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A B S T R A C T

The present study investigates the effectiveness of an externally bonded layer of auxetic metamaterial as rein
forcement for square-section masonry columns by means of numerical analyses. Metamaterials characterized by 
engineered microstructures and tunable macroscopic properties offer the potential for optimizing the mechanical 
compatibility with the specific characteristics of the masonry substrate. In addition, their negative Poisson’s ratio 
allows the compressed layer to laterally confine the masonry with a pressure that is proportional to the vertical 
loading. The proposed strengthening concept is evaluated with reference to monotonic compression tests re
ported in the literature. Two three-dimensional finite element macro-models are developed, in which the ma
sonry is represented using Concrete Damage Plasticity, while the reinforcement layer material is modeled as a 
homogeneous, isotropic, linearly elastic continuum. A comprehensive sensitivity analysis is subsequently carried 
out, treating the Young’s modulus and Poisson’s ratio of the auxetic layer as independent parameters. The results 
indicate that, although currently examined primarily from a theoretical standpoint, the proposed solution has the 
potential to constitute an effective innovation for the reinforcement of masonry columns, provided that the 
current technological limitations associated with the industrial production of auxetic materials can be overcome.

1. Introduction

The experimental investigation and numerical modelling of masonry 
structures represent central themes in the structural engineering 
research aimed at developing theoretical, numerical, and technological 
tools for the protection of existing built heritage [1–5]. In historical 
buildings, masonry columns constitute particularly vulnerable struc
tural elements [6], which can be strengthened using various established 
technologies [7,8]. A commonly adopted approach involves the appli
cation of fiber-reinforced materials with bidirectional weaving, bonded 
to the surface via epoxy resins [9–11]. The installation procedure for 
these systems typically comprises: (1) application of a levelling mortar 
layer; (2) primer application; (3) deposition of a first resin layer 
(commonly termed “bonding”); (4) fabric placement; and (5) applica
tion of a second resin layer (termed “impregnation”). This reinforcement 
strategy seeks to induce a confinement effect through the higher stiffness 
of the overlay, while also partially supporting the vertical axial load.

The present example identifies some key limitations in the conven
tional reinforcement approach. Although the redistribution of axial load 
facilitated by the reinforcement layer enhances the overall column 

capacity, the compressive strains in the layer—which exhibits a positive 
Poisson’s ratio greater than that of masonry—generate interface stresses 
that could led to an earlier onset of debonding phenomena. This issue 
can be effectively mitigated by employing an auxetic metamaterial 
layer, which yields substantial performance improvements [12].

Within the domain of masonry column retrofitting, this study elu
cidates the pivotal role of next-generation materials— particularly 
metamaterials—in surmounting the constraints of traditional rein
forcement systems. The capacity to tailor macroscopic mechanical 
properties, such as Young’s modulus and Poisson’s ratio, via engineered 
microstructures [13–15], combined with industrial-scale 3D printing 
fabrication [16], enables optimized interaction between the masonry 
substrate and reinforcement, thereby addressing inherent limitations of 
conventional materials.

Auxetic metamaterials, characterized by a negative Poisson’s ratio, 
challenge the conventional paradigms of deformation in structural ma
terials by enabling lateral contraction under compression. This geo
metric effect has been increasingly recognized as a powerful mechanism 
to enhance confinement, delay damage localization, and promote high 
energy dissipation. Recent applications in cementitious composites, 
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where brittleness and limited post-peak capacity remain critical limi
tations, have shown that auxetic architectures offer an alternative route 
to performance enhancement relying on geometry and not only on 
material strength. Additive manufacturing of auxetic lattice re
inforcements for cement-based materials has advanced considerably, 
generating a growing body of experimental evidence that demonstrates 
substantial improvements in ductility and energy absorption. Experi
mental studies on cementitious composites incorporating 3D-printed 
auxetic meshes have shown that the key parameters governing their 
mechanical response and failure mode are cell topology, orientation, 
and polymer compliance. In particular, highly deformable auxetic re
inforcements have been shown to transform brittle flexural failure into 
stable, damage-tolerant mechanisms characterized by markedly 
increased energy absorption [17,18]. Similar advances have been re
ported in lightweight cementitious composites, whose inherently low 
stiffness enhances the effectiveness of auxetic confinement [19].

Despite these advances, existing studies are largely fragmented. 
Experimental investigations predominantly focus on specific structural 
configurations, whereas numerical studies often rely on complex 
constitutive formulations without establishing a transparent link be
tween microstructural topology and macroscopic mechanical response. 
A unified, mechanistic framework capable of consistently explaining 
how auxetic geometry governs confinement, bond behavior, ductility, 
and energy dissipation in cementitious components is still lacking. 
Addressing this gap requires modeling strategies that do not merely 
enrich classical continua by a phenomenological approach but are 
capable to embed microstructural mechanics directly into the constitu
tive description, thereby enabling predictive and design-oriented in
sights for next-generation composites for civil engineering applications.

