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Abstract: This paper evaluates the influence of water content and mixing conditions (mixing time
and sequence of addition of the constituents) on the fresh state properties of lime-based materials and
their impact on the hardened state properties. Higher water contents allowed an increased fluidity
and lower torque, yield stress and plastic viscosity values. In turn, a longer mixing time with the
aggregate caused a progressively stiffer mortar and a substantial increase in the torque, yield stress
and plastic viscosity values due to the breakdown of lime agglomerates that consume part of the
free water available to lubricate the mix. A longer mixing time without the aggregate caused similar
trends, albeit to a much lesser extent. The water content and mixing conditions also had a major
impact on the resulting porous structure of lime mortars and, thus, on their mechanical strength.
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1. Introduction

A renewed interest in compatible mortars, as is the case of lime-based ones, for their
application in conservation and restoration interventions has led to the emergence of
several studies on their properties over the last few decades [1–8]. Among them, the
properties in the fresh state of lime mortars are of great importance, as they influence their
ease of application onto a substrate and, therefore, their suitability for a given function
(bedding, pointing, rendering etc.), their stability during and after application as well
as their properties in the hardened state [9–11]. In this context, rheology assumes great
importance since it is dedicated to the analysis of the flow behaviour of materials [12–14].

The properties of mortars and pastes are affected by a variety of factors, including the
binder type and content, the water/binder (w/b) ratio, the type and dosage of admixtures
or additions and the mixing time and sequence [15,16]. While the influence of all these
variables on the rheological behaviour of cement-based materials (pastes, grouts, mortars
and concrete) has been extensively studied [12,13,15–28], few works have contemplated
their effects on lime-based materials.

Several subjects related to the rheology of hydraulic lime grouts, pastes and mor-
tars have been addressed, among others, by Seabra et al. [29], Henriques et al. [30–33]
and Banfill et al. [34,35]. For air lime, the scarcely available literature focuses mainly on
putties, pastes and grouts. For instance, Atzeni et al. [36], Ruiz-Agudo and Rodriguez-
Navarro [37,38], Arizzi et al. [39] and Boháč and Nečas [40] dealt with the influence of the
type and/or ageing time of the lime used on the rheological properties of lime putties,
whereas Rago [41] and Fourmentin et al. [42] compared the rheological behaviour of lime
pastes with that of cement ones. Additionally, Izaguirre et al. [43] and Fernández et al. [44]
briefly addressed the effects of water-retaining and plasticizing admixtures, respectively,
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on the rheological properties of lime pastes, and Azeiteiro et al. [45] studied the effects of
the same admixtures on lime grouts for the consolidation of old renders. Specific research
on the rheology of air lime mortars was performed by Paiva et al. [7], who analysed the
effect of the maturation process of lime mortars, by Seabra et al. [11,46], who evaluated
the influence of plasticizing, air-entraining and water-retaining admixtures, and more
recently, by our team [47,48], who studied the effects of the addition of plasticizing and
water-retaining admixtures. A rotational rheometer was used in these works [7,11,45–48].
In turn, Cardoso et al. [49] characterised several rendering mortars, including some that
were based on air lime, through compressive (squeeze-flow tests) and rotational rheometry,
while Hendrickx et al. [50] studied the rheology of lime mortars using different methods,
but mostly rotational rheometry. However, to the best of the authors’ knowledge, the influ-
ence of water content and mixing conditions on the rheological behaviour of lime-based
materials has not yet been addressed in the literature.

In this context, this paper aims to evaluate the influence of water content, mixing time
and sequence of introduction of the constituents on the rheological properties of lime-based
materials and their implications on the physical and mechanical properties. To fulfil the
research objectives, these said parameters were drastically altered to clearly understand
their effects on the properties of the studied materials.

