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S. Comprehensive Analysis of

Ferrocement-Strengthened Reinforced

Concrete Beam. Buildings 2024, 14,

1082. https://doi.org/10.3390/

buildings14041082

Academic Editor: Xue Zhang

Received: 1 March 2024

Revised: 22 March 2024

Accepted: 4 April 2024

Published: 12 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Comprehensive Analysis of Ferrocement-Strengthened
Reinforced Concrete Beam
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Abstract: Starting with the premise that the choice of the optimal method for strengthening reinforced
concrete (RC) structures is a complex task and that ferrocement strengthening is comparable to other
advanced strengthening technologies due to its cost-effectiveness, ease of construction, and durability,
this paper presents a comparative study of the flexural bearing capacity of RC beams strengthened
with ferrocement strips applied by gluing. An overview of the life cycle assessment (LCA) based on
embodied energy or CO2 is presented in the introduction, based on the existing literature review.
The research includes tests of 15 RC beams of identical cross-sections (150/250 mm) and a span
of 3000 mm. Strengthening was conducted by applying four types of ferrocement strips (different
widths and wire mesh layers). Two factors were examined: the verification of the comprehensive
FEM numerical model against the experimental results and the applicability of existing simplified
calculation methods for sufficiently accurate results which could be used in regular practice. The
results show that the failure forces obtained from numerical models and experimental models differ
by no more than 3.94%. The increase in the bearing capacity of the strengthened models is up to
21.4%. The transformed area method for the cracked section showed good results when compared to
the FEM and experimental models. The analytically calculated failure force is contingent upon the
partial factor for variable action, which was explored within the 1.5–1.7 range.

Keywords: strengthening; micro-reinforced concrete; ferrocement; reinforced concrete (RC) beams;
flexure; numerical simulation

1. Introduction

Reinforced concrete (RC) structures often require strengthening due to deficiencies
or changes in their intended purpose. Increasing the durability of a structure leads to a
longer service life, which is beneficial for sustainability. Similarly, building refurbishment
and repurpose are preferable options as part of a strategy to reduce embodied carbon.
Consequently, the strengthening of existing reinforced concrete structures has become a
widespread practice, involving the application of both conventional and advanced meth-
ods. The most commonly strengthened structural components include girders, piers,
building beams, columns, and slabs. To enhance strength, there are various materials and
techniques that can be utilized, including cross-section enlargement with RC jacketing
or fiber-reinforced concrete (FRC), steel plates, fiber-reinforced polymer (FRP), external
post-tensioning, or ferrocement jacketing or laminating. Ferrocement strengthening can be
seen as comparable to other advanced technologies when innovative materials are used
and various aspects are considered during the selection process, and it is characterized by
its cost-effectiveness, ease of construction, and durability. Ferrocement, with its distinctive
properties, is constructed using a mortar matrix based on cement and with tightly spaced
layers of small-diameter wire mesh.

Different factors affect which strengthening technique is optimal. Sometimes the
conditions (e.g., chemical resistance or weather conditions) can narrow the choice signifi-
cantly, yet in most cases, there is a possible choice to consider the most suitable method of
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strengthening. The most often used traditional and advanced techniques are summarized
in Table 1.

Table 1. Comparative analysis of different strengthening techniques.

Characteristic FRC Steel Plate FRP External Post-
Tensioning Ferrocement

Compressive strength (MPa) 30–300 1 250–500 200–1000 2 n.a. 30–150
Tensile (yield) strength (MPa) 3–14 1 250–690 500–4500 2 1950 10

Young’s Modulus (GPa) 20–45 190–210 35–784 2 200 5–30
Elongation (%) 3 5–12 0.5–5 2 1 (8) 1.5–2.5
Fire resistance Medium Low Low to medium 2 Low Medium

Chemical resistance Medium to high 1 Low High Low Medium to high
Cost Low Medium Medium-High 2 High Medium

1 Maximum values referring to ultra-high-strength fiber-reinforced concrete. 2 Depending on material properties
of fibers and matrix.

Although it is expected to use the structural best fit solution, some conditions (e.g.,
the budget, lack of adequate labor force or material) can mean a serious drawback which
will eventually divert the choice. Strengthening with ferrocement can be considered as
a universal solution that can be tailored to needs or possibilities. They have a higher
ductility, higher shear strength capacity, and higher moment capacity than FRP sheets
but also a considerably better fire and corrosion resistance than steel. Cast-in-place or
precast ferrocement composites are cost-effective solutions, and they do not require a
special material or highly skilled labor force.

