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Abstract: Porous building materials are often subjected to damage due to salt crystallization. In recent
years, the addition of crystallization inhibitors in lime-based mortar, has shown promising results in
improving durability of this material against salt decay. Lime-based mortars have low mechanical
properties and slow setting. They are often replaced with hydraulic binders to overcome these
limitations. However, the effect of crystallization inhibitors in mortars with hydraulic binders is still
unknown. Incorporation of crystallization inhibitors in hydraulic mortars would widen the application
field of this new technology. In this research, the possibility to develop hydraulic mortars with mixed-
in sodium ferrocyanide, an inhibitor of sodium chloride crystallization, is explored. As an essential
first step, the influence of this inhibitor addition on the properties of hydraulic mortars is investigated.
Two common types of hydraulic binders, natural hydraulic lime (NHL) and ordinary Portland cement
(CEM 1), were studied; the inhibitor was added in different amounts (0%, 0.1% and 1% by binder
weight) during mortar (and binder paste) preparation. Relevant mortar and binder paste properties, in
fresh (hydration, workability, setting time) and hardened (mechanical strength, elastic modulus, pore
size distribution, water absorption) state, were assessed using several complementary methods and
techniques. The results indicate that the addition of ferrocyanide does not alter the studied properties
of both NHL and CEMI-based mortar and binder pastes. These results are promising for the further
development of hydraulic mortars with an improved durability with respect to salt decay.
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1. Introduction

Salt crystallization in porous building materials (e.g., bricks and mortar) induces stresses [1] and
is a recurrent/main cause of damage in buildings. Salt damage is particularly evident in plasters and
renders making them vulnerable to salt decay, owing to various reasons. Due to their proximity to the
outer, evaporative surface of the walls, plasters and renders are the location where salts tend
to accumulate and undergo dissolution and crystallization cycles in response to changing environment
(RH and temperature changes, rain etc.).

Plaster and renders show therefore often a limited durability in the presence of moisture and salts.
Different solutions have been proposed to improve the service life of these materials, such as the use
of water repellent additives mixed in the mass (the so-called salt accumulating plasters) [2]). However,
the durability of such solutions is limited and their compatibility with existing (historic) buildings is
low, especially in the presence of high moisture content in the underlying masonry. Alternative
solutions have been therefore sought to improve the durability of plaster and render mortars against
salt decay. In the past years, the use of crystallization inhibitors has been considered as a potentially
durable solution against salt decay.

Crystallization inhibitors are molecules that alter the process of crystallization by delaying
nucleation and/or by modifying the crystal habit [3]. Alkali ferrocyanides (FeCN) have been shown to
be effective in inhibiting NaCl growth and are commonly used as anti-caking agents [4]. In studies
performed on bulk solutions, the presence of FeCN has shown to alter sodium chloride crystal
morphology from a cubic habit to a dendritic pattern having a higher surface area [5]; this habit
modification has shown to increase the rate of evaporation [6]. In early studies, the inhibitor was
introduced in the building materials with salt solutions through capillary absorption. Researchers
observed a larger amount of efflorescence in materials contaminated with an aqueous solution of NaCl
and FeCN with respect to materials contaminated with NaCl solution, suggesting increased salt
transport outside the porous substrate [6—8]. This was been attributed to both the inhibition of crystal
nucleation, leading to a higher advection of salt ions to the surface, and to the faster evaporation rate,
induced by the large evaporation surface of the branched crystals [9]. As per Granneman et al. [3],
FeCN in porous materials leads to an increase in NaCl nucleation density due to high supersaturation
and consequently smaller crystals. This is also thought to reduce pore clogging and lower
crystallization pressure in the pores.