2. Materials and Methods
2.1. Materials and Formulations

Mortars and pastes were produced using powdered hydrated lime from Calcidrata
(type CL80-S according to EN 459-1:2010 [51]). The mineralogical composition of the lime
was determined by X-ray diffraction (XRD) with a Bruker AXS D8 Discover powder diffrac-
tometer (Bruker AXS GmbH, Karlsruhe, Germany), using CuKa radiation (λ = 1.5406 Å).
The diffractogram was obtained in the interval of 5◦ to 75◦ 2θ, with a step of 0.05◦ and a time
per step of 1 s. The results showed that the lime was composed of portlandite (Ca(OH)2)
with a small amount of calcite (CaCO3), owing to a slight carbonation (Figure 1a). The
particle size distribution of the air lime can provide an idea of the degree of agglomeration
of the lime particles, which, in turn, can help to understand and interpret the rheological
behaviour of the mortars and pastes. The average particle size curve of the lime used
is presented in Figure 1b and was obtained by laser diffraction using a Malvern Master-
sizer 2000 particle size analyser (Malvern Panalytical Ltd., Malvern, UK). As can be seen,
the majority of lime particles lie between 1–10 µm, and a significant part are between
10–300 µm, with the latter belonging to the larger agglomerates or clusters of Ca(OH)2 par-
ticles. According to Rodriguez-Navarro et al. [52], these particles are keen to agglomerate
upon drying (which occurs during the industrial manufacturing process of hydrated lime),
with only a part of it being reversible. Nevertheless, the dimensions obtained are within
the reported particle sizes for commercial hydrated limes [28,52,53].

A siliceous sand mainly composed of quartz, as evidenced by the XRD pattern pre-
sented in Figure 2a, and with a 0/2 mm particle size (according to EN 13139:2002 [54]), as
shown in Figure 2b, was used as aggregate.

The binder-to-aggregate ratio used in the formulation of the mortars was 1:2 (in vol-
ume). Several water contents (water/binder ratios) were used, as explained in Section 3.1.

The mortars were produced based on the procedures established in EN 1015-2:1998 [55]
and EN 196-1:2005 [56] unless otherwise stated, since in Section 3.2, different mixing times
and sequences were used in order to understand the influence of these variables on the
rheological behaviour. The standard mixing procedure was as follows: (i) water and lime
were added into the bowl of a mechanical paddle mixer and mixed for 30 s at low speed
(140 ± 5 rpm); (ii) without stopping the mixer, the fine aggregate was added steadily over
a period of 30 s and the material was mixed for another 30 s at high speed (285 ± 5 rpm);
(iii) the mixer was paused for 75 s to scrap the mortar adhered to the borders of the bowl to
its centre and to allow the mix to stand; (iv) finally, the mortar was mixed at high speed
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for 60 s. The pastes were produced using the same mixing sequence as the mortars but
without adding the aggregate.
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Figure 1. Air lime: (a) X-ray diffraction pattern (P: portlandite; C: calcite); (b) particle size distribution.

Buildings 2023, 13, x FOR PEER REVIEW 3 of 19 
 

 
Figure 1. Air lime: (a) X-ray diffraction pattern (P: portlandite; C: calcite); (b) particle size distribu-
tion. 

A siliceous sand mainly composed of quartz, as evidenced by the XRD pattern pre-
sented in Figure 2a, and with a 0/2 mm particle size (according to EN 13139:2002 [54]), as 
shown in Figure 2b, was used as aggregate. 

 
Figure 2. Fine aggregate: (a) X-ray diffraction pattern (Q: quartz; M: microcline); (b) particle size 
distribution. 

The binder-to-aggregate ratio used in the formulation of the mortars was 1:2 (in vol-
ume). Several water contents (water/binder ratios) were used, as explained in Section 3.1. 

The mortars were produced based on the procedures established in EN 1015-2:1998 
[55] and EN 196-1:2005 [56] unless otherwise stated, since in Section 3.2, different mixing 
times and sequences were used in order to understand the influence of these variables on 
the rheological behaviour. The standard mixing procedure was as follows: (i) water and 
lime were added into the bowl of a mechanical paddle mixer and mixed for 30 s at low 
speed (140 ± 5 rpm); (ii) without stopping the mixer, the fine aggregate was added steadily 
over a period of 30 s and the material was mixed for another 30 s at high speed (285 ± 5 
rpm); (iii) the mixer was paused for 75 s to scrap the mortar adhered to the borders of the 
bowl to its centre and to allow the mix to stand; (iv) finally, the mortar was mixed at high 
speed for 60 s. The pastes were produced using the same mixing sequence as the mortars 
but without adding the aggregate. 

5 15 25 35 45 55 65 75

In
te

ns
ity

 (a
.u

.)

