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Abstract: The development of alternative environmentally friendly and sustainable materials in
the construction industry has become a fundamental area of research. The current cementitious
materials used in existing retrofitting techniques for masonry structures are unsustainable from an
environmental point of view. The geopolymer, as a suitable alternative to ordinary Portland cement
(OPC), has attracted interest in the last 20 years due to its environmental sustainability and improved
properties compared to conventional concrete. To improve the ductile behavior of geopolymers,
the adoption of fibers has been widely proposed in the scientific literature for a broad range of
applications. The adoption of natural fibers can make geopolymers more advantageous based on
their intrinsic environmental sustainability. The aim of this paper is to validate the performance of
sisal fiber-reinforced geopolymer plaster as a strengthening material for masonry structures, which
will be achieved by modeling the mechanical behavior of geopolymer samples in two different phases.
The first phase accounts for the experimental results suitably obtained in the laboratory, while the
second phase models the behavior of a masonry panel reinforced with geopolymer plaster using a
suitable FEM model in Abaqus.

Keywords: ordinary Portland cement; geopolymer; sisal fiber; strengthening; masonry structures;
FEM modeling; sustainability

1. Introduction

Historic masonry heritage constitutes a fundamental part of the global and Italian
heritage, which must be adequately preserved from structural, restoration and sustainability
points of view. In this framework, a fundamental role is played by suitable innovative
materials that can be adopted both in the restoration and structural retrofitting phases (see,
e.g., [1–4]). Masonry building heritage is constituted by different typologies of masonry
(e.g., tuff ashlar masonry, rubble masonry, stone masonry). Masonry reuse can play a key
role in sustainability, especially in terms of environmental characteristics, since it reduces
the need for new construction projects, and the consequent energy and water consumption
and waste production. However, masonry structures are vulnerable to natural hazards such
earthquakes due to their intrinsic weakness in resisting lateral loads which generate tensile
stresses in the material. Therefore, continuous maintenance/repair is required to maintain
their structural properties. The vulnerability of existing historical masonry structures was
recurrently observed under both static and dynamic loads, specifically in the aftereffects of
recent Italian seismic events (see, e.g., [5,6]).

Actually, the evolution of the structural standard codes in the topic of dynamic struc-
tural analysis (see, e.g., [7–10]) and design (see, e.g., [11–14]) requires more and more
in-depth study on the performance of both new and existing structures.

Traditional existing buildings stocks are made of stone and brickwork masonry and do
not comply with the actual design codes and standards. Due to the poor performance under
lateral loads during earthquakes, the structural safety of masonry buildings is a challenging
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task for engineers, architects and restorers. Indeed, many studies have been devoted to
enhancing the structural capacity of masonry buildings to enable them to withstand seismic
actions according to the more recent international standards.

The most utilized interventions are (1) the reinforcement of the masonry panel with
appropriately designed layers of plaster (see, e.g., [15–17]); (2) the insertion of steel frames
in the existing opening of the panel, often equipped with special devices to optimize the
global behavior of the involved masonry panel (see, e.g., [18–25]). Masonry structures are
intrinsically able to mainly absorb compression loadings, showing only [26] a very limited
resistance capacity under tension loadings.

The load-bearing walls of masonry structures are subjected to in-plane shear forces
and out-of-plane bending during earthquakes; the out-of-plane capacity can be enhanced
by improving wall-to-floor and wall-to-wall connections, as seismic forces will possibly
be transferred from face-loaded walls to return walls. However, in-plane failure causes
sliding, shear, rocking or toe failure, and therefore, techniques and materials for restoration
and strengthening need to be developed [27–29]. Several retrofitting methodologies for
masonry structures are available, among which the most adopted are (1) repointing (see,
e.g., [30–33]); (2) grout/epoxy injection (see, e.g., [34]); (3) shotcrete (see, e.g., [35,36]);
(4) FRPs (see, e.g., [37]); (5) mesh reinforcement and junction strengthening (see, e.g., [38]).
However, the material used in these methodologies and the related production of waste [39]
make these methodologies unsustainable from an environmental point of view.