A study revealed that FeCN was effective only if added prior to crystallization (when Na and CI
are present as ions) whereas, its effect on modifying salt crystals and/or favoring their dissolution was
not evident [6,10]. Thus, for the inhibitor to be effective, it must be present in the building materials
before salt crystallization takes place. In mortars, a way to obtain these conditions is to add the inhibitor
during mortar preparation. This approach was tested for the first time with promising results in air-
hardening, (hydrated) lime-based mortars, to which sodium FeCN was added [11]. The lime mortar
with mixed-in inhibitor showed an increased resistance to salt decay, in comparison to mortar without
the inhibitor under an accelerated salt weathering test [12,13], while showing a negligible effect on
relevant physical/chemical properties of mortar [14].

Hydrated lime-based mortars are often used in restoration works owing to good compatibility
with historic materials. However, in renovation works and new constructions, hydrated lime mortars
have been replaced with hydraulic mortars, on account of higher mechanical strength and faster setting.
Even in the field of restoration, natural hydraulic lime as well as blended cement-lime mortars are seen
to be potential alternatives to overcome limitations of traditional lime mortars [15—19]. Nonetheless,
hydraulic mortars remain vulnerable to salt decay and the use of crystallization inhibitors can be
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beneficial in improving their durability in those cases where moisture and salts are present.

Until now, the potential for the use of crystallization inhibitors in hydraulic mortars has not been
yet explored, which is limiting its application. The different mechanism of strength gain and setting
between hydrated lime mortars and hydraulic mortars, may invalidate the positive results observed in
the case of hydrated lime mortars with FeCN. In fact, whereas in hydrated lime mortars, carbonation
is solely responsible for microstructure development, in hydraulic mortars hydration (i.e., exothermic
reaction between water and the binder) plays a primary role. In order to extend the concept of mixed
in crystallization inhibitors to hydraulic mortars, therefore, a first essential step towards the
developments of hydraulic mortar with mixed-in inhibitor, consists in assessing if any interaction
occurs between the inhibitor and the hydraulic binders (e.g., NHL or Portland Cement) that could
negatively affect the mortar properties and/or performance.

This paper investigates the effect of sodium ferrocyanide on the properties of hydraulic mortars
prepared with NHL and CEMI binders, by means of tests and experiments carried out in laboratory.

2. Materials and methods
2.1. Building materials

Two types of hydraulic binders were tested, natural hydraulic lime (NHL) with a strength class
of 3.5 and ordinary Portland cement (CEM 1) with a strength class of 42.5. Standard river sand, as per
EN 196-1 with a particle size distribution of 0.08—2 mm was used to prepare mortar specimens [20].
Sodium ferrocyanide decahydrate (NasFe(CN)g10H20) (Sigma Aldrich) was used as the
crystallization inhibitor.

2.2. Specimen preparation and storage conditions

Two types of specimens were prepared for performing various tests, namely, binder-paste
specimens and mortar specimens.

2.2.1. Binder paste specimens

Control specimens (without inhibitor) were prepared by mixing binder and demineralised water
to form a paste. The water-binder ratio (w/b) was maintained at 1 and 0.5 by weight for NHL and
CEM I respectively.

To prepare specimens with mixed in inhibitor, sodium ferrocyanide decahydrate (FeCN) was first
dissolved in demineralized water and subsequently added to the binder to form a paste. Specimens
with different inhibitor concentrations were prepared: 0.01%, 0.1% and 1% (weight of the inhibitor is
expressed as a percentage of the binder weight). The concentrations were selected based on previous
research [3,6]. Paste specimens were immediately tested (heat of hydration and setting time) in their
fresh state.

2.2.2.  Mortar specimens

Mortar specimens were prepared according to the European standards, EN 459-2 [21] for NHL
and EN 196-1 [20] for CEM I. Binder and sand were weighed in a 1:3 ratio. This ratio was chosen as
per the standards to test the binder strength and was used for all the other tests to make meaningful
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comparisons. FeCN specimens were prepared with concentrations of 0.1% and 1% by weight of the
binder. FeCN was first dissolved in the water used for the preparation of the mortar. The water-binder
ratio (w/b) was fixed at 0.5 for CEM I and 0.6 for NHL. Additionally, control specimens (without
inhibitor) were prepared as a reference.