2θ (degree)

P

P

P
P

P

C

(a)

C C

P

P
0

10
20
30
40
50
60
70
80
90

100

0.1 1 10 100 1000

V
ol

um
e 

(%
)

Particle size (µm)

(b)

5 15 25 35 45 55 65 75

In
te

ns
ity

 (a
.u

.)

2θ (degree)

Q

Q Q
M

(a)

Q QQ
0

10
20
30
40
50
60
70
80
90

100

0.01 0.1 1 10

M
at

er
ia

l p
as

si
ng

 (%
)

Particle size (mm)

(b)

Figure 2. Fine aggregate: (a) X-ray diffraction pattern (Q: quartz; M: microcline); (b) particle
size distribution.

After production, a sample of the material was taken to determine its fluidity, in the
case of pastes, or its consistency in the case of mortars. Another sample was taken for the
rheometric test. The remaining mortar was used to mould specimens with the standard
dimensions (160 × 40 × 40 mm3), according to EN 196-1:2005 [56]. These specimens were
left to cure under controlled conditions of temperature and relative humidity (20 ± 5 ◦C
and 60 ± 10% RH) and were de-moulded after 7 days of curing. The specimens were tested
after 14, 28, 90 and 180 days of curing.

Throughout the paper, the designation ‘LM’ is attributed to lime mortars and ‘LP’ to
lime pastes.

2.2. Fresh State Characterisation
2.2.1. Consistency and Fluidity

The consistency of the mortars and the fluidity of the pastes were determined to
complement the information regarding the flow behaviour of these materials.

The consistency of the mortars was evaluated by the flow table test and by the
plunger penetration test, according to the procedures established in EN 1015-3:1999 [57]
and EN 1015-4:1998 [58], respectively. In the flow table test, the mortar spread diameter
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(flow value) was measured after jolting the flow table 15 times, whereas in the plunger
penetration test, the penetration of a plunger, which was allowed to fall through a height of
100 mm onto a vessel filled with fresh mortar, was measured on a scale from 0 to 70 mm.
A higher plunger penetration depth corresponds to a higher fluidity.

For the pastes, the fluidity was evaluated by measuring the time it took for 1 L of paste
to pass through a cone filled with 1.7 L of paste. In order to do that, a metallic cone, as
specified by EN 445:2008 [59], was used.

2.2.2. Particle Size Determination

The particle size of the lime suspensions was determined by laser diffraction using a
Malvern Mastersizer 2000 particle size analyser (Malvern Panalytical Ltd., Malvern, UK).
The analysed suspensions were obtained by passing the respective mortars through a sieve
with a mesh of 100 µm in order to remove the aggregate after mixing.

The suspensions were later mounted on slides and examined under a Leica S6 D stereo
microscope (Leica, Wetzlar, Germany) connected to a Motic Moticam 3+ digital camera
(Motic, Barcelona, Spain) in order to obtain images of the lime agglomerates.

2.2.3. Rheological Measurements

The most used rheological model to describe the flow behaviour of fresh mortars
and pastes is the Bingham model, where the material can support shear stresses (τ, in Pa)
not exceeding a threshold value (yield stress—τ0) without flowing. However, for higher
stresses than τ0, the material shows a linear relationship between the shear stress and shear
rate (

.
γ, in s−1), characterised by the plastic viscosity (µ, in Pa·s):

τ = τ0 + µ
.
γ (1)

The yield stress results from the forces of attraction between the molecules or the solid
particles in a suspension. Hence, the flow is observed when the applied stress is sufficient
to break down the particle networks [12,13,60].

The rheological behaviour of fresh mortars and pastes can then be defined by two
parameters, yield stress and plastic viscosity, which can be determined using a rheometer.

In this work, a rotational rheometer suitable for mortars was used (Viskomat NT, from
Schleibinger Geräte, Buchbach, Germany). For this type of equipment, the sample is in a
cylindrical container that rotates around a stationary paddle at a designated rotation speed
(N, in rpm). As the sample flows around the paddle, the shear resistance generates a torque
(T, in N·mm) that is continuously measured during the test [61]. Based on the data acquired
by the rheometer, and if the Bingham model applies, Equation (1) can be expressed as:

T = g + hN , (2)

where g (N·mm) and h (N·mm·min) are the characteristic parameters related to yield stress
and plastic viscosity, respectively. These data allow for plotting the torque vs. time curves
and torque vs. rotation speed curves (flow curves). From the latter, the parameters g (from
the interception of the flow curve with the y-axis) and h (the slope of the flow curve) were
determined by linear regression since the typical behaviour of a Bingham fluid was verified.

