
 
 

Delft University of Technology

Creep in carbonatable binders
Investigating non-hydraulic lime mortars
da Silva Munhoz, Guilherme; Ye, Guang

DOI
10.1016/j.conbuildmat.2025.143751
Publication date
2025
Document Version
Final published version
Published in
Construction and Building Materials

Citation (APA)
da Silva Munhoz, G., & Ye, G. (2025). Creep in carbonatable binders: Investigating non-hydraulic lime
mortars. Construction and Building Materials, 496, Article 143751.
https://doi.org/10.1016/j.conbuildmat.2025.143751

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

Copyright
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.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.conbuildmat.2025.143751
https://doi.org/10.1016/j.conbuildmat.2025.143751


Creep in carbonatable binders: Investigating non-hydraulic lime mortars
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A B S T R A C T

Non-hydraulic lime (also known as air lime) is an ancient carbonatable binder that has regained attention due to 
its carbon sink potential. Besides lower CO2 emissions during production, air lime also absorbs carbon dioxide 
during its hardening process. Yet, the challenge with non-hydraulic lime (and alternative binders in general) lies 
in the absence of data, standards, and replicable studies. For instance, air lime is often used in masonry mortars, 
where volume stability (shrinkage and creep) is required to ensure structural safety, but research on this issue 
remains scarce. Therefore, the objective of this study was to apply existing frameworks to experimentally 
measure the total creep (EN 12390–17:2019) of non-hydraulic lime-containing mortars. Four groups were 
analyzed, with non-hydraulic lime contents of 100 %, 67 %, 50 %, and 0 % (binder volume). Specimens were 
subjected to three different curing conditions and then loaded and monitored for up to 240 days. The results 
showed that (i) unlike Portland cement, non-hydraulic lime mortars needed more time to develop strength under 
natural environmental conditions; (ii) the phenolphthalein test did not accurately monitor the carbonation depth 
of air lime-rich mortars; (iii) air lime-rich systems showed less shrinkage, possibly due to carbonation-induced 
expansion; and (iv) air lime-rich groups exhibited greater creep strains, confirming their high deformability. 
These findings demonstrate that air lime-containing mortars exhibit a distinct time-dependent behavior, high
lighting the need to adapt existing standards for more accurate and reproducible long-term performance 
assessments.

1. Introduction

Lime, a carbonatable binder, has been used as a building material for 
thousands of years. Some studies indicate that lime-based applications 
first emerged in the Middle East (7000 BCE), followed by Asia (2000 
BCE) and South America (500 BCE) [1,2]. Significant advancements in 
lime-based practices were made by the Phoenicians, Greeks, and 
Romans, with techniques gradually evolving across civilizations until 
the creation of Portland cement in the 19th century. At that point, the 
decline of lime became inevitable, since Portland cement could over
come many of the limitations associated with the non-hydraulic binder, 
including slow setting and low mechanical strength [3,4].

Today, two centuries later, lime is trending once again. As environ
mental regulations urge the construction industry to reduce Portland 
cement production (due to its significant carbon dioxide emissions), 
several alternative binders have been explored, including lime, lime
stone calcined clay, and alkali-activated materials [5–7]. Lime’s lower 
calcination temperature (compared to Portland cement) and its capacity 
to absorb carbon dioxide make it a promising candidate for 

decarbonizing the building sector. This study focuses on air lime, a 
subtype particularly relevant because its hardening relies exclusively on 
carbon dioxide sequestration.

Even though air lime is not a newly developed binder, it faces 
challenges similar to those of emerging materials: limited scientific 
consensus on its short- and long-term properties [3], and the absence of 
standards capable of assessing its performance [8]. These issues are 
largely rooted in the fact that expertise associated with air lime appli
cations was predominantly empirical and has gradually been lost over 
time. Consequently, fundamental studies characterizing this binder from 
different perspectives (i.e., physical and mechanical) remain in demand 
[9].

Recent studies, such as those by Oliveira et al. [9] and Branco et al. 
[10], investigated the physical properties of hardened air lime mortars. 
Similarly, the strength development of air lime-containing mortars was 
addressed by Oliveira et al. [9] and Kang et al. [11]. Blended systems 
(such as air lime-pozzolana [12,13] and white Portland cement-lime 
mortars [3,8]) and the influence of aggregate type [14] have also been 
explored. However, only few papers have focused on the volume 
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stability of air lime-containing mortars. In this study, volume stability is 
treated as a physicomechanical phenomenon characterized by shrinkage 
(length change due to intrinsic and extrinsic factors) and creep (time-
dependent deformation under constant load and defined conditions). 
Among them, creep remains one of the least investigated and most 
underestimated aspects of air lime-containing mortars [15,16] and is the 
focus of this research.

To the best of the authors’ knowledge, only one study has investi
gated the creep behavior of air lime-containing mortars in the last 
decade. In 2015, Macharia [15] measured creep in small air lime-cement 
mortar cylinders and concluded that the air lime content is directly 
proportional to creep strains, highlighting the need for further research 
on the topic. Earlier studies from 2004, including those by Brooks and 
Bakar [16] and Papayianni [17], had already raised similar concerns, 
noting that excessive creep can compromise durability and structural 
integrity [9,14]. These issues are especially critical in applications 
where air lime is extensively used, such as the conservation of built 
heritage and masonry systems.

In conservation technology, inaccurate assumptions about defor
mation behavior may lead to the failure of delicate retrofitting systems, 
incompatibility with adjacent materials, and accelerated deterioration 
resulting from cracking. In masonry systems, the creep of lime mortars is 
often overlooked based on the assumption that the influence of the 
mortar joint is negligible, given its relatively small volume compared to 
the masonry units [16]. This assumption often lacks validation and 
underestimates long-term displacements, an issue that has been linked 
to partial and full collapse of buildings, as documented in the literature 
[16,18].

Therefore, there is an urgent need to develop robust, reproducible 
knowledge on the creep behavior of air lime-containing mortars to 
support the dissemination of air lime as a structurally viable and sus
tainable binder. In this context, the aim of this study was to measure the 
total creep of air lime-containing mortars for up to 240 days. Additional 
properties were also investigated, including compressive strength, E- 
modulus, length change, and carbonation depth. Due to the lack of 
standards specifically designed to evaluate total creep in non-hydraulic 
binders, the existing framework for Portland cement (EN 
12390–17:2019 [19]) was adopted, along with the assumptions it 
entails.