The environmental impact analysis is also important to consider. The life cycle as-
sessment (LCA) based on embodied energy or CO2 emission calculations are significant
and valuable tools for comprehensive and thorough analysis. Nonetheless, the variety
in possible materials and methods used in RC structural strengthening makes it very
difficult to consider a full-scale LCA study. Alternatively, a simple insight can be given
by comparing the data from existing literature reviews [1–9]. In Figure 1, the equivalent
CO2 of raw materials is given in CO2/kg of used materials considering a case of a 50%
bending capacity increase of a given RC beam, considering steel plates with the mechanical
anchorage strengthening technique (SA), carbon FRP sheets with epoxy resin (CFRP), and
ferrocement strip type IV (FC):
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In addition to its outstanding properties including durability, strength, toughness,
water resistance, resilience to harsh environments, ease of shaping, and construction, this
material is also compatible with all other cement-based composites. The theoretical design
approach permits the application of conventional reinforced concrete design principles.
Like with other traditional methods, ensuring the quality of the connection between conven-
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tional reinforced concrete and micro-reinforced concrete remains the paramount issue influ-
encing the stress–strain behavior of reinforced concrete beams undergoing strengthening.

Numerous methods for reinforcing various RC structural components with ferroce-
ment have been proposed. These include the use of ferrocement wrapping to confine
RC columns [10–13], strengthening RC slabs in tensioned zones [14,15], reinforcing rigid
RC column and beam joints [16,17], and the improvement in the compressive strength
behavior of RC walls reinforced with [18]. High-strength cement matrices [19,20] and
ferrocement with combined continuous and discontinuous micro-reinforcement, subjected
to flexure, have been investigated [21,22]. There have been several proposals of ferrocement
strengthening for shear [23,24] and torsion [25]. Some researchers have examined the
behavior of RC beams strengthened with ferrocement through the direct application of
micro-reinforcement mesh and cement matrix onto prepared concrete surfaces [26–30],
utilizing steel connectors. Additionally, RC beams made of lightweight or low-strength
concrete have been strengthened by complete confinement using ferrocement [28,31,32].
Certain authors have employed an approach of “gluing” ferrocement onto reinforced con-
crete surfaces [33–35]. Furthermore, research has explored the ferrocement strengthening
of predamaged RC beams [36–39].

The results from the previously mentioned literature which are related to the ferroce-
ment strengthening of RC beams loaded with flexure exhibit the increased beam properties.
The bearing capacity, total rigidity to flexure, and energy absorption capacity increase. The
value of deformations and the development of cracks of the strengthened beams decrease.
In an effort to reduce deformations and cracks, one should mention the approach to the im-
provement of the characteristics of RC beams by applying concrete mixtures with materials
that enhance its strength and durability. Micro-silica is commonly used for these purposes;
however, the high cost and significant carbon footprint often discourage its use. Recent
research suggests that a significant part of micro-silica can be replaced by natural pozzolans
thus reducing the costs and carbon footprint while maintaining the desired strength and
durability [40]. The use of these concrete admixtures requires an increased attention to be
devoted to concrete production, casting, and curing since they decrease workability and
increase the possibility of temperature cracks. These challenges can be addressed through
the implementation of low-cost monitoring systems [41].

This study explores the reinforcement of RC beams predominantly subjected to bend-
ing by utilizing prefabricated ferrocement elements of minimal thickness. The selected
bonding agent is an epoxy mortar adhesive, applied thinly on both the RC beam and the
ferrocement element just before joining. This method requires no special treatment of the
concrete or ferrocement, except ensuring that all surfaces are dry, clean, and undamaged
prior to application. The objective was to replicate the reinforcement process of existing RC
beams, particularly those that are challenging to access. To achieve this, Section 2 presents
theoretical principles and analytical methods suitable for calculating the strengthened
beams. Section 3 outlines the experimental models, the chosen procedure for reinforcing
RC beams with ferrocement, and the mechanical properties of the materials used in the
process. Section 4 details the numerical simulation, while Section 5 encompasses the pre-
sentation of results pertaining to the nominal bending moment and failure of both the
strengthened and control beams. The analytical, experimental, and numerical findings are
juxtaposed, facilitating an assessment of the numerical model’s accuracy to the beam’s
experimental behavior and the potential reliability of analytical methods in calculating
composite beams. Additionally, the examination of the partial factor for variable actions of
composite beams is conducted, particularly in cases where analytical calculations yield the
service bending moment.

Given the relatively limited number of papers addressing this topic, this research was
undertaken with the aim of further advancing the technique for strengthening RC beams.
There is a particularly modest number of papers which employed the technique of the
gluing of previously prepared ferrocement elements to the tensioned surface of RC beams
exposed to bending, in contrast to the techniques of RC beams’ reinforcement using steel
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plates or FRP strips, which were discussed in a considerably greater number of research
studies. The gluing technique represented a very simple and usable solution in practical
situations. The gluing means were selected with great care, because it was assessed that
this factor was not sufficiently dealt with in the research up to date. One of the goals of this
study was the proof that the chosen means for joining guarantees the joint interaction of
the reinforced concrete and ferrocement up to the bearing capacity failure of strengthened
beams. Considering the fact that ferrocement obeys the same mechanical laws and theories
as the reinforced concrete, it was the aim of this study to show the level of the reliability of
analytical methods in the process of the calculation of the nominal load bearing capacity of
beams exposed to bending.

