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Abstract. Environmental factors, projected to intensify due to climate
change predictions, can expedite the degradation and aging of historic
building materials like masonry. Among the primary degradation risks,
salt crystallization stands out. Historical masonry quay walls, a vital
component of the infrastructure of numerous European cities, notably in
the Netherlands, present a unique case study in this aspect. This unique-
ness arises from their continuous and long-term exposure, not only to
environmental influences but also to salts in the canal water. To inves-
tigate this, a coupled multiphase modeling strategy for the hygrother-
mal analysis of masonry structures is used to simulate the impact of
salt crystallization on multi-wythe masonry quay walls in the city of
Amsterdam. This modeling strategy is governed by four highly nonlin-
ear and fully coupled differential equations addressing moisture mass
conservation, salt mass conservation, energy balance, and salt crystal-
lization /dissolution kinetics. The model has been previously validated
against laboratory experiments, but it is here applied for the first time to
a real case study. A parametric study adopting a 2D sectional numerical
model of the quay wall was performed. Parameters investigated include
the effects of boundary conditions at different faces of the quay wall,
masonry bond pattern, salt concentration in the water as well as time
variance of environmental relative humidity. The findings of this paper
can be used to identify critical environmental conditions for quay walls
as well as provide the basis for explaining the through-thickness variation
of mechanical properties found in previous research.
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coupled multiphase modeling - salt-crystallization
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1 Introduction

Urban masonry infrastructures, such as bridges and quay walls, are currently in
need of maintenance in several Dutch cities. This infrastructure often represents
the main transportation system in city centers, both on land and water, as
well as a historical asset (Fig. 1). Besides the increase of anthropogenic hazard,
i.e. higher traffic load, climate-change effects can represent a relevant cause for
the mechanical degradation of masonry with consequences on structural safety.
Among others the increase in temperature may lead to a salinization of the
waters in the canals, triggering salt-crystallization damage in the masonry.

Preliminary investigations have shown a through-thickness variation of
mechanical properties, which may become relevant for the assessment of the
remaining service life of this infrastructure. Xi and Esposito [10] performed
mechanical characterization tests for a bridge in the city of Amsterdam. They
reported that the masonry close to the waterside showed higher values of elastic
modulus and lower values of flexural bond properties concerning masonry inside
the structure; additionally, no variation of compressive strength was found. This
may indicate the presence of degradation and/or aging mechanisms.

To understand the long-term effects of weathering due to salt-crystallization
on masonry urban infrastructures, a coupled multiphase model is used as a case
study of a quay wall in the city of Amsterdam. The case study is representative of
quay walls in the inner city, also listed as a UNESCO heritage site, and represents
one of the most vulnerable typologies currently identified. 2D sectional hygro-
thermal analyses are carried out considering the model proposed in [3]. This
approach can account for the coupling between moisture mass conservation, salt
mass conservation, energy balance, and salt crystallization/dissolution kinetics.
The model has been extensively validated against laboratory tests [3,5,6] and it
is here applied to the analyses of a real case study.

The paper presents first a brief overview of the modeling approach in Sect.
2 and a description of the case study in Sect. 3. In Sect. 4, numerical results
are presented and discussed considering the influence of masonry texture and
the variation of relative humidity in time. Concluding remarks are presented in
Sect. 5.

2 Coupled Multiphase Modeling of Masonry

In this section, the coupled multiphase model developed and presented in [3] is
briefly recalled and utilized to simulate hygroscopic phenomena, salt transport,
and crystallization in masonry structures exposed to weather conditions.

In this modeling approach, a porous material is conceived as a multiphase
continuous porous medium, which represents a system of pores within a solid
matrix. The pores can be (partially) filled with a liquid phase, a gaseous phase
and precipitated/crystallized salts. In general, the multiphase continuous porous
medium could be constituted by three different species: (i) the material matrix
(solid phase), (ii) the water (gaseous phase and liquid phase), and (iii) the salt
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Fig. 1. Quay wall in Amsterdam.

(liquid phase and solid phase). Isothermal conditions are considered. Ounly one
salt is supposed in the solution and, although several salt solid phases can be
implemented in the model, as carried out in [5], only one salt solid phase is
herein considered. Furthermore, the concentration of liquid water can be gen-
erally approximated by the concentration of moisture to keep the model simple
[3].

