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ABSTRACT

The effects of environmental ageing due to rising damp and salt crystallization on composite strengthening systems, e.g.
fiber reinforced polymer (FRP) and fiber reinforced cementitious matrix (FRCM), bonded to masonry substrates are still
scarcely known. Although few laboratory tests have been recently conducted to this aim, very limited information is
available. In this paper, the simulation of accelerated ageing weathering cycles of masonry strengthened with composites
is proposed by means of a multiphase model which accounts for salt transport and crystallization. This multiphase model
is implemented together with ad hoc boundary conditions and a restart analysis procedure which attempt to reproduce the
repetition of weathering cycles (composed of a wetting phase in a saline solution and a drying phase in the oven).
Laboratory accelerated weathering tests on masonry specimens strengthened with lime mortar-based FRCM are
numerically reproduced. Additional information on the salt crystallization process within the specimen is obtained along
with the weathering procedure. Further numerical insights are shown and compared for different strengthening systems,
i.e. cement mortar-based FRCM and FRP. Different salt crystallization processes in the specimens with different
strengthening systems are observed and discussed.

Keywords: Salt crystallization; FRCM; FRP; Sodium chloride; Multiphase model, Durability of strengthened
masonry

1 Introduction

The phenomenon of rising damp and salt crystallization is recognized as one of the major factors of
environmental degradation in porous materials [1], such as masonry. Subsequent wetting and evaporation
actions due to cyclic environmental conditions [2, 3] could, indeed, lead to the precipitation of salts within the
material [4, 5] and, thereby, to the progressive degradation of masonry [6, 7] which could affect the structural
performance of the material [8].

Additionally, masonry structures are usually strengthened due to their weak seismic performances [9],
typically with externally bonded strips of composite materials [10], given their light weight and high
mechanical features. Typically, fiber reinforced polymer (FRP) [11, 12, 13] and fiber reinforced cementitious
matrix (FRCM) [14, 15, 16] composites are applied on masonry structures [17, 18].

In this regard, highly topical is the understanding of the durability of these strengthening systems [19] applied
on masonry substrates against environmental degradation actions (as also stated in the new Italian guidelines
for FRCM applications [20]), given that FRP and FRCM strengthening systems have been widespread applied
on masonry buildings, even on historic monumental structures which, of course, need to be preserved along
with the centuries.

Concerning the FRP strengthening system, experimental campaigns have been carried out on FRP-
strengthened masonry specimens subjected to long-term hygrothermal conditions to evaluate the mechanical
degradation of the bond of the FRP-masonry interface. In particular, the effect of hygrothermal conditions on
durability of FRP-strengthened brick masonry was investigated in [21] through laboratory accelerated ageing
tests. Furthermore, the effect of a thermo-hygrometric environment on the interface behavior of FRP-
calcareous natural stones has been investigated in [22]. An overview of the durability of FRP-strengthened



masonry, with a focus on the main degradation mechanisms, available literature, and experimental
backgrounds can be found in [23]. However, only very few experimental campaigns have been aimed at the
evaluation of the effects of salt crystallization on the bond behavior of FRP-masonry interfaces. For example,
an investigation on the influence of salt attack on the stress transfer between the FRP composite and the
masonry substrate has been discussed in [24]. In particular, a negligible decrease in bond capacity of salt-
conditioned specimen has been observed in [24], where crystallized salt has been found to accumulate on the
sides of the composite.

Concerning the FRCM strengthening system, only few studies have been aimed at the investigation of the
durability of the composite applied on masonry substrates. For example, on-site full-scale experimental tests
has been carried out in [25] to evaluate the influence of aggressive environmental conditions (moisture,
temperature and soluble salts presence) on the mechanical performance of FRCMs and FRPs applied on
masonry substrates. Furthermore, the effect of salt crystallization on FRCMs bonded to masonry substrates
has been analyzed in [26, 27, 28], where a procedure to reproduce in laboratory conditions capillary absorption
and salt crystallization cycles in masonry specimens strengthened with FRCM composite strips has been
developed and utilized. In particular, this accelerated weathering ageing procedure has been firstly proposed
in [26], successively enhanced in [27] and tested with different types of FRCM mortar matrix in [28], showing
that the matrix plays a key role in the capillary absorption of water and in the salt crystallization process.
Particularly, a degradation of about the 16% in the bond strength of the conditioned specimens with respect to
the unconditioned ones has been recorded in [28] for natural hydraulic lime mortar, whereas no reduction of
bond strength is observed for a matrix composed of Portland cement binder and quartz sand [28].

Among the hygroscopic properties between the two families of composites, FRP strips are found to have no
water vapor permeability, while FRCMs can allow water diffusion depending on the nature of their matrix. In
this regard, it is generally believed that FRP reinforcements are likely generate condensation problems due to
their lack of water vapor permeability, highlighting, therefore, the permeability of the composite as a positive
feature.

However, although few laboratory tests have been recently conducted to evaluate the effects of salt
crystallization on the durability of FRP and FRCM strengthening systems, very limited information on the
crystallization phenomenon along with weathering conditions within strengthened masonry is available.

In this context, numerical models with multiphysics approaches [29] could be used to further understand these
aspects. For example, a model which describes coupled heat, moisture and salt transport in porous building
materials has been formulated in [30]. Moreover, the numerical modeling of salt transport and precipitation in
non-isothermal partially saturated porous media accounting for kinetics of salt phase changes has been
discussed in [31]. Furthermore, a model for the chemo-hydro-thermo-mechanical behavior of porous building
materials considering salt transport and crystallization has been presented in [32] through a poromechanical
approach. Additionally, the multiphysics modeling of spalling in bricks due to in-pore salt crystallization has
been formulated in [33]. Another computational model coupling heat, water and salt ion transport, salt
crystallization, deformation and damage in porous materials has been formulated in [34] and validated against
neutron and X-ray imaging experimental measurements.

