
 
 

Delft University of Technology

Document Version
Final published version

Licence
CC BY

Citation (APA)
da Silva Munhoz, G., Zeng, Y., de Lima Junior, L. M., & Ye, G. (2026). Toward FAIR and reproducible research on air
lime-containing mortars: characterization workflow and open dataset for fresh, physical, and mechanical properties.
Developments in the Built Environment, 26, Article 100892. https://doi.org/10.1016/j.dibe.2026.100892

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1016/j.dibe.2026.100892


Toward FAIR and reproducible research on air lime-containing mortars: 
characterization workflow and open dataset for fresh, physical, and 
mechanical properties
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Civil Engineering, 3MD, Delft University of Technology, the Netherlands
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A B S T R A C T

Although air lime is a carbonatable binder with high carbon sink potential, reproducible research remains 
hindered by the limited availability of lime-oriented standards and openly accessible datasets. These limitations 
prevent the consolidation of fundamental knowledge and reinforce the perception of lime mortars as highly 
variable and empirical materials. This study addresses this gap by implementing a FAIR-aligned (Findable, 
Accessible, Interoperable, Reusable) and reproducible workflow for the characterization of air lime-containing 
mortars. Four mixtures were monitored for up to 364 days to assess fresh, physical, and mechanical proper
ties under defined conditions. All experimental metadata and datasets are openly published in a structured re
pository. Results show that air lime-containing mixtures exhibited longer setting times, higher open porosity, 
greater carbonation depths, and lower compressive strength. Length change measurements indicate hydration- 
carbonation interactions, particularly in lime-cement systems. By combining experimental characterization 
with a FAIR-aligned and reproducible workflow, this work supports more transparent, resource-efficient research 
practices.

1. Introduction

The lack of FAIR-aligned (Findable, Accessible, Interoperable, and 
Reusable) and reproducible workflows has increasingly been recognized 
as a critical challenge in modern research practices, limiting the 
consolidation of fundamental knowledge and the efficient use of re
sources (Wilkinson et al., 2016). Particularly in materials research, 
where experimental studies often characterize short- and long-term 
behavior of specimens under varying conditions, the lack of methodo
logical detail during scientific reporting and the absence of openly 
accessible datasets hinder the comparability, verification, and reuse of 
results.

These challenges are particularly pronounced in the field of air lime 
mortars, a non-hydraulic, calcium-based binder historically associated 
with empirical practices and high variability (Kang et al., 2019). Air 
lime has been used as a building material since antiquity, with appli
cations dating back to 7000 BCE (Carran et al., 2012; Arizzi and Cul
trone, 2013; Lanas et al., 2004). Despite the improvements in lime 

production and construction techniques over the centuries, knowledge 
of lime-based materials remained poorly documented and was pro
gressively lost following the widespread adoption of Portland cement 
(Hansen et al., 2008; Ruiz-Agudo and Rodriguez-Navarro, 2009).

Today, the use of building lime is mostly limited to the conservation 
of the built heritage and masonry systems (Oliveira et al., 2017). 
However, recent environmental policies, such as the European Green 
Deal (European Commission), have renewed interest in air lime mortars, 
as they harden primarily through carbonation, sequestering carbon di
oxide (CO2) and acting as carbon sinks (Liu et al., 2023). Over the past 
fifteen years, several studies investigating the physical and mechanical 
performance of lime-containing mortars were published, some of which 
are discussed in sequence.

At KU Leuven, extensive research has been conducted on lime- 
cement systems, particularly focusing on the interaction between 
cement hydration and lime carbonation (Van Balen, 2005; Cizer, 2009). 
At Trinity College Dublin, investigations have examined the influence of 
aggregate content on the physical and mechanical properties of 

* Corresponding author.
E-mail addresses: g.dasilvamunhoz-1@tudelft.nl (G. da Silva Munhoz), y.zeng-4@tudelft.nl (Y. Zeng), luizc.limajunior@gmail.com (L.M. de Lima Junior), g.ye@ 

tudelft.nl (G. Ye). 
1 Present address: Paebbl BV, The Netherlands.

Contents lists available at ScienceDirect

Developments in the Built Environment

journal homepage: www.sciencedirect.com/journal/developments-in-the-built-environment

https://doi.org/10.1016/j.dibe.2026.100892
Received 30 October 2025; Received in revised form 4 February 2026; Accepted 23 February 2026  

Developments in the Built Environment 26 (2026) 100892 

Available online 28 February 2026 
2666-1659/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:g.dasilvamunhoz-1@tudelft.nl
mailto:y.zeng-4@tudelft.nl
mailto:luizc.limajunior@gmail.com
mailto:g.ye@tudelft.nl
mailto:g.ye@tudelft.nl
www.sciencedirect.com/science/journal/26661659
https://www.sciencedirect.com/journal/developments-in-the-built-environment
https://doi.org/10.1016/j.dibe.2026.100892
https://doi.org/10.1016/j.dibe.2026.100892
http://creativecommons.org/licenses/by/4.0/


lime-containing mortars (Pavía and Aly, 2016; Pavia et al., 2019). 
Valuable insights into the characterization of lime-containing mortars 
have also been reported in Portugal (Oliveira et al., 2017; Branco et al., 
2021), Spain (Lanas et al., 2005; Rodriguez-Navarro et al., 2023), 
Greece (Stefanidou et al., 2026; Pachta et al., 2014), and the United 
Kingdom (Lawrence et al., 2007; Ball et al., 2011).

From a standardization perspective, relevant frameworks include the 
EN 459 (European Committee for Standardization, 2015) and EN 1015 
(European Committee for Standardization, 1998a) series, along with 
recent contributions from RILEM TC 277-LHS (Veiga et al., 2023; Groot 
et al., 2022; Alvarez et al., 2021; Maravelaki et al., 2023) and the Eu
ropean project SUBLime (SUBLime, 2021). The work of the RILEM TC 
277-LHS committee in particular represents an important milestone in 
improving the testing and evaluation of lime-containing mortars. Four 
publications are worth mentioning. 

i) Properties of lime-based renders and plasters–discussion of current 
test methods and proposals for improvement (Veiga et al., 2023) 
reviews the performance-related properties of lime-based renders 
and plasters. It highlights that many standardized test methods 
developed for cement-based mortars are not well suited to lime 
systems and proposes modifications to better characterize 
lime-based renders and plasters. These recommendations repre
sent an initial step toward more reliable testing frameworks for 
lime-based materials.

ii) Lime-based mortars for restoration–a review on long-term durability 
aspects and experience from practice (Veiga et al., 2023) (Groot 
et al., 2022) synthesizes theoretical principles, laboratory 
research, and practical field experience to identify key limitations 
affecting the long-term durability of mortars used in the resto
ration of historic masonry. The report also stresses the need for 
careful evaluation and suitability testing to ensure compatible 
conservation interventions.

iii) A review on the mechanisms of setting and hardening of lime-based 
binding systems (Alvarez et al., 2021) consolidates existing 
knowledge on the physicochemical processes governing the 
setting and hardening of lime-based binders, including drying, 
carbonation, hydration, and pozzolanic reactions. The report 
emphasizes the need for adapted test methods that reflect the 
distinct composition and performance characteristics of 
lime-based systems.

iv) Additives and admixtures for modern lime-based mortars 
(Maravelaki et al., 2023) reviews the role of additives and ad
mixtures in modern lime-based mortars, compiling knowledge 
from literature and practice. The report highlights the sensitivity 
of performance to dosage and the need for dedicated testing 
procedures and further standardization.