Structural plaster on the walls of existing masonry structures can be adopted to im-
prove the load-bearing ability in both horizontal and vertical actions and for thermal
insulation [39,40]. Due to many environmental aspects, cement plaster is unsustainable,
and therefore, alternative binders (i.e., binders more sustainable from an environmental
point of view) need to be developed. Clearly, a specific focus on the compatibility with
existing materials and the improvement in the load-bearing capacity [40,41] has to be
considered. The development of advanced materials in recent years and the related numer-
ical and theoretical modeling of their mechanical behavior provide alternative solutions
such as, for example, bio-composites [42] and natural or artificial fiber-based geopolymer
plaster/mortar.

The development of alkali-activated mortars without cement (geopolymer mortar) uti-
lizes waste materials and shows exceptional properties for the conservation and restoration
of existing masonry structures [43] in terms of fresh and hardened stages [44], durability in
aggressive environments [45] and a low environmental impact [46].

Geopolymers can be developed from alumino silicate source materials (fly ash or slag)
with alkaline activators and natural materials such as kaolinite clay, rice husk ash, quarry
dust, etc. [47]. The chemical reaction is geopolymerization [48] and the most common used
alkaline activators are sodium hydroxide (NaOH), sodium silicate (Na2SiO3), potassium
hydroxide (KOH) and potassium silicate (K2SiO3) [49]. From the above remarks, it follows
that geopolymers are environmentally friendly [50].

Despite all of the advantages reported above, geopolymers show brittle behavior, like
ordinary Portland cement. To tackle this drawback and to enhance the ductile behavior
of geopolymers, many studies have focused on the development, characterization and
implementation of fiber-reinforced geopolymers. Fiber-reinforced geopolymers can be used
as an effective retrofit material for the strengthening of masonry structurers with higher
durability, better mechanical and structural properties, and an adequate insulating and
thermal capacity as well [51–54]. However, the selection of fibers for reinforcement is a
demanding task since it must consider the compatibility between the fibers and material
properties; from a structural point of view, proper fiber–matrix interactions for stress trans-
mission and an optimum aspect ratio to resist post-cracking behavior are two fundamental
features to be considered. To improve mechanical performance, pre-treatment by water
run-off and alkali treatment in NaOH solution can be adopted to induce a rough surface for
better binding and adhesion between the matrix and fibers [55–59]. As reported in [60,61],
the performances of fiber-reinforced geopolymers are more dependent on the material
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properties of fibers rather than the binders, emphasizing the crucial role of fiber selection.
The mixing process between fibers and the matrix is another crucial task requiring suitably
defined procedures to achieve uniform fiber addition, and it depends on the geometry,
content and fiber type [60,62]. Increasing the fiber content reduces the workability of the
composite due to the increase in viscosity and yield stress [63], and it also has important
effects on the mechanical behavior.

In terms of mechanical characteristics, the geopolymer’s compressive strength is
a major parameter and its value depends on brittleness, micro-crack distribution, pore
structure and boundary conditions. In the literature, a standard code of practice to be
adopted for the design of the geopolymer matrix is available [64]. In general, the better
mechanical properties of geopolymers are observed for a fiber content of less 2% due to
the increase in porosity above the critical fiber content (usually between 0.2 and2%) [65,66],
but this critical value strongly depends on the fiber type and on the selected precursor.
The increment in mechanical characteristics (toughening mechanism, ductility and energy
absorption) depends on the fiber–matrix interaction, on the fiber nature and on the fiber-to-
binder interaction [67–70].

Each type of fiber in the geopolymer has certain limitations and specific advantages.
For environmental issues and the development of sustainable materials, many researchers
have recently put their efforts toward the utilization of natural fibers for the reinforcement
of geopolymer-based materials. Natural mono-filament cellulosic fibers like hemp, kenaf,
bagasse, sisal and jute are considered alternatives to synthetic fibers in the matrix due to
their low density, cost, acceptable properties and reduced thermal conductivity [71–74].
The improvement in the mechanical characteristics of fiber-reinforced geopolymers due
to the adoption of natural fibers is reported in many papers (see e.g., [75–77]). Recently,
the numerical modeling of the mechanical behavior of sisal-reinforced geopolymer mortar
has been investigated to define the suitable material model to be adopted in subsequent
structural FEM analyses [78].