Along this research trajectory, some authors of the present work have 
recently investigated the microstructure analytical design through 
heuristic molecular approaches [20,21]. These analytical studies have 
demonstrated that a clear algebraic relationship can be established be
tween the topology of periodic assemblies and their macroscopic elastic 
properties. A key result is that planar periodic structures based on 
orthogonal textures may exhibit a theoretically isotropic response with 
increasingly negative Poisson’s ratio, at the sole expense of increased 
compliance. Fig. 1 illustrates this concept through a rigid body–spring 
model (RBSM). Owing to its compatibility with additive manufacturing, 
this microstructure enables the fabrication of material sheets with 
macroscopically isotropic behaviour [22]. A representative auxetic 

mockup configuration inspired by these studies is schematically shown 
in Fig. 2; for clarity, the cell dimensions are larger than those expected in 
practical engineering applications. Building on this framework, the 
present study explores the theoretical application of such auxetic ma
terials – arranged in one or more planar layers – to masonry columns 
composed of low elastic modulus blocks. Although primarily subjected 
to in-plane membrane stresses, these layers are assembled to provide a 
confinement effect. Under compressive loading, consistent with the 
dominant stress state in masonry columns, the negative Poisson’s ratio 
induces a lateral restraint that increases proportionally with the applied 
load, representing the distinctive feature of the proposed strengthening 
concept.

To systematically investigate these phenomena and quantify the in
fluence of the reinforcement layer's mechanical parameters on the col
umn's structural response, a dedicated sensitivity analysis was 
conducted, with results presented across the subsequent nine sections. 
Section 2 reviews the most prevalent retrofitting techniques for masonry 
columns, identifying key opportunities for enhancement. Section 3 de
lineates the benchmark case study employed. Section 4 details the finite 
element (FE) numerical model [23] utilized for the sensitivity analyses. 
The outcomes of varying the Young's modulus and Poisson's ratio of the 
reinforcement layer are presented in Section 5 for modal analyses, 
Section 6 for quasi-static nonlinear push-down analyses, Section 7 for 
quasi-static nonlinear push-over analyses, and Section 8 for cyclic ana
lyses. Section 9 offers concluding remarks, accompanied by proposals 
for future research directions.

2. Issues related to existing retrofitting techniques for masonry 
columns

The development of high-stiffness and high-strength fibers such as 
carbon, steel and glass has led to the creation of fabrics that can be 
adopted for the retrofitting of masonry structures. These are applied to 
the external surface of masonry columns, using epoxy resins as an ad
hesive, allowing for an increase in the stiffness, strength and ductility of 
the element.

The strategy of using reinforcement layers is often based on the 
concept of metal hooping that is widely used for the retrofitting of cir
cular masonry columns (Fig. 3), proving to be a generally effective 
strategy [24]. In this case, the goal is to create a local confinement in the 
column, increasing the global strength of the structural element by 
virtue of the internal friction typically exhibited by masonry. However, 
the use of metal hoops is very effective mainly for structural elements 
with circular cross-section. Furthermore, during installation, the 
tensioning of the steel element should be limited to avoid the local 
damage to the structural element, reducing its load-bearing capacity. 
Clearly, the vertical load cannot be re-distributed to the steel elements, 
which merely contribute by giving a lateral containment.

The transposition of metal hooping principles to fiber-reinforced 
composites—bonded to the structural element's surface via resins to 
form a continuous layer—has overlooked critical theoretical implica
tions. Unlike discontinuous metal hoops, the continuity of this layer 
alters system behavior significantly. Resin bonding enforces strain 
compatibility between the layer and the masonry core, such that uni
axial compressive strain in the column induces equivalent axial strain in 
the reinforcement. Differences in Young's modulus between the layer 
and masonry generate distinct axial deformability; however, resin- 
induced congruence provokes tangential stresses parallel to the col
umn axis at their interface. These stresses must be accommodated by 
resin-masonry adhesion and the resin itself; failure leads to reinforce
ment detachment. More specifically, masonry and fiber-reinforced 
composites typically exhibit different positive Poisson's ratios, yielding 
differential transverse expansion under equivalent compressive strain. 
With the layer's Poisson's ratio exceeding that of masonry, the outer 
layer develops greater outward deformation than the core, inducing 
tensile forces at the four vertices—manifesting as interface shear stresses 

Fig. 1. Conceptual scheme based on the concept of Heuristic Molecules [20]
forming an auxetic metamaterial layer.
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and core tensile stresses (Fig. 4). Under vertical compression, any 
detachment exacerbates thin-layer instability, culminating in progres
sive layer failure and premature system collapse as loads intensify.

These considerations are consistent with the experimental results 
available in literature. Micelli et al. [25] report experimental tests 
conducted on full-scale columns reinforced with fiber-reinforced fabrics 
and show how the collapse of the retrofitted system is achieved with 
detachment and instability of the layer. A similar situation is found by 
Aiello et al. for brick and calcarenite block columns [26]; by Corradi 
et al. for octagonal columns reinforced with CFRP [27]; by Di Ludovico 
et al. for clay and tuff columns [28]; by Faella et al. for columns made of 
natural and artificial blocks [29]; by Krevaikas & Triantafillou for brick 
columns [30].

The analysis of this issue at the building scale reveals additional 
considerations for retrofitting interventions. Reinforcement layer ma
terials exhibit macroscale stiffness exceeding that of the masonry com
posite, thereby altering the dynamic characteristics of the reinforced 
system relative to the original configuration. The increase of stiffness 
resulting after the retrofitting tends to reduce of the length of the natural 
periods of vibration that often corresponds to an increase in the refer
ence seismic action (Fig. 5), while the change in modal shapes leads to a 
change in the distribution of forces induced by seismic action. Therefore, 
the use of retrofitting systems could alter the structural behavior and 
leads to unexpected collapse mechanisms. This, together with other 
factors of uncertainty, can lead to a significant decrease in the accuracy 
of structural safety assessment.

3. The case study: monotonic compression tests on a full-scale 
square masonry column

The experimental tests conducted by Micelli et al., 2014 [25] on 
unreinforced full-scale masonry columns with a square cross-section are 
here regarded as benchmark. The objective of these experiments was to 
evaluate the effectiveness of common technologies for the retrofitting of 
masonry columns. To this aim, two monotonic compression tests were 
also carried out on unreinforced columns. The essential traits of the case 
study are outlined in the following, also by adopting standard retrofit
ting techniques, while we address to the referred literature for further 
information about the tests and the results obtained.