Despite the efforts reported in previous investigations (Oliveira et al., 
2017; Van Balen, 2005; Cizer, 2009; Pavía and Aly, 2016; Pavia et al., 
2019; Branco et al., 2021; Lanas et al., 2005; Rodriguez-Navarro et al., 
2023; Stefanidou et al., 2026; Pachta et al., 2014; Lawrence et al., 2007; 
Ball et al., 2011), discussions on data transparency, FAIR alignment, and 
reproducibility remain scarce. Consequently, cross-study comparisons 
are limited, hindering the development of cumulative, interoperable 
datasets for lime mortar characterization. This gap directly affects the 
efficient use of research resources, as similar experimental efforts often 
need to be repeated rather than built upon.

Therefore, this work aims to support the transition toward more 
transparent and reproducible research practices in the field of air lime 
by combining experimental characterization with a FAIR-aligned 
workflow. Four mortar mixtures were designed and monitored for up 
to 364 days to assess fresh properties (entrapped air content and setting 
times), physical properties (pore structure, total length change, and 
mass evolution), and mechanical performance (compressive strength) 
under clearly defined material, curing, and environmental conditions. 

Carbonation progress was evaluated using the phenolphthalein indica
tor method and thermogravimetric analysis (TGA). All associated 
experimental metadata and datasets are openly published in a structured 
repository to support verification, reuse, and data integration. In the 
absence of dedicated lime-oriented standards, procedures established 
for Portland cement were adopted and fully documented to ensure 
reproducibility.

2. Materials and methods

Four mixtures were designed to investigate the fresh, physical, and 
mechanical properties of air lime-containing mortars. All mixtures fol
lowed a 1:3 binder-to-aggregate ratio, which has been widely reported 
in the literature (Cizer, 2009; Pavía and Aly, 2016) and is commonly 
employed in building practice. Although mixtures were named accord
ing to their volumetric proportions (as commonly specified in con
struction practice), all mixtures in this experimental program were 
proportioned by mass (as mass-based proportioning provides greater 
accuracy). The details of each mixture are presented in Table 1.

The water content in each mixture was adjusted to achieve a flow 
table value of 165 ± 8 mm, in accordance with EN 459-2:2021 
(European Committee for Standardization, 2021). Maintaining a con
stant flow table value across mixtures is the standard approach in both 
research and field applications with air lime (Pavía and Aly, 2016; Pavia 
et al., 2019; Branco et al., 2021), as it ensures comparable workability 
and application techniques.

2.1. Materials

The mixtures were produced using Portland cement type II (CEM II/ 
A-L 32.5R), hydrated air lime (CL90-S), standard siliceous sand (0- 
2 mm), and tap water. Portland cement type II was selected for its lower 
carbon footprint, resulting from the partial replacement of clinker with 
chemically inert limestone. Air lime type CL90-S was chosen for its high 
carbon sink potential, as its hardening mechanism depends primarily on 
carbonation. Standard siliceous sand (EN196-1:2016 (European Com
mittee for Standardization, 2016)) was used to limit the number of 
variables within each mixture, given its controlled particle size distri
bution and chemical stability. A detailed characterization of each 
component is presented next.

2.1.1. Binders (Portland cement and air lime)
The chemical and mineral compositions of the binders were deter

mined by X-ray fluorescence (XRF) and X-ray diffraction (XRD), 
respectively. The XRF results were obtained using a Panalytical Axios 
Max Wavelength Dispersive X-ray fluorescence spectrometer and are 
presented in Table 2. For the XRD analysis, scans were performed using a 
Bruker D8 Advance diffractometer coupled with Cu-Kα radiation 
(λ = 1.54 Å) over a 2θ range of 5◦-75◦, with a step size of 0.020◦, and a 
counting time of 1.25 s per step. The XRD patterns are shown in Fig. 1.

According to Table 2, both binders exhibited high calcium contents. 
In Portland cement, this was attributed to the partial replacement of 
clinker with limestone filler, while in air lime, the high calcium content 
is intrinsic to its type (CL90-S). Regarding the mineral composition, XRD 
diffractograms revealed alite (C3S), belite (C2S), and calcium carbonate 
(CaCO3) as the main crystalline phases in Portland cement. In air lime, 
calcium hydroxide (Ca(OH)2) was identified as the predominant 
compound.

The physical characteristics of the binders, including bulk density, 
specific gravity, specific surface area (SSA), and median particle size 
(D50) determined by laser diffraction, are presented in Table 3. Infor
mation on the particle size distribution was obtained using the 
Ankersmid EyeTech Laser diffraction analyzer and is shown in Fig. 2.

The SSA of the binders were measured by nitrogen (N2) adsorption 
using the Brunauer-Emmett-Teller (BET) method. The higher values 
obtained for hydrated lime compared to cement are consistent with 
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values reported in the literature (Fourmentin et al., 2015), where lime 
typically exhibits significantly greater surface area due to its finer and 
more porous particle structure.

As shown in Table 3 and Fig. 2, the D50 of Portland cement was about 
two times larger than that of air lime. Consequently, lime particles are 
expected to occupy the space between cement grains and play a physical 
role in addition to their chemical one.

2.1.2. Fine aggregate
The mineralogical composition of the fine aggregate was determined 

by XRD over a 2θ range of 5◦-75◦, with a step size of 0.020◦ and a 
counting time of 1.25 s per step. As shown in Fig. 3a, SiO2 (quartz) was 
identified as the main crystalline phase. The particle size distribution of 
the sand was consistent with the recommendations of EN 196-1:2016 
(European Committee for Standardization, 2016), as presented in 
Fig. 3b.

The physical characteristics of the fine aggregate, including bulk 
density, specific gravity, and water absorption are presented in Table 4.

The low water absorption seen in Table 4 indicates that the fine 
aggregate has low porosity and is, therefore, less prone to moisture 
retention. The measured bulk density and specific gravity are consistent 
with the expected values for siliceous sands.

2.2. Methods

2.2.1. Mixing, curing, and demolding
The mixing procedure lasted 4 min and followed the recommenda

tions of EN 459-2:2021 (European Committee for Standardization, 
2021) and EN 196-1:2016 (European Committee for Standardization, 
2016). First, the binder was placed in the mixing bowl (for lime-cement 
systems, a manual pre-mix was performed). Then, water was added, and 
mixing proceeded at low speed for 30 s. During the following 30 s, sand 
was gradually added. After that, the mixing speed was set to high for 
another 30 s. For the subsequent 90 s, the mixer was switched off, and 
the sides and bottom of the bowl were scraped, including the shovel. 
Finally, mixing resumed at high speed for the remaining 60 s, stopping at 
4 min. When necessary, tests on the fresh properties were conducted; 
otherwise, the mortars were cast into lubricated molds measuring 

Table 1 
Mortar mixture proportions.

Codea C:L:Sb (volume) w/bc (volume) C:L:Sb (mass) w/bc (mass) Cement (kg/mc) Lime (kg/mc) Sand (kg/mc) Water (kg/mc)

C100L0 1:0:3 0.79 1:0:4.93 0.74 339.78 - 1676.66 251.84
C50L50 1:1:6 0.75 1:0.37:9.87 1.03 176.40 64.63 1740.96 248.26
C33L67 1:2:9 0.78 1:0.73:14.80 1.26 117.65 86.20 1741.64 256.34
C0L100 0:1:3 0.80 0:1:13.47 2.03 - 130.69 1760.30 265.30

a C100L0 represents a mixture with 100 % Portland cement and 0 % lime; C50L50 represents a mixture with 50 % Portland cement and 50 % lime; C33L67 represents 
a mixture with 33 % Portland cement and 67 % lime; and C0L100 represents a mixture with 0 % Portland cement and 100 % lime. The percentages are calculated based 
on the total binder volume.

b Cement:Lime:Sand.
c Water-to-binder ratio.

