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ABSTRACT
Throughout history, architectural heritage has been constructed using masonry, clay or stone elements, and lime-based mortars.
Over time, old buildings are subjected to different degrees of movement and degradation, leading to the formation of microcracks.
Water dissolves and transports lime in mortar, but when the water evaporates, the lime is deposited and heals cracks in a process
known as autogenous healing. Lime-based mortars can regain some mechanical properties due to their healing capacity, given
certain conditions. In the present work, a constitutive formulation has been developed to simulate cracking and healing in
lime-based mortars. The proposed model captures the residual displacements within cracks, associated with interacting crack
surface asperities, as well as the healing effect on mechanical properties. A new approach is described which expresses these
mechanismsmathematically within amicromechanical formulation. The proposedmodel was validated by comparing the outputs
with experimental data. The results show that the new continuum micromechanical damage-healing model could capture the
damage-healing cycle with good accuracy.

1 Introduction

A sense of place, identity and aesthetical well-being are
fostered by cultural assets such as historical buildings,
archaeological sites and monuments [1]. The current
generation has a duty to future generations to maintain heritage
structures.

Architectural heritage worldwide predominantly comprises
masonry units and mortar. These components exhibit distinct
mechanical properties and geometries, and their arrangement
can vary, resulting in different types of masonry assemblages
[2, 3].

Given their important role for economies and societies, the assess-
ment, preventive conservation and maintenance of historical
masonry structures remain key focusses of political strategy in
both the UK and Europe [4, 5]. It is widely acknowledged that
preventive measures are far more cost-effective than repairing
damage. Such damage to historic structures often results in the
loss of both buildings and artworks, leading to: (i) a tangible loss
of artistic and historical materials, and (ii) an intangible loss of
memory and cultural identity for the people to whom that legacy
belongs [6].

In the past, historic building as well as landscapes have
experienced and survived significant climatic events, thus
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demonstrating some resilience with respect to earthquakes,
accidents, cycles of moisture wetting and drying and
freezing [7].

This longevity might - in part - be explained by the well-known
self-healing abilities of lime-based mortars. The autogenous self-
healing behaviour of mortars with a high lime content was
first studied by Anderegg [8], in 1942, who discovered that
atmospheric water, once percolated into the matrix, can dissolve
the calcite in the binder. Saturated water can migrate to cracking
zones and eventually reprecipitate calcite and other minerals,
promoting the healing through crystal deposition inmicrocracks.
The presence of water is then one of the main factors coupled
with the degree of carbonation. As underlined by Lubelli et al.
[9] the carbonation reaction proceeds from the surface, which
is in contact with the air, to the inner part of the mortar
progressively. Not-fully carbonated particles can be dissolved and
subsequently transported and reprecipitated elsewhere. More-
over, the presence of impurities, such as Na(OH) and Na2CO3,
might increase the calcite solubility and thus enhance the healing
phenomena [10].

Recent studies have focussed on the effect of self-healing on
the mechanical performance of natural hydraulic lime (NHL)
mortars [11]. These have shown that, depending on the age of
precracking and the level of damage, the strength increases by
between 40% and 20%, with higher increases being associated
with earlier age precracking.

In the context of this study, an analysis of lime mortar as
an individual material is carried out, encompassing both its
experimental and modelling aspects as documented in the exist-
ing literature. Subsequently, attention is directed towards its
role within a masonry system, where the implications of these
findings are expounded upon.

Compared to cement mortar, there is a scarcity of literature
regarding the mechanical properties of hydraulic lime-based
mortars [2, 3]. Previous studies have highlighted a knowledge
gap in our understanding of this material [12–14]. Despite a
significant amount of experimentation aimed at designing new
mortar compositions and understanding its behaviour, there has
been little focus on developing a comprehensive model to fully
represent the stress–strain response of lime-based mortars when
subjected to compression, which is a critical factor in masonry
structures. According to Tassios [15], lime-based mortars exhibit
greater strength under compression than tension, with the uni-
axial compressive strength being approximately 10 times greater
than the uniaxial tensile strength. Using the EulerBernoulli and
Timoshenko models as a basis, Grazzini et al. [16] formulated a
bi-modulus model to analyse the results of three and four-point
bend tests performed on NHL samples. The findings showed
that the model was more effective in accurately representing
the experimental data in the four-point bend tests compared to
tensile tests. Diogo and Figueiredo [17] have demonstrated the
validity of a model to predict the compression strength peak of
lime mortars, based on the chemical and physical properties of
the binder, water/binder and binder/aggregate ratio. Compressive
strength differences between measured and predicted values
range between 39% and 4%, with older samples showing the best
agreement.

FIGURE 1 Modelling approaches for masonry structures: (a)
detailed micromodelling, (b) simplified micromodelling and (c) macro-
modelling.