The test columns had size of 0.40 m x 0.40 m x 2.10 m and were 
made of yellow limestone blocks with size of 0.13 m x 0.13 m x 0.40 m 
and with 5 mm thick lime and pozzolan mortar joints. The mortar was 
prepared using 310 kg/m3 of binder, 1245 kg/m3 of sand and 195 kg/ 
m3 of water to obtain an average resistance typical of pozzolanic mortar 
used in existing buildings. The average measured compressive strength 
of the blocks was 14.70 MPa. The average measured tensile strength of 
mortar was 1.60 MPa, while the average measured compressive strength 
was 5.50 MPa.

The full columns were then tested in a monotonic compression test 
according to the configuration in Fig. 6a. The lower base of each column 
was kept fixed while an axial load P was monotonically applied on the 
top according to a displacement-control procedure. The results obtained 
by the authors are shown in terms of damage maps in Fig. 6a and of 
stress-strain curves in Fig. 6c. A crushing failure mechanism was 
observed, with the propagation of vertical cracks both in blocks and in 
vertical mortar joints. Both tests exhibited a brittle failure with an 
average maximum load of 835 kN, corresponding to an average 
compressive stress of 5.22 MPa, and an axial strain about equal to 

Fig. 2. The mockups printed as single plane layer and as a 3-D box, based on the concept of auxetic Heuristic Molecule.

Fig. 3. Steel hoops on columns of the hypostyle hall in Maniace Castle in 
Syracuse, Italy.

Fig. 4. Concentration of layer effects in the cross-section of the structural 
element due to the application of an external reinforcement layer with a 
Poisson's coefficient higher than that of masonry.
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0.15%.

4. Continuum three-dimensional FE macro-models implemented

This section presents the FE models implemented in Abaqus [23] for 
the numerical simulation of the experiments and for the evaluation of 
the theoretical effectiveness of the proposed metamaterials technology.

4.1. Geometrical modeling

For the purposes of this study, the full-scale masonry column 
described in Section 3 is modeled using finite elements within a desig
nated reference triplet, wherein the z-axis aligns with the column's 
longitudinal axis, and the x- and y-axes lie within the cross-sectional 
plane. The numerical model excluding structural reinforcement layers 
is hereafter designated as the "unreinforced" configuration. To account 
for retrofitting interventions, a second three-dimensional model in
corporates a 1 cm thick reinforcement layer applied to the column's 
outer surface. This layer is represented as a three-dimensional solid in 
perfect adherence to the masonry substrate, ensuring full contact and 
complete strain compatibility between the two components.

The mesh used for both models consists of C3D8 elements, i.e. 
general-purpose, fully integrated hexahedral elements (with 2 × 2 × 2 
integration points). The unreinforced model consists of 42,000 ele
ments, while the reinforced model consists of 59,220 elements. Given 
the reduced thickness of the layer compared to the dimensions of the 
column and to prevent the mesh elements in the layer from being 
excessively distorted, in both cases an approximate size of 0.02 m is used 
for an average mesh element.

4.2. Mechanical modeling of the homogenized masonry continuum

This section describes the mechanical modelling strategy adopted for 
masonry. The behavior of the homogenized material assigned to the 
column is defined phenomenologically by assigning elastic and post- 
elastic characteristics that allow to reproduce the experimental results.

4.2.1. Constitutive Modeling of the Elastic Response
The masonry column is modelled as a homogeneous and isotropic 

continuum with the elastic parameters reported in Table 1. These pa
rameters are derived from experimental data, setting the Young's 
modulus of the equivalent continuum equal to the stiffness measured by 
monotonic compression tests and adopting a typical value from the 
literature for Poisson’s ratio, given the absence of experimental data in 
this regard. The density indicated in the literature for calcarenite blocks 
is assigned to the masonry continuum.

4.2.2. Modeling the post-elastic response through the concrete damage 
plasticity

The Concrete Damage Plasticity (hereafter CDP) is a material model 

Fig. 5. Change in the reference Pseudo-Spectral Acceleration due to the retrofitting intervention: T is the reference period of the unreinforced structure; T* is the 
reference period for same structure after the intervention.

Fig. 6. Full-scale columns tests taken from literature: (a) experimental test setup and damage patterns observed; (b) numerical model implemented; (c) axial stress- 
strain relationships obtained experimentally and numerically.

Table 1 
Parameters adopted for modeling the elastic response and the mass properties of 
the masonry continuum.

Parameter Nomenclature Value

Young’s Modulus Em 4500 MPa
Poisson’s Coefficient νm 0.15
Shear Modulus Gm 1960 MPa
Mass Density ρm 1600 kg/m3
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originally developed for modeling the behavior of concrete [31,32] and 
nowadays widely used in literature also for the micro- and macro-scale 
modeling of masonry structures [33–36]). The material model is avail
able in the Abaqus material library without requiring the implementa
tion of complex user-defined subroutines.

From a mechanical point of view, CDP is a continuum model in 
which the cracks’ development is modeled by adopting a scalar isotropic 
damage with distinct damage parameters in tension and in compression, 
assuming that the main two failure mechanisms are tensile cracking and 
compressive crushing of the quasi-brittle material. It requires the pre
liminary assignment of a set of parameters that define the yield surface, 
the flow-rule and a viscous-plastic regularization, namely: 

• ψ , dilatancy angle measured in the p-q plane, where p is the hydro
static pressure and q the Von Mises equivalent stress.

