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Abstract

Lime-based repair mortars, plasters, and renders are widely utilized in the conservation of
traditional buildings. Historically, considerable emphasis has been placed on ensuring that
new repair mortars are aesthetically compatible with existing historic materials. However,
comparatively less focus has been placed on ensuring hygric compatibility, which is criti-
cal to maintaining the moisture equilibrium of traditional masonry walls and preventing
moisture accumulation caused by repair interventions. The FabTrads project examined the
hygrothermal properties of newly fabricated quicklime mortars, prepared with binder-to-
aggregate ratios of 1:2 and 1:4, alongside a range of historic lime-based mortars, plasters,
and renders, sourced from buildings across Ireland. This paper presents a comparative
analysis of their hygric behaviour. Experimental results indicate that the capillary ab-
sorption of the fabricated mortars correlates well with their historic counterparts. Both
fabricated mortars exhibited vapour diffusion resistance factors within the range of the
historic samples, albeit towards the higher end. Hygrothermal simulations of vapour and
liquid water transport revealed that the moisture behaviour of the fabricated mortars is
largely within the range of performance of their historic counterparts. Relative humidity
was slightly elevated for the fabricated mortars in the models concerning vapour transfer.
Notwithstanding this, the findings provide a reassuring indication that the hygric perfor-
mance of fabricated quicklime mortars is comparable with that of traditional lime-based
materials, supporting their appropriate use in conservation practices without adversely
affecting the moisture dynamics of the building fabric.

Keywords: lime; moisture; repair; porosity

1. Introduction
The conservation of historic buildings requires a careful balance between preserving

historic character and original materials and meeting contemporary building performance
expectations of low operational energy use and indoor thermal comfort. As traditional
buildings are increasingly subject to adaptive reuse and thermal upgrading, such inter-
ventions must be undertaken with sensitivity to ensure that the architectural integrity and
historic significance of the building fabric are not compromised.

Before the widespread adoption of industrial cement production in the 19th century,
the majority of masonry structures across Europe and beyond were constructed using
lime-based materials. Lime remained in widespread use well into the mid-20th century,
and its revival in the late 20th century continues today, driven both by its suitability in
conservation practice and its appeal as a more sustainable alternative to Portland cement.
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Traditionally, lime was employed in a range of building applications, including mortars
for bedding and pointing masonry units, internal plasters, and external renders. These
materials played a critical role in defining the physical and hygric performance of building
envelopes, with Banfill (2021) estimating that the bedding and jointing mortar may account
for up to 40% of the volume of the wall [1]. In contrast to modern cementitious materials,
lime mortars are distinguished by their high capillary absorption and vapour permeability,
properties that enable the movement of liquid water and water vapour through the building
fabric [2]. This moisture managing ability within solid wall constructions helps to prevent
the accumulation of damp and promotes natural drying, which is particularly important in
buildings lacking damp-proof courses and other modern moisture control systems.

In recognition of these properties, the repair of historic buildings demands a “like-for-
like” material strategy, where the repair materials should closely match the physical and
chemical behaviour of the original fabric. The use of incompatible materials, especially
impermeable cement mortars, renders, and plasters, has been shown to disrupt moisture
dynamics, trapping water within walls and accelerating decay of the adjacent masonry [2].
Significant research and conservation practice have focused on replicating the composition
of historic mortars, using microscopy and chemical analysis to provide detail on the type
of binder, aggregates, grading curves, and recognition of characteristic inclusions such as
lime lumps, fuel ash, shell fragments, or brick dust [3–5]. However, there has been less
emphasis on establishing the compatibility of the hygric performance of modern replicas.
In practice, efforts to simulate traditional formulations often stop at compositional analysis,
with assumptions made that the correct ingredients and mixing methods will result in
equivalent in-service behaviour. However, this overlooks the complex interactions be-
tween the material microstructure and environmental performance, particularly regarding
hygrothermal properties, which are less frequently tested in the field. Researchers have
investigated various properties related directly or indirectly to hygric behaviour—for ex-
ample, porosity [6–8] and capillary absorption [9] for historic and repair mortars. However,
the full range of hygric properties, including sorption capacity, permeability, and capillary
absorption, is rarely analysed comprehensively for historic mortars, which is essential for
forming an accurate understanding.