A ‘dwell’ speed profile was used that consisted of increasing the rotation speed
from 0 to 160 rpm in 1 min (up ramp), keeping it constant for 5 min and then decreasing
it from 160 to 0 rpm in 1 min (down ramp). This was repeated two times, providing a
total of 14 min of testing time. The same amount of mortar or paste was used in all the
rheological measurements, and the material was not re-used for any other tests. The scraper
was not utilised.

The reproducibility of these tests proved to be quite good. Hence, only one test per
mortar formulation will be presented.
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2.2.4. Hardened State Characterisation

The impact of water content and mixing conditions on the hardened state properties of
lime mortars was evaluated based on mechanical strength, carbonation depth and porosity.

The mechanical characterisation included flexural and compressive strength tests,
according to EN 1015-11:1999 [62], on at least 3 specimens of each mortar formulation.
After the flexural test, the resulting freshly broken surfaces of the half prisms were sprayed
with a phenolphthalein solution in order to determine the carbonation depth.

The determination of open porosity was performed according to RILEM
Test I.1 (1980) [63] on at least two half specimens of each mortar formulation. The porosity
and pore size were also determined for mortar samples with 180 days of curing by mercury
intrusion porosimetry (MIP), using a Micromeritics Autopore IV 9500 porosimeter (Mi-
cromeritics Instruments Corporation, Norcross, GA, USA) and a pressure range between
0.0015 and 207 MPa.

3. Fresh State Properties
3.1. Influence of Water Content

The influence of the water content was studied using air lime mortars and pastes
prepared with water contents between 18% and 26%.

Table 1 presents the corresponding designations and properties evaluated on the fresh
state of the studied lime-based materials, where it is possible to observe a progressive
increase in the flow values and penetration depth for mortars and a progressive decrease
in the flow time for pastes with rising water content, as it would be expected, given the
fluidity increase.

Table 1. Fresh state properties of lime pastes and mortars with different water contents.

Mortars LM18% LM20% LM22% LM24% LM26%

Water content (%) 1 18 20 22 24 26
Water/binder ratio 1.13 1.20 1.32 1.44 1.56
Flow value (mm) 161 197 215 261 284

Plunger pen. (mm) 11 20 39 51 68

Pastes LP18% LP20% LP22% LP24% LP26%

Water/binder ratio 1.13 1.20 1.32 1.44 1.56
Flow time (s) 11.0 10.0 8.5 8.0 7.5

1 Percentage of the mortar’s dry weight.

Figure 3a shows the torque vs. time curves for the studied lime mortars with different
water contents, from which it is possible to conclude that water contents higher than 22%
but below 26% were needed to obtain valid rheological measurements. Indeed, the mortar
with the lowest water content, LM18%, proved to be excessively stiff for the rheological mea-
surement, exceeding the maximum allowable torque value of the rheometer (300 N·mm),
which was the reason why the resulting torque vs. time curve is not presented in Figure 3a.
Mortar LM20% was so stiff and plastic that it did not flow back after being deformed by
the paddle, leading to an intermittent loss of contact between the mortar and the paddle
throughout the test, which was responsible for the wide variation in torque values. This
behaviour is in agreement with what has been reported in the literature [46,49]. In turn,
mortar LM22% was initially rather fluid; however, it progressively became stiffer due to a
continuous breakdown of lime agglomerates during the test since water evaporation during
the test was very reduced (always below 1%). With 24% water, mortar LM24% remained
homogenous throughout the entire rheological measurement without displaying problems
of excessive stiffness or segregation. However, an increase in water content of 2% (mortar
LM26%) caused artificially low torque and plastic viscosity values due to the occurrence
of segregation during the test. Indeed, by the end of the test, almost all the aggregate was
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resting at the bottom of the vessel. This behaviour was later confirmed by the similarity of
the torque vs. time curve of mortar LM26% to those obtained for lime pastes.
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From the curves depicted in Figure 3a, it can be concluded that lime mortars present a
typical increase in torque as the rotation speed increases as well as its decrease at dwell
times [49,64]. A steady decrease in torque values (reduction in flow resistance) with
increasing water content is also evident. Figure 3b shows the corresponding yield stress (g)
and plastic viscosity (h) values taken from the first up-ramp of the test. It was not possible
to obtain these parameters for the mortars with water contents below 22% due to the high
stiffness of these mortars (thus, the grey area in the graph), as stated above. Nevertheless,
a sharp decrease in both parameters can be seen with rising water content, as expected,
given the higher amount of water available to fluidify the mixes.