The initial aim of this paper is to assess the opportunity of using natural fiber-
reinforced geopolymer plaster to improve the structural response of masonry structures.
This goal is achieved by focusing the attention specifically on sisal fibers for reinforcement
by performing appropriate experimental trials to depict the mechanical response of the
reinforced geopolymer, by obtaining a numerical model of this material and by performing
a structural analysis of a masonry panel with and without the use of sisal fiber-reinforced
geopolymer plaster. The results of the masonry panel are compared with those developed
using a standard approach to obtaining reinforced plaster to confirm the effectiveness of
the sisal-reinforced plaster in increasing the structural response of masonry.

2. Materials and Methods
2.1. Specimen Preparation, Mechanical Tests and Material Numerical Modeling

The geopolymer matrix was developed by adopting metakaolin as the precursor with
a silicon-to-aluminum (Si/Al) ratio of 1.3:1 and a particle size distribution ranging between
1 and 100 µm. The alkaline activator used was 7M potassium hydroxide (KOH), prepared
by mixing potassium silicate (K2SiO3) powder and KOH pellets with 99% purity with
deionized water. The maximum diameter of the fine aggregate particles used was 2 mm,
and the commercial reagents were supplied by Carlo Erba Reagents (Italy). The source
of the sisal plants was a plantation in northern Sicily, where the extracted fibers were
collected, washed and dried for 48 h at 25 ◦C. From a literature review, it is observed
that the mechanical properties of a composite are highly dependent on the replacement
percentage of natural fibers. In this paper, we adopted a replacement of 2% weight content
of the aggregate with short sisal fibers 25 mm in length. The geopolymer samples were
prepared by initially mixing the powders, followed by the addition of the alkaline activator.
Subsequently, sisal fibers were incorporated into the mortar using a mechanical mixer for
ten minutes. The chemical composition of metakaolin is reported in Table 1; the mixture
ratio is 1 (precursor):2 (river sand).
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Table 1. Chemical composition of metakaolin.

Element Wt %

C K 2.20
O K 39.53
AlK 27.22
SiK 29.71
TiK 1.34

The selected value of replacement agrees with the results reported in [79]. The mechan-
ical behavior of the sisal fiber-reinforced geopolymer matrix was analyzed by conducting
compression, three-point bending and splitting (Brazilian indirect tensile) tests. The EN
1015-11 [80] standard was followed for the compression and bending tests, while the ASTM
D3967 standard [81] was adopted for the splitting test. The specimens’ dimensions were
160 mm × 40 mm × 40 mm for the bending test (Figure 1a), while cylindrical samples with
a nominal diameter and thickness of 50 mm were adopted for the splitting test (Figure 1b).
The compression tests were performed on cube specimens with each side equal to 40 mm
obtained by cutting the wrecked half parts at the end of the bending test (Figure 1c). All of
the samples were cured at room temperature for the duration of 28 days. In the three-point
bending test, the length of span was fixed equal to 100 mm. The Universal testing ma-
chine (UTM) model ETM-C (WANCE, Shenzhen, China), equipped with a 50 kN load cell,
was used for performing the mechanical tests, and a pre-load of 10 N was applied before
the recording of data. The tests were performed under displacement control, at a rate of
1 mm/min for bending and 0.5 mm/min for compression, while stress control was adopted
for the splitting test with a rate equal to 0.05 MPa/sec. For each batch, three specimens
were casted and tested for each mechanical test. To collect the strain data during testing,
samples were equipped with a HBK strain gauge (K-CLY4, 120 Ohm, 6 mm measurement
grid). The HBK MGC Plus data acquisition system driven by MGC Plus assistant was
adopted for the recording of strain and acting load.
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Figure 1. Experimental setup: (a) three-point bending test; (b) splitting test; (c) compression test.

The experimental results in terms of compression of the stress—train curve behavior
and ultimate tensile strength were adopted as the input information for developing the
ABAQUS 2017 input data. The concrete damaged plasticity (CDP) material model available
in the ABAQUS 2017 library was selected and the CDP Generator tool [82] was used to
gather the information required by the ABAQUS 2017 material model. The input data for
this tool were obtained from the experimental data. Subsequently, the above-mentioned
experimental tests were modeled in ABAQUS 2017 [83] (C3D8R 3D element, mesh size
equal to 1 mm, contact between steel and samples with 0.15 friction coefficient, and penalty
friction formulation), adopting the same sample dimensions as in the experimental tests and
performing the test control equal to that adopted in the corresponding experimental one.
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2.2. Numerical Analysis of Masonry Panel