2. Materials and methods

2.1. Materials

To investigate the influence of air lime on the creep behavior of 
mortars, four mixtures were designed based on commonly employed 
formulations for masonry systems [13,14]. The materials included 
Portland cement with added limestone (CEM II/A–L 32.5 R), 
non-hydraulic lime (CL90S), standard siliceous sand (0–2 mm), and tap 
water. To ensure that all mixtures were suitable for the same intended 
application, the flow diameter was fixed at (164 ± 7) mm, in accordance 
with the procedure specified in EN 459–2:2021 [20], a standard 
designed specifically for testing building lime. Further mixture details 
are provided in Table 1.

The chemical compositions of Portland cement and air lime were 
determined using XRF, and the results are presented in Table 2. The 
physical characteristics of the binders, including bulk density, specific 
gravity, and D50 (median particle size determined by laser diffraction) 
are presented in Table 3.

The mineralogical composition of the standard siliceous sand was 
determined using XRD (5◦–75◦ scan range, 1.25 s counting time per step, 
0.020◦ 2θ step size). No mineralogical phases other than quartz (SiO2) 
were identified. The physical characteristics of the sand, including bulk 
density, specific gravity, and water absorption are shown in Table 4.

Regarding specimen production, all four mortar groups (Table 1) 
were prepared using the same procedure. Mixing lasted four minutes 

and was followed by casting in two layers. Each layer was compacted 
using mechanical vibration for 30 s, in accordance with the instructions 
provided in EN 459–2:2021 [20] and EN 196–1:2016 [21]. The envi
ronmental conditions for curing and storage (prior to the physical and 
mechanical tests) are described in the following subsection.

2.2. Methods

This study aimed to investigate the total creep of air lime-containing 
mortars under three different curing treatments. After casting, all 
specimens underwent an initial 7-day curing (common to all groups and 
treatments), after which they were divided into three curing treatments 
(A, B, and C). In treatments A and B, specimens were cured for 28 and 91 
days, respectively, at 0.04 % CO2. In treatment C, specimens were cured 
for 28 days, at 1 % CO2. During the initial 7-day curing, all groups were 
kept in a humid chamber (95 ± 5) % RH, in accordance with EN 
1015–11:2019 [22]. Each curing treatment is summarized in Fig. 1.

Before effectively addressing the creep behavior of air lime- 
containing mortars, complementary tests were required. First, 
compressive strength was measured, as it determines the creep load to 
be applied to the specimens. Second, length change was monitored in 
companion specimens so that it could be subtracted from the total strain 
recorded during creep monitoring. These steps are detailed in EN 
12390–17:2019 [19].

Additional experiments, although not explicitly required by EN 
12390–17:2019 [19], also provided valuable insights into the creep 
behavior of air lime-containing mortars. In this study, thermogravi
metric analyses were conducted to assess the progress of carbonation 
and hydration over time; phenolphthalein aspersion was used to deter
mine the carbonation depth of fractured specimens; and elastic moduli 
were measured to evaluate the elastic response of air lime. An overview 
of the experimental program is shown in Fig. 2. Further details about 
each experiment are provided in the following subsections.

2.2.1. Compressive strength
Compressive strength was determined using mortar cubes measuring 

10 × 10 × 10 cm (Fig. 3a). The cubes were tested at 28, 91, and 182 
days after casting. The loading rates followed the procedures specified in 
EN 1015–11:2019 [22] and EN 12390–3:2019 [23]. Three replicates 
were tested per group (twelve per curing treatment). Each curing 
treatment (A, B, and C) was described in Fig. 1.

2.2.2. Length change
For the length change assessment, specimens measuring 

10 × 10 × 40 cm were used. Two replicates (four measuring points in 
total) were tested per group, resulting in eight per curing treatment. The 
preparation of the specimens is shown in Fig. 3b. Total displacement was 
manually recorded using dial gauges (±0.001 mm) at the intervals 
recommended by EN 12390–16:2019 [24]. The full dataset, including 
additional intervals, is available in [25].

Table 1 
Mixture design for masonry mortar applications.

Groupsa Cement 
(kg/m³)

Air Lime 
(kg/m³)

Sand 
(kg/m³)

Water 
(kg/m³)

Flow 
diameter 
(mm)

C100L0 340 – 1677 252 157
C50L50 176 65 1741 248 161
C33L67 118 86 1742 256 165
C0L100 – 131 1760 265 170

a C100L0 represents a mixture with 0 % of lime and 100 % of Portland cement; 
C50L50 represents a mixture with 50 % of lime and 50 % of Portland cement; 
C33L67 represents a mixture with 67 % of lime and 33 % of Portland cement; 
C0L100 represents a mixture with 100 % of lime and 0 % of Portland cement. 
Calculated based on the binder volume.
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2.2.3. Creep testing: instantaneous strain, total strain, and total creep
Two replicates (four measuring points in total) were used to track 

instantaneous and total strain, which was later used to calculate total 
creep. The specimens were tested according to EN 12390–17:2019 [19], 
with all groups subjected to a constant load equal to 30 % of their 28-day 
compressive strength (treatments A and C) or 91-day compressive 
strength (treatment B). Specimens under treatment A were monitored 
for up to 56 days, while those under treatments B and C were monitored 
for 240 days. Total displacement was continuously measured using 

automated LVDTs (± 0.0001 mm), and the full dataset is available in 
[26]. The test setup is shown in Fig. 3c.

2.2.4. Additional characterization experiments
In addition to the tests conducted as part of the creep investigation 

(compressive strength, length change, and total creep), additional ex
periments were planned to better understand the effect of carbonation 
on strength and deformation: phenolphthalein test, thermogravimetric 
analysis (TGA), and elastic modulus. 

• Phenolphthalein test 
A phenolphthalein solution (1 % in 70 % ethanol) was sprayed 

onto the freshly fractured surfaces of the 4 × 4 × 16 cm specimens. 
The carbonation front was measured using a precision ruler 
(±0.25 mm). According to RILEM CPC-18 [27], a pH below 9 
(colorless) indicates a carbonated zone, while a pH above 9 (shades 
of pink/fuchsia) indicates a non-carbonated zone. This test was 
repeated at 28, 91, and 182 days after casting.

• Thermogravimetric analysis (TGA) 
Fragments of approximately 1 cm3 were extracted from the frac

tured surface of the specimens, at depths ranging from 5 mm to 
15 mm, for the TG analysis. Pore water was removed using the 
solvent-exchange method, commonly adopted in the literature [11]. 
The samples were then dried and finely ground. 