The multiphase porous medium is formulated based on three governing equa-
tions. Particularly, the moisture mass conservation equation (Sect. 2.1), the salt
mass conservation equation (Sect. 2.2), and an evolution equation (Sect. 2.3),
describing the salt precipitation/dissolution kinetics, are conceived. Three inde-
pendent primary variables govern the multiphysics phenomena: (i) the pore rel-
ative humidity h (defined as the ratio between the actual vapor pressure and
the vapor pressure at saturation), (ii) the mass fraction of the dissolved salt
w (kg/kg), (iii) and the concentration of solid salt per unit volume of porous
medium ¢$ (kg/m?). The content of each component is provided by the concen-
tration ¢, defined as the mass of the specie « in 7-phase (m7) per unit volume
of the porous medium, and by the saturation degree S7, defined as the pore
volume occupied by the specie « in 7w-phase.

2.1 Moisture Mass Conservation

The moisture mass conservation can be written as:

Ocy,
>+ Vi, =0 1
5 TV du (1)
where ¢,, is the concentration of moisture, j, is the water flux (i.e., the sum
of water vapor j9 and liquid j!, fluxes), and the operator % represents a time

derivative.
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2.2 Salt Mass Conservation

The salt mass conservation can be written as:

acl . ocs
D +V-Js+at—0 (2)

where ¢l is the concentration of liquid salt and j. is the flux of dissolved salt.
Furthermore, the expressions for j!, and j. are:

b= =Wl =3k giss (3)

.l .l .l
Js = Wws _-]s,diff (4)

where j! . is the flux of the liquid phase and j; dify is the diffusive flux of the
dissolved salt.

2.3 Evolution Equation

The salt crystallization or dissolution is assumed to be governed by the supersat-
uration ratio w/wsat, i.e. the ratio between the current concentration of dissolved
salt w and the concentration at saturation wg,¢. Crystallization starts when the
supersaturation ratio is greater than the threshold aq, and dissolution starts
when the supersaturation ratio is less than one:

<1 dissolution

W { > qq crystallization
Wsat

For primary crystallization, ay > 1 then proceeds at oy = 1. The specific
values of g to trig the primary crystallization depends on the nature of the
porous media and the kind of salt (i.e. could be up to 1.7 in the case of red brick
and NaCl salt [7]). Here, we adopt a unit value also for the threshold of supersat-
uration ratio for primary crystallization. This value is used also in the following
evolution equation that is used to describe the salt precipitation/dissolution
kinetics, which quantifies the amount of salt precipitated, can be written as:

s P

Cs

ot

w
— -1
Wsat

n
K.
‘/tot

(5)

_ 2 s
= Ty05

In Eq. (5), ¢$ is measured in [kg/m3] and a constant amount of salt nuclei n
in the solution is assumed, as well as an isotropic distribution of cylindrical pores
and cylindrical nuclei of the same radius of the pores (r,). Here, p? represents
the density of the crystallized salt, K, is the growth rate coefficient, wy,¢ denotes
the concentration of dissolved salt at saturation, V;,; the pore volume, and P
stands for the order of the crystallization process, see [3].
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2.4 Constitutive Equations

The following constitutive equations are adopted to define the gas flow, the
capillary liquid flow, and the diffusive flux of dissolved salt, respectively whose
measure is provided in (kg/m?/s):

Jus = K1V )
ji,diff = 7piusstw (8)

where K, is the vapor permeability, K; the liquid permeability of the salt solu-
tion, K the salt diffusion coefficient, p, the vapor pressure, p. the capillary
pressure, and p!,, the mass density of the liquid phase.

Here, for the sake of brevity, we recall briefly that the effect of salt precipita-
tion on the gas and liquid conductivity is accounted automatically by changing
the expressions of K; and K; using correcting functions (g, and g;, respectively)
which depends on the effective porosity ¢e:

Ky — gg(bers) Ky Ki— gi(perr) Ki 9)
being

Gefg = do (1 —53) (10)

where ¢o is the initial porosity and S; the saturation degree of crystallized
salt, the interested reader could refer to [3,4,6]. Analogously to [9], the simple
assumption of g; = g; = 1 — S7 is made. Finally, the value of the salt diffusion
coefficient K, should depend on the actual cross-section available for diffusion.
By taking this into account, K is assumed to be dependent on the saturation
degree of the solution S! _, i.e. its definition becomes:

wsI

K, K,o8! (11)

The vapor pressure and the capillary pressure in (6) and (7), respectively,
can be expressed as:

Dy = pv,sath (12)