2. The Foundational Principles of the Calculation of RC Beams Strengthened
with Ferrocement

Understanding the stress–strain relationships among the various materials involved—
concrete, conventional reinforcement, mortar, micro-reinforcement, and adhesive epoxy
mortar—is essential for analyzing strengthened composite beams. This task is intricate
due to the multitude of parameters involved, which can complicate calculations. However,
certain analytical methods, with appropriate simplifications, can be applied.

When analyzing a composite cross-section subjected to service loads during the phase
of the linear elastic behavior up to the first matrix cracking, it is convenient to use the flexure
formula for the un-cracked section. Conversely, for cracked sections, the transformed
area method for the cracked section is more appropriate [42]. The calculation of the
nominal bending resistance yields the value of the bending moment at failure (nominal
bending moment). Additionally, methods such as the compatibility method, simplified
method based on all tensile reinforcement yielding, and simplified method using the plastic
moment [42] can be utilized.

2.1. The Transformed Area Method for the Cracked Section

To fulfill the needs of comparing the experimental model results, the transformed
area method is utilized for the cracked section, as illustrated in Figure 2. Linear theory is
employed to ascertain the flexural tensile stress induced by service loads.
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The ratio of elastic moduli is expressed through the following equations:

n1 =
Es

Ec
, n2 =

Eam

Ec
, n3 =

Em

Ec
, n4 =

Er

Ec
(1)

Once the position of the neutral axis (c) is determined, the moment of inertia of the
transformed cracked section (Figure 2) can be computed:

Itr,cracked =
b · c3

3
+ ∑ (n1 − 1) · Asi · (c − di)

2 + ∑ n1 · Asj ·
(
dj − c

)2
+ ∑ (n3 − n4) · Arj ·

(
dj − c

)2 (2)

Once the characteristics of the observed cross-section are established, the stresses in
any fiber can be computed using the flexure formula:

σm,top =
M · c

Itr,cracked
, σsi = n1 ·

M · (di − c)
Itr,cracked

, σri = (n3 − n4) ·
M · (di − c)

Itr,cracked
(3)

Based on Naaman [42] and the Ferrocement Model Code, as well as the Building Code
Recommendations for Ferrocement [43], the maximum allowable service moment can be
calculated from the flexure, as follows:

• The tensile stress in reinforcement resulting from service loads induced by tension,
bending, or their combination must not surpass 0.60 times the yield strength of the
reinforcement (fy) nor exceed 400 MPa. However, in cases where high-strength rein-
forcement meshes are employed and their efficacy is empirically verified, the 400 MPa
limit can be increased.

• The upper limit for the compressive stress in the mortar matrix under bending should
not surpass 0.45 times the specified design’s compressive strength (fc

′), derived from
testing the concrete cylinders.

2.2. Compatibility Method

In addition to the previously outlined approach, which determines the maximum
service bending moment, the nominal bending moment was also computed using the com-
patibility method and a simplified method based on the yielding of all tensile reinforcement,
as depicted in Figure 3, as given by Naaman [42].
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In this calculation, the position of the neutral axis (c) is adjusted until an equilibrium
between compression and tension forces is achieved:

∑ T − ∑ C = 0 (4)

When this condition is met, a nominal bending capacity is as follows:

Mn =
N

∑
i=j

C, Tsi,ri ·
(

dsi,ri −
β1 · c

2

)
(5)

The results obtained by all the aforementioned methods are outlined in Section 5.1,
which summarizes analytical assessments of the flexural strength of RC beams.

2.3. Simplified Method Based on Yielding of All Tensile Reinforcement

A simplified method, based on the sufficient compression capacity of concrete and
reinforcement yielding, can also be used for the design with the following assumptions:

• The presence of compressed reinforcement is ignored.
• All other reinforcement layers are in tension that reaches the level of the yielding limit.

The equilibrium of internal forces (Figure 3) yields the following expression:

0.85 · f ′c · b · a =
N

∑
i=j

As,ri · σs,ryi (6)

The nominal bending capacity is then as follows:

Mn =
N

∑
i=j

As,ri · σs,ryi ·
(

ds,ri −
a
2

)
(7)

3. Experimental Investigations
3.1. Experimental Research Program

Figure 4 shows the program of experimental tests. The experimental tests on the
specimens were conducted in laboratory conditions.

3.2. Experimental Models

Figure 5 illustrates the selection of the referent (non-strengthened) RC beam’s geometry.
The process selected for reinforcing an RC beam with prefabricated ferrocement ele-

ments involves applying them to the bottom (tensioned) zone, as depicted in Figure 6. This
method ensures a straightforward and efficient procedure for integrating the strengthening
elements. The adhesive, applied to both the concrete and ferrocement surfaces, facilitates
their connection. This method offers significant advantages for beam reinforcement, partic-
ularly in situations where accessing RC beams is challenging. The bonding of reinforced
concrete and ferrocement was achieved using the adhesive epoxy mortar “SX 481 E” from
the well-known German manufacturer “MC-Bauchemie” [44].