Mortar specimens were cast as prisms as well as slabs. Prisms were used for assessing the
mechanical properties and the slabs were used to study transport related properties. Prisms were cast
in polystyrene molds with dimension 160 % 40 x 40 mm and were compacted using a vibrating table
as per EN 196-1 [20]. Mortar slabs were cast on a fired-clay brick and compacted by hand to obtain
field comparable mortar which is more representative for studying moisture transport [22,23]. A paper
towel was placed on top of the brick before casting the mortar, to facilitate demolding of the mortar
slabs. The slabs had a size of 200 x 100 mm with a thickness of 20 mm.

After casting, all mortar specimens were covered in plastic and stored at lab conditions for the
first 24 h. CEM 1 specimens were demolded/ detached from the brick substrate after 24 h and
transferred to the curing room. NHL specimens were transferred to the curing room after 24 h with the
molds and demolded/detached on day 5, in order to prevent damage during demolding on account of
slower hydration. The conditions in the curing room were maintained at 20 °C /> 95% RH. Specimens
were stored in the curing room until tested, to minimize carbonation.

3. Test methods
Various tests were performed on the paste and mortar specimens to assess the effect of the
inhibitor on early age (fresh) properties and hardened properties of the mortars. A summary of the test

methods, specimen number and size are presented in Table 1.

Table 1. Overview of test methods and specimens.

Measured Test method Specimen type Binder  Inhibitor (%)'  Replicates Size/ weight
properties type (mm/g)
heat of hydration  Isothermal Calorimetry Binder paste NHL3.5 0,0.01,0.1,1 2 ~7.5
CEM1
setting time Vicat penetration Binder paste NHL3.5 0 2 -
CEMIT 1
workability Flow table test Fresh mortar NHL3.5 0,0.1, 2 -
CEMIT 1
compressive Compression/ 3-point bending  Mortar prisms  NHL3.5 0, 0.1, 3 160 x 40 x 40
/flexural strength CEMI 1
e-modulus Compression test Mortar prisms  NHL3.5 0,0.1, 3 160 x 40 x 40
CEMIT 1
open porosity/pore MIP/N2 Mortar slabs NHL3.5 0,0.1, 2 ~4/1
size distribution CEMI 1
moisture transport  Capillary absorption/drying Mortar slabs NHL3.5 0,0.1, 4 50 x 20 x 20
CEMIT 1

! Percentage of binder weight
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3.1. Characterization of early age/fresh properties
3.1.1. Measurement of heat of hydration

The primary mechanism for the development of microstructure in hydraulic mortar takes place
through hydration (reaction between binder and water). Since, the reaction is exothermic, monitoring
the heat released during hydration provides indirect information on the microstructure development
and the reaction products. The possible effects of binder-inhibitor interaction on early age reaction
products can be thus captured.

The heat flow and the cumulative heat of hydration was measured on fresh binder paste specimens
using an 8 channel thermometric isothermal calorimeter (TAM-Air). The test procedure is based on
EN-196-11 [24]. Paste was prepared in the glass ampoule directly and placed in the calorimeter
immediately. Quartz specimens with a known specific heat were used as a reference to eliminate
background noise. The temperature of the calorimeter was set to 20 + 0.2 °C and the heat evolution
was monitored continuously for 168 h (7 d).

3.1.2.  Setting time

Setting time is defined as the time required for the binder to completely lose its plasticity and
attain a certain resistance to external pressure. The setting time of binder paste specimens, with and
without the addition of the inhibitor, was measured using an automated Vicat Penetration test. The test
was carried out according to EN 196-3 [25]. The depth of needle penetration was recorded
automatically at fixed time intervals until the paste was completely set. The penetration curve was
obtained as a function of time.