In this framework, part of the Authors developed in [35] a coupled multiphase model for the hygrothermal
analysis of masonry structures and effective prediction of stress induced by salt crystallization. Particularly,
the model has been used in [35] to reproduce the results of an experimental campaign carried out on a masonry
wall exposed to weather conditions for a long time. Such model has been successively extended in [36], to
account for different salt solid phases in the pores, in [37], where a fully coupling between mechanical response
and moisture diffusion has been considered, and in [38], where a multi-scale approach for the analysis of
mechanical effects induced by salt crystallization in porous media has been presented.

Although several advances have been achieved in the framework of multiphysics analysis of salt crystallization
in masonry structures, only very few examples were aimed to the analysis of masonry strengthened with
composites. For example, the modeling of moisture migration in FRP-strengthened masonry structures has



been presented in [39], and successively extended in [40, 41] to include the coupling effect of temperature
gradient.

In this paper, the simulation of accelerated ageing weathering cycles of masonry strengthened with composites
is proposed by means of the coupled multiphase model developed in [35], which accounts for salt transport
and crystallization. This multiphase model is implemented together with ad hoc boundary conditions and a
restart analysis procedure which attempt to reproduce the repetition of weathering cycles (composed of a
wetting phase in a saline solution and a drying phase in the oven). Laboratory accelerated weathering tests [27]
on masonry specimens strengthened with lime mortar-based FRCM are numerically reproduced. In-depth
information on the salt crystallization process within the specimen are obtained along with the weathering
procedure. Further numerical insights are shown and compared for different strengthening systems, i.e. cement
mortar-based FRCM and FRP. Salt crystallization processes in the specimens with different strengthening
systems are discussed.

The paper is organized as follows. A brief description of the coupled multiphase model utilized in the
simulation is given in Section 2. The implementation of weathering cycles for masonry strengthened with
composites is described in Section 3. Particularly, a brief recall of the experimental set-up used as reference is
shown in Section 3.1, the definition of the weathering procedure boundary conditions is given in Section 3.2,
the setting of the model parameters is shown in Section 3.3, and, finally, the results of the simulation of the
weathering procedure are shown and discussed in Section 3.4. Moreover, further numerical insights on
different strengthening systems are given in Section 4. The conclusions of this research work are collected in
Section 5.



2 Coupled multiphase modeling of masonry

In this section, the coupled multiphase model utilized to simulate salt transport and crystallization in masonry
structures, originally proposed and validated for masonry walls exposed to weather conditions in [35], is
described. In the following, a brief recall of the equations and parameters involved is given.

In this modeling approach, a porous material is conceived as a multiphase continuous porous medium, which
represents a system of interconnected 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
(which can be in gaseous phase and/or liquid phase), and (iii) the salt (which can be dissolved, liquid phase,
and/or crystallized, solid phase). The content of each component is provided by the concentration cZ, defined
as the mass of the specie @ in m-phase (m}) per unit volume of the porous medium, and by the saturation
degree SZ, defined as the pore volume occupied by the specie a in m-phase. Isothermal conditions are
considered. Only one salt is supposed in the solution and, although several salt solid phases can be implemented
in the model, as carried out in [36], only one salt solid phase is herein considered. Furthermore, to keep the
model simple [35], the concentration of liquid water is approximated by the concentration of moisture.

In the multiphase model, the pores are considered cylindrical with isotropic distribution. Therefore, the actual
pore size distribution of the porous material is not explicitly accounted for, whereas the porous material is
mainly characterized by the mean pore radius and the total open porosity, and the pore size is assumed constant
within the material.

The coupled multiphase model is formulated based on two balance equations together with an evolution
equation. Particularly, the moisture mass conservation equation (Sec. 2.1), the salt mass conservation equation
(Sec. 2.2), and the evolution equation (Sec. 2.3) which describes the salt precipitation/dissolution kinetics, are
conceived. Three independent primary variables govern the multiphase phenomena: (i) the pore relative
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, (iii) and the concentration of crystallized salt per unit volume of
porous medium c;.

2.1  Moisture mass conservation

The moisture mass conservation can be written as:

where c,, is the concentration of moisture, j,, is the water flux (i.e. j,, = jo + jl,, being jJ the water vapor

. L d . o
flux and j., the water liquid flux), and the operator 5; fepresents a time derivative.

2.2 Salt mass conservation
The salt mass conservation can be written as:
act acs

9Cs | g.s1 95 _
at+V]S+at 0 (2)

where c! is the concentration of liquid salt and j! is the flux of dissolved salt. Furthermore, j,, and j% can be
written as:
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where j. is the flux of the liquid phase and ié,di 77 18 the diffusive flux of the dissolved salt.