Quicklime mortars, also referred to as “hot-mixed” mortars, have gained popularity
due to their historical authenticity and their potential to replicate the qualities of the original
mortars more faithfully than pre-hydrated lime putty-based alternatives [10,11]. Quicklime
mortars are prepared by mixing unslaked lime (calcium oxide) with aggregates and water,
often directly on site. This initiates an exothermic slaking reaction that produces calcium
hydroxide, while binding to the aggregate particles. This method of preparation, widely
used historically, is thought to result in mortars with improved workability with less water
added, resulting in a positive influence on the mechanical and water-related performance
of the mortars [12].

Since the complete set of hygrothermal properties of historic lime-based mortars,
plasters, and renders has rarely been comprehensively measured [1], a thorough compar-
ison between these properties and those of newly fabricated restoration mortars has yet
to be fully conducted. The FabTrads Project was initiated to explore the hygrothermal
performance of traditional building materials. For this, the hygrothermal properties of
a range of historic mortars, renders, and plasters were measured, along with two newly
fabricated quicklime mortars as used in the conservation industry in Ireland today. This
paper investigates and compares the hygric performance of these newly fabricated restora-
tion mortars compared with their historic counterparts tested within the same study. The
historic mortars are investigated in more detail in another paper by the authors [13].
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This paper presents and compares key hygrothermal properties, sorption capacity,
vapour diffusion resistance, and capillary absorption, selected for their critical role in
hygrothermal modelling. While other material characteristics such as compressive strength,
flexural resistance, setting times, and shrinkage behaviour are important for structural
integrity and aesthetics, they are beyond the scope of this study. The primary focus here is
to evaluate whether modern fabricated quicklime mortars provide functional equivalence
to their historic counterparts in terms of moisture behaviour, thereby ensuring that the
long-term moisture dynamics of repaired walls remain unchanged and can mitigate the
risk of moisture accumulation and subsequent decay in historic structures.

2. Materials and Methodology
2.1. Materials

Two replica fabricated mortars were made on site at a historic building currently
undergoing conservation works. The formulation was based on the guidance of expert
lime craftsman Damien Condon (Co. Tipperary, Ireland) and reflects methods routinely em-
ployed in traditional conservation practice, as shown in Figure 1. Two binder-to-aggregate
ratios (by volume of the unslaked lime) were prepared: 1:2 and 1:4. While a 1:3 ratio is more
commonly used in practice, the inclusion of 1:4 aimed to explore the influence of binder con-
tent on the hygrothermal behaviour of the mortar. It is important to note that as quicklime
(CaO) slakes to calcium hydroxide (Ca(OH)2), it approximately doubles in volume. As a
result, the effective binder-to-aggregate ratios shift to approximately 1:1 and 1:2 by volume,
respectively. The mortars were produced using a traditional hot-mix method, involving a
layer slaking technique of alternative layers of quicklime and damp Wexford beach pebble
sand aggregate, with watering of each layer. A small amount (10% by volume) of wood
ash was added as a pozzolanic component. This inclusion reflects the likely presence of
such impurities in historic mortars, where limestone was burned in fuel-rich kilns with
the fuel ash acting as a pozzolan and contributing to mortar hydraulicity. After slaking,
the mixture was transferred to a mechanical mixer, where additional water was added to
achieve a workable consistency. The mortar was placed in cylindrical moulds (~100 mm
diameter and a thickness of 50 mm–120 mm) and cured in the laboratory for 3 months prior
to commencement of testing. It is likely that full carbonation was not achieved during this
time frame. Banfill (2021) observes that carbonation typically increases the density of lime
mortar, with hot-mix mortar showing increases of over 5%; however, in some cases, the
difference is not significant [1]. These samples are referred to as the fabricated samples (F2
and F4 for 1:2 and 1:4 binder: aggregate ratios, respectively).

   
(a) (b) (c) 

Figure 1. Preparation of quicklime samples: (a) layers of quicklime and sand aggregate, (b) release of
steam during exothermic reaction, and (c) cylindrical samples.
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Seven lime-based mortars, plasters, and renders were sourced from historic buildings
(constructed before 1900) in Ireland that were undergoing renovation, as shown in Figure 2
and listed in Table 1. Some samples were manually extracted from the building using hand
tools, while others were collected from construction waste. The samples were irregularly
shaped and often friable, making it difficult to cut them into uniform pieces. These samples
are referred to as the historic samples with mortar (M) from between masonry units; plaster
(P) from the internal side of the wall, and render (R) from the external side of the wall.