The crucial contribution of mortar joints to the load-bearing
capacity of masonry structures is well-recognised [2, 3]. The
quality and the thickness of these joints are considered the most
significant parameters influencing the mechanical behaviour of
the masonry [18] since the majority of the deformations and
movements occur in mortar layers [19, 20]. More recently, the
influence of the healing capacity of lime-based mortars was
studied byDeNardi et al. [21]. The authors testedmasonry triplets
in shear with and without lateral precompression. The findings
of this study indicate that autogenous healing leads to a slight
increase in the cohesion value, while significantly and positively
affecting the friction coefficient, resulting in a doubling of its
value [22].

Masonry is generally considered an anisotropic heterogeneous
material, and analysing, understanding and capturing its struc-
tural behaviour is challenging. For nonstandard masonry, such
as historical masonry, recourse to numerical modelling is often
required to understand the structural behaviour under various
loading conditions [3, 23, 24]. Several investigations have high-
lighted the need for viable and accurate methods for analysing
historical masonry structures [19, 25–29].

The main modelling strategies for masonry are summarised in
three main groups, listed in descending order of refinement [30,
31]

- detailed micromodelling where units and mortar in the joints
are represented by continuumelements,while the unit-mortar
interface is depicted by discontinuous elements (Figure 1a);

- simplifiedmicromodelling, where bricks units are represented
as continuum elements, and the behaviour of themortar joints
and unit-mortar interface is modelled into discontinuous
brick/brick interface elements (Figure 1b);

- macromodelling (one-phase material). Units, mortar and
unit-mortar interfaces are smeared out in a homogeneous
continuum (Figure 1c).

The detailed micromodelling approach offers high accuracy in
results, but its computational demands limit the size of the
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numerical models. In this method, units and mortar joints
in masonry are considered separately, each governed by dis-
tinct constitutive laws. Mechanical properties are derived from
experimental tests on individual components [32–35].

Simplified micromodelling (two-phase material) involves rep-
resenting expanded units with continuum elements, while the
behaviour ofmortar joints andunit-mortar interfaces is combined
into discontinuous elements that act as zero-thickness interfaces
[36–39].

Simplified micromodelling and macromodelling are generally
preferred because they enable the structural analysis of larger
models. The main advantages of using homogenisation tech-
niques are that once the properties of the components are fully
known, the behaviour of masonry - considered as a composite
material - can be accurately predicted without the need for
extensive experimental tests. Changes in geometry, such as
unit size, joint thickness or geometrical arrangements, can be
analysed through numerical modelling [40–44].

There is a substantial amount of information available regarding
the mechanical properties and behaviour of cement mortar
masonry.However, there is a noticeable lack of literature concern-
ing the performance of lime-mortar masonry [45, 46]. Although
it is possible to measure masonry compressive strength and other
mechanical properties through experimental laboratory tests,
these tests require significant resources in terms of materials and
efforts.

The use of computational tools is essential in order to accurately
represent the mechanical properties of a structure, assess its
current condition, identify the causes of damage, determine
the structural strength under various loading conditions and
ultimately design appropriate remedial measures. Considering
this, it is crucial to simulate the time-dependent mechanical
behaviour of masonry components, taking into account their
irreversible degradation due to mechanical loads or their ability
to heal through self-healing processes.

Given the increasing effects of climate change, which exposes
our built heritage to more extreme hazards, understanding the
behaviour of lime mortar under various loads and environmental
conditions, as well as its long-term evolution, is crucial. It
has been proven that the strength of lime mortars increases
over time. In experiments, the strength increase ranged from
40% to 25% [11], relative to precracking levels. The degree of
strength gain depended on the age of precracking, with the
greatest strength increases measured in specimens which were
cracked at an early age. In the present work, an advanced
micromechanical model is proposed to represent microcracks
and self-healing behaviour in lime-based mortars. This model
builds on an existing two-phase composite micromechanical
constitutive model for concrete, which accounts for anisotropic
microcracking [44, 47, 48]. A number of fundamental changes
were necessary to the microlevel constitutive relationship to
make the model applicable to lime mortar since this mate-
rial has very different characteristics from those of concrete.
The calibration process was undertaken using experimental
data on the mechanical performance of NHL samples under
compression.

Cube specimens were precracked at different ages and levels of
damage and then cured in water to evaluate healing efficacy.
Model parameters were refined based on the results from one
healing cycle and validated against additional data to ensure
accuracy and reliability. The study concludes with findings
derived from these validations.

The paper is structured as follows:

- Section 2 presents the model theory and describes the numer-
ical implementation of the model.

- Section 3 reports a series of mechanical responses for spec-
imens with different ages, damage levels and degrees of
healing. The data were obtained by the authors at the
University IUAV of Venice.

- Section 4 presents a series of validations that involve both
damage and healing behaviour.

- Section 5 draws some overall conclusions from the study.

2 Micromechanical Approach

2.1 A Review of the Main Modelling Approaches

The mechanical characteristics of lime-based mortar closely
resemble those of low-strength concrete. As such, this study first
evaluated and adapted establishedmodels, initially developed for
concrete, to effectively model the behaviour of lime-based mortar
using experimental data. The following models were considered:
(i) Desayi and Krishnan [49]; (ii) Saenz [50]; (iii) Popovics [51];
(iv) Carreira and Chu [52] and (v) fib Model Code 2010 [53].