3.1.3. Workability

Workability refers to the measurement of consistency and in turn the ease of
compaction/application during construction. A good workability is necessary for easy application of a
mortar in practice. The workability was measured using a flow table test as per EN-1015-3 [26].
Freshly mixed mortar was placed on a standard flow table in a cone in two steps. The table was jolted
15 times at a rate of 1 jolt/s. Two diametric readings of the flow were recorded and the mean value
reported.

3.2. Characterization of Hardened properties
3.2.1. Measurement of compressive strength, flexural strength and elastic modulus

Compressive and flexural strength are indicative of load bearing capacities and to an extent
durability of mortars. Whereas, elastic modulus provides information about stiffness of mortar and its
ability to accommodate movements. Compression and flexural strength were measured on mortar
prisms following EN 1015-11 norm [27]. The loading rate was maintained at 2.4 kN/s and 0.1 kN/s for
compression and flexural test for CEM I specimens. In case of NHL specimens, the loading rate was
reduced to 0.1 kN/s and 5 N/s for compression and flexural strength respectively. The test was
performed at 28 d and at 90 d, to capture the short term and the long term mechanical effects.

Elastic modulus was measured on mortar prisms using an Instron universal testing machine. 4
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Linear Variable Differential Transformer (LVDT) were glued to the specimen on the 4 sides to record
the deformation (Figure la). The specimens were subjected to three compressive loading and
unloading cycles (Figure 1b). The maximum force that the specimens were subjected to was limited
to 9.5 kN (5.9 MPa) for CEM I and 3 kN (1.87MPa) for NHL, in order to stay within the elastic limits.
The elastic modulus was calculated as the ratio of the applied stress to the measured strain. The test
was carried out on 28th day after casting.
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Figure 1. (a) Experimental setup for measuring Young’s modulus. Displacement measured
using LVDT (b) Applied loading-unloading cycles for E-modulus measurements.

3.2.2. Porosity and pore size distribution

Mercury intrusion porosity (MIP) was used to measure open porosity and the pore size
distribution of the mortar specimens. The test was performed in Autopore IV series machine from
Micromeritics. Solid samples were collected from the middle of the mortar slabs after 28 d of curing
and were dried in a freeze drier to a constant weight. This was done to remove the moisture as well as
prevent further hydration. Approximately, 4 g of sample was used on 2 replicates. The samples were
subjected to a maximum intrusion pressure of 210 MPa and the contact angle between the mercury and
the samples was assumed to be 141°. These conditions facilitated pore throat measurements between
400 pm and 0.01 pm.

In addition to MIP, N> adsorption method was used to obtain the pore size distribution of pores
smaller than 0.01 pm. Micromeritics Gemini VII machine was used for the test. The test was performed
on ~1 g of freeze dried specimens. The size of the fragments that were tested were between 2—4 mm.

3.2.3.  Measurement of water absorption and drying rate

The moisture transport properties of the mortars with the inhibitor and without the inhibitor were
assessed through capillary absorption followed by drying. EN 1925 [28] was used as a guideline for
capillary absorption. 50 x 50 x 20 mm specimens were cut using a saw from the mortar slabs after 28
days of curing. 4 specimens from 4 different slabs were used as replicates, in order to keep the sampling
representative. The specimens were first dried in an oven at 40 °C until a constant weight was obtained.
The lateral sides of the specimens were sealed using paraffin film to have a uni-directional moisture
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flow. The base of the specimens was in immersed in water to facilitate capillary absorption. The
immersion level of the water was kept constant. Samples were weighed at prescribed time intervals
with a precision of 0.01 g. For NHL, the time intervals as per the high absorbing substrate guidelines
were used whereas, for CEM I, the time intervals as per the low absorbing substrate guidelines were
used [28]. Two stages of water absorption with distinct slopes were recorded. The water absorption
coefficient (WAC) calculated from Eq 1.

_wi-w, 1
PRACEN )

Where, W) is the dry weight of the specimen at time #9. W; is the weight of the specimen at time ¢
which is the time at which transition between two absorption stages occur. A is the surface of the
specimen in contact with water.