  
(a) (b) 

Figure 2. Plaster on a rubble stone wall during removal (a). Removal of sections of lath and plaster (b).

Table 1. List of fabricated and historic plaster samples.

Name Description Approximate Date

F2 Fabricated mortar 1:2 2023
F4 Fabricated mortar 1:4 2023
M2 Lime-based mortar from rubble granite wall c. 1740s
M6 Lime-based mortar from brick wall (rear elevation) c. 1870s

P1 Lime-based internal plaster from Georgian
townhouse c. 1800s

P2 Lime-based internal plaster (lath and plaster—lath
not included in test) c. 1850s

P3 Lime-based internal plaster c. 1850s
P5 Lime-based internal plaster c. 1890s
R1 Lime-based external render from stone outbuilding c. 1800s

2.2. Laboratory Testing

The fabricated samples followed the established testing methodology, which was
also adopted for a range of traditional bricks and stones used in masonry construction in
Ireland [13] as set out in Table 2. The samples were stored in the laboratory (RH 40–60%)
prior to testing. Six fabricated samples were tested for each test.

Adaptations were made to accommodate the irregular shapes of the historic samples.
These adaptations are indicated in the table with an asterisk (*). The historic samples
exhibited irregular cross-sectional areas and variable thicknesses, which inevitably intro-
duced some measurement uncertainties. However, this approach remains valuable, as
it is the only viable method for assessing actual historic materials, given that cutting or
reshaping these friable samples is not feasible without causing damage or altering their
hygric properties. A minimum of four historic samples were tested for each test, with up to
six samples included where suitable material was available.
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Table 2. Overview of testing methodology.

Test Standard Summary of Test Procedure

Open porosity/bulk density EN 1936:2006 [14]
ISO 12570:2000 [15]

Saturation of samples in water under a vacuum; calculation
of density and porosity from wet weight (submerged), wet
weight (dabbed), and dry weight
* Irregular shaped samples were used, and some loss of
material resulted during saturation in water

Moisture adsorption ISO 12571:2021 [16]

Fractured samples conditioned to a constant weight at 50%,
80%, and 95 and/or 97% RH; calculation of moisture
content in kg/kg (%)
* No change from the standard

Free saturation EN 13755:2008 [17]

Saturation of samples in water at atmospheric pressure;
calculation of water content at 72 h
* Irregular shaped samples were used, and some loss of
material during saturation in water

Capillary absorption ISO 15148:2002 [18]

Partial immersion of samples in water (1 contact face);
calculation of rate of absorption over time from repeated
weighing
* The samples had irregular cross-section areas. Samples
were suspended over water

Vapour permeability ISO 12572:2016 [19]

Samples on dry cups conditioned at 50% RH/23 ◦C;
calculation of vapour diffusion resistance from average
weight gain after stabilization period
* The samples had small and irregular cross-section areas

* Note: Adaption to standard for historic samples.

2.3. Hygrothermal Modelling

Two hygrothermal simulations were carried out using WUFI Pro 7 (Fraunhofer IBP,
Stuttgart—Vaihingen, Germany) to investigate water vapour and liquid water transfer
in the mortars, as shown in Figure 3. The simulations were undertaken in steady-state
climates on both sides of a hypothetical “wall” of solid mortar. The simulations do not fully
represent real-life conditions, as they examine moisture behaviour solely within the mortar,
without accounting for the complexities of the masonry. The simulations were run with
the fabricated mortars (F2 and F4) and all tested historic lime-based mortars, plasters, and
renders. The material properties measured during experimental testing (Section 3.1 and
Table 3) were used to create material files.

Table 3. Overview of the hygrothermal properties of materials used in the simulations.