The structural application of sisal fiber-reinforced geopolymers was investigated by
adopting a masonry panel scheme, as shown in Figure 2. The geometry details of the two
examined panels are presented in Table 2, together with the mechanical ones corresponding
to the available mean values available in Table C8.5.I of [84]. The two different masonry
panels studied are characterized by masonry with split stone (Masonry 1) and ashlar
masonry with regular squared blocks (Masonry 2). The aim of these analyses is to validate
the beneficial effects of plaster realized by the sisal fiber-reinforced geopolymers (in the
following, referred to as the proposed plaster) on the overall mechanical behavior of the
panel. To this end, the typical panel was subjected to a uniformly distributed vertical load q,
as shown in Table 2, and to a horizontal load F, whose value ranges from 0 to the collapsed
one. The load F was applied as the resultant of pressure of an appropriate value applied
on the steel plate. The panel was analyzed by using the ABAQUS FEM environment,
assuming a CDP material model and C3D8R 3D elements. The required CDP parameters
in ABAQUS were derived from the mechanical ones reported in Table 2, always adopting
the CDP Generator tool, assuming a tensile strength equal to 0.1 the compressive one and a
linear behaviour, as it is usual in the modelling of the mechanical behaviour of cementitious
materials, for the fracture energy obtained by the experimental splitting test.
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Table 2. Adopted geometrical and mechanical parameters.

Parameter Masonry 1 Masonry 2

Length L [m] 5.0 5.0
Height H [m] 4.0 4.0

Thickness w [m] 0.4 0.4
Plate height [m] 0.2 0.2
Plate base [m] 0.4 0.4

Distributed load q [kN/m] 90 130
E [MPa] 1250 2400
G [MPa] 410 800

w [kN/m3] 20 22
fc [MPa] 2.0 6.0
τ0 [MPa] 0.05 0.09

The boundary conditions were assumed as fully restrained at the panel bottom, while
at the top of the panel, only the displacement along the length of the panel was allowed.
Three different conditions were analyzed for each masonry: a simple masonry panel, a
masonry panel with standard reinforced plaster (obtained by correcting the mechanical
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parameters of the masonry as in Table C8.5.II of [84]) and a masonry panel with the
proposed plaster with 0.03 m thickness (usual value of plaster thickness adopted in practical
application). The masonry panel with the proposed plaster was analyzed by assuming
perfect kinematical compatibility between the plaster and masonry. The mesh size for the
FE analysis of the panels is equal to 0.1 m and it was selected after a sensitivity analysis
to obtain the optimal value in terms of numerical effort and the accuracy of the results.
Specifically, the adopted mesh size leads to a computational time equal to about 7 min
with an HP i7 32GB RAM workstation, while a halved mesh leads to about 35 min of
computational time with a difference equal to 2% in terms of top displacement.

3. Results and Discussion

The first step is to check the feasibility of the CDP material model and that of the
FEM model to reproduce the experimental results. It is important to note that the CDP
material model is usually adopted for modeling the behavior of homogeneous concrete-like
materials. On the other hand, the material studied in the experimental tests is a concrete-
like material reinforced with sisal fibers (i.e., not homogeneous in a narrow sense) and, as is
well known, the presence of the fibers strongly affects the mechanical behavior, especially
when tensile stresses arise due to their stitching effect. Therefore, the novelty of this paper
is to evaluate the adoption of the CDP model in the case of fiber-reinforced concrete-like
materials. Beside the mechanical characteristics (stiffness and strength both in compression
and in tension), a further critical parameter to obtain accurate results is the adhesion
between the fibers and matrix which strongly influences the post-elastic behavior. This
topic is outside the aim of this paper, and it will be studied in a future experimental and
numerical campaign. It is important to note that in the proposed reinforced plaster, the
fibers are randomly distributed inside the matrix. The design of a suitable numerical model
able to consider the real distribution and the adhesion between the fibers and matrix is a
very complex task and is outside the aim of this paper. Further, the possible advantages of
the results obtained by such a numerical model should be compared with the unavoidable
hugely increased computational effort. In Figure 3a, the compression stress fc obtained
from the experimental test and that obtained from the numerical model is sketched and
compared, showing very good agreement both in the elastic range and in the plastic one.
In this test, the influence of the fibers is not evident since the overall mechanical behavior is
governed by the mechanical characteristics of the matrix. In a similar way, in Figure 3b,
the stress calculated from the experimental splitting test fst is sketched and compared with
that arising from the numerical model. In this case, the numerical results are satisfactory in
the elastic range and less satisfactory in the plastic range. This can be ascribed to the role of
the fiber in the specific (splitting) test which is very difficult to be described by a numerical
model for homogeneous materials. In this case, the stitching effect of the fibers is limited
since the tensile stresses are concentrated in a limited zone of the specimen. Finally, as for
the compression and splitting tests, in Figure 3c, the bending stress fb derived from the
experimental test is reported together with that arising from the numerical model. Also,
in this case, the numerical model gives satisfactory results, especially in the elastic range,
while those in the plastic range are effected by an error; the latter is reduced with respect
to the case of the splitting test and it can be ascribed again to the fibers and, in particular,
to their stitching role during the bending test, which is more evident since the part of the
specimen where tensile stresses arise is wider than in the case of the splitting test. The
above remarks allow us to state that the CDP material models in a satisfactory way the
experimental behavior of sisal-reinforced geopolymers, and consequently, it can be adopted
for the subsequent numerical analyses of the masonry panels.