The testing protocol followed the recommendations of Lothenbach 
et al. [28]. Weight losses in the 350–500 ◦C range were attributed to 
the dehydration of calcium hydroxide, while losses in the 600–850 
◦C range were associated with the decarbonation of calcium 

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 0.11

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

Table 3 
Physical characterization of the binders.

Properties Cement CEM II A/L 32.5 R Hydrated Lime CL90S

Bulk density (kg/cm3) (1068.47 ± 4.36) (391.69 ± 3.67)
Specific gravity (-) (3135.72 ± 10.70) (2176.88 ± 71.59)
D50 – Laser diffraction 

(µm)
26.23 10.54

Table 4 
Physical properties of the standard sand.

Material Bulk density (kg/ 
cm3)

Specific gravity (-) Absorption 
(%)

Standard 
sanda

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

a The standard sand is in line with the recommendations from EN 196–1:2016 
[21].

Fig. 1. Curing treatments A, B, and C (before the commencement of the experimental tests).
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carbonate. Approximately 40 mg of powdered sample was heated 
from ambient temperature to 1000 ºC, at a heating rate of 20 ºC/min. 
An argon atmosphere was used to prevent any additional carbon
ation during the test. Measurements were conducted at 28, 91, and 
182 days after casting.

• Elastic modulus 
Additional prisms (10 × 10 × 40 cm) were cast to measure the 

stabilized secant modulus of elasticity of air lime-containing mortars. 
For each group, two replicates were tested using the loading- 
unloading Method B, specified in EN 12390–13:2021 [29]. Speci
mens were subjected to three loading cycles at 30 % of their 
compressive strength at 28 days (treatments A and C) or 91 days 
(treatment B). Displacements were measured using automated 
LVDTs (±0.0001 mm) over a 100 mm gauge length. The mortar 
prisms were subjected to the same curing and storage conditions 
described in Fig. 1.

For conciseness, the results of these additional experiments 
(phenolphthalein, TGA, and elastic modulus) are presented in connec
tion with the most relevant discussions throughout the paper, rather 
than in a separate section.

3. Results and discussions

3.1. Compressive strength and carbonation

The compressive strength of air lime-containing mortars was 
measured to assess their mechanical performance and to determine the 
reference load for the creep tests. The results are presented in Table 5.

Based on the results in Table 5, the groups cured for 91 days at 
0.04 % CO₂ (treatment B) and those cured for 28 days at 1 % CO₂ 
(treatment C) exhibited higher compressive strengths than the groups 
cured for 28 days at 0.04 % CO₂ (treatment A). In all treatments, 

compressive strength decreased proportionally to the air lime content in 
the mixture. When comparing strength across treatments (Fig. 4), 
treatment C was the most effective, promoting both the fastest strength 
gain and the highest overall values. Treatment B yielded comparable 
strength levels, though over a significantly longer curing period (3 
months).

The behavior observed in Table 5 and Fig. 4 suggests that carbon
ation is a slow mechanism under natural environmental conditions, 
requiring either extended curing times or exposure to increased CO2 
concentrations to promote strength development. This hypothesis was 
confirmed by spraying phenolphthalein onto the freshly fractured sur
faces of the specimens, which revealed a carbonation front consistent 
with this trend. The carbonation depth measurements are shown in 
Table 6.

As shown in Table 6, carbonation depth increased with the lime 
content. This trend can be explained by two main reasons: (i) lime-rich 
mixtures contain a higher amount of calcium hydroxide available, which 
increases the potential for carbonation; and (ii) air lime increases the 
overall porosity of mortars, which facilitates CO₂ ingress, as noted by 
Lanas et al. [30]. Treatment C exhibited the greatest carbonation depths, 

Fig. 2. Summary of the experimental program.

Fig. 3. Specimens for (a) compressive strength, (b) total shrinkage, and (c) total creep.

Table 5 
Compressive strengths at 28 days (treatments A and C) and 91 days (treatment 
B).

Groups Treatment Aa (MPa) Treatment Ba (MPa) Treatment Ca (MPa)

C100L0 20.03 ± 0.32 24.77 ± 1.14 27.85 ± 0.28
C50L50 7.06 ± 0.55 7.80 ± 0.75 8.72 ± 0.08
C33L67 2.67 ± 0.13 3.32 ± 0.16 4.13 ± 0.02
C0L100 0.28 ± 0.03 0.73 ± 0.05 1.00 ± 0.05

a In treatments A and B, specimens were cured for 28 and 91 days, respec
tively, at 0.04 % CO2. In treatment C, specimens were cured for 28 days at 1 % 
CO2.
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followed by treatment B, consistent with the trend previously observed 
in Table 5.

In treatments A and B, the carbonation depth of the pure lime 
mixture (C0L100) could not be determined with the phenolphthalein 
method. Although the freshly fractured surface initially showed a visible 
carbonation front, the entire section turned pink within seconds, pre
venting accurate measurement. Oliveira et al. [9] attributed this 
behavior to the formation of Liesegang rings.

Liesegang rings are localized patterns that arise due to differential 
conditions (e.g., moisture levels or calcium concentrations) promoting 
calcium carbonate precipitation at specific locations while inhibiting it 
at others. This mechanism explains the pink stains observed within the 
carbonated layer, shown in Fig. 5. Further details on Liesegang rings can 
be found in Rodriguez-Navarro et al. [31]. It should also be noted that 
the elevated pH of lime-rich systems may have influenced the effec
tiveness of phenolphthalein as a carbonation indicator, since this 
behavior was not observed in the pure cement group (C100L0).

Given the limitations of the phenolphthalein test, thermogravimetric 
analysis was conducted to provide a more accurate assessment of the 
actual carbonation occurring in the specimens. The results for all 
treatments are presented in Fig. 6a-c.

According to Fig. 6a-c, the weight loss associated with the decar
bonation of calcium carbonate was more substantial than that from the 

dehydroxylation of calcium hydroxide, suggesting that carbonation 
products represent a larger fraction of the samples. However, it is rele
vant to highlight that the mortar specimens were prepared with a 
cement containing added limestone (CEM II A/L). Consequently, the 
thermogravimetric results shown in Fig. 6a-c likely overestimate the 
decarbonation-related weight loss, since it is difficult to distinguish 
between carbonates originally present in the cement (limestone filler) 
and those formed through carbonation. To address this limitation, a 
semi-quantitative analysis was performed.