The micro-reinforcement utilized consists of electro-welded galvanized steel wire
mesh with a diameter of Ø0.6 mm and mesh openings of 12.5/12.5 mm. The thickness of
ferrocement elements and the number of layers of the micro-reinforcement were varied, as
detailed in Table 2.

Table 2. The thickness of ferrocement elements and the quantity of micro-reinforcement layers.

Element (Strip) Type Element Thickness (mm) Number of Layers

I 17 8
II 19 10
III 21 12
IV 23 14
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3.3. Specimen Properties

The compressive strength of the concrete was assessed in accordance with standard
EN 12390-3 [45], using cubes tested at the ages of 2, 7, 28, and 90 days. The flexural
strength of the concrete was evaluated per standard EN 12350-5 [46], employing two-
point forces applied at one-third of the span length. The testing involved three samples
of 10 × 10 × 40 cm prisms at 28 days of age. The determination of the secant modulus
of elasticity in compression was conducted on cylindrical specimens with a diameter of
Ø15 cm and a length of 30 cm, following EN 12390-13 [47], at 28 days of age.

For mortar in the hardened state, mechanical properties were initially examined at 3,
7, 28, and 210 days in line with standard EN 196-1 [48]. The flexural strength test of mortar
was performed on three 4 × 4 × 16 cm prisms, followed by compressive strength testing
on the halves of the mortar prisms after the flexural strength test.

The testing of the reinforcement bars and micro-reinforcement for tension, to determine
the yield point and tensile strength, was carried out on three samples according to standard
EN ISO 6892-1:2020 [49].

The tensile strength of the strengthened beams was evaluated using the “Pull-off”
method, following the EN 1542:2010 [50] standard, on the beams themselves at 90 days
of age.

The compressive strength and modulus of elasticity of the adhesive epoxy mortar
were obtained from the technical data provided by the manufacturer.

3.4. Material Properties

Table 3 displays the mechanical properties of the concrete, conventional reinforcement,
adhesive epoxy mortar, cement matrix, and micro-reinforcement. The mean values obtained
from the test results of the specimens were utilized for subsequent analysis. Using these
values, the bending of RC beams reinforced with ferrocement strips was calculated.

Table 3. Mechanical properties of applied materials.

Material Properties Value

Concrete
Compressive strength fc,c = 47.92 MPa
Modulus of elasticity Ec = 28.05 GPa

Reinforcement
Yield strength fsy = 580.30 MPa

Ultimate tensile strength fsu = 730.93 MPa
Modulus of elasticity Es = 200.0 GPa

Epoxy mortar Compressive strength fam,c = 45.0 MPa
Modulus of elasticity Eam = 5.20 GPa

Cement-based mortar
Compressive strength fm,c = 43.0 MPa
Modulus of elasticity Em = 20.0 GPa

Micro-reinforcement (mesh)
Yield strength fry = 562.27 MPa

Ultimate tensile strength fru = 670.43 MPa
Modulus of elasticity Er = 200.0 GPa

3.5. Experimental Models

The experimental investigation of beam models subjected to bending was conducted
under laboratory conditions. The RC beam variants reinforced with ferrocement strips,
as well as referent (non-strengthened) beams, were constructed in accordance with the
specifications detailed in Figures 5 and 6, utilizing mechanical properties outlined in Table 3.
The RC beams were fabricated using standard procedures within metal formwork, and
the process of preparing ferrocement elements and applying them onto the RC beams is
illustrated in Figure 7.
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Figure 7. Preparation of ferrocement elements involved following steps: (a) application of cement
mortar in formwork; (b) pouring of matrix through “injection” while vibrating formwork; and
(c) application of epoxy mortar on both RC beam and ferrocement strip.

The schematic diagram of an RC beam subjected to two concentrated forces (“Four
Points Load”) is depicted in Figure 8a, while Figure 8b illustrates the layout of one of the
tested experimental models.
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Figure 8. RC beam subjected to two concentrated forces: (a) schematic diagram; (b) configuration of
one of tested experimental models.

4. Numerical Analysis of RC Beams Strengthened with Ferrocement

Analyzing structural elements constructed from composite materials, particularly
cement-based composites, demands a comprehensive and dependable approach due to
the multitude of factors impacting beam behavior. Variations in the physical and mechan-
ical properties of constituent materials, the effectiveness of component interconnections,
and the linearity or nonlinearity of component behavior under a load contribute to the
challenge of accurately representing all load bearing and serviceability states through
analytical expressions. To address this issue effectively, specific numerical procedures must
be employed.