• ϵ, eccentricity of the potential flow rule.
• σb0 ⁄σc0, ratio between the equi-biaxial compressive initial yielding 

stress and the uniaxial compressive initial yielding stress.
• Kc = qTM ⁄qCM, parameter that modifies the Drucker-Prager yield 

function, being qTM the second stress invariant on the tensile me
ridian and qCM the second stress invariant on the compressive 
meridian.

• μ, viscosity parameter resulting from the use of a generalized Duvant- 
Lions regularization (Duvaut & Lions [37].

For the homogenized masonry material, given the absence of specific 
experimental data, the following values have been assumed: ψ =

15◦; ϵ = 0.1; σb0 ⁄σc0 = 1.16; Kc = 2/3 ; μ =

0.0001.
Subsequently, the material model requires the definition of the 

skeleton curves and of the damage variables both in tension and in 
compression. For the compression skeleton curve, a multi-linear dis
cretization is adopted with an elastic branch (O − E− ), by a hardening 
branch (E− − Y− ) and two softening branches (Y− − U− , U− − S− ). 
The characteristic points of the compression skeleton curve are shown in 
Fig. 7a. The damage variable in compression (dc) is given as a function of 
the inelastic strain (εin

c ), defined as the total strain minus the elastic 
strain corresponding to the undamaged material. Table 2 shows, for 
each of the characteristic points, the value of the compressive stress σc, 
of the inelastic strain εin

c and the value of the damage variable dc.
For the tension skeleton curve, a bilinear skeleton curve is adopted, 

with an elastic branch (O − E+), followed by a softening branch (E+ −

S+). The characteristic points of the compression skeleton curve are 
shown in Fig. 7b. The damage variable in tension (dt) is given as a 
function of the cracking strain (εck

t ), defined as the total strain minus the 
elastic strain corresponding to the undamaged material. Table 2 shows, 
for each of the characteristic points, the value of the tensile stress σt , of 
the cracking strain εck

t and the value of the damage variable dt.

4.3. Mechanical modeling of the reinforcement layer and parameters for 
the sensitivity analysis

In the numerical model implemented in Abaqus, the external rein
forcement layer is modelled as a homogeneous and isotropic continuum, 
with a linear-elastic behavior, making the collapse of the reinforced 
system attributable exclusively to the collapse of the masonry core. The 
Young’s modulus and Poisson’s ratio of the layer are treated as variables 
in a sensitivity analysis to investigate their influence on the response of 
the reinforced system. Moreover, the aim of this sensitivity analysis is 
also to assess the theoretical effectiveness of both existing retrofitting 
techniques and the proposed technology.

A perfect bond assumption is adopted as a simplifying hypothesis, in 
line with the comparative scope of the study. Since no experimental 
characterization of the layer–substrate interface was available for the 
benchmark case, no explicit contact model has been introduced. 
Furthermore, in the adopted configuration, the reinforcement mainly 
acts by providing lateral confinement to the column, so that interface 
effects are not explicitly considered. In fact, adhesion is ensured pre
cisely by the fact that the lateral expansion of the masonry core, which is 
characterized by a positive Poisson’s ratio, is restrained by the external 
auxetic layer, whose negative Poisson’s ratio induces a confinement 
effect. Consequently, debonding is expected to be highly unlikely, 
especially when the adhesion mechanism is described through a 
Mohr–Coulomb-type model. In fact, conventional retrofitting solutions 

Fig. 7. Skeleton curves defined for masonry material in: (a) compression; (b) tension.

Table 2 
CDP parameters adopted for modeling the compressive behavior of the ho
mogenized masonry.

Points of the Skeleton Curve in 
Compression

Stress 
σc 

[MPa]

Inelastic 
Strain 
εin

c 
[-]

Damage in 
Compression 
dc 

[-]

O 0 0 0
E- -3.938 0.000 0.000
Y- -5.250 0.000 0.000
U- -2.625 -1.313 × 10-3 0.550
S- -2.100 -2.188 × 10-3 0.750

Table 3 
CDP parameters adopted for modeling the tensile behavior of the homogenized 
masonry.

Points of the Skeleton Curve in 
Tension

Stress 
σt 

[MPa]

Cracking 
Strain 
εck

t 
[-]

Damage 
in 
Tension 
dt 

[-]

O 0 0 0
E+ 0.394 0.000 0.000
S+ 0.000 0.088 × 10− 3 0.990
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typically rely on materials characterized by higher stiffness and higher 
Poisson’s ratio compared to those commonly exhibited by masonry 
composites. In contrast, the use of a metamaterial with an engineered 
microstructure could allow the mechanical properties of the layer - 
specifically Young’s modulus and Poisson’s ratio - to be tailored a priori. 
This would enable improved mechanical compatibility between the 
retrofit layer and the existing structure, while potentially providing 
enhanced confinement of the structural cross-section. However, it is 
important to emphasize that Poisson’s ratio significantly affects the 
structural compatibility through its influence on the shear modulus. In 
isotropic materials, according to Eq. (1), the relationship between 
Young’s modulus (E) and shear modulus (G) depends directly on Pois
son’s ratio. Consequently, although a Poisson’s ratio approaching the 
limit value of − 1 is theoretically attainable, it corresponds to a very low 
E/G ratio under isotropic conditions. Such behavior is extremely chal
lenging to achieve in practical engineering applications, particularly 
when compatibility with the masonry core material must be ensured. 