2.2 Homogenised Properties

Experimental observations indicate that lime mortars have a
multiphase structure with complex nonlinear behaviour. Using
a micromechanical formulation can provide an accurate tool for
linking these phases and deriving an overall constitutive equation
to simulate the mechanical properties of this type of material.
Effective compliance tensors of composite materials for a dilute
case with a volume fraction of inclusion less than 0.1 where the
inclusion interaction is negligible, can be calculated using the
Eshelbian method [54]. For lime mortar, for which the volume
fraction of inclusion phases is more than 5%, homogenisation
estimation techniques are required. For composite materials with
matrix-inclusion structures like mortar and aggregate, the Mori–
Tanaka homogenisation technique [55] is recommended [56]. The
effective stiffness matrix is used in a constitutive equation to
relate the far field strain (�̄�) to the far-field stress (�̄�):

�̄� = 𝐃eff �̄� (1)

where the homogenised stress–strain constitutive tensor, derived
using the Mori–Tanaka method, is as follows:

𝐃eff = 𝐃𝑚 +
(
𝑓Ω (𝐃Ω −𝐃𝑚)𝐀dill

)
(𝑓𝑚𝐈 + 𝑓Ω𝐀

dill)
−1

(2)
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where𝐃eff ,𝐃𝑚,𝐃Ω, 𝑓Ω and𝑓𝑚 are equivalent composite stiffness,
matrix stiffness, inclusion stiffness, inclusion and matrix volume
fraction, respectively. In this equation, 𝐀dill and 𝐈 are the dilute
strain concentration and identity matrix, respectively. The strain
concentration tensor for a two-phase matrix inclusion system is
given by:

𝐀dill = (𝐈 + 𝐒𝐂𝑚(𝐃Ω −𝐃𝑚))
−1 (3)

where 𝐈 is identitymatrix, 𝐒 is the Eshelby tensor and𝐂𝑚 ismatrix
elastic compliance tensor.

2.3 Microcracking and Residual Displacement

The particular novelty in the micromechanical model lies in
the way that a permanent ‘wedging strain’ tensor has been
incorporated into the model. This strain permanent strain
component is necessary to represent the significant permanent
displacements that are exhibited by mortar when it is subjected
to cyclic loading. This new strain component is in addition
to the existing inelastic healing and damage strain tensors.
The wedging strain is associated with small particles becoming
lodged in microcracks and the interaction of opposing rough
microcrack surfaces, which prevent microcracks from fully clos-
ing. The incorporation of the new terms into the constitutive
relationship (15) was far from trivial, and developing a robust
algorithm for the evolution of the multiple nonlinear processes,
in a way that satisfied the second law of thermodynamics, was
challenging.

Furthermore, it was necessary to calibrate all the damage and
healing evolution functions for a different material, specifically
lime-basedmortar, rather than the usual concrete. As a result, the
model had to undergo validation and be applied to limemortar for
the first time.

This marked the first time a model was employed to simulate
the mechanical properties of lime-based mortars, capturing their
unique behaviour, including their self-healing capabilities, which
set them apart from traditional concrete.

2.3.1 Basic Theory

Smeared crack approaches can model the constitutive behaviour
of quasi-brittle materials. The direct method of micromechanics
formulation is used in this paper to calculate the additional strain
caused by microcracking process as well as its effect on overall
stiffness matrix. This formulation can simulate the anisotropy
caused by microcrack evolution [57]. Accounting the additional
microcracking strain gives the following constitutive equation:

𝝈 = 𝐃eff (𝛆 − 𝛆add) (4)

where 𝛆add is the total additional microcracking strain (in Voigt
notation), calculated by integrating the contributions from the
additional strain on all crack planes.

For a single crack plane, the additional strain is calculated by [58]
methods.

𝛆α = 𝑓
16

(
1 − 𝜈2

𝑚

)
3𝐸𝑚

⎡⎢⎢⎢⎢⎣
𝐬𝑟𝑟
4

2−𝜈𝑚
𝐬𝑟𝑠

4

2−𝜈𝑚
𝐬𝑟𝑡

⎤⎥⎥⎥⎥⎦
(5)

where 𝛆α is the additional strain caused by microcracking in
an arbitrary spherical coordinate (r, s and t) at a certain crack
density parameter noted as 𝑓. 𝜈𝑚 and 𝐸𝑚 are Poisson’s and
Young’s modulus of the matrix, respectively. 𝐬 is the crack plane
traction tensor which is calculated by transforming the overall
stress tensor (𝝈) from global to local coordinate [59] using a stress
transformation matrix (𝐍).

𝐬 = 𝐍𝛔 (6)

Using Equation (4) for deriving the compliance matrix on a local
crack plane and correlating the crack density parameters with
conventional damage parameter (𝜔) gives local additional strain
due to the microcracks as follows:

𝛆α = 𝜔

1 − 𝜔
𝐂L𝐬L (7)

where 𝐂𝐿 = 1∕𝐸𝑚

⎡⎢⎢⎣
1 0 0

0 4∕4 − 𝜈𝑚 0

0 0 4∕4 − 𝜈𝑚

⎤⎥⎥⎦ is the local compli-
ance matrix.