The numerical analysis of both non-strengthened and strengthened experimental
models was conducted utilizing the finite element method (FEM) with the ANSYS software
R14.5. package. Examining the structural response to loading through numerical modeling,
particularly to validate it against experimental findings, presents a highly intricate endeavor
in FEM application, given the diverse properties inherent in composite materials.
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Concrete, being a structural material, demonstrates distinct behaviors under compres-
sion and tension, rendering numerical modeling challenging. To facilitate the numerical
simulation of experimentally tested models, specific parameters were adopted to define
concrete within the ANSYS software package [51]:

Ec modulus of elasticity of concrete
fc’ ultimate strength at uniaxial compression
fr ultimate strength at uniaxial tension
ν Poisson’s ratio
βt shear transfer coefficient

An additional multilinear (polygonal) stress–strain curve [52] was introduced as a
simplified representation of the nonlinear stress–strain relationship in uniaxial compression.
This curve, constructed with six points, ensured the adequate numerical stability and
convergence of the nonlinear solution for this problem. The characteristic points of the
multilinear curve were calculated, as provided in Table 4.

Table 4. Determining the characteristic points of the compressive uniaxial stress–strain curve
for concrete.

Point Value

0 Initial point (zero state of stress and strain)

1 Based on Hooke’s law and the expression Ec =
f
ε ,

the result is 0.30 · f′c

2, 3, 4
Based on the expression f = Ec·ε

1+
(

ε
ε0

)2

with strain ε0 calculated from the expression ε0 = 2·f′c
Ec

5 Data’s maximum compression stress f′c at strain ε0 = 3‰

The numerical values utilized to construct the multilinear curve were derived from
experimental data obtained from test specimens. This procedure aimed to simulate the
quasi-brittle behavior of the concrete in the experimental beam models. The steel rein-
forcement was modeled as an elastic–ideally plastic isotropic material, with properties in
compression and tension treated as identical. In RC beams reinforced with ferrocement,
the ferrocement layers in the tensioned zone of the cross-section are located relatively far
from the neutral axis and have a small thickness compared to the dimensions of the RC
beam. The cement matrix is considered brittle-elastic, exhibiting linear elastic behavior
under tension until it reaches the maximum tension stress, causing the formation of cracks
(discontinuations) [42]. Upon surpassing the maximum tensile stress, the matrix loses
its load bearing capacity entirely. The micro-reinforcement (steel mesh) embedded in the
ferrocement is modeled as an elastic–ideally plastic isotropic material and is subjected to
tension in all load phases. The adhesive epoxy mortar in the numerical model was treated
similarly to the cement matrix of ferrocement due to its position in the beam’s cross-section
and its minimal thickness. The bond between the RC beam and ferrocement strip was
assumed to be fully bonded.

The characteristic values necessary for the models of constituent materials (Table 3)
were determined based on experimental data obtained from test specimens and information
provided by the manufacturer. For the simulation of experimental beam models, a finite
element (FE) division was selected, ensuring that the maximum dimension of each element
(depending on the type of finite element) does not exceed 25 mm. The optimal dimensions
of the FE for constituent materials were determined through a convergence study and are
given in Table 5.
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Table 5. Applied properties of FE of constitutive materials of beam models.

Material of Experimental
Beam Models Finite Element Type Element Dimensions

(mm)

Concrete SOLID 65 25 × 25 × 25
hexagonal

Conventional
steel reinforcement LINK 180 l = 25

linear

Ferrocement
(cement-based matrix +

steel micro-reinforcement)
SOLID 65

25 × 25 × 17 (type I)
25 × 25 × 19 (type II)
25 × 25 × 21 (type III)
25 × 25 × 23 (type IV)

hexagonal

Adhesive epoxy mortar SOLID 185 25 × 25 × 10
hexagonal

5. Results and Discussion
5.1. Calculated Values for Flexural Strength

Consistent with the preceding descriptions, an analytical calculation was conducted
for the designated types of RC beams, including those reinforced with ferrocement elements
applied to the tensioned side, as well as for the referent (non-strengthened) RC beam. The
application of the transformed area method (TAM) for the cracked section yielded the
maximum service bending moment. Table 6 displays the corresponding values for all beam
types, with the designation “K” representing the non-strengthened (control) RC beam.

Table 6. Calculated values of flexural strength for service load (Mservice) (TAM for cracked section).

Type of RC Beam Mservice
1 Mservice

2

(kNm) (kNm)

I 18.37 21.80

II 19.15 22.30

III 19.94 22.80

IV 20.75 23.29

K 15.40 19.77
1 When σs,max = 0.6·fsy. 2 When σc,max = 0.45·fc,c.