2.3 Evolution equation

The salt crystallization or dissolution is assumed to be governed by the supersaturation ratio w/wgg; , 1.€. the
ratio between the current concentration of dissolved salt w and the concentration at saturation wgg;.
Crystallization starts when the supersaturation ratio is greater than the threshold a, and dissolution starts when
the supersaturation ratio is less than one:

)
> ay = crystallization
Wsat
< 1 = dissolution
Wsat (5)

For primary crystallization ay > 1, but when the first salt crystal appears in the pores, further crystallization
proceeds at ay = 1. In general, the threshold of supersaturation ratio for primary crystallization relies on the
properties of the porous material and on the type of salt. Indeed, in [42], a, for primary crystallization varies
depending on the type of brick (i.e. the pore size distribution and, so, the mean pore radius) and on the type of
salt (for the same brick, it can varies, for example, from 1.75 in case of sodium sulphate to 1.03 in case of
potassium chloride [42]). Therefore, a very accurate value of this threshold should be carefully evaluated
experimentally for each specific case. However, given that its influence on the overall response appears not
particularly significant (as also experienced by the Authors for values comprised between 1 and 1.7), it is
common to adopt a unit value also for the threshold of supersaturation ratio for primary crystallization [42, 35,
43, 44]. This value has been used also in the following.

The evolution equation which describes the salt precipitation/dissolution kinetics, i.e. it quantifies the amount
of salt which precipitates, can be written as:

acs , s K P
=7 =Ty Ps c
ot P55 Vot

W
-1

Wsat (6)

where a constant amount of salt nuclei n in the solution, as well as an isotropic distribution of cylindrical pores
and cylindrical nuclei of the same radius of the pores (), is assumed. In ( 6 ), ps is the density of the
crystallized salt, K. is the growth rate coefficient, V;,; the pore volume, wg,; the concentration of dissolved
salt at saturation, and P is the crystallization process order that relies on the properties of the porous material
and on the type of salt. Various scientific works adopted different values of P for brick. For example, P = 1
has been adopted in [42] for diffusion-forced hydration processes. Other approaches adopted P = 1 for sodium
chloride (e.g. in [35]), while in [36] (for sodium sulphate) P =1 has been adopted for Mirabilite
crystallization, while P = 1.5 has been adopted for Thenardite V crystallization. Furthermore, the use of P =
1.5 has been suggested in [43] for sodium sulphate after an inverse problem determination through
experimental data. A sensitivity analysis has been preliminary conducted by the Authors to highlight the
influence of the crystallization process order P in the salt crystallization within the porous material, although
P =1 is generally assumed for sodium chloride [35]. As a result, the value of P influences the amount of
precipitated salt recorded in the drying phases, with no significant differences in the wetting phases.
Particularly, the concentration of solid salt tends to decrease in the drying phase while increasing the value of
P, confirming the trend highlighted in [43]. However, values of 1 < P < 1.5 would not overturn the core of
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the results (i.e. with differences with respect to the case P = 1 included within the engineering accuracy
tolerance), and P = 1 is adopted in the following.

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:

]gv = —K;Vpy, (7)
jls = —K,Vp,, (8)
i airs = —PhsKsVo, (9)

where K is the vapor permeability, K; the liquid permeability of the salt solution, K the salt diffusion
coefficient, p, the vapor pressure, p, the capillary pressure, and pl, the mass density of the liquid phase.

The vapor permeability K, can be written as:

D,
9" R,T (10)

where D, is the vapor permeability coefficient and R,, is the gas constant of water vapor (0.4615 kJ/kg/K).

The liquid permeability of the salt solution can be expressed as:
K1 = guDiSis (11)
where D is the liquid conductivity of pure water, S is the saturation degree of the solution and g,, is a

correction function which accounts for the presence of salt in the solution. The expression developed in [45]
is utilized:

h
PRy T

Dl=

2
38( A ; > 103(5&,—1)] aﬂ
boPls oh (12)

being A the adsorption coefficient of the material, and ¢, the initial porosity of the material. The expression
of g, is assumed, in agreement with [36], as:

l
pWS
9o = —— (1 —0.03m)
© o pl (13)

where m is the molality of the solution.

The effect of salt precipitation on the gas and liquid conductivity is accounted for by changing the expressions
of K, and K; by means of correcting functions (g, and g;, respectively) which depend on the effective porosity

berr:

Ky < 9g(@err)Kgr  Ki < gi(berr)Ki, (14)

being



Gerr = Po(1—S5) (15)

where ¢ is the initial porosity and S; the saturation degree of crystallized salt. Analogously to [44], the simple
assumption of g4 = g; = 1 — 57 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:

K, « K- Sks. (16)

The saturation degree of the solution S., can be expressed as function of the relative humidity h through the
sorption/desorption curve St,¢(h) (assumed in this study as in [35]).

The vapor pressure and the capillary pressure in ( 7 ) and ( 8 ), respectively, can be expressed as:
Pv = Pysach (17)

pe = PLR,TIn(h) (18)

where p,, 54 15 the saturation vapor pressure of the salt mixture, which depends on the temperature and the
dissolved salt concentration, and p}, is the mass density of liquid water.

2.5  Boundary conditions

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

h=h, (19)

W=, (20)

and of Neumann’s or Robin’s type:
jw = qy +vw(Awh — hy), (21)
js-n=qq, (22)

being n the outward unit normal to the boundary, h and & the prescribed humidity and salt concentration,
respectively, q,, and q,,,the prescribed normal fluxes of moisture and salt, respectively, h, the prescribed
environmental humidity, 4,, the water activity, and y,,, the convective humidity coefficient.

2.6  Model implementation

The differential equations adopted in the model are fully coupled and highly nonlinear. A standard iterative
strategy based on the Newton-Raphson method has been applied to solve the non-linear system of equations.
The time discretization has been performed through the backward finite difference method. This model has
been implemented in COMSOL Multiphysics [46] using finite elements with quadratic shape functions.



3 Implementation of weathering cycles for masonry strengthened with composites

In this section, the simulation of weathering cycles laboratory tests on masonry specimens strengthened with
FRCM made of natural hydraulic lime (NHL) mortar is presented. Firstly, the laboratory accelerated
weathering tests are briefly described. Then, the boundary conditions assumed in the model to simulate the
weathering procedure are defined, as well as the setting of the model parameters. Finally, the numerical results
obtained by simulating the weathering tests are critically discussed.