Table 2 
Chemical composition of the binders determined using XRF.

Binder CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) SO3 (%) MgO (%) K2O (%) TiO2 (%) Na2O (%) Othersa (%)

Cement 73.16 15.44 3.67 3.13 2.54 0.92 0.37 0.28 0.19 0.30
Air lime 98.72 0.12 0.06 0.06 0.07 0.80 0.03 - 0.03 0.10

a It may include negligible contents of P2O5, SrO, Cl, ZnO, MnO, BaO, ZrO2, PbO, Rb2O, and Y2O3.

Fig. 1. Diffractograms from (a) cement and (b) lime powders.

Table 3 
Physical characterization of the binders.

Properties Cement (CEM II/A-L 32.5R) Air lime (CL90-S)

Bulk density (kg/cm3) 1068.47 ± 4.36 391.69 ± 3.67
Specific gravity (− ) 3135.72 ± 10.70 2176.88 ± 71.59
Specific Surface Area (m2/g) 1.30 13.50
D50 – Laser diffraction (μm) 26.23 10.54

Fig. 2. Particle size distribution of cement and air lime using laser diffraction.
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10 × 10 × 40 cm or 4 × 4 × 16 cm.
The curing conditions followed EN 1015-11:2019 (European Com

mittee for Standardization, 2019a), with additional considerations. Ac
cording to EN 1015-11:2019 (European Committee for Standardization, 
2019a), mixtures containing cement (or air lime accounting for less than 
50 % of the binder volume) must be demolded between one and three 
days after casting. Pure air lime mixtures, or those in which the air lime 
content exceeds 50 % of the binder volume, must be demolded after five 
days. Regardless of their composition, all specimens should be cured at 
95 % RH and 21 ◦C until seven days after casting.

However, after several demolding attempts, it was observed that the 
pure lime specimens (C0L100) could not be demolded after five days 
without being damaged (see Fig. 4). This group depends primarily on 
carbonation for hardening, and at 95% RH the pores remain saturated, 
hindering the ingress of CO2. Therefore, an adaptation to the curing 
procedure of C0L100 was required.

After a few preliminary tests combining different curing conditions 
to ensure a non-damaging demolding process, it was decided to cure the 
pure lime specimens for seven extra days, but at 55 % RH and 21 ◦C. 
Therefore, in addition to the initial seven days of curing under 95 % RH 

and 21 ◦C, following EN 1015-11:2019 (European Committee for Stan
dardization, 2019a), the pure lime specimens were cured for seven more 
days and demolded after a total of 14 days. After the initial curing 
period, the specimens from all groups were kept and tested at (21 ± 2) ◦C 
and (55 ± 5) % RH; except for C100L0, which cured for 28 days at 95 % 
RH, in accordance with EN 12390-16:2019 (European Committee for 
Standardization, 2019b).

2.2.2. Fresh properties
In the fresh state, the four mixtures (C100L0, C50L50, C33L67, and 

C0L100) were tested for entrapped air content and setting time. The 
entrapped air content was determined following ASTM C185:2020 
(American Society for Testing Materials, 2020) and EN 1015-6:1998 
(European Committee for Standardization, 1998b); and the initial and 
final setting times were measured according to ASTM C403:2017 
(American Society for Testing Materials, 2017) and ASTM C191:2021 
(American Society for Testing Materials, 2021). An automatic Vicat 
apparatus was used to determine the setting times.

2.2.3. Pore structure
The pore structure was characterized through tests on open porosity, 

water absorption, and capillary suction, following the recommendations 
of ABNT NBR 9778:2005 (Associação Brasileira de Normas Técnicas, 
2005) and EN 1015-18:2002 (European Committee for Standardization, 
2003), respectively. Specimens measuring 4 × 4 × 16 cm were analyzed 
at 28, 91, 182, and 364 days after casting. The results represent the 
statistically treated average of three replicates per mixture per age.

Prior to the open porosity and water absorption tests, specimens 

Fig. 3. Fine aggregate: (a) Diffractogram of the sand particles and (b) particle size distribution.

Table 4 
Physical properties of the standard sand.

Material Bulk density (kg/ 
cm3)

Specific gravity (− ) Water absorption 
(%)

Standard 
sand

(1763.55 ± 14.64) (2622.98 ± 27.63) (0.07 ± 0.01)

Fig. 4. Failed demolding attempts of specimens measuring (a) 10 × 10 × 40 cm; and (b) 4 × 4 × 16 cm.
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were oven-dried at 60 ◦C for 48 h, until constant mass. The specimens 
were then immersed in water for 72 h, in accordance with ABNT NBR 
9778:2005 (Associação Brasileira de Normas Técnicas, 2005). Open 
porosity was determined using the boiling-water saturation method 
(Associação Brasileira de Normas Técnicas, 2005), which promotes the 
removal of entrapped air and ensures complete filling of accessible 
pores.

For the capillary suction test, specimens were also oven-dried at 
60 ◦C for 48 h until constant mass. They were then split in half, and the 
fractured surface was placed in contact with a 5-10 mm layer of water. 
The lateral sides and top surface were sealed to prevent evaporation and 
ensure unidirectional capillary uptake. The procedure for mortars other 
than renovation mortars described in EN 1015-18:2002 (European 
Committee for Standardization, 2003) was followed.

Additionally, the pore structure of the hardened mortar specimens 
was analyzed via mercury intrusion porosimetry (MIP) using the 
Micrometrics PoreSizer 9500 (instrument error ±2 %). Mortar samples 
were collected at 28, 91, 182, and 364 days after casting. Sample 
preparation and testing followed the recommendations of Berodier et al. 
(2016) and included: (i) extraction of cubic samples of approximately 
1 cm3 from depths between 5 and 15 mm to minimize edge effects; (ii) 
immersion of the samples in isopropanol for 28 days as part of the 
solvent-exchange procedure, followed by freeze-drying when MIP 
analysis could not be performed immediately; and (iii) placement of 
each sample in the penetrometer and degassing under vacuum to 
remove air from accessible porosity, after which the penetrometer was 
progressively filled with liquid mercury under vacuum for low- and 
high-pressure intrusion stages. A contact angle of 141◦ was used for data 
processing.

2.2.4. Total length change
The procedures for assessing length change were adapted from 

Portland cement-based standards, namely ASTM C1698:2019 (American 
Society for Testing Materials, 2019) (autogenous shrinkage) and EN 
12390-16:2019 (European Committee for Standardization, 2019b) 
(total shrinkage). The autogenous shrinkage test was an additional 
experiment performed to capture early-age deformation, for up to 28 
days after casting. Corrugated tubes containing fresh mixture were 
monitored using linear variable differential transformers (LVDTs). Total 
length change was determined using prismatic specimens 
(10 × 10 × 40 cm) with dial gauges (±0.001 mm) for up to 182 days. 
The results represent the statistically treated average of four replicates 
for autogenous shrinkage and two replicates for total length change, 
accounting for four datapoints. All tests were conducted in a controlled 
environment, at (55 ± 5) % RH and (21 ± 2) ◦C.

2.2.5. Compressive strength
The compressive strength of the four mortar mixtures was evaluated 

according to EN 1015-11:2019 (European Committee for Standardiza
tion, 2019a) and EN 12390-3:2019 (European Committee for Stan
dardization, 2019c). Cubic specimens measuring 10 × 10 × 10 cm were 
tested at 28, 91, 182, and 364 days using a universal testing machine. 
The loading rate was set to 50 N/s for pure lime, 400 N/s for 
lime-cement, and 2400 N/s for pure cement specimens. The reported 
results represent the statistically treated average of three replicates.