Based on the service bending moment (derived from the condition σs,max = 0.6·fsy), the
ultimate bending moment can be determined using the partial factor γ (Mu = γ·Mservice).
For reinforced concrete, the recommended partial factor for variable actions as per Eu-
rocode 2—Part 1-1 [53] is 1.5. According to ACI 318.R-95 [54], the recommended value for
ferrocement is 1.7, while the IFS Committee [43] suggests a value of 2. To further assess
the nominal bending moment, two variants of the partial factor were adopted: 1.5 and
1.7. The nominal bending moment, representing the maximum flexural strength of the
structure, is defined by the relation Mu ≤ ϕ ·Mn. The strength coefficient (ϕ) recommended
by ACI 318.R-95 [54] for reinforced concrete is also applicable to the ferrocement structural
elements and is set at ϕ = 0.90 (for cases of bending and axial tension). Consequently, using
this methodology, the ultimate bending moments for all beam types were calculated, and
the values are presented in Table 7.

An additional calculation of the nominal bending strength was performed using the
compatibility method (CM) and a simplified method (SM) based on all tensile reinforcement
yielding [42]. The nominal bending moment values for all types of beams are presented in
Table 8.
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Table 7. Ultimate value of flexural strength (Mu) with two variants of partial factor (1.5 and 1.7).

Type of RC Beam Mservice
1 Mu = 1.5·Mservice Mu = 1.7·Mservice

(kNm) (kNm) (kNm)

I 18.37 27.56 31.23

II 19.15 28.73 32.56

III 19.94 29.91 33.90

IV 20.75 31.13 35.28

K 15.40 23.10 26.18
1 see Table 6.

Table 8. Comparison of calculated values of nominal flexural strengths (Mn).

Type of RC
Beam

Transformed
Area Method for
Cracked Section

(γ = 1.5)

Transformed
Area Method for
Cracked Section

(γ = 1.7)

Compatibility
Method

Simplified Method
Based on All Tensile

Reinforcement
Yielding

Mn (kNm)

I 30.62 34.70 30.45 30.46

II 31.92 36.17 31.43 31.43

III 33.23 37.66 32.40 32.40

IV 34.58 39.19 33.38 33.38

K 25.67 29.09 26.65 26.63

5.2. Experimentally Obtained Results
5.2.1. Description of Observed Failure Mechanism of Referent (Non-Strengthened)
RC Beams

All of the tested K-type beams (non-strengthened RC beams) exhibited a consistent
failure pattern. Following the elastic behavior phase and strain compatibility between
the tensioned concrete and reinforcement, the beams developed cracks (with an average
spacing of 15 cm), particularly in the middle third of the span where the maximum bending
moment occurs. Further load application causes the cracks to become denser, as they
continue to propagate along the entire height of the tensioned part of the beam. Type
K beams, from the onset of the first cracks to the onset of the yield in the tensioned
reinforcement, demonstrated an average maximum deflection of 20 mm and average crack
widths of 0 and 0.25 mm. The force causing the yielding of the reinforcement (average
53 kN) induced an extreme nonlinear behavior in the experimental models, characterized by
a sudden increase in cracks and deflections, surpassing stress levels in the compression zone,
and eventual concrete crushing. Upon reaching the nominal force, deflection increased
uncontrollably, dominant cracks evolved into fissures, and concrete crushing spread in the
compressed zone, culminating in beam failure (see Figure 9). The failure of the control
beams was characterized by evenly distributed cracks and exhibited ductile behavior.
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5.2.2. Description of Observed Failure Mechanism of Strengthened RC Beams

All strengthened experimental models initially exhibited elastic behavior under load-
ing, with cracks in the concrete primarily forming in the middle third of the span. The
initial cracks formed at an average spacing of 20 cm, in contrast to the initial cracks of
the control beams, which were denser (average 15 cm). As the load increased, the cracks
became denser and developed along the height of reinforced beams. Since the onset of
the first cracks to the onset of the yield in the tensioned reinforcement, the strengthened
beams demonstrated average deflections from 20 m to 23 mm and average concrete crack
widths of 0.26 mm to 0.30 mm (depending on the type of ferrocement reinforcement). The
force causing reinforcement yielding (an average of 60 kN for type I, to 74 kN for type IV)
induced an extreme nonlinear behavior in the models. Simultaneously, the ferrocement
reinforcement, acting in conjunction with the RC beams as a fully composite section, tran-
sitioned out of the elastic behavior zone earlier than the reinforced concrete portion of
the beam. The onset of nonlinear behavior in the ferrocement strips manifested as the
formation of micro-cracks with a web pattern. During this phase, several visible cracks
formed on the ferrocement in the zone of the maximum bending (middle third of the span)
of the beam. One of these cracks became dominant, leading to the failure of the micro-
reinforcement layers. Following the yielding of the micro-reinforcement, there was an
accelerated propagation of the dominant crack into a fissure, resulting in the complete fail-
ure of the strengthened experimental models. In contrast to the referent non-strengthened
RC beams, the compression stresses in the strengthened models were not exceeded, and
no cracking or crushing of concrete in the compressed zone was observed. The failure