3.1  Laboratory accelerated weathering tests

Four brick masonry specimens with six half-bricks (125 mm X 120 mm X 380 mm) joined by five 10 mm-
thick mortar layers were reinforced with FRCM strips (Fig. 1), made of galvanized steel fibers embedded
within NHL mortar, and were subjected to the artificial weathering procedure designed in [27], involving
capillary salt solution absorption and salt crystallization cycles. The material properties of the solid fired-clay
bricks and of the dry-mix commercially available mortar employed for the joints are collected in [27], as well
as the properties of the composite utilized.

) 315 35, 225
] Section A 1
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Fig. 1 — Specimen used in the weathering procedure. Measures in mm.

After the assembly of the masonry specimens, they were cured in laboratory conditions for one month. Then,
the application of the composite on one face of the masonry specimens was carried out. Firstly, a layer
(thickness 4 mm) of commercially available dry-mix natural hydraulic lime-based mortar with quartz sand was
applied on one face of the specimen. Then, a steel fiber sheet consisting in a unidirectional sheet made of ultra-
high strength galvanized steel cords, fixed to a secondary 6 mm-spaced fiberglass micromesh, was applied and
carefully pressed into the first matrix layer. Finally, a second 4 mm-thick layer of matrix was applied onto the
steel fiber sheet. The total thickness of the FRCM composites resulted equal to 8 mm. The specimen is sketched
in Fig. 1.

The weathering procedure consists of six cycles each one composed of a wetting phase in a saline solution
followed by a drying phase. In the wetting phase, the specimens were partially immersed in an aqueous solution
of sodium chloride, NaCl (4 wt%), with a solution head of 20 mm for 48 hours at laboratory temperature (i.e.
an average value of 27 °C). The wetting phase was followed by a drying phase in a ventilated oven at 60 °C
for 48 hours. A sketch of one cycle of the weathering procedure is shown in Fig. 2. In order to have evaporation
through the top surface (the one to which the composite was applied), a duct tape was applied to the four lateral
faces of the specimens (Fig. 1).
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Fig. 2 — Sketch of one cycle of the weathering procedure: wetting phase (48h) and drying phase (48h).

The accelerated weathering protocol was designed to reproduce, in a relatively short period of time, salt
crystallization cycles and achieve realistic concentrations of salts in the masonry specimens, i.e. amounts that
can be found in real historical buildings [27]. It has to be pointed out that, in general, salt crystallization patterns
significantly depend on the velocity of the weathering processes. Accordingly, fully consistent tests should
reproduce the same velocities of actual weathering processes. However, this is typically not feasible for
technical and practical reasons. Therefore, the recourse to accelerated weathering protocols is generally
accepted in the scientific community [26, 28], even though their definition is a challenging task. In the
framework of the RILEM Technical Committee TC-ASC “Accelerated laboratory test for the assessment of
the durability of materials with respect to salt crystallization”, the important aspects to be considered in
setting-up accelerated weathering cycles to reproduce salt crystallization that occurs in the field have been
highlighted [47].

Fig. 3 shows the four specimens at the end of the weathering procedure. As can be noted, efflorescence is
substantially distributed over the entire top surface of the specimen, including the FRCM composite.

Fig. 3 — Photo of four specimens after the weathering cycles.

After the weathering procedure, samples of material were collected by chisel fragmentation from Section A
(Fig. 1). Fragments from three different locations in the specimen (two in the brick, B-L and B-C, and one in
the composite matrix, M-C, see Fig. 4(a)) were extracted from two specimens. Particularly, brick samples were
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taken beneath the top surface at two locations that correspond, respectively, to the center and edge of the
specimen. Anyway, all the fragments were collected sufficiently far from the edges. Salts concentrations were
determined on the fragments by grinding to powder, extraction with deionized boiling water, filtration by blue
ribbon filter, and ion chromatography (IC) [27].

7N R
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Fig. 4 — (a) Regions of extraction of samples, referred to Section A of Fig. 1, and (b) points selected in the numerical
model.

3.2 Definition of the boundary conditions

A cross section of the specimen (Section A, Fig. 1) is considered in the numerical simulations. In particular,
only one half of the cross section is conceived for symmetry reasons. Boundary conditions are one-after-the-
other applied to simulate the weathering procedure. In particular, two sets of boundary conditions are applied
to model the weathering cycle (Fig. 5): one for the wetting phase and one for the drying phase.

In the wetting phase (T = 27°C), Dirichlet’s boundary conditions are applied to the bottom side reproducing
the immersion in saline solution, i.e. h = 100% and w = 4 %. Conversely, liquid water flux equal to j}, - n =
Yw (A h — hy,er) and zero flux of dissolved salt are assumed on the top side of the domain. In the drying phase
(T = 60°C), Neumann’s boundary conditions with liquid water flux equal to j, - n =y, (Awh - hdry) and
zero flux of dissolved salt are assumed in both bottom and top sides. Zero liquid water and dissolved salt fluxes
are assumed in the vertical sides (in the external one due to the presence of the duct tape and in the central one
due to symmetry reasons). In the wetting phase, the averaged measured value of environmental humidity
hwet = 56% is used, while the value hgry = 20% is assumed in the drying phase.