ν =
E

2G
− 1 (1) 

Therefore, in this study we perform a sensitivity analysis by varying 
the ratios El/Em, hereafter referred to as the “stiffness-ratio”, being the 
ratio between the Young’s modulus of the layer (El) and the Young’s 
modulus of masonry (Em). On the other hand, the ratio νl/νm is hereafter 
referred to as the “deformability-ratio”, which is the ratio between the 
Poisson’s ratio of the layer (νl) and the Poisson’s ratio of masonry (νm). A 
large stiffness ratio is representative of conventional reinforcement 
techniques, whereas the proposed meta-material technology is charac
terized by a stiffness ratio close to 1. Similarly, the condition νl > νm 

reflects standard reinforcement strategies, while νl < 0 corresponds to 
the proposed solution, which involves the use of auxetic meta-materials.

The sensitivity analysis is conducted by considering stiffness-ratio 
values El/Em of 10, 5, and 1, and deformability-ratio values νl/νm 
equal to 2, 1, 0, − 1, − 2, and − 3. Each combination of these parameters 
results in different corresponding values of the shear modulus of the 
layer (Gl). All the parameters adopted are shown in Table 4. Among the 
21 cases analyzed, three are of greater engineering significance: 

Case 1. El/Em = 10 and νl = 0.30. It represents a typical case of FRP 
with stiffness and transverse deformability greater than masonry.

Case 2. El/Em = 5 and νl = − 0.45. It represents an improvement on 
standard technologies with better compatibility and a negative Poisson 's 
ratio for section confinement.

Case 3. El/Em = 1 and νl = − 0.45. It represents a theoretical 

maximization of compatibility (difficult to achieve with current tech
nologies) and a negative Poisson.

A comprehensive analysis of all the proposed cases is deemed 
necessary in order to achieve a thorough understanding of how the 
macro-structural behavior of the reinforced system depends on the 
mechanical properties of the layer.

4.4. Validation of the proposed FE macro-model in reproducing the 
experiments results

With the aim of validating the numerical model implemented in 
Abaqus and described in Sections 4.1 and 4.2, the unreinforced config
uration is subjected to a uniaxial compression test following the loading 
scheme illustrated in Fig. 5b. The base of the model is fully constrained 
such that, for every node P belonging to the mesh of the bottom cross 
section, is imposed ux(P) = uy(P) = uz(P) = 0. Then, a monotonically 
increasing axial stress σzz(t) is applied to the top surface in a 
displacement-control procedure. The results of the numerical analysis 
are presented in Fig. 6c.

The comparison with the experimental data shows that the model 
accurately reproduces: (i) the initial elastic stiffness observed in test SR2; 
(ii) the progressive stiffness degradation occurring experimentally at 
stress levels of approximately 4 MPa; (iii) the peak compressive 
strength, equal to fc = 5.40 MPa; and (iv) the pronounced post-peak 
softening up to a limit axial strain εzz of about 3‰. These results 
confirm that the adopted material parameters are appropriate for reli
ably simulating the experimental response.

5. Results of modal analysis

In this section, the results of the modal analyses are presented and 
discussed. In the first analysis step, a 30-tons lumped mass is placed on 
the top of the FE models of both structural configurations (i.e., the un
reinforced and the reinforced column) to simulate the load acting on the 
column under realistic structural conditions (Fig. 8a). For the calcula
tion of the lumped mass, the column is assumed to be located in a two- 
storey masonry building with cast-in place clay–cement floor slabs. Each 
floor slab has an overall thickness of 30 cm and consists of hollow clay 
blocks measuring 38 × 25 × 25 cm³ , joists with a 12 × 25 cm² cross- 
section, and a 5 cm thick topping layer. Based on these characteristics, 
a floor load of 3.60 kN/m² is obtained. Assuming an influence area of 
36 m² transferring load to each column and accounting for their self- 
weight, the resulting total applied load is 277.84 kN. This value is 
conservatively rounded to 300 kN, corresponding to approximately 
30 tons. The mass is assumed to be in full contact with the column, and 
the corresponding solid elements are considered infinitely rigid. The 
base of each column is constrained by means of pinned supports. The 
results of the modal analysis are reported in Fig. 9 and discussed with 
reference to the first vibration mode (flexural, with oscillation along the 
x-axis) and the third vibration mode (axial, with oscillation along the z- 
axis). The second vibration mode, which is also flexural, exhibits modal 
characteristics identical to the first mode due to the double symmetry of 
the column cross-section.

The analysis of the results obtained for the flexural mode (Fig. 9a) 
shows that the natural vibration period of the reinforced column is 
strongly dependent on the Young’s modulus of the layer, while it is only 
weakly influenced by its Poisson’s ratio.

For a value of El/Em = 10, a significant reduction in the natural vi
bration period is observed, decreasing from approximately 0.6 s to about 
0.4 s. A reduction in the stiffness ratio leads to a smaller variation in the 
period of the first mode, thereby improving compatibility and, conse
quently, avoiding significant alterations of the reference seismic action 
for the structure within a broader engineering context. Similar consid
erations can be made on the axial vibration mode (Fig. 9b), for which a 
value of El/Em = 1 also provides a high degree of layer–structure 

Table 4 
Values adopted for Young’s Modulus and for Poisson’s Ratio of the external 
reinforcement layer.