For the semi-quantitative analysis, the thermogravimetric data 
(Fig. 6a-c) were normalized to the binder fraction of each mixture. This 
approach was intended to enable a more consistent comparison across 
treatments by estimating the overall calcium hydroxide content relative 
to weight loss (Fig. 6) and mixture composition (Table 1). The calcula
tions assumed a fixed 1:3 binder-to-aggregate volumetric ratio and used 
the experimentally measured densities of lime (2.08 g/cm³), cement 
(3.14 g/cm³), and siliceous sand (2.62 g/cm³). The results in Fig. 7a are 
presented in arbitrary units to illustrate trends rather than absolute Ca 
(OH)₂ content.

A carbonation index was also calculated, as shown in Fig. 7b. It is 
defined as the ratio between the weight loss from CaCO3 decarbonation 
and that from calcium hydroxide dehydroxylation. Although this 
approach cannot distinguish between carbonates originally present in 
the cement (limestone filler) and those formed through carbonation, it 
provides a useful indicator for comparing relative trends across mix
tures. The index was normalized by the binder fraction of each group.

The results from Figs. 6 and 7 indicate that the pure lime group 
(C0L100) carbonated over time, despite the inconsistencies observed 
with the phenolphthalein test. Moreover, while visual inspection sug
gested that some groups under treatment C were fully carbonated, TGA 
results revealed otherwise, confirming the presence of calcium hydrox
ide (Fig. 7a). These findings indicate that the phenolphthalein test can 
overestimate the degree of carbonation—particularly in air lime- 
containing groups. Thus, complementary techniques (e.g., TGA, FTIR, 
etc.) are recommended to ensure a more accurate assessment.

Fig. 4. Strength increases comparing different treatments.

Table 6 
Carbonation depth at 28 days (treatments A and C) and 91 days (treatment B).

Groups Treatment A (mm) Treatment B (mm) Treatment C (mm)

C100L0 2.42 ± 0.51 4.96 ± 0.43 7.87 ± 0.28
C50L50 3.71 ± 0.54 9.27 ± 0.65 Fully carbonatedb

C33L67 3.93 ± 0.51 10.50 ± 0.71 Fully carbonatedb

C0L100 Indistinguishablea Indistinguishablea Fully carbonatedb

a Air lime-rich mixtures could not be measured, as their surfaces rapidly 
turned pink, suggesting a persistently high pH despite ongoing carbonation.

b The specimens were classified as fully carbonated based on a visual 
inspection.

Fig. 5. Examples of indistinguishable carbonation front in lime-rich mortars.
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According to Fig. 7a, a decreasing trend in calcium hydroxide con
tent is observed when comparing treatments A and B. Although both 
groups were cured under similar environmental conditions, specimens 
from treatment B were cured for 91 days (compared to 28 days for 
treatment A), allowing more time for carbonation. A decrease in calcium 
hydroxide is also observed when comparing treatments B and C. In this 
case, the higher CO2 concentration in treatment C (1 % versus 0.04 % for 
treatment B) accelerated the consumption of calcium hydroxide despite 
the shorter curing time. Hence, treatment C appears to promote both 
faster and more extensive carbonation than treatments A and B, 
consistent with the trends observed in the compressive strength and 
phenolphthalein results. These observations are further supported by 
Fig. 7b, which shows that the carbonation index increases from A to B to 
C (A < B < C).

The low index observed in all groups under treatment A (Fig. 7b) 
indicates that carbonation was limited within the 28-day curing period. 
For the air lime-containing groups, this trend can be attributed to lime’s 
high water retention capacity. According to the literature [14,32], 
lime’s high specific surface area combined with the porosity between its 
calcium hydroxide crystals enables it to trap water molecules. This 
retained moisture delays both the evaporation of excess water and the 
desaturation of pores, thereby limiting CO2 ingress and carbonation. 
This behavior was also reported in a previous study [33], where air 
lime-containing mixtures exhibited water retention values above 90 %, 
suggesting strong resistance to early-age water loss. In contrast, the low 
carbonation index observed in the pure cement group may be explained 
by its lower permeability, which hinders the ingress of CO2 and restricts 
carbonation progress. As confirmed by Munhoz et al. [33], cement 

mortars are less “breathable” as air lime-containing mortars. This 
behavior was also reported by Manoharan and Umarani [34].

Treatment B exhibited higher carbonation indices than treatment A, 
as shown in Fig. 7b. These results suggest that the influence of air lime’s 
water retention capacity diminished over time, confirming that water 
retention is primarily an early-age property. As a result, the longer 
curing period in treatment B allowed gradual moisture loss, which 
facilitated CO2 ingress and led to higher carbonation indices. This trend 
is consistent with the compressive strength and phenolphthalein results.

In treatment B, the influence of air lime’s water retention capacity 
also helps explain why carbonation indices were more pronounced in 
the lime-cement groups than in the pure lime group. In this case, air 
lime’s water retention capacity supported continued cement hydration 
while gradually promoting pore desaturation, which facilitated CO2 
ingress and accelerated carbonation. This interaction between lime and 
cement was also reported by Cizer [32].

According to Cizer [32], this collaborative effect between air lime 
and cement persists only until pore water levels drop to a minimum. At 
that point, the system shifts from collaboration to competition, with 
hydration, carbonation, and evaporation competing for the remaining 
moisture. According to the author, a competition between hydration and 
carbonation is generally uncommon in lime–cement systems, as hydra
tion tends to occur much faster than carbonation under natural condi
tions. Yet, under low-RH environments (such as the 55 % RH used to 
store the specimens), competition for moisture can occur. Research on 
this topic remains scarce [32] and was briefly noted in Munhoz et al. 
[33].

Treatment C (Fig. 7b) exhibited behavior similar to treatment B, with 

Fig. 6. Thermogravimetric results of (a) treatment A, (b) treatment B, and (c) treatment C.

Fig. 7. Semi-quantitative assessment of (a) calcium hydroxide content and (b) a carbonation index, based on the thermogravimetric results.
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even higher carbonation indices. This trend suggests that increasing the 
CO2 concentration to 1 % for 28 days was sufficient to surpass the extent 
of carbonation achieved under natural conditions over 91 days (treat
ment B). These results are consistent with the compressive strength and 
carbonation depth measurements, where the highest values were also 
observed in the groups under treatment C.

As the carbonation indices from treatment C were more pronounced 
in lime-cement groups, it can be inferred that the interaction between 
lime and cement followed a progression similar to that observed in 
treatment B. This time, however, the pure lime group exhibited 
carbonation indices comparable to those of the lime-cement groups, 
indicating that the influence of water retention is minimized under 
accelerated conditions, contributing to a deeper carbonation front in all 
lime-containing groups.