DPe = piuRvT ln(h) (13)

where p,, sq+ is the saturation vapor pressure of the salt mixture, which depends
on the temperature and the dissolved salt concentration, and pl, is the mass
density of liquid water. In particular, for the calculation of the saturation vapour
pressure of salt mixture the reader could refer to [5].
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2.5 Boundary Conditions

The model formulation is completed by the initial boundary conditions. They
can be of Dirichlet’s type:

>
Il
>
—
—_
>~
~—

w=w (15)

and of Neumann’s or Robin’s type:
Jw = qu + Yw(Awh — hy) (16)
jsn=q (17)

Here, n represents the outward unit normal to the boundary, A and @ are
the prescribed humidity and salt concentration, respectively, ¢, and g, are the
prescribed normal fluxes of moisture and salt, respectively, h, is the prescribed
environmental humidity, A,, denotes the water activity, and -,, is the convective
humidity coefficient.

3 Case Study

3.1 Introduction to the Case Study

The case study refers to the Marnizkade quay, whose construction dates back to
the end of the 19th, making it approximately 130 years old. It is located along
the Singelgracht canal, in the North-West side of Amsterdam.

The quay consists of a masonry retaining wall topped with a granite capstone,
built on a wooden pile foundation whose elements are connected by wooden
beams. In [11] it was chosen as a case study due to a detailed inspection con-
ducted in 2016, in which the data used in the following were gathered.

The altimetric values refer to the Normaal Amsterdams Peil (NAP), used
to indicate the average sea level in the North Sea and serves as a reference for
elevations in the Netherlands, including the city of Amsterdam. Consequently,
the portion of the wall submerged in the canal is approximately 0.6 m, leaving
the remaining 0.8 m above the water (Fig. 2).

3.2 Boundary Conditions

The boundary conditions applied to the model to represent the surrounding
environment, represented in Fig. 3 are of Dirichlet’s type and Neumann’s or
Robin’s type.

— Wet surface: Dirichlet’s type boundary condition to reproduce the immersion
in saline solution, i.e. h = 100%, w = 4%. Applied to the wall portions in
direct contact with the water and the timber floor, which is assumed to be
completely wet.
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Fig. 2. General view of the quay wall section (a), masonry wall schematization (b)
(adapted from [11]).

The dissolved salt concentration (w) in the canal’s water is assumed to be
4 grams per liter (w = 4%), see [3]. This concentration value, used to speed
up the following analyses, is higher than what is monitored in Amsterdam,
see [12]. However, it is possible that the quay walls in Amsterdam have been
exposed to such salt concentration historically and quay walls in other parts
of the Netherlands might be still exposed to similar salt concentrations.

— Evaporative surface: Neumann’s type boundary condition, to reproduce the
evaporation process on the exposed face of the wall.
The relative humidity (RH) of the surrounding environment is the main
parameter influencing the flux, i.e. kept constant at RH = 55%.

— Sealed surface: Neumann’s type boundary condition to model a sealed surface,
applied to the backfill and the wall-capstone interface due to their hygroscopic
properties.

3.3 Homogeneous and Textured Models

To evaluate the relevance of masonry texture on the deterioration process, a
model considering the masonry as homogeneous material (Fig. 4a) and a model
including the texture of masonry (Fig. 4d) are compared.

The chosen mesh is a quadrangular mapped type for the homogeneous model
(Fig. 4b) and a free triangular for the textured model (Fig. 4d).

Due to the lack of physical characterization of the material for the selected
case study, material properties are assumed based on previous work considering
similar fired red clay brick masonry [3]. A summary of the model parameters is
shown in Table 1.
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Fig. 3. Boundary conditions applied to the models.
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4 Influence of Masonry Texture on the Numerical Results

4.1 Steady State Solutions

The steady-state results of the homogeneous and textured model, reported in
Fig. 5 show that the wall portion interested by the crystallization is wider in
the textured model: the crystallized salt reaches a depth of about 4 cm in the
homogeneous model, against the 13 cm of the textured model. Moreover, the
w/wsat maps, show how the wall portion close to the crystallization threshold is
considerably larger in the textured model.