El/Em El 
[MPa]

νl/νm νl 
[-]

Gl/Gm Gl 
[MPa]

10 45,000 2 0.30 8.85 17,310
1 0.15 10.00 19,570
0 0.00 11.50 22,500

-1 -0.15 13.53 26,470
-2 -0.30 16.43 32,140
-3 -0.45 20.91 40,910

5 22,500 2 0.30 4.42 8650
1 0.15 5.00 9780
0 0.00 5.75 11,250

-1 -0.15 6.76 13,240
-2 -0.30 8.21 16,070
-3 -0.45 10.45 20,450

1 4500 2 0.30 0.88 1730
1 0.15 1.00 1960
0 0.00 1.15 2250

-1 -0.15 1.35 2650
-2 -0.30 1.64 3210
-3 -0.45 2.09 4090
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compatibility.

6. Non-linear monotonic analyses: compressive response

In this section, the results obtained from the push-down analyses are 
presented. In these analyses, both models are subjected to a mono
tonically increasing axial compressive load applied through a 
displacement-controlled procedure. The analysis is performed in two 
steps. In the first step, the base of the column is constrained (Fig. 8b). In 
the second step, an axial stress σzz(t) is applied, monotonically 

increasing according to a displacement-controlled procedure. In order to 
reproduce the experimental results, the load is applied until a top 
displacement utop

z = − 0.65 cm is reached. The results obtained from the 
numerical simulations are analyzed in terms of the relationship between 
the axial stress σzz(t) applied at the column top and the resulting axial 
strain εzz(t).

The adoption of a reinforcement layer with El/Em = 10 (Fig. 10a) 
consistently results in an increase in stiffness and strength. However, it is 
important to note that a reduction in the Poisson’s ratio of the layer 
leads to both an increase in load-carrying capacity and a better post- 

Fig. 8. Boundary conditions and steps followed for the numerical analysis of both reinforced and unreinforced models: (a) Modal analysis; (b) Non-linear monotonic 
compression analyses; (c) Directions in the X-Y plane adopted for push-over analyses; (d) Push-over analyses.

Fig. 9. Time period obtained for each reinforcement layer for: (a) flexural mode; (b) axial mode.

Fig. 10. Axial strain-stress relationships obtained from push-down analyses performed for each reinforcement layer: (a) El/Em = 10; (b) El/Em = 5; (c) El/Em = 1.
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elastic response. A ratio El/Em = 5 (Fig. 10b) provides greater compat
ibility in terms of stiffness and, when combined with a negative Pois
son’s ratio, avoids the softening behavior observed in the experimental 
curve. Conversely, the adoption of a layer with El/Em = 1 (Fig. 10c) 
results in a stiffness of the reinforced system comparable to that of the 
original system. In this case, a negative Poisson’s ratio leads to an in
crease in strength and to a doubling of the load at ultimate strain, as a 
result of the sectional confinement effect.

By comparing the strength and stiffness obtained for the different 
stiffness-ratios and deformability-ratios of the reinforcement layer 
(Fig. 11), it emerges that the use of a negative Poisson’s ratio consis
tently results in an improvement in strength for a given stiffness ratio. 
Furthermore, the possibility of predefining the macroscopic stiffness of 
the reinforcement layer through the design of its microstructure allows 
this parameter to be optimized in order to achieve a desired increase in 
strength while limiting the increase in stiffness. This can also be ach
ieved while maintaining compatibility with the reference seismic action 
for the site where the intervention is implemented.

To highlight the stress-related challenges posed by conventional 
retrofitting techniques and demonstrate the remedial potential of an 
auxetic layer, the distribution of the stress component across the col
umn's cross-section (at mid-height) is examined (Fig. 12).

The stress field reveals that a reinforcement layer with elevated 
stiffness ratio and a Poisson's ratio exceeding that of the masonry com
posite induces tensile stresses at the section edges and within the core, 
peaking at 0.40 MPa (Fig. 12a). These tensile stresses approach the limit 
tensile strength of masonry, predisposing the system toward tensile 
failure. The reduction of the stiffness ratio mitigates the tensile stress 
magnitude (Fig. 12b), yet fails to eliminate the issue entirely. 
Conversely, a high-stiffness auxetic layer with ν = − 0.45 generates 
compressive core stresses up to 1 MPa (Fig. 12c), a pattern replicated at 
unitary stiffness ratio (Fig. 12d). This compressive state fosters 
Coulomb-like frictional behavior, thereby enhancing the overall column 
capacity.

7. Non-linear monotonic analyses: shear response

In this section, the results obtained by subjecting both models to a 
shear force applied at the top of the column through a displacement- 
controlled procedure are presented. The analyses are performed by 
varying both the direction of the force and the precompression load. 
Considering the double geometric symmetry of the cross-section, five 
loading directions in the plane {O, x, y} are considered, with incli
nation angle θ ranging from 0.0◦ to 45.0◦ (Fig. 8c). The analyses are 
carried out in three steps (Fig. 8d). In the first step, the base of the 
column is constrained. In the second, a precompression load σp varying 

between 0.00, 0.50, and 1.00 MPa is applied. In the third step, the top 
surface is constrained to keep constant the z-displacement recorded at 
the end of the second step. After, a lateral load Fθ(t) =

{
Fx(t), Fy(t)

}
is 

applied to the top and monotonically increased according to a 
displacement-controlled procedure until utop

θ =
⃒
⃒utop

x , utop
y
⃒
⃒ =

1.00 cm is reached.
The results obtained by varying the Poisson’s ratio of the reinforce

ment layer, the stiffness ratio, and the precompression load are analyzed 
in terms of stiffness and maximum load attained. Fig. 13 shows the 
variation of the first-cracking stiffness (evaluated at utop

θ = 0.4 mm) as a 
function of the loading direction and the applied precompression load. 
An increase in the stiffness-ratio consistently results in an increase in 
shear stiffness. The stiffness does not vary significantly with changes in 
the precompression load or the loading direction. A large negative 
Poisson’s ratio amplifies the stiffness differences due to variations in the 
stiffness-ratio, as a consequence of the higher shear modulus Gl of the 
reinforcement layer. A high stiffness-ratio (Figs. 13a, 13b) promotes an 
anisotropic response of the column, both for a high and negative Pois
son’s ratio, and for high values of precompression load. Conversely, a 
layer with a lower stiffness ratio leads to a small variation, with the first- 
cracking stiffness largely independent of the applied precompression 
load (Fig. 13c).