2.2.6. Additional experiments
Additional characterization tests were performed to complement the 

physical and mechanical investigations. The progress of carbonation 
was assessed using phenolphthalein and TGA. 

• Mass monitoring: The mass of the four mortar groups was moni
tored for 182 days as an indirect assessment of carbonation, since the 
conversion of Ca(OH)2 to CaCO3 results in an increase in mass and 
volume (Roy et al., 1999; Dheilly et al., 2002). Two specimens 

(10 × 10 × 40 cm) per group were monitored by using a digital scale 
(±0.1 g; 10 kg capacity).

• Carbonation depth: After the total length change test, at 182 days, 
the 10 × 10 × 40 cm specimens were split in half, and a phenol
phthalein indicator was sprayed on their fractured surface. The 
recommendations from the RILEM TC 281-CCC (von Greve-Dierfeld 
et al., 2020) were followed and Carbonation depth was measured 
with a precision ruler (±0.25 mm).

• TGA: Samples were collected from the cross-section of the 
4 × 4 × 16 cm specimens, at depths between 5 mm and 15 mm, and 
crushed to powder. Approximately 40 mg of powder was analyzed in 
a thermal analyzer NETZSCH TG-499-F3-Jupiter, heated from 
ambient temperature to 1000 ◦C, at a rate of 10 K/min. An argon 
atmosphere was used to prevent additional carbonation during the 
test. The recommendations from Lothenbach et al. (2016) were fol
lowed and samples were analyzed at 28, 91, 182, and 364 days after 
casting.

2.2.7. FAIR data and reproducibility considerations
In addition to experimental characterization, this study was designed 

to align with the FAIR (Findable, Accessible, Interoperable, and Reus
able) principles and to support a reproducible workflow. Therefore, all 
datasets generated in this work are deposited in an open-access re
pository with a persistent identifier (DOI), structured metadata, and 
standardized file formats to ensure findability and accessibility. Prior to 
publication in the repository, the datasets were reviewed for 
completeness, metadata quality, and file integrity.

Interoperability was achieved through the use of SI units, standard
ized terminology, and widely readable file formats (i.e., .csv, .xls). 
Reusability and reproducibility were addressed by providing detailed 
documentation of materials, specimen preparation, curing conditions, 
test procedures, and equipment models. These measures enable inde
pendent verification, knowledge-building, and a more efficient use of 
research resources by reducing unnecessary duplication of experimental 
efforts.

3. Results and discussion

3.1. Fresh properties

The results on entrapped air content presented in Table 5 suggest 
that mixtures richer in air lime exhibit lower entrapped air. This 
behavior aligns with the median particle size (D50) of the binders. Since 
air lime particles are smaller than cement particles (Table 3), they 
initially act as fillers, reducing the amount of entrapped voids in the 
fresh state.

Although the test performed according to ASTM C185:2020 
(American Society for Testing Materials, 2020) and EN1015-6:1998 
(European Committee for Standardization, 1998b) is not sufficient to 
discriminate the size of the entrapped bubbles, it is well established in 
the literature that entrapped air voids can reach the millimeter scale 
(Mehta and Monteiro, 2006), thereby affecting strength and pore 
network connectivity. The influence of entrapped air on the pore 
structure of hardened mortars is further discussed in 3.2 Pore structure.

The results for bulk density are also presented in Table 5. As 

Table 5 
Properties of the fresh mixtures.

Codes Entrapped 
air (%)

Theoretical 
bulk density 
(g/cm3)

Real bulk 
density 
(g/cm3)

Initial 
setting 
(HH:MM: 
SS)

Final 
setting 
(HH:MM: 
SS)

C100L0 7.10 2.27 2.11 01:48:00 04:38:00
C50L50 6.90 2.23 2.08 03:28:00 08:37:43
C33L67 5.80 2.20 2.07 04:32:00 12:30:00
C0L100 5.33 2.16 2.04 33:22:50 35:22:50
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observed, mixtures with higher cement content exhibited greater den
sities. While higher air contents would typically reduce density, the 
results indicate that the higher density of the solid particles prevailed 
over the influence of air voids. For instance, the bulk density of Portland 
cement is nearly three times higher than that of air lime (Table 3). 
Furthermore, when theoretical and measured values were compared, 
the latter were consistently lower. This difference can be explained by 
particle packing and the presence of interstitial air, as suggested by 
Santos et al. (2018).

The setting times, presented in Table 5, indicate that as the lime 
content increased, both the initial and final setting times were delayed. 
Faster setting was observed in mixtures with higher Portland cement 
content. According to Cizer (2009), under normal environmental con
ditions, the hydration of clinker occurs more rapidly than the carbon
ation of air lime. In this study, the pure lime mixture required 
approximately three times longer to reach the final setting compared 
with the pure cement mixture. It should be noted, however, that the tests 
were conducted at 55 % RH, which may have facilitated excess water 
evaporation and, consequently, accelerated the setting process.

Hence, at early ages, the setting of air lime-rich mixtures depends 
primarily on the evaporation of excess water, which promotes pore 
desaturation and enables the ingress of CO2. Nevertheless, under normal 
environmental conditions, the availability of CO2 is limited (approxi
mately 0.04 %, or 400 ppm), which also slows the overall hardening 
process, as reported by Arizzi and Cultrone (Arizzi et al., 2013) and Cizer 
(2009).

3.2. Pore structure

The pore structure was indirectly assessed through measurements of 
open porosity, water absorption, and capillary suction. The results for 
open porosity and water absorption are presented in Fig. 5a and b, 
respectively.

The open porosity results presented in Fig. 5a are consistent with the 
water absorption data shown in Fig. 5b. This behavior is expected, as 
both parameters are related to surface-accessible pores. A similar trend 
was reported by Medeiros-Junior et al. (de Medeiros-Junior et al., 2019), 
who suggested that open porosity is directly proportional to the mate
rial's capacity for water absorption.

In contrast to the behavior observed in the fresh state, where cement- 
rich mixtures exhibited the highest entrapped air content, the opposite 
trend was observed in the hardened state. According to the open 
porosity (Fig. 5a) and water absorption (Fig. 5b) results, cement-rich 
mixtures yielded the lowest porosity values. This behavior suggests 
that cement hydration contributed to a denser and more consolidated 
microstructure, reducing the overall porosity. Conversely, in lime- 
containing mixtures, the slow rate of carbonation sems to have 
delayed microstructural consolidation, which explains their higher open 
porosity and water absorption values compared with the cement-rich 
ones.

The highest open porosity and water absorption values were, how
ever, observed in the lime-cement systems, where the competition for 

moisture between hydration and carbonation dictates a distinctive 
behavior. As explained by Cizer (2009), in such systems, the available 
moisture is used for cement hydration, CO2 dissolution, and is partly 
evaporated. At low RH environments, this competition reduces the ef
ficiency of both hydration and carbonation, leading to an incomplete 
formation of solid phases and a more porous microstructure, which 
explains the results shown in Fig. 5.

For C0L100, the high water retention capacity of air lime helps 
maintain internal moisture, promoting gradual carbonation and limiting 
moisture loss. In this case, much of the retained water is entrapped 
within the lime matrix and is slowly released over time, reducing the 
formation of large voids during drying (Pavía and Aly, 2016; Veiga, 
2017). Consequently, although the total porosity and water absorption 
values may remain high, they tend to be lower compared with 
lime-cement mortars, as seen in Fig. 5.

Additionally, the open porosity results presented in Fig. 5a were 
compared with those obtained through MIP, as shown in Fig. 6a.