Following capillary absorption, the specimens were dried in the oven at 40 °C. The weight of the
specimens was recorded regularly to obtain a drying curve. The measurements were performed until
the specimens reached a constant weight.

WAC

4. Results and discussion
4.1. Effect of ferrocyanides on early age/ fresh properties

The results obtained from the heat of hydration measured using isothermal calorimeter are
presented in Figure 2. The results are normalized to the weight of the specimen for comparative
purposes. The hydration behavior in CEM 1 is different to that of NHL due to different proportions of
hydraulic phases (e.g., Alite (C3S) and Belite (C2S) phases) [29]. A higher heat was generated in
CEM I than in NHL: this is due to the presence of higher amount of C3S in CEM I; differently in NHL
specimens C»S is the dominant hydraulic phase. However, irrespective of the binder and their hydraulic
components, the difference in the cumulative heat evolution between specimens with and without
inhibitor negligible. The presence of FeCN ions in the pore solution do not seem to interact or form
products with different hydraulic phases in CEMI or NHL.

The results of the Vicat penetration test (Figure 3) show that the penetration curve obtained in
time is unaffected by the addition of inhibitor for both CEM I and NHL. The intitial and final setting
times for specimens with the inhibitor and without the inhibitor are comparable to each other.

The results of the workability measurements (Tables 2,3), show a minor increase in flow for
CEM I specimens in which the inhibitor was added. On the other hand, a slight decrease in flow for
NHL specimens. Considering the variation observed in the data, a correlation between addition of the
inhibitor and the flow test cannot be clearly established; in any case the impact of the inhibitor on the
workability of the mortar is minor.
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Figure 2. (a) Rate of hydration for CEMI (b) Cumulative heat of hydration for CEM I (c)
Rate of hydration for NHL (d) Cumulative heat of hydration for NHL.
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Figure 3. Vicat penetration test for (a) CEM I paste (b) NHL paste.
4.2. Effect of ferrocyanides on hardened properties of mortar

The mechanical properties measured on mortar prisms are reported in Table 2 for CEM I and
Table 3 for NHL. The results obtained for specimens with and without the inhibitor, at both 28 d
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and 90 d, show minor differences. The compressive (fc) and flexural strength (fy) observed at 90 d is
higher than that at 28 d, as expected due to continued hydration.

In case of NHL specimens, the 28th day elastic modulus shows some scatter, but the values are
not necessarily in the proportion of the added FeCN. The large scatter observed in NHL mortars is
attributed to possible micro-cracking during cyclic loading. The applied maximum load of 1.87 MPa
(50% of compressive strength) in combination with NHL’s low mechanical strength probably induced
inelastic behavior in some specimens.

Table 2. Comparison of CEMI mortar properties with different inhibitor content.

Measured property Control (u! + 6?) 0.1% FeCN (u % o) 1% FeCN (u = 6)
Flow [mm] 151757 164 = 4.6 165.7+ 6.3

f, 54 [MPa] 38.87+ 1.69 3729+ 13 36.83+2.8

fec 90a [MPa] 41.02 £4.08 39.61 +£2.88 37.82+2.55

fb 284 [MPa] 7.12+0.8 8.14+£0.61 8.23+0.29

fy 904 [MPa] 8.13£0.75 8.06 £0.07 7.56+0.4
E-modulus 234 [MPa] 35529 + 1511 37105 £2514 35900 £ 2590
WAC [g/m?s%?] 13.16 13.95 14.53

Open Porosity [%] 11.75 10.98 11.41

1 mean and 2 standard deviation.

Table 3. Comparison of NHL mortar properties with different inhibitor content.