Fig. 14 shows that an increase of the stiffness-ratio leads to a strength 
increase due to the higher fraction of total load carried by the rein
forcement layer. Moreover, adopting a layer with reduced stiffness 
(El/Em = 5) and a Poisson’s ratio − 0.45 provides benefits comparable to 
those of a standard layer (El/Em = 10 and νl = 0.30), while maintaining 
the stiffness of the reinforced system much closer to that of the unre
inforced one. Furthermore, the ability to define a-priori the stiffness of 
the layer, together with its Poisson’s ratio, allows the layer to be 
designed for achieving a target increase in structural strength. The 
variation of the pre-compression load does not significantly affect the 
shear capacity of the reinforced column. It should be noted, however, 
that this result depends on the value assigned to the dilatancy.

8. Results of non-linear cyclic analyses

In this section, the cyclic shear response of the column in the two 
configurations is investigated by applying a displacement along the x- 
direction varying according to the time history shown in Fig. 15. The 
analyses are carried out in two steps (Fig. 8d), analogous to those pre
sented in Section 7 for the push-over analyses. In the first step, the base 
of the column is constrained using pinned supports. Subsequently, a 
displacement ux(t) is applied with t ∈ [0.0, 10.0], while imposing that for 
all the points P on the top surface the conditions uz(P, t) = 0 holds for 
every t.

Fig. 11. Effects of the Poisson’s Ratio of the layer and of the stiffness-ratio on the compressive response of the column: (a) compressive strength; (b) axial stiffness.
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The results obtained are analyzed in terms of force–displacement 
curves and energy balance, with the aim of assessing the macro- 
mechanical performance of the column and to investigate how the 
reinforcement layer influences the distribution and dissipation of energy 
of the system. The software Abaqus provides as output the energy 
components reported in Eq. 2. For clarity of presentation, these com
ponents are identified in this manuscript using the notation adopted by 
Abaqus [23]. Accordingly: ALLIE denotes the internal energy; ALLSE the 
elastic strain energy; ALLPD the inelastic dissipated energy; ALLCD the 
energy dissipated through viscoelasticity; ALLAE the artificial strain 
energy; ALLDMD the energy dissipated through damage; ALLDC the 

energy dissipated through distortion control; ALLFC the fluid cavity 
energy. In order to analyze the influence of the reinforcement layer on 
the energy balance and on the dissipation mechanisms of the system, the 
evolution of the energy components ALLSE, ALLPD, and ALLDMD is 
examined with respect to ALLIE. 

ALLIE = ALLSE + ALLPD + ALLCD + ALLAE + ALLDMD + ALLDC 
+ ALLFC                                                                                        (2)

The results obtained in terms of the force–displacement relationship 
(Fig. 16) are consistent with expectations: given the elasticity of the 
reinforcement layer, higher stiffness values lead to higher forces for the 

Fig. 12. Transversal stress component Sxx [Pa] induced by the axial load in the section corresponding to z = 1.05 m. Maps obtained for: (a) El/Em = 10 and 
νl/νm = 2; (b) El/Em = 1 and νl/νm = 2; (c) El/Em = 10 and νl/νm = − 3; (d) El/Em = 1 and νl/νm = − 3.

Fig. 13. Shear Stiffness obtained adopting different values of the stiffness-ratio and of precompression load: (a) El/Em = 10; (b) El/Em = 5; (c) El/Em = 1.
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same displacements. However, the analysis of the hysteretic curves 
shows that a standard reinforcement layer (with a positive Poisson’s 
ratio) and El/Em = 10 produces a significant increase in both the lateral 
stiffness and strength of the column. By keeping the stiffness ratio con
stant and reducing the Poisson’s ratio, an additional increase in both 
stiffness and cyclic shear strength is observed. A lower stiffness ratio 
results in a smaller contribution of the layer to the overall column 
strength; nevertheless, adopting a Poisson’s ratio of − 0.45 still results in 

a strength increase compared to a layer with νl = 0.30 (i.e., conventional 
reinforcement technologies). A unit stiffness ratio, although optimal for 
compatibility with the existing masonry, does not provide a strength 
increase large enough to justify its engineering application.

The analysis of the results in terms of elastic strain energy (Fig. 17) 
shows that, for each stiffness ratio, the use of a reinforcement made by a 
meta-material layer with negative Poisson’s ratio increases the fraction 
of elastic energy stored in the system. With a unit stiffness ratio and a 
Poisson’s ratio − 0.45, the reinforced system initially behaves similarly 
to the unreinforced one. However, as the loading history progresses, the 
system response is predominantly elastic, and the auxetic layer pro
motes the storage of the applied load work predominantly as elastic 
strain energy.

The analysis of the time history of inelastic dissipated energy 
(ALLPD, Fig. 18) shows a behavior complementary to that observed for 
elastic strain energy. Standard reinforcement layers promote energy 
dissipation through plastic deformation, which facilitates masonry 
cracking induced by tensile stresses. In contrast, auxetic layers exhibit 
plastic dissipation significantly higher compared to the unreinforced 
model but lower than reinforcements having a positive Poisson's ratio.