Throughout the test, an increase in torque values was also noticeable, particularly
in mortars LM22% and LM24%, which was similar to that observed by Paiva et al. [7]
and Seabra et al. [46]. According to these authors, this initially occurs due to a better
homogenisation of the mortar paste and afterwards due to a gradual breakdown of the
lime agglomerates by the agitation promoted by the test. Since lime particles are very
small, they have a strong tendency to agglomerate due to interparticle attractive forces
(predominantly of van der Waals origin) [14,52]. As such, their breakdown increases the
specific surface area required to be covered by water, which in turn, reduces the water
available for lubricating the mix, thus leading to an increase in torque, yield stress and
plastic viscosity with time (thickening of the lime suspension) [7,11,36,46]. From here, it
follows that the higher the water content of the mix is, the longer it takes for the free water
to reduce and for thickening to occur.

The abovementioned yield stress (g parameter) and plastic viscosity (h parameter)
values increased over time with continued shearing, as can be seen in Figure 4 for the
mortars LM22% and LM24%. The latter is indicative of a time-dependent behaviour, namely,
rheopexy. Rodriguez-Navarro et al. [52] correlate a greater viscosity with an abundance
of submicrometer calcium hydroxide particles, given that these have a greater capacity
to adsorb water and to be more easily displaced in relation to one another without being
immediately segregated. This increase in viscosity (after prolonged shearing) was also
reported by Ruiz-Agudo and Rodriguez-Navarro [37] and by Vávrová and Kotlík [65], with
the latter authors offering a similar explanation for this behaviour. On the contrary, mortar
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LM26% showed a decrease in the g values and a gentler increase in the h values over time
due to the occurrence of segregation.
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From the torque vs. time curves (Figure 5a) of the studied lime pastes with different
water contents, it can be seen that they displayed torque values similar to those of the most
fluid mortar (LM26%, Figure 3a). The increase in torque observed in the mortars was not as
evident in the pastes due to the absence of the aggregate that intensifies the breakdown of
lime agglomerates. Additionally, according to Seabra et al. [11], the aggregate can lead to
an increase in torque values because of its higher friction when flowing through the paddle.
Nevertheless, a slight increase in torque values was observed for the pastes with water
contents lower or equal to 20% during the test. In turn, the pastes with water contents
higher or equal to 24% presented segregation, where the larger lime agglomerates tended
to migrate to the bottom of the vessel due to the excessive water content. More so, a larger
difference was verified between the pastes LP24% and LP22% than between the pastes
LP24% and LP26%, despite the difference in water content being the same.
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The absence of a pronounced thickening allowed the computation of g and h values
for all pastes based on the respective torque vs. rotation speed or flow curves (not shown).
These are presented as a function of water content in Figure 5b. The values were taken
from the first up-ramp, but over the duration of the test, these values showed only small
variations. The increase in water content of lime pastes was responsible for a significant
decrease in g and h values, as occurs in cement pastes and mortars [66].

3.2. Influence of Mixing Conditions

The breakdown of lime agglomerates was found to be dependent on the agitation
promoted by the rheological test. It is then important to understand if the agitation
promoted by mixing has a similar effect on the agglomerate’s breakdown and what is the
relevance of the aggregate to this process. These issues were addressed by studying the
influence of the mixing conditions on the rheological behaviour of lime-based materials
and included the analysis of two different variables: the mixing time and the sequence of
addition of the constituents.