Buildings 2024, 14, 1082 14 of 22

moment of the micro-reinforcement layers was considered the failure moment, i.e., the
loss of the load bearing capacity of the model. Without a further increase in the load, the
deflections of strengthened beams increase, i.e., the behavior in this phase is very similar
to the non-strengthened control beams. There is concrete separation from the tensioned
reinforcement at the level of the cover layer. All tested strengthened beams exhibited the
failure of the load bearing capacity in the same manner (see Figure 10), always occurring
in the zone of maximum bending moments (middle third of the span). The assumed full
bond between the RC beam and ferrocement strip proved to be correct, as at the moment of
bearing capacity failure, the ferrocement strips remained bonded to the reinforced concrete,
regardless of their longitudinal breaking and loss of strengthening function.
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5.2.3. Description of Test Results Obtained for Deflections

A special focus on the analysis of the experimental results is placed on deflections.
Monitoring deflections provides a clear insight into the behavior of beams under a load,
capturing the combined influence of load, geometry, and material stiffness. Figure 11
illustrates characteristic deflection diagrams measured at the mid-span points of all experi-
mental models.

In the linear behavior zone, the impact of the stiffness of different types of beams
to deflection can be observed, which is expected considering the fact that the increase
in beam rigidity is followed by the type of reinforcement. After the onset of the first
cracks, one can clearly observe the increase in the load bearing capacity of strengthened
models in correlation to the increase in the thickness of ferrocement and the number of
micro-reinforcement layers. There is a pronounced nonlinear behavior of strengthened
models in a short interval up to the failure of ferrocement, i.e., fracture, after which the
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deformations increase without the increase in load bearing capacity. In this zone, the
beams strengthened with ferrocement exhibit a higher ultimate load bearing capacity in
comparison to non-strengthened beams, proportionately to the coefficient of additional
ferrocement reinforcement. In all the strengthened models, there is a characteristic decrease
in the load bearing capacity after the failure of ferrocement reinforcement, i.e., reverting to
the load bearing capacity of a non-strengthened beam, until the final failure.
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Figure 11. Typical load–deflection diagrams, observed at the mid-span points of all types of models.

Figure 12a presents a comparative diagram illustrating the characteristic maximum
deflections until failure of all types of strengthened beams, juxtaposed with the deflection
of control beams. At the load that induces failure in non-strengthened beams, the max-
imum deflections of strengthened beams are half as much as those of non-strengthened
control beams.
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5.2.4. Description of Test Results Obtained for Ultimate Load Capacity

The ultimate load capacities of all types of beams are depicted in Figure 12b based
on the experimental results. The load bearing capacity increases with the increase in the
percentage of additional reinforcement (strengthening) with ferrocement elements and
completely follows the theoretical approach. There is not a single case when the beam and
reinforcement separate, i.e., the composite cross-sections behave as a single material up
to the failure to bending in the zone of maximum moments. A short interval of extremely
nonlinear behavior of strengthened beams until the failure phase shows their relatively low
ductility. The load bearing capacity of the tested strengthened RC beams was observed to
be 21.14% higher (type IV) than that of the non-strengthened beams (type K).
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5.3. An Analysis of the Obtained Numerical Results

Figure 13 shows the deformed shape of the RC beams obtained from the FE analysis.
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Figure 13. Deflection from FE model: (a) non-strengthened beam model; (b) strengthened
beam model.

Figures 14–18 display diagrams of deflections measured at the mid-spans of all tested
models, along with the calculated deflections obtained through numerical analysis.
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Figure 14. Comparison of deflection diagrams at mid-spans of non-strengthened beam (K-type) models.

The diagrams of the experimentally measured and numerically calculated deflection
of the non-strengthened beam, shown in Figure 14, have a similar qualitative flow. A higher
stiffness of the numerical model in the initial phase of loading (elastic deformation zone)
can be interpreted by assuming the ideal bonds between the constitutive materials. The
imperfection of experimental beam models, i.e., the onset of micro-cracks at the interface of
cement and aggregate, is certainly one of the reasons of the low stiffness in respect to the
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numerical model. A very good agreement of the results occurs in the phase after the onset
of the yield of the conventional reinforcement, until failure.
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The diagrams of measured deflections and numerically calculated deflections at the
mid-spans of strengthened beam models of all types are presented in Figures 15–18. Irre-
spective of the type of strengthening, the diagrams of experimental (measured) deflections
and the design values of deflections, obtained through the numerical analysis, show a
similar quantitative flow. The comparison of experimentally measured deflections with
the results of the numerical analysis for the strengthened models of all types shows dis-
agreement in the zone of elastic deformations. With the onset of micro-cracks in concrete,
the presence of ferrocement increases the imperfection of experimental beams in relation
to the numerical model. In the process, the ferrocement reinforcement exits the zone of
elastic deformations faster than the reinforced concrete and provides its main contribution
in the post-crack phase. The agreement of the results until and after the onset of the yield in
the conventional reinforcement is good for all types of strengthening. In the experimental
models, the moment of the onset of the yield in the reinforcement is more difficult to detect,
as opposed to the numerical model where the boundary is more clearly pronounced. It can
be concluded that the numerical models, with the assumption of ideal bonds between all
the constitutive materials, provide satisfactorily accurate results, except in the first phase
(elastic deformation phase).
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5.4. Comparison of Bending Failure Forces of RC Beams Strengthened with Ferrocement

Table 9 presents the concentrated forces required to induce the nominal bending
moment, obtained via both calculation and experimental methods. These forces can be
achieved using the values depicted in Figure 8a. The table juxtaposes these values with
the mean failure force of experimental models of all types, as well as with the failure force
derived from numerical simulation.