The maximum amount of crystallized salt in the textured model reaches a
value of ¢ = 540 kg/m?, a value very close to the saturation value (560 kg/m?),
and considerably higher than the maximum value reached by the homogeneous

model of ¢ = 420 kg/m?.
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Table 1. Summary of the model parameters

Quantity Value Source
wsat Concentration of dissolved salt at saturation|0.264 kg/kg Refs. [1,3,9]
ap |Crystallization threshold 1 Ref. [7]
pS Solid NaCl density 2160 kg/m? Literature
Brick
ry |Mean pore radius 0.700 [pm] Ref. [3]
¢o |Initial porosity 26.0% Ref. [3]

A |Water adsorption coefficient 0.185 [kg/m?/s%5] Ref. [3]
K [Salt diffusion coefficient 0.499 x 1079 [m? /s] Ref. [3]
CEM

ry |Mean pore radius 0.041 [pm] Ref. [§]
¢o |Initial porosity 22.5% Ref. [§]
A |Water adsorption coefficient 0.05 [kg/m?/s%%]  Ref. [8]
K [Salt diffusion coefficient 0.05 x 1072 [m?/s] Ref. [2]

4.2 Evolution of the Phenomenon

The ¢ developments over time, sampled from a cutpoint, taken 3 cm under
the capstone and inside the wall from the canal side, is plotted in Fig. 6 for
the homogeneous and textured models, show huge differences in terms of the
development of the phenomenon.

The homogeneous model displays an activation phase of about 40 h of simu-
lation, followed by a variation phase that reaches its steady-state solution after
about 140 h. The maximum registered value of ¢} registered in the cutpoint
reaches 80 kg/m”,

The textured model shows considerably dilated times, with an activation
phase of about 160 h of simulation, followed by a variation phase that reaches
its steady-state solution after about 600 h. The maximum registered value of ¢
registered in the cutpoint reaches 350kg/ rn3, a much larger amount.

4.3 Long-Term Effects of Weathering

Long-term effects due to weathering can be simulated by varying environmental
conditions due to seasonal cycles or daily temperature and humidity variations.
In the case at hand, since NaCl salt is unaffected by temperature effects, the
level of ambient humidity (RH) can be varied. In this preliminary work, this
aspect is studied by sequentially placing three ideal conditions of ambient rel-
ative humidity, photographing the level of accumulated salt ¢ downstream of
three significant humidity variations that lead first to salt crystallization, then
to salt dissolution, and subsequently to crystallization again. Therefore, three
time intervals are considered: the first with RH = 55% which remains unchanged
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Fig. 5. Distribution maps of ¢, S%, and omega /wsat respectively for the homogeneous
model (a, b, ¢) and the textured model (d, e, f).

for 300 h; the second with RH = 85% for 20 h, and the third with RH = 55% for
300 h. Inspecting Fig. 7, which shows the variation of ¢} for these time instants,
it can be noticed that the distribution of ¢; depends on the sequence of events
and not just on the time required to reach a steady state (see Fig. 6). Further-
more, it must be considered that this is only a preliminary analysis, meaning
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Fig. 6. Comparison of ¢ evolution over time.

that potential variations in terms of porosity, tortuosity, and pore-filling degree
caused by mechanical damage must be associated with this analysis [4].
A second cycle is carried out with the same RH values and runtimes.

5 Conclusions

In conclusion, the study presented a coupled multiphase modeling approach to
analyze the impact of salt crystallization on multi-wythe masonry quay walls in
Amsterdam, Netherlands. By incorporating highly nonlinear and fully coupled
differential equations governing moisture mass conservation, salt mass conser-
vation, energy balance, and salt crystallization/dissolution kinetics, the model
provided valuable insights into the weathering effects experienced by historic
masonry structures. Through a parametric study and numerical simulations, var-
ious factors such as material porosity, salt concentration in water, and masonry
bond pattern were investigated. Additionally, the study explored the influence
of masonry texture on numerical results, revealing differences in the approach
to steady-state solutions between homogeneous and textured models. The brick-
mortar texture was found to play a crucial role in the study of salt crystallization,
with the textured model better reproducing conditions found in situ. Further-
more, the implementation of the bond pattern added complexity to the model,
making convergence increasingly challenging. A future approach could involve
tuning the homogeneous model to match the behavior of the textured model
better, thus reducing computational load while maintaining accuracy. Overall,
the findings contribute to advancing the understanding of weathering effects on
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Fig. 7. Value of ¢ along the wall thickness for the steady state and second weathering
cycle.

historic masonry structures and aid in the development of effective preservation
strategies to ensure their long-term durability and structural integrity. More-
over, this study underscores the significance of a numerical modeling approach
in addressing real-world challenges and sheds light on the modeling of multi-
physics phenomena in heritage conservation efforts.
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