The convective humidity coefficient ¥, depends on the concentration of crystallized salt. In agreement with
[44], yy is assumed to be dependent on ¢ through a bi-exponential function tuned basing on drying
experiments. The value of y,, for a condition of zero crystallized salt (c§ = 0) is assumed equal to 0.4 kg/m?/s,
following the outcomes obtained in [35] for ventilated conditions. By incrementing the magnitude of
crystallized salt, y,, can decrease till a residual value equal to the 20% of the initial value. The water activity
A,, 1s function of w and depends on the type of salt. Following [44] for sodium chloride, 4,, is assumed equal
to 1 when w = 0 and equal to 0.75 when w = wgg;.

A restart analysis procedure is implemented in COMSOL Multiphysics [46] to simulate the weathering
procedure. In this way, the domain values of the three independent variables at the end of the wetting phase
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become the initial domain values for the drying phase and so on. The whole domain initial values (i.e. at the
beginning of the weathering procedure) are assumed to be h = 50%, w = 0 and ¢ = 0.

WETTING PHASE DRYING PHASE
27°C 60°C

jiv n=Yw(Awh—hwe) jw-n=Yyw(Awh—hary)

jsn=0 js-n=0

jw-n=0
jsn=0

h=100% jlbv-n:yw(Awh—hdry)
(1):4-% js-n=0

Fig. 5 — Sketch of the boundary conditions adopted in the modeling approach for the wetting phase and the drying phase
of the weathering procedure.

3.3 Setting of the model parameters

Several model parameters and material properties are needed to characterize the model described in Section 2.
Therefore, the setting of the model parameters is a challenging task. However, several laboratory tests were
carried out in [35, 27, 28] to experimentally characterize some model parameters. In particular, many of them
were defined and calibrated in [35], where the same type of red fired clay-brick was conceived. Furthermore,
the material characterization of the NHL mortar has been conducted in [28], where the main material properties
have been defined. Lastly, some parameters were also taken from the literature. The summary of the model
parameters is shown in Table 1.

Table 1. Summary of the model parameters.

Quantity Value Source

K.  Growth rate coefficient 0.03 um/s Refs. [48, 49]
Nuclei in solution 4-107° (um®)’! Ref. [42]
Crystallization process order 1 Ref. [44]

wsq¢ Concentration of dissolved salt at saturation  0.264 kg/kg Refs. [35, 44, 50]

D,  Vapor permeability coefficient 0.0039 m%*h Ref. [45]

ay  Crystallization threshold 1 Ref. [42]

ps  Solid NaCl density 2160 kg/m® Literature
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Brick

1,  Mean pore radius 0.700 [pm] Ref. [35]
¢o Initial porosity 26.0% Ref. [35]
A Water adsorption coefficient 0.185 [kg/m?/s®]  Ref. [35]
K,  Salt diffusion coefficient 0.499 - 107° [m?%s] Ref. [35]
NHL
1,  Mean pore radius 0.491 [pm] Ref. [28]
¢o Initial porosity 26.6% Ref. [28]
A Water adsorption coefficient 0.054 [kg/m?/s*°]  Ref. [28]
K,  Salt diffusion coefficient 0.120-107° [m?/s] Ref. [51]

Before proceeding to the simulation of the full weathering procedure, a simple wetting test with pure water
was performed and compared to experimental outcomes to evaluate the consistency of the parameters (which
govern the water diffusion phenomenon) used in the simulations. The domain shown in Fig. 5 was discretized
by means of quadratic triangular FEs as shown in Fig. 6. In particular, a mesh refinement was conceived in the
top part of the domain (Fig. 6) as it was found, through preliminary analyses, to be a region with a great
gradient of the independent variables.

Mortar ‘I
Brick

Fig. 6 — Mesh adopted in the simulations: quadratic triangular FEs (10,071 DOFs).

The simulation of the wetting test has been carried out assuming the boundary conditions expressed in Fig. 5
for the wetting phase and considering, however, the Dirichlet’s condition w = 0 % at the bottom side of the
specimen to reproduce pure water. The evolution of the pore relative humidity h along with time is shown in
Fig. 7 in terms of h-contour plots at subsequent time instants (Oh, 0.5h, 1h, 2h, 24h, and 48h). Moreover, Fig.
8 shows the comparison between experimental measures and numerical outcomes for the evolution of the
relative humidity in the wetting phase, in terms of percentage of wet specimen. In this case, the experimental

13



data were deduced by subsequent weighing of the specimen at certain time instants. In particular, the
experimental outcomes of three different wetting tests were reported in Fig. 8. As can be noted in Fig. 8, the
specimen substantially appears fully-saturated after around 4 hours in the numerical simulation. This outcome
appears reasonably in agreement with the experimental results, as shown in Fig. 8.
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Fig. 7 — Evolution of the pore relative humidity h in the wetting test with pure water. Measures in cm - 107,
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Fig. 8 — Comparison between experimental measures and numerical outcomes for the evolution of the relative humidity
in the wetting test with pure water.

3.4 Simulation of the weathering procedure

The full weathering procedure (six cycles each one composed of a wetting phase and a drying phase of 48
hours each) defined in [27] with a solution of NaCl (4 wt%) has been simulated by using the boundary
conditions shown in Fig. 5, the model and material properties illustrated in Section 3.2, and the restart analysis
procedure implemented as described in Section 2.5. The points highlighted in Fig. 4(b) are conceived to
monitor the evolution of crystallized salt along with the conditioning. In total, twelve 48-hours simulations
have been performed one after the other, alternating wetting phases and drying phases.

