness matrix

m;  Moisture flux density (k = tot, v,1;* = par,ser)(kgm~2s71!)

€. Maximum principal strain and failure strain (- = maz, f)
i Viscosity parameter for viscous damage variable
m Dynamic viscosity of liquid water (Pas)

A Thermal conductivity (Wm™ K1)

Aary  Thermal conductivity of dry sandstone(Wm™ K1)

AL pn Lamé constants (Pa)

[dary  Vapor resistance from the dry cup test

v Poisson’s ratio

D Mass density of liquid water, vapor, or dry air (kgm™) (x = w, v, a)
ol Surface tension at the liquid-air interface (Nm™")

o Tensile strength (Pa)
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0. Volumetric fraction of liquid or gaseous phase (m® m™3) (x =1, g)
Opor  Porosity

Capillary saturation, transition moisture content, and effective satu-
ration (- = cap, trans, eff) (m3m™3)

© Relative humidity

Ay Parameter of the liquid conductivity function (kg Nm™3s71)

D Scalar damage variable

Dy;s  Viscous damage variable

D,  Vapor diffusion coefficient (m?s~1)

E Young’s modulus (Pa)

Ey  Young’s modulus of intact Villarlod molasse (Pa)

Frain  Rain flux (dm®m=2s71)

Ik Gravitational acceleration component for direction k (ms™2)
Dy Enthalpy (x = v,a) (J)
he Size of elements in contact with the rigid plate (m)

Jrair Heat flux via conduction (Jm™s~") and the moisture flux (kgm=2s71)
in dimension k£ (x = Q, m,)

K,  Liquid or vapor conductivity (s) (x = [, v)

K,(*) Liquid conductivity at capillary and effective saturation (* = 8cap, Oesr)
(s)

K.  Contact stiffness between the sandstone and the rigid plate on the top
of the block (GPam™!)

Ds Capillary and vapor pressure (x = ¢, v) (Pa)

Delog  Logarithmic capillary pressure (log Pa)

Dp Proportion of parallel moisture transport in serial-parallel model
Dvsat Saturation vapor pressure (Pa)

r Pore radius (m)

R,  Ideal gas constant of vapor (Jkg ' K™')

RH, Relative humidity during drying and indoor relative humidity (x =
dry, ) (%)

T, Surface temperature during drying and indoor temperature (x = dry, in)

(°C)
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ts Drying and raining time (* = dry, rain) (h)
u Energy density (Jm™3)

v Phase velocity (ms™!)
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