Material ρ ϕ w80 wf Aw µ λdry

kg/m3 % kg/m3 kg/m3 kg/m2√s - W/mK

M2 1463.42 43.6 16.21 369.06 0.482 36.04 0.46
CV (%) 1.5 2.7 11.7 3.0 6.6 16.3 15.7

M6 1747.72 33.7 19.84 270.10 0.238 22.65 0.91
CV (%) 1.1 1.5 50.5 2.6 16.3 17.4 7.3

P1 1492.27 42.8 16.97 370.18 0.278 24.86 0.48
CV (%) 1.6 1.6 9.0 2.3 24.8 28.4 14.6

P2 1617.93 36.4 11.12 326.47 0.232 22.61 0.31
CV (%) 2.2 6.0 4.2 3.2 21.7 11.0 21.7

P3 1589.68 38.7 9.91 288.28 0.273 25.44 0.60
CV (%) 2.0 3.6 18.8 4.1 10.2 17.6 2.2

P5 1628.89 36.6 13.48 302.34 0.195 16.33 0.62
CV (%) 1.4 2.5 16.7 2.6 29.2 18.7 7.2

R1 1573.24 38.2 25.01 319.23 0.189 23.39 0.41
CV (%) 1.8 3.8 5.7 3.1 30.2 27.5 16.6

F2 1595.59 37.2 19.81 318.65 0.240 33.65 0.84
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Table 3. Cont.

Material ρ ϕ w80 wf Aw µ λdry

kg/m3 % kg/m3 kg/m3 kg/m2√s - W/mK

CV (%) 0.8 1.4 53.2 1.2 3.6 20.2 6.9
F4 1733.05 30.8 11.35 253.98 0.204 32.11 0.95

CV (%) 0.5 3.7 10.9 0.5 4.2 6.5 4.7

Simulation 1 focuses on vapour transfer, with water vapour moving from a high
relative humidity (RH) environment (95%) on the left-hand side (LHS) to a lower RH
environment (50%) on the right-hand side (RHS). The results for water content and RH
are investigated at the centre of the sample, marked at 100 mm with a star in Figure 3.
Simulation 2 examines liquid water transfer under conditions of a constant RH on both
sides. Liquid water is introduced at 50 mm from the external side (left-hand side) by way
of a user-defined constant monthly moisture load of 10,000 g/m2, applied intermittently
for one month at a time in alternating months, to simulate wetting and drying cycles in
the WUFI model. This is a high moisture load and was selected to investigated moisture
conditions that would result in a high RH (~75–95%) in the material, which is a RH value
commonly seen in buildings at risk of material decay.

Figure 3. Simulations 1 and 2, showing a solid piece of mortar; the star indicates the location of the
results (RH or moisture content) output in Figures 8–11. Note: The star is the location of measurement
and the droplet is the location of added moisture source.

3. Results
3.1. Bulk Density and Open Porosity

The relationship between open porosity and bulk density for the samples (Figure 4)
follows an expected linear pattern due to employing the shared measurement method
(R2 = 0.94). The fabricated mortars (F2, F4) are closely aligned to the linear relationship
between increasing porosity and decreasing bulk density. F2 (1:2 binder/aggregate ratio) is
positioned in the mid-range of the samples tested, while F4 (1:4 binder/aggregate ratio)
has lower porosity. This contradicts the findings of Margalha et al. 2011, who found that
compositions with a lower binder content produce mortars with greater open porosity [12].
This highlights the likely impact of other variables on binder performance, such as aggregate
grading, water content, etc.

R² = 0.9383
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3.2. Sorption Capacity

Moisture adsorption was assessed at three relative humidity (RH) levels, namely 50%,
80%, and 95%, as shown in Figure 5. As observed in similar studies involving bricks
and stones, no direct correlation was found between open porosity and overall moisture
uptake [20,21]. This supports the understanding that moisture adsorption capacity is
strongly influenced by pore size distribution, with open porosity having a lesser effect.
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Figure 5. Water content at different relative humidities—50%, 80%, and 95%.

The fabricated mortars (F2 and F4) demonstrate moisture contents that fall within
the observed range for the other historic materials at both 80% and 95% RH. However,
at 50% RH, both F2 and F4 exhibit slightly lower moisture content than their historic
counterparts. Such behaviour might indicate a lower tendency to adsorb moisture in low-
RH environments, though it is not established if this is a fundamental material characteristic
or confined to this sample set, and is possibly due to the incomplete carbonation of the
samples at the time of testing. Since relative humidities of 50% do not pose a hygric risk,
the values at 80% and 95% RH are of greater relevance.