By applying the kinematic consistency and relating the crack
density parameter to the directional damage vector 𝜔(𝜃, 𝜓), the
overall additional strain due to all microcracking is calculated
using the following equation:

𝛆add =
1

2𝜋 ∯ 𝐍𝑇𝐂L

𝜔

1 − 𝜔
𝐍𝜎 (8)

where𝐍𝛆 is strain transformation matrix.

Substituting (8) into (4) gives:

𝝈 =
(
𝐈 +

𝐃eff

2𝜋 ∯ 𝐍𝑇𝐂L

𝜔

1 − 𝜔
𝐍

)−1

𝐃ef f 𝛆 (9)

The damage evolution function can be related to the damage
surface (see Equation 11), the strain at first uniaxialmicrocracking
(𝜀𝑡) and the strain in the effectively fully microcracked condition
(𝜀0). Mihai and Jefferson [60] showed that for quasi-brittle
materials like cementitious the following equation represents the
damage evolution with reasonable accuracy:

𝜔 (𝜁) = 1 −
𝜀𝑡

𝜁
𝑒
−𝑐

(
𝜁−𝜀𝑡
𝜀0−𝜀𝑡

)
(10)

where c is a constant taken to be 5.

4 of 17 International Journal for Numerical and Analytical Methods in Geomechanics, 2024



FIGURE 2 Effective strain surface and local crack plane strain component, (a) strain surface and (b) local strain vector.

𝜁 is the effective strain on each crack plane, which is determined
from the following damage surface equation:

𝐹𝜁 (𝛆𝐿, 𝜁) =
⎛⎜⎜⎝𝜀𝐿𝑟𝑟

(
1 + 𝛼𝐿

2

)
+

√
𝜀2𝐿𝑟𝑟

(
1 − 𝛼𝐿

2

)2

+ 𝑟2
𝜁
𝛾2

⎞⎟⎟⎠ − 𝜁 (11)

where 𝛆𝐿 is the local strain vector with three normal and shear
components, 𝛼𝐿 = (

𝜈𝑚

1−𝜈𝑚
), 𝛾 =

√
𝜀2𝐿𝑟𝑠 + 𝜀2𝐿𝑟𝑡 and 𝑟𝜁 = (

𝜈𝑚−1∕2

𝜈𝑚−1
).

These functions are subjected to the standard loading/unloading
conditions as follows;

𝐹𝜁 ≤ 0;
.

𝜁 ≥ 0
.

𝐹𝜁𝜁 = 0 (12)

The damage surface as well as strain vector in local coordinate is
illustrated in Figure 2.

2.3.2 Residual Strain

The micromechanical model described in Section 2.3.1, did
not consider residual strains that manifest when a damaged
sample is unloaded. These residual strains are associated with
residual crack displacements that occur due to mismatches in the
asperities of opposing crack faces and small particles becoming
lodgedwithin themicrocracks. The local crack plane relationship
(see Equation 7) is modified to allow for this residual strain, as
follows:

𝐬L = (1 − 𝜔)𝐃L𝛆L + 𝛼𝜔𝜔𝐃L (𝛆L − 𝛆ω) (13)

where 𝛆𝜔 is the offset strain in local coordinate at the time of
unloading, and𝛼𝜔 is a coefficient varies from0 to 1.𝛼𝜔 = 0 implies
no wedgingmechanism is expected during the unloading process
and the unloading stiffness is the same as the damaged stiffness.
This case is equivalent to the standard micromechanics (MMS)
formulation illustrated in Figure 3c. When 𝛼𝜔 = 1, the unloading
stiffness is equal to the initial elastic stiffness and the residual
strain is maximised.

By following the same procedure explained earlier, the consti-
tutive equation considering the residual displacement may be
derived as follows:

𝝈 =
(
𝐈 +

𝐃eff

2𝜋 ∯ 𝐍𝑇
𝛆 [[(1 − 𝜔) + 𝛼𝜔𝜔] − 1]

−1
𝐂L𝐍

)−1

𝐃ef f

(
𝛆 − 𝐼

2𝜋 ∯ 𝐍𝑇
𝛆 [(1 − 𝜔) + 𝛼𝜔𝜔]

−1
𝛼𝜔𝜔𝛆𝜔

)
(14)

Table 1 shows the numerical implementation algorithm of the
proposed equations.

Figure 3 illustrates the loading and unloading behaviour
derived from the proposed formulation. This figure compares
the responses from the MMS formulation with the enhanced
micromechanics formulation to capture the residual strain
(micromechanical methods residual strain, MMR) effect with
𝛼𝜔 = 1.

2.4 Autogenous Healing Formulation

Davies and Jefferson [61] presented a micromechanical model
for simulating microcracking and instantaneous healing. This
model has been updated in the present work to include (i) time-
dependent healing, (ii) to allow for residual microcrack closing
strain and (iii) to strictly comply with the condition that the
overall strain energy of the system should not change due to
healing alone.