For the evaluation of the influence of the mixing time, the behaviour of a mortar mixed
under standard conditions (based on EN 1015-2:1998 [55] and EN 196-1:2005 [56]) was
compared to that of the same mortar with an additional mixing time of 60 min (at a low
speed—140 ± 5 rpm), as shown in Table 2. Such a long additional mixing time was selected
to make its effect (if any) more noticeable. Since a greater breakdown of lime agglomerates
and a higher consumption of kneading water were expected due to the longer mixing
time, a very fluid mortar would be necessary to achieve a valid rheological measurement.
Mortar LM26% was chosen because of its high water content. The designation LM26%-60
was attributed to the mortar with a long mixing time. The same principle was applied to
study the lime pastes (Table 2). In order to understand the influence of the aggregate on the
breakdown of lime particles during mixing, an identical mortar to LM26%-60, in which the
aggregate was only added at the end of the long mixing time, was also tested (Table 2). The
resulting mortar was denominated LM26%-60′.

Table 2. Mixing processes used to study the influence of mixing conditions.

Mortars and Pastes
Mixing Time (min), Speed (rpm) and Sequence of Addition of the Constituents

Lime + Water Aggregate Total Mixing Time

LM26%
1 min 1

(140 ± 5 rpm)

3 min 2

(285 ± 5 rpm)
4 min

LM26%-60 3 min 2

(285 ± 5 rpm)
60 min

(140 ± 5 rpm) 64 min

LM26%-60′ 1 min 1

(140 ± 5 rpm)
60 min

(140 ± 5 rpm)
3 min 2

(285 ± 5 rpm)
64 min

LP26% 1 min
(140 ± 5 rpm)

3 min
(285 ± 5 rpm) - 4 min

LP26%-60 1 min
(140 ± 5 rpm)

3 min
(285 ± 5 rpm)

60 min
(140 ± 5 rpm) - 64 min

1 Includes 30 s of mixing lime with water and 30 s for adding the aggregate. 2 Includes 30 s at 285 ± 5 rpm, 75 s of
pause for scrapping the bowl and for the mix to stand, and 60 s at 285 ± 5 rpm. The time was approximated in the
scheme for simplicity.

The fresh state properties of the mortars and pastes studied in this sub-chapter are
presented in Table 3.

The torque vs. time curves obtained for the studied mortars are shown in Figure 6. As
can be seen, the mixing time exerts an important influence on the fresh state properties of
lime-based materials, with mortar LM26%-60 displaying a much lower fluidity (Table 3) and,
thus, higher torque values than mortar LM26%. This is owing to the agitation promoted by
mixing that gradually breaks the lime agglomerates down, as discussed in the previous
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section, leading to a gradual thickening of the material. This effect is clearly intensified
by the addition of the aggregate due to its ‘ball-milling action’ [17]. As a consequence,
by the time that mortar LM26%-60 was subjected to the rheological measurements, part
of that thickening had already occurred—as denoted by the higher initial torque—and
continued throughout the test since the torque continued to increase over time. Similarly
worthy of note is the fact that the long mixing time allowed to perform a valid rheological
measurement on a mortar with a final flow value of 160 ± 5 mm (mortar LM26%-60,
Table 3), which could not be performed on a mortar with the same consistency but mixed
during the standard time (mortar LM18%, Table 1). This means that the rate of the lime
agglomerates breakdown tends to decrease over time, leading to the conclusion that mortar
LM26%-60 has a more stable rheological behaviour than mortar LM18%.

Table 3. Fresh state properties of lime mortars and pastes with different mixing conditions.

Mortars LM26% LM26%-60 LM26%-60′

Water/binder ratio 1.56 1.56 1.56
Flow value (mm) 284 165 275

Plunger pen. (mm) 68 13 67

Pastes LP26% LP26%-60 -

Water/binder ratio 1.56 1.56 -
Flow time (s) 7.5 8.0 -
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The particle size measurements performed on the lime suspensions (Figure 7a) and
the observations of these suspensions under a stereo microscope (Figure 7b) allowed
corroborating the above observations. When comparing the size of the lime agglomerates
after a standard mixing procedure and after a longer one with the aggregate, it can be
seen that the latter leads to smaller agglomerates (the average particle size decreased from
11.3 to 9.5 µm, i.e., 16%), owing to a shift of the particle size distribution curve to smaller
diameters. It should be stressed, however, that the use of the mesh to extract the aggregate
also possibly removed the lime agglomerates with diameters greater than 100 µm (the lime
had particles/agglomerates with dimensions up to 400 µm, as shown in Figure 1b), which
is the reason why there are no particles/agglomerates above that size.