3.2. Length change

After determining the compressive strength of the specimens, the 
next step was to measure the length change behavior of unloaded 
companion specimens. Since environmental conditions strongly influ
ence length change, parameters such as relative humidity, CO2 con
centration, and temperature were continuously monitored and kept 
constant throughout the tests. This control is particularly important for 
air lime-containing mortars, which, due to their intrinsic water retention 
capacity, initially retain excess water.

Retained excess water makes air lime-containing mortars more sen
sitive to environmental fluctuations, which can influence water evapo
ration. For instance, the gradual loss of moisture promotes pore 
desaturation and facilitates CO₂ ingress, thereby enhancing carbonation 
and its impact on dimensional change. Because water in air lime mortars 
does not serve a hydrating role but is added primarily to improve 
workability [11,30] evaporation becomes a key driver of length change 
deformations [34,35].

The overall length change behavior for each treatment is shown in 
Fig. 8a–c. Positive values correspond to shrinkage, while negative values 

correspond to expansion. Specimens under treatment A were monitored 
for 56 days after curing due to technical limitations, whereas those 
under treatments B (Fig. 8b) and C (Fig. 8c) were monitored for 240 
days.

According to Fig. 8a (treatment A), the groups containing air lime 
(C50L50, C33L67, and C0L100) exhibited lower shrinkage strains 
because they were cured under the same relative humidity as the test 
conditions (55 ± 5 % RH). In contrast, C100L0 showed the highest 
shrinkage values. This behavior was expected because, as shown in 
Fig. 1, this group was initially cured in a humid chamber (95 ± 5 % RH) 
and then transferred to a dry room (55 ± 5 % RH) for the length change 
and creep tests, in accordance with EN 459–2:2021 [20]. Although this 
procedure follows the standard, it hinders a fair comparison with the 
other groups. Therefore, to ensure comparability, all specimens in 
treatments B and C were cured under the same environmental 
conditions.

Fig. 8a suggests that length change strains were proportional to the 
lime content. This trend was consistently observed in treatments B 
(Fig. 8b) and C (Fig. 8c) as well and can be attributed to several factors, 
including the water retention capacity of air lime, the aggregate fraction 
in each mixture, and the effects of carbonation. Each of these factors is 
addressed in sequence. 

• Water retention: In air lime mortars, higher water retention capacity 
delays moisture loss, thereby reducing shrinkage strains. Since this 
capacity increases with lime content, as observed by Munhoz et al. 
[33], air lime-rich mixtures tend to exhibit lower shrinkage.

• Aggregate fraction: Aggregates act as a mechanical restraint, helping 
to limit shrinkage strains [36]. Because air lime has a lower density 
than Portland cement (Table 3), air lime-rich mixtures have less 
binder per weight, resulting in a slightly greater aggregate fraction 
(despite the same volumetric ratio being maintained), which reduces 
shrinkage.

• Carbonation: The carbonation of air lime is an expansive reaction 
that can counteract shrinkage strains caused by moisture loss. The 

Fig. 8. Length change of mortar specimens under (a) treatment A, (b) treatment B, and (c) treatment C.
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transformation of calcium hydroxide (Ca(OH)₂) into calcium car
bonate (CaCO₃) leads to a volumetric increase of approximately 11 % 
(according to their molar volume). At the specimen level, however, 
the net expansion depends on the balance between shrinkage and 
carbonation, both of which are influenced by environmental condi
tions [37].

According to Fig. 8b-c, all groups exhibited a general stabilization 
trend, suggesting that most length changes occurred during the curing 
period and prior to the commencement of the test. Macharia [15] and 
Ramesh [35] also reported limited deformations over time, noting that 
the greatest length changes were recorded within the first month of 
monitoring. In this study, however, early-age measurements were not 
included, as the length change monitoring program was designed to 
align with the creep testing phase, in accordance with EN 
12390–17:2019 [19]. The influence of environmental conditions on 
both short- and long-term length change behavior of air lime-containing 
mortars is currently under investigation and will be addressed in future 
work.

Overall, Fig. 8 shows the greatest length changes in treatment A, 
followed by treatments B and C, with minor differences between the 
latter two. This behavior aligns with the previous carbonation trends, 
suggesting that at higher degrees of carbonation, the expansion associ
ated with the conversion of calcium hydroxide into calcium carbonate 
may have gradually counteracted shrinkage tendencies over time.

Based on these observations, an important clarification must be 
made. The calculation of creep according to EN 12390–17:2019 [19]
requires subtracting strains due to length change, as shown in Eq. (1). 
While this assumption is appropriate for Portland cement mortars, it 
may not adequately reflect the potential expansive behavior of air 
lime-containing mortars. In such cases, although Eq. (1) remains valid, 
the interpretation of εlc(t, t0) must account for the sign convention 
established in EN 12390–16:2019 [24]. According to the standard, 
shrinkage is conventionally represented as positive (thus, subtracted 
from total strain), whereas expansion is represented as negative. When 
inserted into Eq. (1), the negative expansion becomes an additive term 
and potentially lead to an overestimation of the total creep component. 
Therefore, careful attention must be paid to the sign conventions. For 
clarity and consistency, this study proposes using the absolute value of 
the length change, |εlc(t, t0) |. 

εcc(t, t0) = εcc(t) − εlc(t, t0) − εil(t0) (1) 

in which εcc is the strain in the loaded specimen at the initial (t0) or any 
subsequent given time (t); εlc is the strain due to length change (i.e., 
shrinkage or expansion) in the unloaded companion specimen, 
measured from the time of loading; εil is the instantaneous elastic strain 
measured immediately after loading.

3.3. Creep behavior

The time-dependent response of air lime-containing mortars under 
sustained load is presented in this section. After establishing the 
compressive strength (which determined the applied stress) and ac
counting for length change deformations, the analysis now focuses on 
the evolution of strain over time. Results are presented in two parts: (i) 
instantaneous and total strain, and (ii) total creep and elastic modulus.

3.3.1. Instantaneous and total strain
The instantaneous strain was determined from the total strain curves. 

These curves were obtained by loading the specimens at 30 % of their 
28-day (treatments A and C) or 91-day (treatment B) compressive 
strength, with the corresponding loads summarized in Table 7. The total 
strain response is plotted in Fig. 9a-c.

A vertical line at 56 days was added to Fig. 9b-c to facilitate visu
alization and support comparisons with Fig. 9a (treatment A). Treatment 

A was monitored for 56 days because an additional strength test 
revealed a substantial increase in compressive strength across all groups, 
which compromised the assumption of constant load required for creep 
testing. Therefore, treatment A was discontinued after 56 days of total 
strain monitoring, highlighting a particularly relevant finding for the 
testing of air lime–containing mortars: the absence of a reference testing 
age.