The healing process can commence under any loading conditions
(loading or unloading) once some damage has occurred. The
wedging potential also commences with damage. In addition, the
amount of healing at a specific time depends on the level of the
damage and the healing rate.

The following constitutive equation on a local crack plane
accounts for all of the aforementioned mechanisms.

𝐬L = (1 − 𝜔)𝐃L𝛆L + 𝛼𝜔 ((𝜔 − ℎ𝑣)𝐃L (𝛆L − 𝛆ω)

+ ℎ𝑣𝜔ℎ𝐃Lh (𝛆L − 𝛆ω − 𝛆h)) + ℎ𝑣𝐃Lh (1 − 𝜔ℎ) (𝛆L − 𝛆h) (15)
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FIGURE 3 Constitutive behaviour, (a) loading unloading path, (b) behaviour with permanent strain, (c) without residual strain, (d) cyclic
behaviour with tensile wedging, (e) cyclic behaviour without wedging in tension and (f) multiple loading unloading.

FIGURE 4 Illustration of the cracking, wedging and healing processes.

where ℎ𝑣 represents the amount of healed material. This param-
eter varies from 0 to 𝜔 at a specific time based on the healing
rate. 𝛆ℎ is the healing strain vector. This is derived through
satisfying stress-free conditions during the healing step where
there should be no changes in stress tensor before and after
the healing process. 𝜔ℎ is the damage parameter of healed
material. This superposition process is illustrated in Figure 4
schematically.

Applying the same method, the overall secant stiffness
considering the wedging and healing process is calculated as
follows:

𝐃sech =
(
𝐈 +

𝐃eff

2𝜋 ∯ 𝐍𝑇
𝛆

[
𝐃−1
wh − 𝐂L

]
𝐍

)−1

𝐃ef f (16)

where 𝐃𝑤ℎ is the wedging healing compliance in the local
coordinate system.

𝐃wh = (1 − 𝜔)𝐃L + 𝛼𝜔 (𝜔 − ℎ𝑣)𝐃L + 𝛼𝜔ℎ𝑣𝜔ℎ𝐃Lh

+ℎ𝑣 (1 − 𝜔ℎ)𝐃Lh (17)

The global offset strain caused by the healing and wedging
process is given by:

𝛆Gh =
𝐈

2𝜋 ∯ 𝐍𝐿
𝛆 𝐀

−1 (ℎ𝑣 (1 − 𝜔ℎ)𝐃Lh) 𝛆h (18)

For a single-cycle healing event with and without the wedging
strain phenomenon is illustrated in Figure 5. The stiffness
and strength recovery difference in these two mechanisms
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TABLE 1 Micromechanical model algorithm.

FIGURE 5 Constitutive behaviour of self-healing lime, (a) without residual strain and (b) with residual strain.
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TABLE 2 Synopsis of the experimental programme and sampling process.

Sample Designation Age (days)
Level of
damage

Healing
period
(days)

Considered for
the model
calibration

Considered
for

validation

Group_1 In_age_14W_14W
In_age_14W_28W

14 0% 14
28

✓

✓

—
—

In_age_28W_14W
In_age_28W_28W

28 0% 14
28

—
—

—
—

In_age_56W_14W
In_age_56W_28W

56 0% 14
28

—
—

—
—

In_age_84W_14W
In_age_84W_28W

84 0% 14
28

✓

✓

—
—

Group_2 Pr_age_14W_14W
Pr_age_14W_28W

14 70% Pre-peak 14
28

✓

✓

—

Po_age_14W_14W
Po_age_14W_28W

90% Post-peak 14
28

✓

✓

✓

✓

Pr_age_28W_14
Pr_age_28W_28W

28 70% Pre-peak 14
28

—
—

✓

✓

Po_age_28W_14W
Po_age_28W_28W

90% Post-peak 14
28

—
—

—
—

Pr_age_56W_14W
Pr_age_56W_28W

56 70% Pre-peak 14
28

—
—

—
—

Po_age_56W_14W
Po_age_56W_28W

90% Post-peak 14
28

—
—

✓

✓

Pr_age_84W_14W
Pr_age_84W_28W

84 70% Pre-peak 14
28

✓

✓

✓

✓

Po_age_84W_14W
Po_age_84W_28W

90% Post-peak 14
28

✓

✓

—
—

indicates the importance of considering the exact physical process
happening during material loading history.

3 Experimental Materials andMethods

The experimental programme focusses on the mechanical
behaviour of lime-based samples, monotonically tested in com-
pression. Cube specimens were precracked at different ages
(14–84 days) and up to different levels of damage (70% of the
compression strength in the pre-peak regime; 90%of the compres-
sion strength in the post-peak regime), and then cured in water
for between 14 and 28 days. More details on the experimental
arrangement and healing efficiencies in terms of compressive
strength and ultrasonic pulse velocity can be found in [11].