3.3. Capillary Absorption

Capillary absorption was evaluated by plotting the water absorption coefficient (Aw)
against total porosity (%) for all material samples, as shown in Figure 6. A weak correlation
was observed (R2 = 0.47), indicating that while porosity influences capillary uptake, it does
not fully explain the variability, again highlighting the importance of pore structure and
connectivity.
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The fabricated mortar F2 lies near the centre of the distribution, closely aligned with
the trend line, suggesting typical capillary behaviour relative to its porosity. F4 has only
a slightly lower capillary absorption despite its lower porosity. Similarly, Arrizzi and
Cultrone (2014) found that mortars with the highest lime content absorbed the highest
amount of water by capillarity [22]. M2 exhibits high capillary absorption, attributed to its
high porosity, which likely results from poor compaction within a rubble stone wall, unlike
the denser mortar joints in a brick wall or the more consolidated nature of plaster or render.

3.4. Vapour Diffusion Resistance

Vapour diffusion resistance (µ) was plotted against total porosity (%) for all material
samples as shown in Figure 7. No relationship was observed between open porosity and
vapour diffusion resistance, while analyses of brick and stone materials have shown an
increase in vapour permeability at higher open porosity [20,21]. The lack of correlation
observed here aligns with Arrizzi and Cultrone (2014), who also found that vapour diffusion
in their mortar samples was not influenced by porosity or aggregate content [22]. The
fabricated mortars (F2 and F4) exhibited vapour diffusion resistance values toward the
higher end of the range compared with their historic counterparts, with only M2 showing
higher values. Increased vapour diffusion resistance is undesirable for lime-based materials,
as it indicates a restriction in vapour movement through the material. However, the results
are relatively closely grouped, suggesting that the slightly elevated vapour resistance of the
fabricated mortars are unlikely to significantly affect moisture content in wall constructions.
Additionally, differences in measurement methods, using thicker and fully intact fabricated
mortars compared with irregular historic samples, may have contributed to the variation
in the values observed.
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Figure 7. Relationship between open porosity and vapour resistance.

4. Discussion and Hygrothermal Modelling
The experimental results highlight the individual characteristics of the fabricated

plasters compared with historic materials and are set out in Table 3. However, they do not
fully reflect the complex interactions among hygrothermal processes. Unlike standalone
tests, which isolate characteristics such as vapour permeability, capillary absorption, and
sorption capacity, hygrothermal simulations can capture the dynamic and interdependent
nature of moisture storage and transfer processes within building materials.

To investigate these complex interactions, two distinct and abstract one-dimensional
simulation models of a pure lime-based material were developed using WUFI Pro 7,
as described in Section 2.3, to separately investigate the impact of a relative humidity
gradient and intermittent water inputs While an almost limitless range of configurations
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is theoretically possible, encompassing variations in sample thickness, moisture inputs,
and measurement locations, the parameters selected for this study were chosen for their
simplicity and for producing elevated relative humidity levels, which pose particular risks
for traditional buildings. Together, these simulations offer a more integrated understanding
of mortar’s performance, particularly in relation to moisture dynamics within the building
envelope. The historic lime-based materials are not separated according to function (mortar,
plaster, and render), which has been investigated in another paper by the authors [13].

The simulations show RH and moisture content during vapour transfer from high to
low RH environment (Simulation 1, Figures 8 and 9) and due to intermittent introduction
of liquid water (Simulation 2, Figures 10 and 11). The graphs display relative humidity
(RH) and moisture content at the location indicated in Figure 3 and demonstrate that
the fabricated mortars (represented by red and orange lines) generally fall within the
range exhibited by their historic counterparts (depicted in grey). This alignment suggests
comparable hygric behaviour across both groups of materials. The only notable deviation
occurs in RH for Simulation 1, where the values for mortar F2 slightly exceeds the historic
range (Figure 8), likely due to the higher vapour resistance observed experimentally. This
is notable but is likely to be of lesser significance in real-life wall assemblies, where both
vapour and liquid water transfer mechanisms occur simultaneously.

Figure 8. Simulation 1—RH, with fabricated mortar highlighted (F2, red; F4, orange) and historic
mortars, plasters, and renders in grey, collectively illustrating the performance spectrum of the
historic dataset.