To the best of the authors’ knowledge, no recommendations 
regarding a reference testing age for air lime-containing mortars are 
available in the literature. Thus, the results from treatment A (Fig. 9a) 
indicate that, under natural environmental conditions, strength- 
dependent properties such as creep should not be assessed before 91 
days of curing. Prior to this stage, strength development due to 
carbonation is still ongoing and may compromise the assumption of 
constant load. When compressive strength was reassessed at 182 days, 
the variation relative to the 91-day strength was within a 5 % margin for 
all groups, indicating that strength had effectively stabilized by then.

According to Fig. 9a–c, small variations can be observed in all total 
strain curves. These fluctuations may be attributed to minor load os
cillations or minor fluctuations in temperature or relative humidity. As 
previously mentioned, environmental conditions were maintained at 
(21 ± 2) ◦C and (55 ± 5) % RH, and creep loads were automatically 
controlled via a hydraulic system. Although the curves in Fig. 9a-c are 
not directly comparable because each group and treatment was sub
jected to a different loading condition, they remain suitable for deter
mining the instantaneous strain.

In this study, the instantaneous strain was determined from the 
linear portion of each curve (Fig. 9a-c), up to the moment when the 
target load (30 % of the compressive strength) was reached. A linear 
regression was applied to isolate the elastic response and minimize the 
influence of initial settling effects (transient behaviors that occur when 
the specimen is first subjected to loading). The corresponding fitting 
equations and R2 values for each group and treatment are presented in 
Table 8, along with the instantaneous strain.

To facilitate comparison between groups and treatments, the 
instantaneous strain compliance was calculated and is presented in 
Table 9. Compliance is defined as the ratio of strain to stress and de
scribes the material’s tendency to deform under load. In this study, it is 
expressed in µε/MPa, representing the microstrain produced per unit of 
applied stress. A higher compliance corresponds to increased 
deformability.

Table 9 indicates that the strain-to-stress ratio varied proportionally 
with the air lime content in the mixture, suggesting that air lime-rich 
mixtures are more deformable than cement-rich ones, consistent with 
findings reported in the literature [38,39]. However, an exception was 
observed in Treatment C, where C0L100 specimens exhibited lower 
compliance than C33L67. In this case, secondary effects related to the 
extent of non-uniform carbonation appear to have influenced the 
instantaneous strain of air lime-rich mortars.

The extent and uniformity of carbonation both play critical roles in 
governing the deformability of lime-based mortars. As carbonation 
progresses, calcium carbonate precipitates within the pore network, 
leading to microstructural densification, reduced total porosity, and 
increased stiffness, as reported by Lawrence [40]. However, when 
carbonation proceeds non-uniformly, localized precipitation disrupts 
the pore structure and ultimately compromise mechanical performance.

Table 7 
Creep loads and corresponding standard deviations according to each group and 
treatment.

Groups Treatment A (kN) Treatment B (kN) Treatment C (kN)

C100L0 60.21 ± 0.09 75.22 ± 0.90 83.51 ± 0.37
C50L50 21.60 ± 0.61 23.39 ± 0.31 26.46 ± 0.23
C33L67 8.34 ± 0.42 10.09 ± 0.32 12.19 ± 0.46
C0L100 0.88 ± 0.07 2.19 ± 0.06 3.03 ± 0.17
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According to Padmaraj and Arnepalli [41], once microstructural 
densification reaches an optimum limit, continued precipitation of cal
cium carbonate can create internal stresses that lead to microcracking, 
thereby increasing total porosity and deformability. This effect is re
flected in Table 9, where treatment C (associated with a greater 
carbonation extent than treatments A and B) generally shows the highest 
instantaneous strain compliance. Phenolphthalein testing, thermogra
vimetric analysis, and compressive strength results from previous 

sections support these hypotheses. Once again, C0L100 was the excep
tion to the overall trend, showing decreasing compliance from treatment 
A to C. Its higher porosity likely allowed calcium carbonate to precipi
tate without inducing microcracking. Thus, densification never reached 
the optimum limit observed in the cement–containing mixtures. Further 
pore structure characterization is recommended.

3.3.2. Total creep and elastic modulus
The following plots (Figs. 10–13) present the time-dependent strain 

for each group (C100L0, C50L50, C33L67, and C0L100) and treatment 
(A, B, and C). Each strain component measured in this study (length 
change strain, total strain, instantaneous strain, and the resulting total 
creep strain) is expressed as compliance (µε/MPa). Due to the ongoing 
strength development discussed in the previous section, monitoring of 
all groups under treatment A was interrupted after 56 days. The results 
for the pure cement group, C100L0, are shown in Fig. 10a-c.

C100L0 specimens under treatment A were cured at 95 % RH for 28 
days and then transferred to a 55 % RH environment for the creep test, 
in accordance with EN 12390–17:2019 [19]. However, this change in 
environment introduced a humidity gradient that led to the increased 
shrinkage strains observed in Fig. 10a. To avoid this issue, specimens 
under treatments B and C were cured at 55 % RH.

Despite the longer curing period and consistent environmental con
ditions, specimens under treatment B (Fig. 10b) still exhibited a similar 

Fig. 9. Total strain of mortar specimens cured under (a) treatment A, (b) treatment B, and (c) treatment C.

Table 8 
Instantaneous strain due to loading according to each group and treatment.

Groups Equation R2 Instantaneous strain 
(µm/m)

Treatment A | 
C100L0

y = 1.3726 • x + 1.4378 0.997 213.65

Treatment A | 
C50L50

y = 0.5702 • x + 2.2733 0.991 165.79

Treatment A | 
C33L67

y = 0.3464 • x + 0.2814 0.975 111.56

Treatment A | 
C0L100

y = 0.1522 • x + 0.0101 0.990 27.26

Treatment B | 
C100L0

y = 1.5183 • x + 4.4779 0.988 229.97

Treatment B | 
C50L50

y = 0.6344 • x + 3.1638 0.990 159.49

Treatment B | 
C33L67

y = 0.3485 • x + 1.0120 0.977 128.38

Treatment B | 
C0L100

y = 0.1917 • x + 0.3373 0.970 48.32

Treatment C | 
C100L0

y = 1.1089 • x + 5.0518 0.998 353.95

Treatment C | 
C50L50

y = 0.5255 • x + 1.4594 0.996 235.02

Treatment C | 
C33L67

y = 0.2854 • x + 0.2648 0.996 212.42

Treatment C | 
C0L100

y = 0.3606 • x + 0.4890 0.979 32.04

Table 9 
Instantaneous strain compliance according to each group and treatment.