3.1 Mortar Mix and Curing Procedure

The mix design produced mortars consistent with those
used in retrofitting and restoration work [62, 63]. The mix
constituents and proportions of the mortar comprised: NHL 5
(299 kg/m3); calcium hydroxide Ca(OH)2(299 kg/m3); 0–2 mm
dried dolomite sand (896 kg/m3); and water (66 kg/m3). The same
mix proportions, constituents and mixing protocol were used
to form all lime-based mortar specimens. The dry components,

namely NHL5, Ca(OH)2 and sand, were initially mixed for a
duration of 2–5 min. At this stage, a small quantity of water
was added and mixed for an additional 5 min until the mixture
achieved a stiff consistency. Subsequently, the remaining water
was added and mixed for an additional 5 min. Specimens were
made in the laboratory in cubes of 50mm× 50mm× 50mm
using polycarbonate moulds, the moulds were filled in three
layers, with the initial 20 mm thick layer. All specimens were
demoulded after 96 h, stored in room temperature at 23 ± 2◦C
and 50% ± 4% RH and tested at 14–84 days.

3.2 Experimental Arrangement

The cubic lime-based mortar samples were monotonically tested
under uniaxial compression using Galdabini Sun 20 testing
machine and at a displacement ratio equal to 0.2 mm/min.

The experimental programme, as presented in Table 2, is sepa-
rated into two main groups. The aim of Group_1 was to evaluate
the compressive strength of undamaged samples at different ages
(14–84 days) subjected to further hydration for 14–28 days by
complete immersion in water. Based on the results obtained in
Group_1, the Group_2 samples were predamaged to 70% of the
compression strengths in the pre-peak regime and 90% of the
compressive strength in the post-peak regime, as represented in
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TABLE 3 Microstructure mechanical properties.

Phase/properties Volume fraction (%) E (N/mm2) υ ft (N/mm2) ε0 εtv

Matrix 25 1.309 × 103 0.3 0.24 0.00457 0.00018
Aggregate 75 1.54752 × 10−3 0.05 — — —

FIGURE 6 Loading–unloading points.

Figure 6. After the predamage stage, sampleswere placed inwater
for 14–28 days. Each step of the experimental program involved
casting three samples.

The lime mortar as well as its constituent phases properties are
noted in Table 3, these values are used as input parameters for
the micromechanics model. Firstly, the model’s ability to capture
the residual strain during the unloading process is tested for the
sample under undamaged condition.

4 Model Response

This section focusses on the calibration of the self-healing
micromechanical model that was introduced in the previous
section. To provide context, this section begins with an examina-
tion of existing constitutive models for the uniaxial compressive
behaviour of concrete. The applicability of these uniaxial models
to lime mortars is considered, along with their limitations.
The section continues with a description of the calibration and
validation of the self-healing micromechanical model. Lastly, the
section presents some investigations conducted to ascertain the
model’s capacity to simulate damage-healing cycles.

The self-healing micromechanical model, presented in the pre-
vious section, has been implemented in a Mathcad (2020) sheet
using a constitutive driver algorithm. The wedging process is
also introduced to this formulation to account for the residual
strain at each unloading phase. The model follows a specified
path, which is defined by stress and/or strain increments (i.e.
σ and ε, respectively) [61]. The simulation considers the period

of time before healing occurs (𝑡0 to 𝑡ℎ), the moment of healing
commences (𝑡ℎ) as well as the posthealing phase (𝑡ℎ to 𝑡end).

4.1 Model Calibration

Several constitutive models for the uniaxial compressive
behaviour of concrete have been discussed in the literature
but these do not explicitly address the behaviour of lime-based
mortars. Firstly, various models such Saenz [50], Desay and
Krishnan [49], Carreira and Chu [52], Popovics [51] and Fib
model code [53] have been examined and compared with data
from lime mortar experiments. Each of these models follows
a parametric approach characterised by parameters that hold
physical significance, namely: (i) the maximum stress, usually
representing the concrete strength measure; (ii) the strain
corresponding to the maximum stress; (iii) the modulus of
elasticity; (iv) the secant modulus at the yield point and (v)
the ultimate strain which defines the point of failure. Figure 7
illustrates the comparison between the experimental data and
the models mentioned earlier. Among those Carrera and Chu
model has demonstrated to fit a wide spectrum of experimental
data remarkably well.

Secondly, the conventional micromechanics model (as described
in Section 2.3.1) was calibrated using a limited number of
mechanical parameters such as 𝑓𝑡 and 𝐸. The results from
the micromechanical model were then compared with the
experimental stress–strain response for the entire data set,
showing an excellent correlation. An example can be seen in
Figure 8a,b. The mechanical properties derived at different mate-
rial ages were used to assess the changes in the effective strain
parameters. This allowed for the evaluation of the undamaged
component of the lime mortar over time.

Moreover, within the context of developing the new microme-
chanical model for representing lime-based mortars, the empir-
ical approach employed in the Carrera and Chu model was
compared to both the experimental data and the response pre-
dicted by the newmodel. The comparison allowed the assessment
of the performance of the newly developed model and validated
in accurately predicting the behaviour of lime-based mortars, as
shown in Figure 8b.