Figs. 5a and 6a yielded porosity values of similar magnitude. How
ever, the MIP porosity was consistently higher, particularly for air lime- 
rich mixtures. A similar trend was reported by Arandigoyen et al. 
(2005), who attributed the higher porosity values obtained by MIP to the 
pressurized nature of the technique. Depending on mixture composition 
and curing age, air lime-containing specimens may lack sufficient me
chanical strength to withstand the intrusion pressure, leading to 
microcracking and a potential overestimation of porosity, as noted by 
Cizer (2009). Nevertheless, the overall trends observed in Fig. 6a were 
consistent with those from Fig. 5a, supporting the interpretations dis
cussed in the previous section. These observations are also in agreement 
with the findings of Arandigoyen and Alvarez (2007), who reported 
limited variation in total porosity across mixtures with different 
binder-to-aggregate ratios and cement-lime proportions. In their study, 
porosity remained almost invariable (ranging from 20 to 23%), sug
gesting that changes in binder and aggregate ratios do not necessarily 
lead to proportional variations in total porosity.

The results of the capillary suction tests are presented in Fig. 6b. 
Although capillary suction is primarily governed by pores formed during 
drying, typically ranging from 0.01 μm to 1 μm (Mehta and Monteiro, 
2006), Pavía and Treacy (2006) noted that it is also influenced by the 
tortuosity and interconnectivity of the pore network. In air lime-cement 
systems, the interaction between binders with distinct particle size dis
tributions combined with the competition for moisture during hydration 
and carbonation likely disrupted the pore network, which helps explain 
the irregular behavior observed for these mixtures. Hence, a direct 
relationship between lime content and capillary suction could not be 
established.

In contrast, the pure cement and pure lime groups generally 
exhibited an increase in capillary suction over time attributed to the 
precipitation of solid phases and the progressive consolidation of the 
microstructure. This reduction observed at 364 days may be associated 
with the excessive precipitation of CaCO3 at later ages, as reported by 
Munhoz and Ye (da Silva Munhoz and Ye, 2025), which can induce 
microcracking, alter the pore structure, and consequently limit capillary 

Fig. 5. Results on the (a) open porosity and (b) water absorption.
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suction. Nevertheless, the high capillary suction values observed for air 
lime mortars are consistent with previous findings in the literature 
(Forster, 2002). Further details on pore size distribution were plotted 
Fig. 7.

According to Fig. 7a, the pure cement group (C100L0) exhibited an 
increase in pores with smaller diameters over time, which was expected 
due to the progress of hydration and water evaporation. A similar 
behavior was reported by Olaniyan (2020), who observed that 
cement-rich mixtures tend to present lower median pore sizes compared 
to air lime-containing mortars. At later ages, however, a small shift to
wards larger pores was observed and attributed to the microstructural 
changes caused by drying stresses and carbonation. For the lime-cement 
groups shown in Fig. 7b and c, an increase in pores with larger diameters 
was observed over time. In this case, pores with larger diameters result 
from (i) moisture depletion caused by the competition between hydra
tion and carbonation, combined with water evaporation; and (ii) the 
incomplete precipitation of solid phases due to partial hydration and 
carbonation. These processes disrupt pore continuity, create larger 
pores, and lead to a less uniform microstructure.

For the pure lime group (C0L100), Fig. 7d did not show significant 
changes between 28 and 364 days. This behavior reflects air lime's high 
water retention capacity (also confirmed by Munhoz et al. (2024)) and 
the slow progression of carbonation under typical environmental con
ditions, which help limit changes over time. Nevertheless, Fig. 7d shows 
peaks around 15 μm, 40 μm, and 300 μm, which exceed the typical range 
reported for air lime mortars (Žižlavský et al., 2021) and most likely 
correspond to microcracks generated during MIP testing.

For the lime-cement groups shown in Fig. 7b and c, an increase in 
pores with larger diameters was observed over time. In this case, pores 
with larger diameters result from (i) moisture depletion caused by the 
competition between hydration and carbonation, combined with water 
evaporation; and (ii) the incomplete precipitation of solid phases due to 
partial hydration and carbonation. These processes disrupt pore conti
nuity, create larger pores, and lead to a less uniform microstructure.

For the pure lime group (C0L100), Fig. 7d did not show significant 
changes between 28 and 364 days. This behavior reflects air lime's high 
water retention capacity (also confirmed by Munhoz et al. (2024)) and 
the slow progression of carbonation under typical environmental con
ditions, which help limit changes over time. Nevertheless, Fig. 7d shows 
peaks around 15 μm, 40 μm, and 300 μm, which exceed the typical range 
reported for air lime mortars (Žižlavský et al., 2021) and most likely 
correspond to microcracks generated during MIP testing. The low me
chanical strength of the pure lime specimens, even at later ages, makes 
them particularly susceptible to damage under high pressures, such as 
those applied during MIP testing. This interpretation was also reported 
by Lanas and Alvarez (2003) and, in this study, is supported by the 
absence of corresponding large-pore effects in the capillary suction 
(Fig. 6b) and water absorption (Fig. 5a) results. Hence, the pore size 
evolution noted in Fig. 7 complements the overall porosity and ab
sorption trends presented in Figs. 5 and 6.

Although a continuous decrease in porosity would typically be ex
pected with the progression of hydration and carbonation, the results 
shown in Figs. 5 and 6 indicate otherwise. The apparent stabilization 
trend observed across all mixtures reflects the simultaneous action of 

Fig. 6. Results on the (a) porosity measured through MIP and (b) capillary suction.

Fig. 7. Pore size distribution for the groups: (a) C100L0; (b) C50L50; (c) C33L67; and (d) C0L100.
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multiple competing processes: (i) hydration and carbonation, which 
contribute to pore refinement through the precipitation of solid phases; 
(ii) water evaporation and eventual microcracking, which increase 
overall porosity; and (iii) the high water retention of air lime, which 
initially regulates both moisture loss and the progress of carbonation. 
Additionally, according to Lanas and Álvarez (Lanas and Alvarez, 2003), 
carbonation is a self-limiting process in which the precipitation of 
CaCO3 progressively reduces permeability, thereby limiting further CO2 
ingress and, consequently, the continuation of carbonation.

Overall, the pore structure evolved differently across mixtures, 
confirming that the microstructural development of air lime-containing 
mortars is governed by complex, interdependent mechanisms that 
require further investigation. These findings also highlight the impor
tance of considering certain methodological aspects when interpreting 
the results, particularly with regards to open porosity and water ab
sorption, and MIP test conditions.

Open porosity and water absorption tests are typically considered 
non-destructive. However, for air lime-rich specimens, immersion in 
water may lead to partial dissolution of uncarbonated Ca(OH)2, partic
ularly at early ages, given its high solubility (approximately 1 g per 
630 mL at 25 ◦C). In such cases, the reuse of specimens is not recom
mended. In the present study, no evidence of material degradation or 
mass loss was observed during testing, indicating that the adopted 
procedure did not significantly affect the results. Nevertheless, this 
consideration remains relevant for future studies.

Regarding MIP, maintaining consistent boundary conditions is 
essential. As noted in previous studies (Berodier et al., 2016; Ma, 2014), 
parameters such as contact angle, pressure range, and equipment 
configuration (in this study: contact angle 141◦; low pressure 
0-0.14 MPa; high pressure 0.14-210 MPa) can significantly influence the 
results. In addition, air lime-rich specimens are particularly susceptible 
to damage under high intrusion pressures, which may lead to an over
estimation of porosity due to microcracking. In the present study, this 
effect was not found to significantly affect the results; however, it should 
be carefully considered in future investigations, especially when testing 
low-strength or early-age air lime mortars.

3.3. Total length change

The total length change test was preceded by an autogenous 
shrinkage test to assess early-age deformation and provide context for 
the long-term length change measurements. The autogenous shrinkage 
results are presented in Fig. 8, where positive values represent expansion 
and negative values represent shrinkage.