Measured property Control (u+ o) 0.1% FeCN (n =+ o) 1% FeCN (1 £ o)
Flow [mm] 143.2+1.8 139 +3.7 136.5+2.1

fe 284 [MPa] 322+£0.24 3.52+0.06 3.75+0.09

fc 90 a [MPa] 5.64+0.87 5.88+0.2 6.28 £0.48

f 284 [MPa] 1.30£0.02 1.44+0.13 1.44 +0.04

fb 904 [MPa] 2.23+0.87 2.62 +0.07 2.65+0.13
E-modulus 234 [MPa] 3441 + 1025 4324 + 879 3217 £ 811

WAC [g/m?s%3] 137.11 123.46 131.97

Open Porosity [%] 23.44 23.51 23.54

1 Mean and 2 standard deviation.

The pore size distribution for CEM I and NHL mortars, as measured by MIP (pore diameter
between 100 pum and 0.01 pm) and N> adsorption (pore diameter less than 0.01 pum) is presented in
Figure 4. The average mean pore diameter of around 0.05 um and 0.15 um was obtained for CEM I
and NHL respectively, irrespective of the amount of inhibitor. The cumulative intrusion obtained for
mortar specimens with and without FeCN is almost identical. The open porosity, as measured by MIP
for CEM I (~11.3%) and NHL (~23%), does not change significantly with the addition of the inhibitor.
The pore size distribution for pores smaller than 0.01 pum is also unaffected (Figures 4b,d). Based on
these results, it can be concluded that FeCN does not alter the pore structure in the studied hydraulic
mortars.
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Figure 4. Pore size distribution measurements (a) MIP for CEM I (b) N> adsorption for
CEMI (c) MIP for NHL (d) N> adsorption for NHL.

The capillary water absorption curves for CEMI and NHL mortar specimens with and without
inhibitor is shown in Figure 5. The water absorption is normalized to the dry weight of the specimens
to take into account the thickness variation across specimens resulting from hand compaction. The two
stages of absorption can be distinctly seen for both CEM I and NHL. Linear regression was performed
on two absorption stages and the intersection point was used to calculate the water absorption
coefficient (WAC) as per Eq 1. The WAC values for different inhibitor contents, as shown in Table 2
(CEM I) and Table 3 (NHL), are comparable to their respective control specimens. Moreover, the
normalized water absorption curves (Figure 5) in both the absorption stages show negligible
differences between specimens with and without inhibitor.
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Figure 5. Moisture absorption through capillarity for different FeCN concentrations (a)
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The drying behavior of CEM I and NHL is shown in Figure 6. In case of CEM I (Figure 6a), the
specimens with FeCN dry slightly slower than the control specimens. However, considered the high
scatter observed in the drying curves of the control specimens, the effect of inhibitor on the drying can
be judged to be minor. In the case of NHL specimens, the drying curves for specimens with and without
FeCN addition are very similar. Based on these results, and taking into account the outcome of the
pore size distribution, it can be concluded that the moisture transport properties are not significantly
affected by the addition of FeCN.
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Figure 6. Drying behavior of mortar specimens with different FeCN concentration (a)

CEMI (b) NHL.
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5. Conclusions

In this paper, the interaction between sodium ferrocyanide, a well-known inhibitor of NaCl
crystallization, and two types of hydraulic binders (NHL and OPC) was studied. Various properties of
the binders in fresh paste and of the fresh and hardened mortars were assessed on specimens with
different inhibitor concentrations (0%, 0.01%, 0.1% and 1%). The results of all the measurements agree
with each other and clearly show that the addition of inhibitor, up to 1%, of the binder weight does not
affect the mechanical and moisture transport properties in the studied hydraulic mortars. The hydration
of binder paste as well as the setting time is unaffected by the addition of the inhibitor. Therefore, it
can be inferred from the results that sodium ferrocyanide remains inert and does not participate in
development of the microstructure of the studied mortars. Sodium ferrocyanide thus proves to be a
suitable crystallization inhibitor that can be added during the mixing stage.

These results constitute a first step in the development of hydraulic mortars with crystallization
inhibitors, opening new possibilities for the wider use of this inhibitor in different applications, from
building renovation to new construction.

In future work, the durability of the hydraulic mortars with mixed-in FeCN with respect to salt
decay will be assessed, both in laboratory and in situ.
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