Table 9. Comparison between analytically calculated failure force (Qn), mean failure force of experi-
mental models, and failure force of numerical models.

Type of
RC Beam

Transformed
Area Method for
Cracked Section

(γ = 1.5)

Transformed
Area Method for
Cracked Section

(γ = 1.7)

Compatibility
Method

Simplified Method
Based on All Tensile

Reinforcement
Yielding

Mean Failure
Force of

Experimental
Models

Failure Force
of Numerical

Models

Figure 8a Figure 8a Figure 8a Figure 8a Figure 12b Figures 14–18

Qn (kN)

I 61.86 70.10 61.52 61.54 64.36 64.42

II 64.49 73.07 63.50 63.50 70.67 69.88

III 67.13 76.08 65.46 65.46 72.51 74.36

IV 69.86 79.17 67.43 67.43 76.89 79.92

K 51.85 58.77 53.84 53.80 63.47 65.21
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6. Conclusions

Utilizing the method of reinforcing RC beams with prefabricated ferrocement elements
and considering the analytical, experimental, and numerical investigations presented, the
following conclusions can be drawn:

The selected method of bonding reinforced concrete and ferrocement through adhe-
sive epoxy mortar has demonstrated effectiveness, simplicity, and ease of application in
strengthening RC beams against bending. The adhesive epoxy mortar creates a robust
bond within the cross-section, ensuring an enhanced resistance of both reinforced concrete
and ferrocement. Even upon reaching the failure of the load bearing capacity and the
development of significant cracks in all tested strengthened RC beams, the ferrocement
strips remained firmly attached to the reinforced concrete, despite longitudinal failure and
the loss of their strengthening function.

The addition of ferrocement strips significantly enhanced the load bearing capacity of
RC beams. The load bearing capacity of the tested strengthened RC beams was observed to
be 21.14% higher than that of the non-strengthened beams (Figure 12b), with variations
depending on the reinforcement type (such as the thickness of the ferrocement strip and
the number of micro-reinforcement mesh layers).

The incorporation of ferrocement strips in strengthening the RC beams had a highly
beneficial impact on the serviceability limit state. For the failure load of non-strengthened
beams, the maximum deflections of the tested strengthened beams ranged from 36% to 43%
of the maximum deflection of non-strengthened beams (Figure 12a).

The numerical results of the strengthened and control beams correspond closely with
the measured experimental values. The failure force calculated by the numerical analysis
deviates by up to 3.94% from the average failure force of experimental models (Table 9).

The transformed area method for the cracked section, serving as an analytical approach
to simulate the composite cross-section of the strengthened beam, demonstrated reliability
and applicability. The analytically calculated failure force is contingent upon the partial
factor for variable action, which was explored within the 1.5–1.7 range in this research
(Tables 7 and 8).

When compared to widely applied SA and CFRP strengthening techniques (Table 1),
the utilization of ferrocement strengthening also yields a positive environmental impact, as
evidenced by the lowest amount of CO2/kg of materials used in its application.

This study concludes that ferrocement strengthening is comparable to other advanced
strengthening technologies. It provides very good results in terms of durability, strength,
toughness, water resistance, resilience to harsh environments, ease of shaping, and construc-
tion. Furthermore, it is accompanied by relatively straightforward and well-established
calculation principles.

The analogy of results related to the force of failure obtained with various procedures
(Table 9) is particularly visible here. Very small differences in the obtained values of the
failure force confirm a sound approach to the analysis of this strengthening method.

As opposed to the conventionally reinforced concrete, which has discretely arranged
reinforcement for the resisting of the tension force and ballast of concrete in the tensioned
zone, ferrocement has a much more natural composition, of improved characteristics for
resisting the tension, which provides considerable advantages to this composite, being the
increases in the nominal load bearing capacity or the rehabilitation of the damage of RC
beams exposed to bending. Numerical beam models provide a realistic display of the state
of the beam in service, so they are practically applicable. This study confirms the potential
for the implementation of the mentioned analytical models, which considerably improves
the availability of this type of designing to the wide circle of designers. Further research
will be focused on the flexural stiffness, toughness, and ductility of RC strengthened beams,
but one should pay attention to the behavior of the beams exposed to the dynamic action,
in order to update the base of usable data related to the wider practical application. The
limitations of this study are in the type of load which was examined (only flexure) and the
type and geometrical characteristics (beam).
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