When comparing the mortars LM26%-60 and LM26%-60′ (Figure 6), it can be perceived
that the latter presents much lower torque values. That is because the aggregate did not
have enough time to induce a significant breakdown of lime agglomerates in mortar
LM26%-60′, since it was added near the end of the mixing process (Table 2). Consequently,
there was still a notable amount of water to lubricate the mix after the mixing process
was completed, as corroborated by the high flow value obtained for this mortar (Table 3).
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Therefore, it can be concluded that the mixing time with the aggregate is the main factor
responsible for the breakdown of lime agglomerates.
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Regarding the values obtained for g and h, presented in Figure 8, a longer mixing time
with the aggregate (mortar LM26%-60) caused a vast increase in the parameters related to
yield stress and plastic viscosity, as occurred with the decreasing water content (Figure 4).
In turn, the inclusion of the aggregate only after a long mixing time of the paste (mortar
LM26%-60′) led only to a slight increase in both the h and g values when compared to those
presented by mortar LM26% due to a small thickening of the lime suspension prior to the
addition of the aggregate (Figure 8).
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For the pastes, a longer mixing time (without the aggregate) was responsible for de-
stroying some of the lime agglomerates, as denoted by the lower flow time and by the higher
torque values obtained for paste LP26%-60 than for paste LP26% (Table 3 and Figure 9),
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confirming the previous assumptions. During the rheometric test, however, the destruction
of lime agglomerates seemed insignificant, as there was no relevant increase in torque, yield
stress or plastic viscosity over time (Figures 9 and 10). These results reinforce the idea that
the mixing time with the aggregate has a greater influence on the rheological properties
than the mixing time without it.
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4. Hardened State Properties

Table 4 summarizes the information regarding the composition and fresh state proper-
ties of the mortars tested in the hardened state in order to aid in the subsequent discussion of
the results. Their hardened state properties are presented in Figures 11–13. Their pore size
distribution, determined with MIP, was used to complement the results (Figures 14 and 15).
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Table 4. Summary of the water content, mixing time and consistency of the mortars tested on the
hardened state.

Mortar LM18% LM26% LM26%-60 LM26%-60′

Water content (%) 18 26 26 26
Water/binder ratio 1.08 1.56 1.56 1.56
Mixing time (min) 4 4 64 64
Flow value (mm) 161 284 165 275
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4.1. Influence of Water Content

As concluded in the previous section, the water content was one of the main in-
fluencing factors of the rheological properties and had a direct impact on the consis-
tency/workability of lime mortars. Hence, it is important to evaluate its effect on the
hardened state properties of these materials.

When comparing mortar LM18%, which was produced with the water content (18%)
necessary for obtaining a consistency of 160 ± 5 mm, and mortar LM26%, which was made
with a higher water content (26%), the latter presented lower mechanical strengths at all ages
(Figure 11). This can be attributed to its higher free water amount that caused a delay in the
carbonation process (Figure 12), a higher porosity (Figure 13) and a larger pore size (Figure 14).
These results are in good agreement with those obtained by Arandigoyen et al. [67], who,
when studying lime pastes with different water contents, concluded that higher w/b ratios
caused swelling of the porous structure and, thus, a porosity and pore size increase. Moreover,
Hanley and Pavia [68] reported that water excess is responsible for a porosity increase, harming
the mechanical strength of lime-based materials as a result.
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4.2. Influence of Mixing Conditions