The unreinforced system mainly stores the initial energy as elastic 
strain energy. Reinforcements with stiffness ratios of 10 or 5 accelerate 
the onset of plastic dissipation. A unitary stiffness ratio reproduces the 
original elastic storage tendency, thus representing the least invasive 
intervention.

In terms of damage-dissipated energy (ALLDMD, Fig. 19), it is 
observed that a high stiffness-ratio leads to a substantial independence 
from the Poisson’s ratio of the reinforcement layer. As the stiffness ratio 

Fig. 14. Peak lateral load reached adopting different values of the stiffness-ratio and of precompression load: (a) El/Em = 10; (b) El/Em = 5; (c) El/Em = 1.

Fig. 15. Evolution of the applied displacement during the cyclic shear analysis.

Fig. 16. Axial load-displacement relationships obtained from cyclic push-over analyses performed for each reinforcement layer: (a) El/Em = 10; (b) El/Em = 5; (c) 
El/Em = 1.
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decreases, this trend is no longer observed. In the case of a unitary 
stiffness-ratio, while a standard retrofitting system is largely ineffective 
in limiting the energy dissipated through damage, a layer with a nega
tive Poisson’s ratio can reduce this damage-related energy dissipation.

9. Concluding remarks and future developments of the research

This pilot study evaluates the theoretical efficacy of a novel retro
fitting technique for masonry columns, employing a homogeneous, 
isotropic auxetic meta-material layer. The reinforcing layer is a thin 
element primarily subjected to membrane stress states, i.e., stresses 
acting within its own plane. Accordingly, the assumed 2-D isotropy of 

Fig. 17. Evolution of the Elastic Strain Energy over Internal Energy (ALLSE/ALLIE) during the cyclic push-over analyses performed for each reinforcement layer: (a) 
El/Em = 10; (b) El/Em = 5; (c) El/Em = 1.

Fig. 18. Evolution of the Plastic Dissipated Energy over Internal Energy (ALLPD/ALLIE) during the cyclic push-over analyses performed for each reinforcement layer: 
(a) El/Em = 10; (b) El/Em = 5; (c) El/Em = 1.

Fig. 19. Evolution of the Damage Dissipated Energy over Internal Energy (ALLDMD/ALLIE) during the cyclic push-over analyses performed for each reinforcement 
layer: (a) El/Em = 10; (b) El/Em = 5; (c) El/Em = 1.
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the microstructure and the adoption of the corresponding macroscale 
shear modulus refer exclusively to the in-plane behavior of a relatively 
thin layer, which is the relevant response in the present application. No 
3-D isotropy is assumed or required, particularly in the thickness di
rection, since out-of-plane contributions are not significant here. A 
comprehensive sensitivity analysis of the layer's Young's modulus and 
Poisson's ratio highlights the limitations of conventional technologies 
and underscores the advantages of the proposed approach. From a 
practical perspective, the proposed auxetic reinforcement may be 
conceived as a prefabricated or 3-D printed external layer, conceptually 
similar to FRP-based confinement systems used for masonry and con
crete strengthening. However, since the present work is focused on the 
theoretical and numerical aspects, the feasibility investigation of real- 
scale applications remains beyond its scope and will require future 
dedicated experimental and technological validation.

The results concerning strength increase, confinement effects, and 
energy response should be interpreted as comparative numerical pre
dictions, useful for highlighting trends and relative differences among 
the analyzed configurations, rather than as quantitative estimates of 
performance. We point out, once again, that the aim of this work is not to 
provide a complete experimental validation of the strengthened system, 
but rather to isolate and numerically analyze the effect of the layer while 
keeping other modeling assumptions unchanged. From this perspective, 
the validation of the unreinforced case provides the basis for model 
consistency, whereas the strengthened cases should be regarded as 
exploratory numerical extensions. Finally, we have not introduced a 
direct comparison with experimentally tested FRP-strengthened col
umns, since differences in geometry, materials, interface conditions, 
construction details, and loading protocols would make such a com
parison not fully consistent with the adopted model.

The modal analysis reveals that standard reinforcement layers, 
characterized by macroscale stiffness exceeding that of the masonry 
column, substantially reduce vibration periods, thereby amplifying 
seismic demand. Metamaterials mitigate this effect through micro
structure engineering, enabling a-priori stiffness calibration to match 
masonry properties. Push-down analyses demonstrate that stiff re
inforcements with positive Poisson's ratios enhance load-bearing ca
pacity but induce tensile stresses in the core and edges, potentially 
precipitating premature failure given masonry's low tensile strength. In 
contrast, auxetic layers with reduced stiffness and negative Poisson's 
ratios provide load-modulated confinement, engendering a hoop-stress 
effect that synergizes with masonry's frictional behaviour to increase 
resistance. Push-over analyses indicate that reinforcement layers 
augment shear stiffness and strength proportionally to the stiffness ratio, 
with negative Poisson's ratios enhancing lateral capacity while permit
ting stiffness tuning. Unitary stiffness ratio layers, though minimally 
invasive, yield marginal capacity gains. Cyclic analyses confirm auxetic 
reinforcements' superior strength augmentation, promoting elastic 
strain energy storage (ALLSE) while curtailing plastic dissipation 
(ALLPD) and damage dissipation (ALLDMD), contingent on layer 
stiffness.

The tunable macroscopic properties of metamaterials empower de
signers to achieve targeted strength enhancements while alleviating 
stiffness incompatibilities. Future industrial-scale production of auxetic 
metamaterials holds transformative potential for masonry retrofitting, 
facilitating optimal interventions as evidenced herein.
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