According to Fig. 8a, the pure lime group (C0L100) exhibited sig
nificant expansion, attributed to the dissolution and recrystallization of 
calcium-based phases. This process, known as the lime putty principle, 
has been previously reported in the literature. Mascolo et al. (2010)
observed that, over time, small portlandite crystals tend to gradually 
dissolve and reprecipitate as larger, more stable ones, leading to a 
volumetric increase consistent with the expansion recorded in Fig. 8.

A similar but less pronounced trend was also observed in the other 

air lime-containing groups (C50L50 and C33L67), with the magnitude of 
expansion decreasing as the lime content in the mixture decreased. 
Conversely, the pure cement group (C100L0) exhibited low autogenous 
shrinkage in Fig. 8. This behavior is attributed to the mitigating effect of 
the limestone addition (CEM II/A-L), which reduces clinker content and 
enhances particle packing, thereby limiting self-desiccation during 
cement hydration.

While these results provide insights into the early-age deformation of 
air lime-containing mortars, certain methodological limitations of the 
autogenous shrinkage test must be acknowledged. According to ASTM 
C1698:2019 (American Society for Testing Materials, 2019), the 
experimental procedure was developed for specimens to be tested under 
sealed conditions. However, in the case of air lime-containing mortars, 
sealing prevents the evaporation of excess water and the ingress of CO2, 
thereby inhibiting carbonation and hardening. Thus, although the test 
offers valid information on the early-age behavior of air lime-containing 
mortars, it does not reflect their deformation behavior under normal 
curing conditions.

In the hardened state, total length change was measured according to 
EN 12390-16:2019 (European Committee for Standardization, 2019b), 
which captures the overall deformation behavior under defined condi
tions of temperature and relative humidity. Unlike the autogenous 
shrinkage test, this method does not require sealed conditions and, 
therefore, provides a more representative assessment of air lime's 
deformation behavior under typical curing conditions. The results are 
presented in Fig. 9.

According to Fig. 9, most length changes occurred within 91 days 
after casting, followed by a stabilization trend. For the pure lime group 
(C0L100), two mechanisms explain the observed expansion: (i) air lime's 
high water retention capacity, which regulates moisture loss and miti
gates drying stresses associated with water evaporation; and (ii) the 
expansive nature of carbonation, as the conversion of Ca(OH)2 to CaCO3 
results in a theoretical volumetric expansion of about 11.6 %. In 
contrast, the self-limiting nature of carbonation explains the stabiliza
tion trend observed at later ages. As carbonation progresses, CaCO3 
precipitates fill superficial pores, hindering further ingress of CO2 and 
gradually restricting long-term carbonation.

The lime-cement groups (C50L50 and C33L67) exhibited the most 
pronounced expansion, as shown in Fig. 9. Differently from the pure 

Fig. 8. Shrinkage behavior: (a) autogenous shrinkage and (b) autogenous shrinkage results zoomed-in, excluding C0L100.

Fig. 9. Total length change of C100L0, C50L50, C33L67, and C0L100 up to 
182 days.
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lime group (C0L100), this behavior results from the competition for 
available moisture, which accelerates pore desaturation (through water 
evaporation or consumption during cement hydration) and enables 
earlier and more extensive carbonation. The competition for moisture in 
lime-cement mortars was extensively studied by Cizer (2009) and col
leagues (Cizer et al., 2010, 2012). Hence, the precipitation of CaCO3 
contributes to the expansive behavior recorded. At later ages, depleted 
moisture levels and the self-limiting nature of carbonation explain the 
stabilization trend observed in Fig. 9. No statistical difference was found 
between C50L50 and C33L67.

Contrary to the air lime-containing groups, the pure cement speci
mens (C100L0) exhibited shrinkage. According to Fig. 9, most of the 
length change occurred immediately after the monitoring started, sug
gesting that moisture loss was the main mechanism behind the observed 
shrinkage. The stabilization trend recorded at later ages supports this 
interpretation, indicating that the specimens reached moisture equilib
rium with the environment.

Overall, the length change behavior reflects the interplay between 
shrinkage (caused by water evaporation and the carbonation of hy
drated phases (Ramesh, 2021)) and expansion (resulting from CaCO3 
precipitation, which can overcompensate the shrinkage tendency, as 
reported in (Swenson and Sereda, 1968)). Moreover, the stabilization 
trend observed after 112 days does not indicate complete hydration or 
carbonation but rather suggests that (i) limited moisture availability 
restricts further hydration and carbonation reactions; and (ii) pore 
clogging by CaCO3 precipitates progressively limits further CO2 ingress 
and carbonation.

In addition to the methodological limitations previously discussed, 
the influence of specimen size should also be considered. According to 
Zhang and Hubler (2020), smaller specimens tend to exhibit greater 
shrinkage strains than larger ones due to their higher surface-to-volume 
ratio, which accelerates drying and directly affects the rates of water 
evaporation, hydration, and carbonation. Therefore, proper documen
tation of specimen dimensions and boundary conditions is essential to 
enable FAIR-based comparisons.

3.4. Compressive strength

The compressive strength results for the four mortar groups are 
presented in Fig. 10 and indicate that increasing the air lime content 
leads to a reduction in compressive strength. This trend has been 
consistently observed in the literature (Kang et al., 2019; Pavia et al., 
2019; Ramesh, 2021; Macharia, 2015) and is attributed to the distinct 
mechanisms of cement hydration and air lime carbonation. Portland 
cement primarily relies on the hydration of alite (C3S) and belite (C2S) to 
form calcium silicate hydrate (C-S-H), which produces a dense and 
cohesive matrix. In contrast, air lime mortars rely on the carbonation of 
calcium-based phases for microstructural development. However, 
CaCO3 lacks the dense, interlocking microstructure characteristic of 
C–S–H, which helps explain air lime's lower compressive strength 
compared with Portland cement mortars. This interpretation aligns with 
findings reported in the literature (Li et al., 2020; Manzano et al., 2012).

Additional factors limiting the strength development of the pure lime 
group (C0L100) include (i) the low CO2 concentration under normal 

atmospheric conditions, which is about 400 ppm (0.04 % CO2); and (ii) 
the fact that carbonation can only occur after the excess water has 
evaporated, leaving pores unsaturated and allowing CO2 to diffuse into 
the microstructure. Hence, as widely reported in the literature (Kang 
et al., 2019; Cizer, 2009), carbonation is a slow process, particularly at 
early ages.

According to Fig. 10, an increase in strength was observed between 
28 and 91 days, reflecting the ongoing hydration and carbonation pro
cesses. After 91 days, however, a stabilization trend was recorded for all 
groups, except C0L100. This behavior confirms the slow nature of 
carbonation, which progressively increases strength over time. Addi
tionally, for the pure cement group (C100L0), a decreasing trend was 
observed between 91 and 364 days and is associated with microcracking 
caused by shrinkage. This interpretation is consistent with the MIP 
curves and length change results shown in Figs. 7a and 9, respectively.

For lime-cement mortars, Cizer (2009) suggested that an interaction 
between hydration and carbonation may occur under low relative hu
midity conditions (i.e., 55 % RH). Therefore, in this context, the water 
retention capacity of air lime is expected to retain moisture, prolonging 
cement hydration, which promotes pore desaturation, enabling the 
ingress of CO2 and favoring carbonation. However, compressive 
strength measurements alone are insufficient to confirm this interaction. 
Therefore, additional experiments (mass monitoring, phenolphthalein 
spraying, and thermogravimetric analysis) were conducted.

3.5. Additional experiments

The interaction between hydration and carbonation was further 
investigated through mass monitoring, carbonation depth using 
phenolphthalein, and TGA. The results are discussed in the next 
subsections.