The evolution of crystallized salt ¢ along with the conditioning is shown in Fig. 9 with reference to the seven
points highlighted in Fig. 4(b). By inspecting Fig. 9 it appears that:
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e The points in the top part of the specimen (points A and B in the brick and point C in the composite
matrix) tends to accumulate crystallized salt along with the conditioning (both in brick and composite
matrix). Particularly, the concentration of crystallized salt ¢§ increases rapidly in the very first part of
the drying phase, remaining substantially constant in the rest of the drying phase. Then, c¢; tends to
decrease in the first four hours of the subsequent wetting phase (more significantly for point B rather
than points A and C). Anyway, the amount of crystallized salt which is dissolved in the wetting phases
is lower than the amount of salt that crystallizes in the drying phases. In this way, an accumulation
phenomenon of ¢ in points A, B and C can be observed. At the end of the weathering procedure, the
amount of salt crystallized in the points A, B and C appears similar (between 85 and 95 kg/m?), with,
however, a greater value of crystallized salt in point B, i.e. in the brick just beneath the composite
matrix.

e The points in the central part of the specimen (points D and E) show salt crystallization in the first part
of the drying phase (with few hours of delay with respect to points A, B and C), with an amount of
crystallized salt (around 22 kg/m?) even greater than points A, B and C for the first drying phase.
However, the crystallized salt in points D and E is completely dissolved in the first hours of the
subsequent wetting phase. Therefore, no accumulation phenomenon is recorded in this part of the
specimen.

o The points in the bottom part of the specimen (points F and G) show a similar behavior of points D
and E, with the difference that the amount of crystallized salt in the drying phase in significantly lower,
i.e. around 2 kg/m’.

The ¢35 contour plots at the end of each phase are collected in Fig. 10. These plots make clearer the aspects
already discussed for Fig. 9, i.e. in the top part of the specimen there is accumulation of crystallized salt (one
cycle after the other), while in the central part of the specimen the salt crystallized in the drying phase is
completely dissolved in the subsequent wetting phase.

It is worth to note that a very thin layer with high concentration of crystallized salt appears in the very top part
of the specimen at the end of the 2™ cycle wetting phase, and it remains (by increasing the amount of
crystallized salt) for the rest of the weathering procedure (Fig. 10). Particularly, this very thin layer locates in
a zone characterized by a high gradient of pore relative humidity h in the wetting phase (see Fig. 7 at 24h and
48h). Coarsely, this thin layer with a high concentration of crystallized salt (Fig. 10) locates in the border
between dry and wet material (Fig. 7). Substantially, this thin layer represents, in some way, a salt crust very
close to the top boundary of the specimen, i.e. the surfaces of the specimen directly exposed to environmental
conditions.

As mentioned in Section 3.1, fragments from three different locations in the specimen (two in the brick, B-L
and B-C, and one in the composite matrix, M-C, see Fig. 4(a)) were extracted in laboratory at the end of the
conditioning and processed through IC to compute the amount of salt in the materials. The values of
concentration of salts measured through IC in the B-L, B-C and M-C regions are compared with the numerical
outcomes in Fig. 11 (being negligible the amount of liquid salt after the drying phase). Particularly, Fig. 11
shows the numerical evolution of the concentration of crystallized salt in the regions B-L, B-C and M-C,
considering the maximum and minimum values of the crystallized salt which can be found in these regions,
and the values experimentally measured through IC at the end of the weathering procedure. As can be noted
in Fig. 11, a significant difference could be observed between the maximum and minimum numerical values
obtained within the regions B-L, B-C and M-C. In particular, this difference is significantly remarkable for
zone B-C (Fig. 11), that, indeed, shows a considerable gradient of crystallized salt (Fig. 10). A reasonable
agreement could be observed in Fig. 11 by comparing the numerical envelopes with the experimental
measurements. Indeed, the experimental values are generally included within the numerical envelopes,
although the experimental value M-C1 is slightly lower than the lower numerical bound.

Typically, the experimental measurements of crystallized salt concentration locate nearer the lower numerical
bound rather than the upper one (Fig. 11). This outcome appears reasonable as the experimental boundary
condition cannot be considered perfect (for obvious reasons, e.g. the duct tape used in the lateral surfaces
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sometimes showed detachment from the masonry substrate as discussed in [27]), while, instead, the numerical
boundary conditions are rigorously applied.

In conclusion, the numerical model used to simulate weathering cycles of masonry strengthened with NHL-
based FRCM appears quantitatively consistent with experimental measures, as shown in Fig. 11 for the
concentration of crystallized salt.
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Fig. 9 — Evolution of crystallized salt along with the conditioning (NHL specimen).
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4  Further numerical insights on different strengthening systems

In this section, the model and the numerical procedure presented in the previous sections are used to investigate
the effects of the conditioning of strengthened masonry on different strengthening systems. Particularly, the
weathering procedure applied on masonry strengthened with NHL-based FRCM is compared with two other
strengthening systems, keeping unchanged the other model parameters: (i) FRCM made of a matrix composed
of Portland cement binder and quartz sand (CEM) and (ii) FRP.

The mechanical properties of the CEM matrix are collected in [28] and the main material properties which
characterize the multiphase numerical model are shown in Table 2, where they are compared against the NHL
ones. As can be noted in Table 2, the two materials are sensibly different from a hygroscopic point of view.
Indeed, for example, their mean pore radius 73, has one order of magnitude of difference.

Conversely, the FRP strengthening system is modeled as an impermeable membrane (i.e. through a zero-flux
boundary condition jl, - m = 0, j, - n = 0), given its hygroscopic properties and its coupling with epoxy resin
[24].

Table 2. Matrix properties of NHL and CEM mortars.

Mortar Mean pore radius Initial porosity Water adsorption coef. Salt diffusion coef.