The comparison allowed the performance of the newly developed
model to be assessed and also showed that it can accurately
predict the behaviour of lime-based mortars.

As can be seen in Figure 8a, the proposedmicromechanicalmodel
is able to capture the loading and unloading responses accurately.
In particular, the model is also capable of representing residual
strains (Figure 8b), which allows it to simulate the mechanical
behaviour of lime-based mortars under cyclic loading.
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FIGURE 7 Example fit of main models to the experimental data.

FIGURE 8 Loading unloading curve for damage phase, (a) standard micromechanics (MMS) model calibration, (b) MMR model validation and
(c) damage evolution.
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TABLE 4 Material input parameter.

Sample/properties E (N/mm2) ft (N/mm2) Eh (N/mm2) υh fth (N/mm2) εtvh ε0h

Po-14-14W-28W 1.488 × 103 0.24 1.1785 × 103 0.3 0.30 0.00025 0.00457
Po-14-28W-28W 1.488 × 103 0.24 1.1785 × 103 0.3 0.37 0.00032 0.00457
Po-56-14W-28W 1.206 × 103 0.18 955.72 0.3 0.18 0.00019 0.00457
Po-56-28W-28W 1.206 × 103 0.18 955.72 0.3 0.26 0.00027 0.00457

For the model calibration, the data from samples in undamaged
and damaged conditions - either in the pre-peak or in the post-
peak regime - tested at 14 and 84 days were used. These samples
were subject to different curing periods, during which healing
occurred. For the model calibration, only the data from one cycle
healing were used (see Table 2). Also, after the model parameters
were calibrated, the other datawhich are for different sample ages
and level of the damage were used for the model validation with
respect to both monotonic and cyclic loading behaviour.

The single-cycle healing responses of the samples used for
the model calibration are illustrated in Figure 9, key model
parameters are summarised in Table 4.

According to the experimental results, the healing efficiency
strongly depends on sample age, level of the damage and curing
time.

Using the extracted data from all responses, a healing efficiency
curve, as a function of age and curing time, is calculated.
Figure 10 shows the prediction parameters derived from the
experimental data. These functions were used for informing the
healing efficiency parameters used in the proposed model. Based
on the expected level of the damage and curing time, the model
can estimate the response of the sample after the static healing
period.

Numerical simulations are performed on samples under the
damage-healing cycle, considering the higher level of damage,
up to 90% in the post-peak regime. The input parameters for
these self-healing scenarios are noted in Table 4. In this table, the
subscript h is showing the parameters for healing materials.

The numerical simulation shows that the model can predict the
strength and stiffness recovery of the lime material after the
autogenous healing process as a function of age, level of the dam-
age and curing time. Figure 11 shows the comparison between
experiments and numerical simulations for the samples noted in
Table 4.

For a closer look at the damage and healing evolution parameters,
the directionally dependent damage and healing parameters for
the Po-14W-14W case are presented in Figure 12. The amount
of healing of the original material as well as the re-damaging
phase can be calculated. For this uniaxial compressive test, the
healing was initiated in a fully unloading condition at a strain
of 0.0017 and the second healing cycle was activated at a strain
of 0.00475. Figure 11a,b shows that in the second healing cycle,
the model can capture the healing process due to both damage of

the original materials, as indicated by an increase in ℎ𝑣 as well as
the re-healing of the previously damaged-healed material by the
reduction in 𝜔ℎ.

Numerical simulation of the experiment with the pre-peak
conditions (Figure 13) shows that lessmechanical regain occurred
compared to the experimental results. Since the source of the
healing in this micromechanical formulation is the damage of
the original material, the model is unable to capture mechanical
regain due to further hydration of unhydrated virgin materials,
which is the main reason for the stiffness and strength rises in
pre-peak conditions (See Figure 13).

It is important to note that the limitations of the self-healing
micromechanicalmodel likely arise from the variables considered
in the experimental tests, such as age, level of damage, condition
and healing time, which might not fully capture the variability
observed in real-world conditions. Moreover, the limited num-
ber of tests on mechanical parameters means that the model
parameters are calibrated with a degree of uncertainty. Currently,
the model does not account for variations in the chemical
composition of different lime mortars, which can influence their
healing capabilities. However, the current model provides a
valuable foundation for understanding self-healing mechanisms
and future iterations will aim to incorporate these factors to
enhance its accuracy and reliability.

5 Conclusions and Final Remarks

Masonry structures are crucial assets to our built heritage since
they represent historical craftsmanship, cultural identity and
architectural legacy, providing essential insights into past con-
struction methods and societal evolution. Given their important
role for economies and societies, the assessment, preventive
conservation and maintenance of historical masonry structures
remain key focusses of political strategy in both the UK and
Europe. It is widely acknowledged that preventive measures
are far more cost-effective than spending on damage repair.
Damage to historic structures often results in the loss of both
buildings and artworks, leading to: (i) a tangible loss of artistic
and historical materials, and (ii) an intangible loss of memory
and cultural identity for the people to whom that legacy belongs.
It is widely acknowledged that preventive measures are far more
cost-effective than spending on damage repair.