As described above, the subsequent step is to perform the analysis of the mechanical
behavior of the masonry panels. As is usual in structural engineering, the overall perfor-
mance of a masonry panel is evaluated in terms of the pushover F− ∆ curve, with F being
the applied load and ∆ being the corresponding displacement of the reference point that, in
the case under examination, is the middle one of the upper right edge of the investigated
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panel. The obtained results are presented in Figure 4. The analysis of these figures shows
the crucial role of the studied interventions in the increment in the mechanical behavior
of the masonry panel, especially in terms of ultimate load. However, it must be noted
that the proposed plaster leads to an increment in the overall response greater than the
corresponding one arising from the adoption of the standard reinforced plaster as in [81].
This increment, however, is not equal for the two masonries under investigation, as that
for Masonry 1 (about 1.5 times) is greater than that for Masonry 2 (about 1.3 times). This
remark, together with the fact that the modulus of elasticity of Masonry 2 is 2.07 times
that of Masonry 1, leads to the further observation that the overall structural efficacy of
the proposed plaster increases with the increment in the ratio of Ep/Em, with Ep being
the modulus of elasticity of the proposed plaster and Em that of the masonry. Another
important remark is that the proposed plaster is sustainable from an environmental point of
view, while the materials usually adopted in reinforced plaster as in [80] are not sustainable.

Among the available output parameters of the ABAQUS FE model, two of them give a
measure of the damage suffered by the material. These parameters, referred to as dc and dt
for compression and tension, respectively, range from 0 (no damage) to 1 (fully damaged),
and their meaning is related to the deterioration of the material stiffness in the softening
phase as it can be easily derived from the examination of Figure 5 [83].

To perform a further check on the effectiveness of the proposed plaster for the strength-
ening of masonry structures, the above-described parameters dc and dt are sketched in the
following figures for the studied masonry panels. These maps are related to the damage of
the material constituting the core of the analyzed masonries, i.e., the panel itself in the case
of the original panel and in that of the standard reinforced one or the panel without the
plaster in the case of the panel reinforced by the proposed plaster.
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and 𝑑௧ for compression and tension, respectively, range from 0 (no damage) to 1 (fully 

Figure 3. Comparison between experimental and numerical results: (a) compression test; (b) splitting
test; (c) three-point bending test.
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In Figure 6, for Masonry 1, the dc parameter at different load levels is reported; these
figures are grouped by column: in the first column, the sketched maps are related to the
original panel, those in the second column are related to the standard reinforced panel and
those in the third column are related to the panel reinforced with the proposed plaster. In
Figure 7, for Masonry 1, analogous maps are sketched for the dt parameter.
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Figure 6. Maps of 𝑑௖  parameter for Masonry 1. (a–c): 𝐹 = 680 kN ; (d–f): 𝐹 = 880 kN ; (g–i): 𝐹 =1000 kN. 
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(g–i): F = 1000 kN.