7 [um] ¢ [\ A [kg/m?s"] K, [m?s]
NHL  0.491 (from [28]) 26.6% (from [28]) 0.054 (from [28]) 0.120 - 1077 (from [51])
CEM  0.041 (from [28]) 22.5% (from [28]) 0.020 (from [28]) 0.020 - 10~ (from [52])

The comparison of the evolution of crystallized salt along with the conditioning between NHL, CEM and FRP
strengthening systems is shown in Fig. 12 for the points A, B and C of Fig. 4(b) (obviously, point C does not
exist in the FRP case). By inspecting Fig. 12 it appears that:

e Concerning point A, all cases (NHL, CEM and FRP) show accumulation of crystallized salt along with
the conditioning. Moreover, the curves of the three cases are rather similar in point A.

e Concerning point B, the three strengthening systems show significantly different responses. On the
one hand, NHL shows accumulation in point B similarly to point A. On the other hand, either CEM or
FRP show crystallization and complete dissolution for each drying and wetting phase, respectively,
following a similar behavior of point D and E of Fig. 9. In point B, the crystallized salt is substantially
equal in CEM and FRP for the first drying phase, whereas it is slightly greater in CEM rather than in
FRP in the following drying phases. Therefore, the accumulation of crystallized salt in the brick just
beneath the composite is only recorded in the NHL strengthening system.

e Concerning point C, NHL and CEM show a completely different behavior. On the one hand, the
accumulation in the NHL case is similar to point A, with a magnitude of about 85 kg/m? at the end of
the conditioning. On the other hand, the CEM case does not show significant accumulation in point C,
with a magnitude of about 2 kg/m® at the end of the conditioning. This outcome appears sensibly
interesting as for the same type of strengthening system (i.e. FRCM), but different matrixes (i.e. NHL
and CEM), the weathering procedure induces completely different concentrations of crystallized salts
in the two matrixes.

Summing up the results, the response of the CEM case appears more similar to the FRP case rather than the
NHL case, i.e. no accumulation of crystallized salt is recorded in the brick just beneath the composite and no
salt crystallizes within the composite.
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Fig. 12 — Comparison of the evolution of crystallized salt between the NHL, CEM and FRP strengthening systems in
points A, B, and C (Fig. 4(b)).

The ¢ contour plots at the end of each phase are collected in Fig. 13 and Fig. 14 for the NHL, CEM and FRP
strengthening systems (in Fig. 13 the first three cycles and in Fig. 14 the last three cycles). Once again, these
plots make clearer the aspects already discussed in Fig. 12. Indeed, the pattern of accumulation of crystallized
salt in the top part of the specimen is sensibly different between the three strengthening systems (Fig. 13 and
Fig. 14):

e In the NHL case, a significant amount of salt arises both in the brick (lateral part and beneath the
composite) and in the composite matrix (with similar amount of salts which increase one cycle after
the other).

e Inthe CEM case, no significant salt crystallization is observed in the composite matrix and in the brick
just beneath the composite matrix (in the central part), even if significant salt crystallization and
accumulation (comparable to the one in the lateral part of the brick) appears in the brick beneath the
lateral extremity of the composite. Coarsely, a significant amount of accumulated crystallized salt is
observed in about 30% of the brick portion just beneath the composite matrix.

e In the FRP case, no significant crystallized salt accumulation is observed in all the portion of brick
just beneath the composite strip. Salt crystallization and accumulation only arises in the top part of the
brick which is not covered by the composite.

This outcome appears qualitatively in agreement with the experimental observations collected in [28], even
though in [28] different saline solutions were conceived. Indeed, in [28] a considerable amount of salt was
found in the NHL matrix, whereas no significant salt crystallization was observed in the CEM matrix, for the
same weathering procedure.
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A very thin layer with high concentration of crystallized salt also appears in the very top part of the uncovered
brick only, and not also in the composite matrix as in the NHL case, at the end of the 2nd cycle wetting phase
for both CEM and FRP cases, (Fig. 13 and Fig. 14). Finally, the central and bottom parts of the specimen show
a similar behavior (crystallization and complete dissolution) in every case (Fig. 13 and Fig. 14).
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Fig. 13 — Comparison of the evolution of salt crystallization within specimens strengthened with different composite
systems. First three cycles.
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Fig. 14 — Comparison of the evolution of salt crystallization within specimens strengthened with different composite
systems. Last three cycles.

Another key issue that could be examined by exploiting the model and the numerical procedure presented in
the previous sections consists in understanding which are limit material properties of the composite matrix
which could lead to a CEM-type behavior rather than an NHL-type behavior, i.e. understanding for which
material properties no or limited salt crystallization arises in the composite matrix, when a FRCM-strengthened
masonry specimen is subjected to conditioning. To this aim, a parametric analysis has been carried out
following the material parameters settings collected in Table 3. In particular, the hygroscopic properties of
three different materials (INT1, INT2 and INT3), which are not actual or existing materials, have been simply
supposed by dividing the difference between the properties values of NHL and CEM (in terms of 13, ¢, A
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and K) into four evenly distributed intervals (Table 3). In this way, although INT1, INT2 and INT3 are not
merely actual materials, this parametric analysis could show for which material properties setting the
crystallized salt accumulation in the composite matrix is significantly limited as for the CEM case. It has to be
pointed out that the four material properties considered in this parametric analysis (3, ¢, A and K) are
actually physically interconnected as, for example, a variation of the mean pore radius of a material induces a
variation of its water absorption and salt diffusion coefficients, and vice versa, as well as in the porosity of the
material (that shows, however, a small variation between NHL and CEM cases).