The mixing conditions also proved to be quite important for the hardened state
properties. When comparing mortars LM18% and LM26%-60, it can be perceived that
they presented distinct properties, despite having the same consistency. In fact, the longer
mixing time under the presence of the aggregate of mortar LM26%-60 was not beneficial
since it caused lower mechanical strength and higher open porosity (Figures 11 and 13) than
those presented by the mortars mixed under the standard procedure (LM18% and LM26%).
Previously, it was concluded that, with a longer mixing time, there is a more effective
breakdown of lime agglomerates. In the literature, a finer lime particle size is associated
with a higher carbonation rate [69–73] due to the higher solubility of smaller portlandite
crystals. However, contrary to the claims in the literature, mortar LM26%-60 displayed the
lowest carbonation rate (Figure 12), which had repercussions on its mechanical strength
(Figure 11). This can be explained when considering the pore size distribution of this mortar
(Figures 14 and 15), as it presented the highest proportion of smaller and larger pores. The
significant volume of small pores (<0.3 µm) hindered the access of carbon dioxide to the
uncarbonated areas of mortar LM26%-60, reducing the carbonation progress and, as a result,
the mechanical strength. At the same time, the substantial volume of large pores (>30 µm)
that contributed to the high porosity displayed by mortar LM26%-60 (Figures 13 and 14)
was detrimental to the mechanical strength (Figure 16), despite facilitating carbonation.
These large pores may originate in entrapped air due to the low fluidity of the mortar,
in entrained air derived from the long mixing time and/or in drying shrinkage cracks.
Regarding the latter, it should be noted that, despite having the same water content as
mortar LM26%, mortar LM26%-60 has a lower amount of free water (thus the lower flow
value) since part of the kneading water is retained in the greater surface area of the finer lime
particles and may lead to the formation of shrinkage cracks. In this regard, Lawrence [73],
when studying a mortar made with a dispersed lime (with a lower particle size obtained by
using a high-speed mixer to break up the agglomerates), reported similar trends, namely, a
slower rate of carbonation and of strength growth than that of a mortar made with regular
hydrated lime. However, despite being slower, the strength increase was verified until
later ages than in the other mortars, resulting in a final higher strength. Furthermore, the
mortar with dispersed lime showed the greatest proportion of smaller pores, as verified in
this work.
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In turn, mortars LM26% and LM26%-60′ presented very similar properties, partly due
to analogous consistencies. The lower mechanical strength and the higher porosity values
of these mortars, when compared to those of mortar LM18%, occurred due to the higher
amount of free water that, when evaporated, left behind a significant volume of capillary
pores (between 0.1–100 µm) and shrinkage cracks (>100 µm). Nevertheless, it should be
noted that these mortars presented a high tendency to segregate due to their high water
content, which was aggravated by compaction, and part of the bleeding water that formed
a layer on top of the specimens was lost during moulding.

5. Conclusions

The rheological behaviour of lime mortars with consistencies typically used in practise
(stiff to plastic) could not be adequately measured using a rotational rheometer (Visko-
mat NT, Schleibinger). This occurs due to the tendency of lime particles to form small
agglomerates or clusters that suffer a gradual breakdown during the mixing process and
the rheological test (i.e., with continued shearing). This, in turn, leads to a reduction in the
water available to lubricate the mix due to an increase in the surface area to be covered by
water, resulting in a steep increase in torque, yield stress and plastic viscosity (thickening of
the lime suspension) over time (rheopectic behaviour). It was only possible to obtain valid
rheological measurements for fluid mortars with high water contents (in this case, equal to
or higher than 24% of the dry weight for a mortar with a volumetric binder:aggregate ratio
of 1:2), owing to a reduction in the said parameters. On the other hand, excessively high
water contents (in this case, equal to or greater than 26%) caused segregation problems and
unstable rheological behaviour.

A longer mixing time caused an increase in torque, yield stress and plastic viscosity
values in the lime-based materials, especially when the aggregate was present. This
means that the breakdown of lime agglomerates is promoted by a ‘ball-milling’ action of
the aggregate.

The lime pastes presented a rheological behaviour similar to that of mortars in what
concerns the influence of the water content and mixing conditions, albeit not as markedly,
due to the absence of the aggregate, reinforcing the idea that the mixing time with the
aggregate has a greater influence on the rheological properties than the mixing time
without it.

The properties of lime mortars in the hardened state proved to be affected by the
abovementioned factors, particularly the resulting porous structure, with repercussions on
mechanical strength. A higher water content caused higher porosity, owing to an increase in
capillary pores and shrinkage cracks, and lower mechanical strength. A longer mixing time
with the aggregate was very detrimental to mechanical strength, despite the smaller lime
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particle size, as it originated a significant volume of large pores (>30 µm) due to shrinkage
and poorer compaction as well as of small pores (<0.3 µm) that delayed the carbonation
progress. Conversely, a longer mixing time without the aggregate was not as unfavourable.
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