Groups Treatment A 
(µε/MPa)

Treatment B 
(µε/MPa)

Treatment C 
(µε/MPa)

C100L0 35.56 30.95 42.36
C50L50 78.28 68.16 89.84
C33L67 139.27 128.89 171.45
C0L100 324.57 220.65 106.81
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instantaneous strain (30.95 µε/MPa) to those under treatment A (35.56 
µε/MPa). This indicates that instantaneous strain was primarily gov
erned by mixture composition, which remained unchanged across 
treatments. The slightly lower value observed in treatment B can be 
explained by the longer curing period and the associated matrix 
consolidation.

Compared to treatment B, specimens under treatment C (Fig. 10c) 
exhibited lower total creep compliance, suggesting that accelerated 
carbonation curing and the extensive precipitation of calcium carbonate 
densified the matrix, thereby increasing stiffness and limited long-term 
deformation under sustained load. In contrast, treatment C showed the 
highest instantaneous strain among the three treatments (42.36 
µε/MPa), supporting the earlier hypothesis that extensive precipitation 
of calcium carbonate, while enhancing stiffness, can also generate in
ternal stresses when porosity is limited. A detailed characterization of 

the pore structure is recommended to support this discussion.
C50L50 results are shown in Fig. 11. Specimens cured under treat

ment A (Fig. 11a) exhibited greater length change and total creep strains 
than those in treatment B (Fig. 11b). The presence of uncarbonated lime, 
which reduces stiffness and increases susceptibility to time-dependent 
deformation, may explain the higher strains observed in treatment A. 
In contrast, the reduced strains in treatment B are consistent with its 
longer curing period and greater carbonation extent, as reported in the 
previous sections.

The highest instantaneous strain was observed in treatment C (89.83 
µε/MPa, Fig. 11c). This behavior can be attributed to accelerated 
carbonation and the extensive precipitation of calcium carbonate, which 
enhance stiffness but also generate internal stresses when porosity is 
limited, thereby promoting microstructural cracking. A similar trend 
was observed in C100L0 (Fig. 10). The extensive precipitation of 

Fig. 10. Deformation behavior of C100L0 according to (a) Treatment A; (b) Treatment B; and (c) Treatment C.

Fig. 11. Deformation behavior of C50L50 according to (a) Treatment A; (b) Treatment B; and (c) Treatment C.
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calcium carbonate in treatment C was confirmed by phenolphthalein 
and TG tests.

Results for the other lime-cement group, C33L67, are shown in 
Fig. 12. Unlike C50L50, the C33L67 specimens exhibited their highest 
strain values under treatment A (Fig. 12a). This behavior suggests that 
the higher air lime content, which intrinsically increases matrix softness 
[39], combined with the short curing period under natural conditions 
(28 days at 0.04 % CO2), resulted in limited carbonation and a more 
pronounced deformation response.

Specimens under treatment B (Fig. 12b) exhibited a significant 
reduction in all strain components compared to those in treatment A. 
This reduction indicates that the longer curing period led to a greater 
extent of carbonation, which consolidated both the microstructure and 
the strain response. The slightly lower instantaneous strain compliance 
observed in treatment B aligns with the trends seen in C100L0 (Fig. 10) 

and C50L50 (Fig. 11). In these cases, instantaneous strain was primarily 
governed by mixture composition, with curing conditions playing a 
minor role.

Specimens under treatment C (Fig. 12c) reached total strain 
compliance magnitudes similar to those under treatment B, yet their 
total strain curves differed considerably. While the curve from treatment 
B showed a gradual increase over time, the curve from treatment C 
showed a sharp early rise. This distinct response suggests that specimens 
in treatment C underwent microstructural adjustments (e.g., initial 
settling), which contributed to the increased early-age deformation. The 
high instantaneous strain observed in treatment C (171.46 µε/MPa) 
supports this interpretation.

Such early-age adjustments could be attributed to (i) the irregular 
carbonation front and formation of Liesegang rings, revealed during the 
phenolphthalein test (Fig. 5); and (ii) excessive precipitation of calcium 

Fig. 12. Deformation behavior of C33L67 according to (a) Treatment A; (b) Treatment B; and (c) Treatment C.

Fig. 13. Deformation behavior of C0L100 according to (a) Treatment A; (b) Treatment B; and (c) Treatment C.
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carbonate, which can generate internal stresses when porosity is limited. 
Nevertheless, after this initial adjustment, the strain evolution in treat
ment C remained relatively stable, consistent with the behavior ex
pected from a denser, stiffer matrix formed through accelerated 
carbonation curing.

The outcomes for the final and most air lime-rich group, C0L100, are 
presented in Fig. 13. As the group with the lowest mechanical strength, 
C0L100 was particularly sensitive to microstructural changes, which 
may also explain the pronounced oscillations recorded over time. The 
pure lime group also exhibited a less uniform deformation response than 
the others, potentially due to the irregular carbonation front revealed by 
the phenolphthalein test (Fig. 5).

The specimens under treatment A (Fig. 13a) were tested after 28 days 
of curing, when carbonation was still at an early stage, resulting in 
notably high total strains. Unlike Portland cement mortars, these find
ings indicate that air lime-rich mortars cured under natural conditions 
require more than 28 days to develop sufficient strength. For instance, 
specimens under treatment B (Fig. 13b), cured for 91 days, exhibited 
substantially lower deformation than those under treatment A.

Specimens under treatment B (Fig. 13b) also showed lower instan
taneous strain compliance, confirming that instantaneous strain is gov
erned primarily by mixture composition and secondarily by curing 
conditions, a pattern consistently observed across all groups (C100L0, 
C50L50, and C33L67). In treatment C (Fig. 13c), however, strain 
decreased, contrasting with the trend observed in other groups cured 
under increased CO2 concentrations. This behavior suggests that, in this 
case, accelerated carbonation curing promoted matrix consolidation 
without inducing internal stresses that could lead to microstructural 
cracking, thereby explaining the lowest instantaneous strain compliance 
observed in Fig. 13c. Nonetheless, C0L100’s total strain did not follow 
the typical curves often reported for Portland cement-containing 
mortars.

Under treatment A (Fig. 13a), the total creep compliance curve 
initially shows a progressive increase, followed by temporary stabiliza
tion and a subsequent increase. This atypical behavior reflects the 
immature state of the C0L100 matrix at the time of testing. As previously 
discussed, after 28 days of natural curing, carbonation was still incom
plete. As a result, the pure air lime mortars were mechanically under
developed and prone to continued microstructural adjustments.