3.5.1. Mass monitoring
The four mortar groups were continuously monitored for mass 

variation, and the results are presented in Fig. 11. The pure lime group 
(C0L100) consistently exhibited a positive mass change, confirming that 
the carbonation of air lime is an expansive process in terms of both 
length change and mass gain. In contrast, the air lime-cement groups 
(C50L50 and C33L67) exhibited the highest mass loss.

According to Fig. 11, C50L50 and C33L67 exhibited significant mass 
losses up to 28 days after casting, which are attributed to a change in 
environmental conditions. During the first 7 days after casting, the 
specimens were cured at 95 % RH, in accordance with EN 1015-11:2019 
(European Committee for Standardization, 2019a). They were then 
transferred to a 55 % RH environment, in accordance with EN 
12390-16:2019 (European Committee for Standardization, 2019b). As a 
result, the reduction in relative humidity created a moisture gradient 
between the specimens and the environment, causing water to evaporate 
from the specimens and explaining the mass losses observed for the 
lime-cement groups.

The early-age mass losses also indicate that the high initial water 
content and increased porosity of the lime-cement groups facilitated 
moisture transport. At later ages, however, stabilization and a gradual 
mass increase were recorded for C50L50 and C33L67, respectively, 

Fig. 10. Compressive strength of cubic specimens. Fig. 11. Mass evolution up to 182 days.
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which can be attributed to the specimens reaching moisture equilibrium 
with the environment and the progressive precipitation of CaCO3 during 
carbonation.

For the pure cement group (C100L0), a similar trend was observed. 
In this case, the specimens were cured at 95 % RH for 28 days and then 
transferred to a 55 % RH environment for testing, following EN 12390- 
16:2019 (European Committee for Standardization, 2019b). Hence, 
during the first 28 days after casting, the specimens exhibited mass gain 
consistent with the continuous hydration of Portland cement. After that, 
a mass decrease was recorded, driven by the moisture gradient between 
the specimens and the environment. Similar results were reported in the 
literature (Kang et al., 2019; Pavlík and Užáková, 2016).

Overall, these findings are consistent with Kang et al. (2019), who 
reported that lime-containing mortars undergo simultaneous CO2 up
take and water evaporation, with the rate of evaporation having a 
decisive influence on the overall mass change.

3.5.2. Carbonation depth using phenolphthalein
At the end of the total length change test, the specimens were split in 

half and phenolphthalein was sprayed onto their fractured surfaces. The 
results are presented in Fig. 12.

After 182 days, C100L0, C50L50, C33L67, and C0L100 exhibited 
carbonation depths of 0.4 mm, 17 mm, 24 mm, and 32 mm, respectively. 
These results indicate that mixtures with higher air lime contents 
experienced more extensive carbonation, consistent with findings re
ported in the literature (Kang et al., 2019; Branco et al., 2021). This 
behavior is attributed to two complementary factors: air lime's specific 
surface area and its chemical composition.

Air lime is known for its high specific surface area (Table 3). 
Consequently, mixtures with higher air lime contents required more 
water to achieve the same workability level as those with lower air lime 
contents. During storage, however, this excess water either evaporated 
or was consumed through continued cement hydration, leaving behind a 
porous matrix. As a result, CO2 ingress and subsequent carbonation were 
facilitated.

Moreover, air lime's chemical composition consists primarily of Ca 
(OH)2, which is highly reactive with CO2. Therefore, mixtures with 
higher air lime contents provided a greater availability of Ca(OH)2 
which, under favorable environmental conditions, led to the greater 
carbonation extents observed in air lime-rich mortars (Fig. 12).

According to Fig. 12, a distinctive behavior was observed for the pure 
lime group (C0L100) and, to a lesser extent, for the lime-cement groups 
(C50L50 and C33L67). After spraying the phenolphthalein indicator, the 
carbonation front was initially revealed. However, shortly after spraying 
the phenolphthalein solution, the entire fractured surface of the speci
mens exhibited varying shades of pink. According to Romero-Hermida 
et al. (2021) varying shades of pink may appear when carbonated and 
uncarbonated phases coexist. Therefore, two hypotheses were formu
lated to explain this phenomenon: (i) the high pH of the specimens, and 
(ii) the formation of Liesegang rings.

The first hypothesis suggests that the pH of the specimens remained 
highly alkaline (pH > 9) despite ongoing carbonation. Consequently, the 
overall pH reduction associated with carbonation was not sufficient to 
be detected by the phenolphthalein indicator. Air lime is known for its 

high alkalinity, which supports this interpretation.
The second hypothesis concerns the formation of Liesegang rings. In 

this case, localized patterns created by gradients in moisture levels, 
concentration of calcium-based phases, or physical discontinuities in the 
pore network promote the carbonation of Ca(OH)2 at specific locations 
while hindering it at adjacent ones. This mechanism explains the pres
ence of irregular pink stains (uncarbonated phases) within the carbon
ated layer. Further details on Liesegang ring formation are available in 
(Rodriguez-Navarro et al., 2002).

To further understand the distinctive behavior observed in the air- 
lime containing groups shown in Fig. 12, TGA was performed. This 
analysis allows comparison with the phenolphthalein results, providing 
complementary evidence of the carbonation behavior observed in the 
specimens.

3.5.3. Thermogravimetric analysis (TGA)
The TGA results of the four mortar mixtures revealed the coexistence 

of Ca(OH)2 and CaCO3 phases at all analyzed ages. The corresponding 
plots are presented in Fig. 13 with differential TGA (DTGA) curves. The 
choice for DTGA facilitates the distinction of different phases through 
the whole temperature range, and the individual peaks were identified 
according to the recommendations of Lothenbach et al. (2016). Similar 
patterns were reported in previous studies (Kang et al., 2019; Arizzi 
et al., 2013).

Three characteristic peaks were identified in Fig. 13, occurring at 
approximately 150, 450, and 750 ◦C. The first peak (~150 ◦C) is asso
ciated with phases derived from Portland cement hydration, such as 
gypsum, C–S–H, ettringite, and monocarbonates (Lothenbach et al., 
2016). As expected, this peak was more pronounced in mixtures with 
higher cement contents and disappeared entirely in the pure lime group 
(C0L100). Nonetheless, mass loss was still observed in C0L100 between 
40 and 400 ◦C, which is attributed to the evaporation of bound water.

The second peak (~450 ◦C) corresponds to Ca(OH)2 (Lothenbach 
et al., 2016). According to Fig. 13, these peaks decreased over time, 
reflecting the progressive consumption of Ca(OH)2 during the carbon
ation reactions.

The third peak (600–800 ◦C) is attributed to CaCO3, and the increase 
of this peak over time is consistent with the carbonation depth results, 
confirming the progressive precipitation of CaCO3. The precipitation of 
CaCO3 may include polymorphs such as vaterite and aragonite 
(Lothenbach et al., 2016). However, since these polymorphs have 
comparable molecular masses, they cannot be distinguished through 
DTGA. Complementary techniques, such as SEM/EDX, NMR, or Raman 
spectroscopy, are recommended to identify them.