The analysis of historicmasonry structures is complex due to lim-
ited resources for studying their mechanical behaviour, includ-
ing non-destructive testing, laboratory testing and developing
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FIGURE 9 Stress–strain graphs for experimental data (Exp. Data) used for validation.
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FIGURE 10 Calibrated functions for healing efficiency, (a) healing relation to the damage level and (b) healing relation to the curing time.

FIGURE 11 For two cycles healing scenarios responses for where healing happened after 90% post-peak capacity (Po samples). (a) 14-14W-28W,
(b) 14-28W-28W, (c) 56-14W-28W and (d) 56-28W-28W.

reliable numerical tools. Additionally, the inherent challenges in
applying existing knowledge further complicate the analysis of
these structures.

The finite element method (FEM) and discrete element method
(DEM) require precise knowledge of the fundamental behaviour
of materials as crucial inputs. One significant challenge is the
difficult and costly characterisation of the mechanical properties
of the materials used. Detailed material characterisation under
diverse loads and environmental conditions, along with under-
standing their evolution over time, is crucial for governmental

decisions regarding load values and partial safety factors for
materials.

Architectural heritage, including historical buildings and mon-
uments, often employs lime mortar masonry that can develop
microcracks over time. Lime-based mortars possess autogenous
healing capabilities, where atmospheric water dissolves lime, and
upon evaporation, deposits it to heal cracks.

Existing literature on lime mortar properties is limited compared
with that on cement mortar and considerably less modelling
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FIGURE 12 Damage and healing evolution parameters, (a) healing parameter, (b) re-damage parameter and (c) re-damage evolution phase.

FIGURE 13 Pre-peak condition, (a) sample age 28 days and (b) sample age 84 days.

work has been undertaken on this material than its cement coun-
terpart. Computational tools are crucial for assessing structural
behaviour and self-healing processes in masonry components.
The paper proposes a micromechanical model for simulating
cracking and healing in lime-based mortars.

The existing two-phase composite micromechanical constitutive
model, originally designed for simulating concrete, considers

anisotropic microcracking. This serves as a natural foundation
for the further development of a model specifically tailored to the
autogenous healing behaviour of lime-based mortars. The model
was calibrated using experimental data on the mechanical per-
formance of NHL samples under compression. Cube specimens
were precracked at different ages and levels of damage, and then
cured in water for specific periods to evaluate the autogenous
healing efficacy.
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The model parameters were adjusted and fine-tuned based on
the results obtained from one healing cycle. Subsequently, the
model’s accuracy and reliability were assessed by validating it
against additional data. Based on the findings of this study, the
following conclusions are made:

∙ lime-based mortars demonstrate remarkable autogenous self-
healing capabilities. The effectiveness of self-healing is influ-
enced by the extent of damage and the age at which the
damage occurred. These mortars have the ability to undergo
multiple cycles of healing, that is up to three cycles, with
higher healing potential observed in less damaged specimens
relative to those precracked at earlier ages.

∙ some lime samples exhibited a greater unloading slope com-
pared to the initial loading phase, indicating that material
compaction during compression increases Young’s modulus
during unloading.

∙ the proposed micromechanical model accurately captures
the loading and unloading responses of lime-based mortars,
including residual strains. Notably, the level of damage was
found to be the key factor influencing the magnitude of
residual strain for lime-based materials. Furthermore, this
residual strain’s origin is intrinsically linked to the degree of
damage incurred.

∙ the model is able to simulate the damage-healing cyclic
behaviour of lime mortar specimens with good accuracy.
Numerical simulations demonstrate the model’s ability to
predict strength and stiffness recovery after autogenous
healing.

Both numerical modelling and experimental testing consistently
demonstrated that as the level of damage and the age of the
sample increased, the effectiveness of autonomous healing in
lime-based mortars diminished. These findings strongly sug-
gest the necessity of incorporating supplementary self-healing
additives to enhance the long-term self-healing performance of
lime-based mortars.

The proposed model paves the way for implementing the
micromechanical model in masonry finite element analyses,
providing a comprehensive understanding of historical masonry
structures with low computational cost. Integrating self-healing
behaviour in historic masonry structure modelling allows for
more accurate performance prediction, providing realistic assess-
ments of how structures will perform over time, especially under
various loading and environmental conditions. It also enables
the optimisation of repair technologies, leading to innovative
solutions that enhance durability and longevity. Additionally, this
approach facilitates better maintenance scheduling by focussing
on critical areas and potentially reducing the frequency of
interventions.

Moreover, with respect to modern masonry structures, this will
empower engineers and architects to make informed decisions
during the design phase, ensuring that structures can withstand
the test of time and diverse loads. This approach aligns with
the imperative need to minimise resource consumption and
environmental impact, contributing to the design ofmore durable
and resilient structures.
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