Under treatment B (Fig. 13b), C0L100 specimens exhibited less 
irregular behavior than in treatment A, highlighting the benefits of an 
extended curing period. In this case, strength development was no 
longer a significant concern (as in treatment A), and most of the erratic 
behavior observed in Fig. 13b was limited to the first days of testing. 
This observation suggests that initial settling is a relevant issue in the 
creep monitoring of air lime-rich mortars, even after prolonged curing.

The specimens under treatment C (Fig. 13c) also exhibited a non- 
traditional creep curve, where initial settling may explain the early- 
age strain increase. However, because this group was subjected to 
accelerated carbonation curing, the specimens likely continued to 
benefit from internal CO₂ availability, extending the carbonation pro
cess beyond curing and altering the creep response. This pattern ex
plains the plateau followed by a decrease in strain observed in Fig. 13c. 
The increased length change associated with expansion due to carbon
ation supports this interpretation. After this transient phase, the strain 
curve rose again, suggesting that creep was still developing. A longer 
monitoring is needed to confirm this behavior.

In addition to the evaluation of total strain and creep performance, 
the secant elastic modulus was determined to characterize the stiffness 
of each group and to provide a complementary perspective on their 
deformation behavior. The results are summarized in Table 10.

The results shown in Table 10 indicate that the secant elastic 
modulus was proportional to the cement content, with C100L0 exhib
iting the highest values. This trend was expected and is consistent with 
the compressive strength and total strain compliance results.

Among the different treatments, Table 10 shows that specimens 

under treatment B (extended curing under natural conditions) exhibited 
the highest secant elastic modulus. This outcome can be attributed to the 
prolonged curing period, which promoted both cement hydration and 
air lime carbonation, leading to greater microstructural consolidation. 
In contrast, specimens cured under treatment A showed the lowest 
elastic modulus. This behavior can be explained by the short curing 
period under natural conditions, which restricted carbonation and 
microstructural consolidation, particularly in the air lime-containing 
groups.

Finally, specimens under treatment C (short curing in an accelerated 
carbonation environment) indicate that, while forced carbonation 
contributed to matrix densification through the precipitation of calcium 
carbonate, it also appears to have generated internal stresses that led to 
microstructural cracking, thereby lowering the secant elastic modulus. 
This impairment was less evident in cement-rich groups, where higher 
global stiffness may have mitigated the effects of microstructural 
cracking, limiting the reduction in elastic modulus. This interpretation is 
further supported by the instantaneous strain compliance.

4. Conclusions

This study measured the total creep of air lime-containing mortars 
over a period of up to 240 days. Four groups (C100L0, C50L50, C33L67, 
and C0L100) were monitored under three distinct curing treatments, 
and complementary tests (compressive strength, phenolphthalein, TGA, 
length change, and secant elastic modulus) were performed. A summary 
of the findings is presented below: 

1) Compressive strength: The air lime content was inversely propor
tional to the compressive strength, with C100L0 exhibiting the 
highest values. Among the curing treatments, the 28-day accelerated 
carbonation curing (treatment C) showed the highest strength 
values, followed by the 91-day natural curing (treatment B). These 
results indicate that air lime-containing mortars require prolonged 
curing under natural conditions (or carbonation-promoting envi
ronments) to achieve significant strength levels;

2) The role of carbonation: The air lime content was directly pro
portional to the carbonation depth. Among the treatments, the 
accelerated carbonation curing (treatment C) produced the greatest 
carbonation depths, followed by the prolonged natural curing 
(treatment B). In air lime groups, the presence of Liesegang rings 
revealed an irregular carbonation pattern that may impair mechan
ical performance. Moreover, the phenolphthalein test could not 
accurately determine the carbonation depth in air lime-rich groups, 
as TG analyses indicated a systematic tendency toward 
overestimation.

3) Length change strains: The expansive carbonation of air lime-rich 
mortars mitigated shrinkage tendencies, with C0L100 generally 
exhibiting the lowest strains. Treatments B and C consistently 
showed lower length change strains compared to treatment A, 
reflecting the benefits of extended and accelerated carbonation 
curing in improving volume stability.

4) Instantaneous and total strain: Instantaneous strain was governed 
primarily by mixture composition, with curing conditions playing a 
secondary role. Air lime-rich mixtures exhibited higher strains than 
cement-rich ones, reflecting their lower stiffness. Specimens under 
treatment B generally showed the lowest instantaneous strain 

Table 10 
Secant elastic modulus measured for each group and treatment.

Groups Treatment A (GPa) Treatment B (GPa) Treatment C (GPa)

C100L0 17.49 ± 1.92 18.93 ± 2.50 17.54 ± 2.45
C50L50 7.16 ± 0.44 9.31 ± 1.05 8.57 ± 0.88
C33L67 3.18 ± 0.31 5.47 ± 0.81 4.53 ± 0.69
C0L100 0.46 ± 0.07 3.72 ± 0.39 1.95 ± 0.23
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compliances, while those under treatment C exhibited the highest 
values. Although accelerated carbonation densifies the matrix and 
reduces long-term creep, excessive precipitation of calcium carbon
ate (beyond a porosity-dependent threshold) can generate internal 
stresses that promote microstructural cracking and increase instan
taneous strain.

5) Total creep and elastic modulus: Cement-rich mixtures consis
tently showed lower creep strains due to higher stiffness and 
strength, whereas air lime-rich mixtures were more deformable and 
prone to microstructural adjustments. This was confirmed by the 
secant elastic modulus results, with C100L0 exhibiting the highest 
values. Pure lime (C0L100) showed a distinct creep behavior, with 
immature matrices (treatment A) and initial settling effects (treat
ments B and C) responsible for the non-traditional creep curves 
observed in this study.

Finally, to ensure the reliable application of EN 12390–17 to air lime- 
containing mortars, three adjustments are recommended: (i) adopting a 
minimum curing age of 91 days under natural conditions (or an equiv
alent maturity criterion), since strength development continues beyond 
28 days; (ii) revising the calculation of creep to explicitly account for 
length change strains due to both expansion and shrinkage, with an 
adjusted sign convention; and (iii) defining recommended load levels 
that minimize the influence of initial settling effects in soft mortars. 
Together, these adjustments would allow EN 12390–17 to be applied 
more reliably to air lime-containing mortars, bridging the gap between 
current standards and the specific behavior of non-hydraulic binders.
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