When interpreting the results from Fig. 13, two considerations must 
be noted. First, the TG analyses were conducted on mortar samples 
containing siliceous sand. Although it is known that siliceous aggregates 
are inert and have a negligible influence on the TGA results (Oliveira 
et al., 2017), their presence can still affect quantitative estimations. 
Conducting TGA at the paste level was considered impractical because 
the results would not be directly comparable to the carbonation extent at 
the mortar level, as reported by Cizer (2009). The differences between 
paste-mortar levels arise from the influence of aggregates on the 
microstructure, particularly affecting the interfacial transition zone, 

Fig. 12. Phenolphthalein stains on the (a) C100L0, (b) C50L50, (c) C33L67, (d) C0L100 total length change specimens at 182 days.
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pore network, and transport properties. Second, the cement used in this 
study (CEM II/A-L 32.5R) contains limestone filler (CaCO3), which may 
have led to an overestimation of the carbonated phases, particularly in 
mixtures with higher cement content. In this case, the TGA of the cement 
powder was performed, and the CO2 released during its decarbonation 
was normalized to the cement fraction of each mixture and subsequently 
subtracted from the corresponding mortar results.

The semi-quantitative analysis of the TGA, plotted shown in in 
Fig. 14, show the results grouped into three main temperature ranges: (i) 
40-400 ◦C, corresponding to the loss of free and bound water, as well as 
the dehydration of cementitious phases; (ii) 400-500 ◦C, attributed to 
the dehydroxylation of Ca(OH)2; and (iii) 500-1100 ◦C, related to the 
decarbonation of CaCO3 (excluding limestone filler).

Overall, the weight loss associated with calcium carbonate 

decarbonation increased over time in all mixtures, confirming the pro
gressive nature of carbonation. Conversely, the mass loss linked to Ca 
(OH)2 dehydroxylation decreased more slowly in the Portland cement 
group (C100L0) and remained relatively constant after 91 days in the air 
lime-containing groups, indicating that a considerable Ca(OH)2 reserve 
persisted due to the slow progression of carbonation under ambient 
conditions and the high lime availability in these groups. Finally, the 
weight loss between 40 and 400 ◦C can be attributed to the carbonation 
of cementitious hydrates (i.e., Fig. 14a) and to the evaporation of free 
and bound water, particularly in air lime-containing mortars, where air 
lime's high water retention capacity limits moisture loss at ambient 
temperatures.

In summary, the TGA results provide complementary evidence of the 
slow yet continuous carbonation process in air lime-containing mortars, 

Fig. 13. Thermogravimetric analysis of (a) C100L0; (b) C50L50; (c) C33L67; and (d) C0L100.

Fig. 14. Normalized TGA results excluding the CO2 contribution from the added limestone.
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supporting the observations from the physical and chemical 
characterizations.

4. Conclusions

This study aimed to support the transition toward more transparent 
and reproducible research practices in the field of air lime by combining 
experimental characterization with a FAIR-aligned workflow. In this 
context, four air lime-containing mortar mixtures were monitored for up 
to 12 months, and datasets on fresh properties (entrapped air content 
and setting times), physical properties (pore structure, total length 
change, and mass evolution), and mechanical performance (compressive 
strength) were made openly accessible through a trusted repository. The 
experimental program conducted in this work thus served both to 
characterize material behavior under clearly defined conditions and to 
demonstrate how FAIR and reproducible research practices can be 
implemented in lime mortar studies. The main conclusions are sum
marized in sequence. 

• Fresh properties: Mixtures with higher air lime contents exhibited 
longer initial and final setting times. They primarily depend on 
drying and carbonation for microstructural development, which 
takes time and is particularly sensitive to relative humidity. Addi
tionally, at the fresh state, air lime-rich mixtures showed lower 
entrapped air contents, as lime particles are small and have a phys
ical filler effect.

• Pore structure: At the hardened state, air lime-rich mixtures 
exhibited higher open porosity and water absorption. This was 
attributed to (i) the slow carbonation of lime; (ii) the evaporation of 
the excess water; and (iii) the intrinsic porosity of air lime. Moreover, 
the MIP pressures can damage air lime-containing mortars and 
overestimate their total porosity. A direct relationship between air 
lime content and capillary suction could not be established.

• Total length change: The autogenous shrinkage test conditions 
were unsuitable for air lime mortars. In contrast, the total length 
change test showed that air lime-containing mortars exhibited 
expansion, while the pure cement mixture exhibited shrinkage. This 
behavior was attributed to the expansive nature of the carbonation 
reactions of air lime and the curing conditions, respectively.

• Competition for moisture: In lime-cement mortars, the competition 
for moisture between cement hydration, air lime carbonation, and 
water evaporation accelerated pore desaturation and enabled earlier 
and more extensive carbonation. Air lime's high water retention ca
pacity also prolonged cement's hydration, explaining the outcomes 
observed in the characterization of the pore structure and total 
length change.

• Compressive strength and carbonation depth: Increasing air lime 
content led to a reduction in compressive strength, indicating that 
the strength development of air lime-rich mixtures was limited by the 
low CO2 concentration under ambient conditions and the excess pore 
water, which delayed the carbonation process. Moreover, the 
carbonation depth was proportional to the air lime content in the 
mixtures.

• Mass monitoring: Lime-cement mortars (C50L50 and C33L67) 
showed significant mass losses due to the moisture gradient between 
the specimens and the environment. In contrast, the pure lime 
mixture (C0L100) gained mass through carbonation, confirming its 
expansive nature.

• Carbonation monitoring: Phenolphthalein tests revealed varying 
shades of pink, particularly in air lime-rich mixtures, which were 
attributed to high specimen alkalinity and possible Liesegang ring 
formation. TGA results confirmed the coexistence of Ca(OH)2 and 
CaCO3 phases, showing a decrease in Ca(OH)2 peaks and an increase 
in CaCO3 peaks over time, consistent with progressive carbonation.

In summary, the results indicate that air lime content influences not 

only individual mechanisms but also coupled responses. For instance, 
mixtures with higher lime contents exhibited increased porosity and 
higher water retention, which in turn influenced carbonation kinetics, 
dimensional changes, and strength development. Additionally, in 
blended lime-cement systems, interactions due to the competition for 
moisture between cement hydration, carbonation, and moisture evap
oration were observed. These interdependencies highlight the impor
tance of considering mixture composition, moisture transport, and 
carbonation processes simultaneously when evaluating air lime- 
containing mortars.
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Alvarez, J., Nunes, C., Theodoridou, M., 2023. RILEM TC 277-LHS report: additives 
and admixtures for modern lime-based mortars. Mater. Struct. 56 (5), 106. https:// 
doi.org/10.1617/S11527-023-02175-Z.

Mascolo, G., Mascolo, M.C., Vitale, A., Marino, O., 2010. Microstructure evolution of 
lime putty upon aging. J. Cryst. Growth 312, 2363–2368. https://doi.org/10.1016/ 
J.JCRYSGRO.2010.05.020.

Mehta, P.K., Monteiro, P.J.M., 2006. In: Concrete – Microstructure, Properties and 
Materials, third ed. McGraw Hill, New York. 

Munhoz, G.S., Zeng, Y., Schlangen, E., Ye, G., 2024. The water retention role in the 
carbonation of air lime: hero or villain? In: Lourenço, P.B., Azenha, M., Pereira, J.M. 
(Eds.), Towards the next Generation of Sustainable Masonry Systems: Mortars, 
Renders, Plasters and Other Challenges. Universidade do Minho, Funchal, pp. 71–72.

Olaniyan, S.A., 2020. Impact of changing microstructural compositions of lime based 
mortar on flexibility: case study of sustainable lime-cement composites, advances in 
science. Technol Eng. Sys. 5, 1488–1498. https://doi.org/10.25046/AJ0506179.

Oliveira, M.A., Azenha, M., Lourenço, P.B., Meneghini, A., Guimarães, E.T., Castro, F., 
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Rodriguez-Navarro, C., Ilić, T., Ruiz-Agudo, E., Elert, K., 2023. Carbonation mechanisms 
and kinetics of lime-based binders: an overview. Cement Concr. Res. 173, 107301. 
https://doi.org/10.1016/J.CEMCONRES.2023.107301.
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