Table 3. Parametric analysis on the mortar properties. The materials INT1, INT2 and INT3 are not actual materials.

Mortar  Mean pore radius  Total open porosity Water adsorption coef. Salt diffusion coef.
7 [um] ¢o [\] A [kg/m?/s"3] K, [m?/s]
NHL  0.491 (from [28]) 26.6% (from [28]) 0.054 (from [28]) 0.120 - 1079 (from [51])
INT1 0.378 25.5% 0.045 0.095 -107°
INT2 0.266 24.5% 0.037 0.070 -107°
INT3  0.153 23.5% 0.028 0.045 -107°

CEM  0.041 (from [28]) 22.5% (from[28])  0.020 (from [28])  0.020 - 10~ (from [52])

The weathering procedure discussed in Section 3.4 has been also simulated by accounting for INT1, INT2 and
INT3 composite matrixes. The evolution of crystallized salt in the composite matrix (point C of Fig. 4(b))
along with the weathering procedure is reported in Fig. 15 for INT1, INT2 and INT3 and compared with NHL
and CEM. As can be noted in Fig. 15, although the material properties have been defined by dividing the
difference between the properties values of NHL and CEM in evenly distributed intervals, the values of
crystallized salt in INT1, INT2 and INT3 are not evenly distributed between the values of NHL and CEM
along with the weathering procedure, evidently due to the nonlinear nature of the problem. Indeed, concerning
the final value of crystallized salt in the composite matrix, ¢5 in the CEM case is about 2 kg/m?, in the INT1
case is about 55 kg/m?, in the INT2 case is about 28 kg/m?, in the INT3 case is about 9 kg/m?, and in the NHL
case is about 85 kg/m°.

As a result of this simple parametric analysis, the salt crystallization and accumulation in the composite matrix
remains rather limited for the INT3 and CEM cases. In general, the mean pore radius (1) is the clearest
hygroscopic parameter from a material producer point of view, as it could be directly and easily measured
along with mix design choices. Therefore, although the mortar properties used in this parametric analysis are
not relative to merely actual materials, a value of mean pore radius 1, < 0.15 pm seems to prevent significant
salt crystallization and accumulation in the composite matrix. This outcome could represent, indeed, a
guideline to reduce (or even prevent) salt crystallization within the FRCM composite.
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Fig. 15 — Parametric analysis on the composite matrix properties. Evolution of crystallized salt in the composite matrix
(point C of Fig. 4(b)) along with the weathering procedure.

5 Conclusions

The simulation of accelerated ageing weathering cycles of masonry strengthened with composites has been
carried out through a coupled multiphase model accounting for hygroscopic phenomena, salt transport and
crystallization. Such model has been implemented together with ad hoc boundary conditions and a restart
analysis procedure which attempted to reproduce the repetition of weathering cycles. In this way, laboratory
accelerated weathering tests on masonry specimens strengthened with NHL-based FRCM have been
numerically reproduced and additional information on the salt crystallization process within the specimen has
been obtained along with the weathering procedure.

Further numerical insights have been shown and compared for different strengthening systems, namely CEM-
based FRCM and FRP. The pattern of accumulation of crystallized salt in the specimens has been found
sensibly different between the three strengthening systems. Particularly, crystallized salt accumulation has
been found to occur in the top part of the NHL-based FRCM case likewise on the uncovered brick, brick
portion beneath the composite matrix and composite matrix. Conversely, no significant crystallized salt
accumulation has been observed in the brick portion beneath the composite for CEM-based FRCM and FRP
cases. Additionally, no significant crystallized salt accumulation has been observed in the composite matrix in
the CEM-based FRCM case.

Finally, limit material properties of the composite matrix which lead to a CEM-type behavior rather than an
NHL-type behavior have been investigated through a parametric analysis. As a result, a value of mean pore
radius 7, < 0.15 um seems to prevent significant salt crystallization and accumulation in the composite matrix.
This outcome, although further investigation is needed to check if the same results are obtained with different
salts used in the saline solution, appears interesting as could be directly accounted for to improve the durability
of composites applied on masonry substrates. Indeed, the presence of crystallized salts in the composite matrix
could negatively affect the durability of the material in two ways: (i) degradation of the porous matrix and (ii)
corrosion of the fibers within the matrix (especially in the case of steel fibers).
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It is worth to note that, although it is generally believed that more permeable is the composite applied on a
masonry substrate, more durable is the composite system, the numerical investigation carried out in this paper
highlighted that more permeable is the composite matrix, more salts are going to crystalize within the
composite matrix threatening, thereby, the durability of the composite system itself.

Although accelerated laboratory weathering conditions have been considered in this paper, the multiphase
model herein proposed allows, in general, also the simulation of on-site actual long-term environmental actions
that can act on real buildings. Future research could be also focused on the estimation the effectiveness of
accelerated laboratory weathering with respect to on-site conditions, through the proposed multiphase model.

Moreover, the potential of this multiphase model to predict the salt concentration in full-scale historical
structures (also strengthened with composites) appears substantial. Indeed, simulations with standard
workstations could be conducted up to real-scale masonry elements (e.g. piers), while other numerical
strategies (e.g. multiscale analysis [37]) could be followed when the numerical modelling of whole historical
structures is required.

Further developments could be addressed to the quantitative evaluation of the durability of composite
strengthening systems applied on masonry substrates. To this aim, multiphysics approaches accounting also
for mechanics (e.g. damage in the porous matrix) could be coupled with the multiphase modeling strategy
developed in this paper. For example, the relationship proposed by Steiger [53, 54] which defines the
crystallization pressure exerted by crystals growing in porous materials could be utilized.
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