 
Figure 9. Simulation 1—water content, with fabricated mortar highlighted (F2, red; F4, orange) and
historic mortars, plasters, and renders in grey, collectively illustrating the performance spectrum of
the historic dataset.
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Figure 10. Simulation 2—RH, with fabricated mortars highlighted (F2, red; F4, orange) and historic
mortars, plasters, and renders in grey, collectively illustrating the performance spectrum of the
historic dataset.

Figure 11. Simulation 2—Water content, with fabricated mortars highlighted (F2, red; F4, orange)
and historic mortars, plasters, and renders in grey, collectively illustrating the performance spectrum
of the historic dataset.

The behaviour of F4 largely falls within the mid-range of the historic mortars. In fact,
F4’s performance aligns more closely with the historic samples than F2, despite F2 having
experimentally measured porostiy and capillary absorption more closely resembling those
of the historic materials. This illustrates the complex interplay of moisture storage and
trasfer mechanisms, and highlights issues with comparisons of individual parameters
in isolation.

In conservation, it is crucial that repair materials are hygrically compatible with
historic fabric to prevent moisture-related damage. The simulation results indicate that
the fabricated mortars exhibit moisture content and relative humidity levels comparable
with those of historic mortars, based on the specific modelling inputs used. This supports
the idea that the fabricated mortars are suitable for conservation applications, as their
hygrothermal behaviour aligns with the traditional materials. As a result, they can help
preserve the original moisture dynamics within walls, reducing risks such as trapped
moisture and material decay. In practice, it is essential that any proposed fabricated
mortar closely replicates the specific hygric behaviour of the existing historic materials in a
given building.

These findings support the importance of a performance-based approach to conserva-
tion. Compositional and manufacturing replication of historic mortars can never be fully
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captured, and therefore, functional compatibility, including in the hygric properties, is
crucial to collectively define material performance. This approach validates selecting repair
mortars based on measurable performance in addition to historic binder ratios or aggregate
compositions, framing material selection in terms of actual moisture dynamics and durabil-
ity outcomes. It is essential that hygrothermal testing of actual historic lime-based mortars,
plasters, and renders continues, both to expand the available dataset and to deepen our
understanding of their moisture-related behaviour. Such testing allows for more accurate
characterization of historic materials’ performance, informs the development of compatible
repair mortars, and supports a performance-based approach to conservation. Increasing
the body of empirical data will also help account for variability in historic construction
practices and provide a more robust foundation for designing interventions that minimize
the risk of moisture-related deterioration. Overall, this research demonstrates that aligning
repair mortars with historic hygric performance, rather than purely compositional fidelity,
offers a robust and flexible strategy for heritage conservation.

5. Conclusions
The hygric performance of repair lime mortars is critical to ensuring compatibility

with existing historic masonry. Other important properties, such as mechanical behaviour,
shrinkage, and durability, also play an important role but were not considered in this
research. Laboratory investigations revealed that the fabricated quicklime mortar F2 falls
within the mid-range of density and porosity observed in historic mortars, while F4 exhibits
lower porosity and correspondingly higher density. Both fabricated mortars demonstrated
mid-range capillary absorption, despite the lower porosity of F4. Adsorption and vapour
permeability did not correlate to open porosity, and both fabricated mortars showed low
adsorption at 50% RH but aligned more closely with historic mortars at higher relative
humidity levels (80% and 95%). Vapour diffusion resistance for both F2 and F4 was at the
higher end of the historic range.

Hygrothermal modelling of vapour and liquid water transfer provides a more holistic
understanding of moisture dynamics. In two modelled scenarios, fabricated mortars
displayed moisture behaviour comparable with that of historic mortars, with the exception
of F2 having slightly elevated RH in the vapour transfer model (Simulation 1). While this
modelling does not aim to represent the complexity of real-world moisture conditions in
walls, it supports the conclusion that the fabricated mortars are likely to perform in a similar
range to historic materials, thereby minimizing the risk of moisture-related deterioration.

This paper emphasizes the importance of mortar and render matching, not only in
terms of aesthetic and compositional compatibility but also with regard to hygric perfor-
mance. Ensuring that the repair materials align with the moisture transport characteristics
of historic substrates is critical to preserving the long-term durability and performance of
heritage structures.
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