The analysis of Figures 6 and 7 confirms that both the standard reinforced plaster
and the plaster with the sisal fiber-reinforced geopolymer exert a positive effect on the
masonry since the damage in the original masonry is greater for all force levels. Further,
the proposed plaster shows damage less than that of the reinforced one, confirming its
mechanical efficacy. It must be noted that in the last row of Figures 6 and 7, the sketched
maps refer to a load level outside that reported in the pushover curves in Figure 5, which
have been cropped only for clarity’s sake.

To show the better structural effect of the proposed plaster with respect to the rein-
forced one, the maps of the dc and dt parameters at F = 1400 kN are reported in Figure 8
for both cases. An examination of these figures strongly confirms that in the case of the
proposed plaster, the damage (both in terms of compression and tension) arising in the
masonry is less than that suffered when the standard reinforced plaster is adopted.
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Analogous results have been obtained for Masonry 2 and they are reported in
Figures 9 and 10, while in Figure 11, the maps of the dc and dt parameters at F = 3800 kN
are reported both for the standard reinforced plaster and for the proposed one.

The examination of these figures leads to the following remarks: (1) as in the case of
Masonry 1, both interventions lead to an improvement in the mechanical behavior of the
masonry panel, since at fixed load levels, the damage in the panel with interventions is
reduced with respect to that in the original panel; (2) from a mechanical point of view, for
a high-level load, the panel with the proposed plaster behaves better than that with the
standard reinforced one since (see Figure 11) the damage levels suffered by the masonry
are minor. The above remarks confirm the mechanical efficacy of the proposed plaster as
an intervention for the strengthening of masonry structures.
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Figure 9. Maps of dc parameter for Masonry 2. (a–c): F = 2000 kN; (d–f): F = 2400 kN;
(g–i): F = 2800 kN.
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Figure 10. Maps of dt parameter for Masonry 2. (a–c): F = 2000 kN; (d–f): F = 2400 kN;
(g–i): F = 2800 kN.
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Figure 11. Maps of damage parameters for Masonry 2 at F = 3000 kN: (a) dc for standard reinforced
plaster; (b) dc for sisal fiber-reinforced plaster; (c) dt for standard reinforced plaster; (d) dt for sisal
fiber-reinforced plaster.

The analysis of the obtained results leads to the following remarks: (1) the original
masonry panels (i.e., without strengthening) are very sensitive to lateral loads and the
materials suffer high damage levels for relative low acting loads; (2) the strengthening layer
(both the standard or proposed one) with suitable mechanical characteristics constitutes a
layer able to absorb the main part of the stresses due to the acting loads greatly limiting the
stresses acting on the original panel; (3) as a result, the presence of the strengthening layer
leads to an increment in the ultimate load for the panel; (4) the mechanical characteristics
of the material constituting the strengthening layer, especially the compressive and tensile
strengths, are fundamental to obtain the expected result; (5) the stitching effect due to the
fibers in the proposed reinforced plaster is the reason for the good mechanical behavior of
the panel with such reinforcement.

4. Conclusions

In this paper, the possible use of sisal fiber-reinforced geopolymer plaster to improve
the mechanical and structural behavior of masonry panels is presented. Initially, the
experimental results of the mechanical tests performed on the samples of 2% w.t. sisal fiber-
reinforced mortar were numerically modeled by assuming a concrete damage plasticity
model, available in the ABAQUS library, to obtain the necessary information to be adopted
in the subsequent analysis. Similarly, for masonry panels with and without reinforcement,
the mechanical performance was determined by considering two different reinforcements
and masonry typologies: sisal fiber-reinforced geopolymer plaster (0.03 m thickness with
2% w.t. sisal fibers) and the standard reinforced plaster referred to in structural regulations.
The numerical results are expressed both in terms of pushover F−∆ curves and in terms
of maps of the damage of the masonry. The latter are expressed by means of the output
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parameters arising from the numerical material model adopted in the analyses. The
obtained results show that the proposed plaster leads to an increment in the ultimate load
bearable by the masonry and to lower material damage levels both in terms of compression
and tension. Further benefits to be considered in the selection of the strengthening method
are that the sisal fiber-reinforced geopolymer is very effective from a sustainability point of
view. This aspect, together with a broader experimental campaign on real panels, and the
related numerical analysis will be the topic of future works where the actual questions (the
perfect adhesion between the mortar and masonry and the improvement in the numerical
model of the reinforced plaster) will be explored more deeply.
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