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Abstract: The practical necessity of strengthening of reinforced concrete structure elements requires a choice 

of a method which would provide cost-effectiveness, simplicity of construction and durability of the chosen 

solution. One of the ways is strengthening using the material belonging to the group of micro-reinforced 

concretes called ferrocement. The paper presents the comparative analysis of some of the results of RC beams 

exposed mainly to flexure, strengthened with ferrocement elements (strips) applied by gluing on the on the 

tensed side of RC beams. The results are obtained using the experimental, analytical and numerical research 

on the adequate models. Strengthening of the beams was performed in the form of four types of ferrocement 

strips (four different strip widths and four different numbers of wire mesh layers). The numerical non-linear 

analysis using finite elements method (FEM) was employed, with the introduction of the corresponding 

characteristics of constitutive material obtained by the experiments on the test specimens. The analytical 

researches were performed using known analytical calculation methods in order to formulate the model for 

the calculation of the ultimate and serviceability limit states of the strengthened cross-section. The results 

presented in the paper, through their comparative compatibility, confirmed the applicability of this 

strengthening method. 

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

simulation  

 

1. Introduction 

The need for strengthening of reinforced concrete structures is a topical issue. The goal of the 

strengthening is to obtain the structure capable of meeting the service and durability requirements, 

in accordance with the technical regulations. The choice of the solutions (strengthening) depends on 

several factors, whereby it is most important to achieve cost-effectiveness, simplicity of construction 

and durability of the chosen design. One of the ways is strengthening using the material belonging 

to the group of micro-reinforced concretes called ferrocement. Ferrocement is characteristic for made 

with a cement-based mortar matrix reinforced with closely spaced layers of small diameter wire 

mesh. 

A very important fact is that along with the excellent properties (outstanding durability, 

strength, toughness, watertightness, resistance to aggressive environment, easy shaping and 

construction), it is also compatible with all other cement based composites and the theoretical 

approach to the design is not different from the conventionally reinforced concrete. Also, the 

attention is paid to the quality connection between the conventional and micro-reinforced concrete, 

as well as on the stress-strain analysis of strengthened RC beams. 

There is a number of scientific papers concerned with the mentioned issues. Numerous solutions 

for strengthening different RC structural elements using ferrocement were proposed: the potential 

for strengthening RC columns by “confining” them using ferrocement to wrap them around [1–3], 

strengthening RC slabs in the tensioned zone [4],  strengthening of the rigid RC column and RC 
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beam joint [5]. High-strength cement matrixes were tested [6], as well as the use of ferrocement with 

the combined continuous and discontinuous micro-reinforced, exposed to flexure [7]. Behavior of U-

cross-section beams made of ferrocement exposed to flexure was researched [8]. Majority of scientific 

papers discusses the strengthening of RC beams using ferrocement. Considering that the beams are 

prevalently exposed to flexure and shear, several structural strengthening propositions were made. 

Some authors tested the behavior of RC beams strengthened with ferrocement by direct application 

of micro-reinforcement mesh and cement matrix on the previously prepared concrete surface [9–11], 

with the use of steel connectors. A different approach is the making of U-cross-section ferrocement 

elements, which are simultaneously the formwork for construction of RC beams [12]. RC beams of 

lightweight concrete or low strength concrete were strengthened by the complete “confinement” 

using ferrocement [13,14]. The approach to strengthening by “gluing” ferrocement on the reinforced 

concrete was used by some authors [15,16]. An interesting approach was the research of ferrocement 

strengthening of predamaged RC beams [17,18]. 

The paper researches the situation of strengthening RC beams primarily exposed to flexure by 

applying the prefabricated ferrocement elements of small thickness. The binding (gluing) agent 

chosen was the adhesive epoxy-mortar applied in a thin layer on the RC beam and on the ferrocement 

element immediately before the joining. For this procedure, no special treatment of the concrete and 

ferrocement is necessary, except that all the surfaces are dry, clean and undamaged. The idea is to 

simulate the strengthening of the existing RC beams in practice, especially if they are not easily 

accessible. 

Also investigated is the potential of the use of some generally known calculation methods, as 

well as the comparison of analytical with experimental and numerical results. 

2. Theoretical basis of the calculation and analytical, experimental and numerical modeling of 

RC beams strengthened with ferrocement 

The analysis of strengthened composite beams requires knowing relations between the stress 

and strain of all constituent materials (concrete, conventional reinforcement, mortar, micro-

reinforcement, and adhesive epoxy-mortar). The problem is complex because of the large number of 

parameters making the calculation difficult. Some suitable analytical methods, with certain 

simplifications, can be employed.  

If the composite cross-section exposed to service loads in the phase of linear elastic behavior to 

first matrix cracking are analyzed, it is convenient to use the flexure formula for uncracked section, 

while for the cracked sections is suitable the transformed area method for the cracked section [19].  

The calculation of the nominal bending resistance provides the value of the bending moment at 

failure (nominal bending moment). Compatibility method, simplified method based on all tensile 

reinforcement yielding, simplified method using plastic moment [19] can also be used. 

For the requirements of the comparative analysis of the experimental model results, the 

transformed area method for the cracked section is used. The linear theory is used to determine 

flexural tensile stress due to service loads, with the following assumptions: 

• strains change linearly with the distance from the neutral axis. 

• stress-strain relation is linear for mortar, concrete, micro-reinforcement, and reinforcement, for 

the stresses lower or equal to the permissible operational stresses. 

• mortar and concrete do not resist tension. 

• ideal adhesion between mortar and micro-reinforcement, i.e., concrete and conventional 

reinforcement is achieved. 

Elastic moduli ratio is presented by the following expressions:  
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The area of the transformed section (Figure 1) is represented by the expression: 

∑∑ ⋅+⋅+⋅+⋅+= ri4m3am2si1ctr AnAnAnAnAA  (2) 
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i.e.: 

( ) ( ) ∑∑ ⋅−+⋅+⋅+⋅−+= ri34FC3am2si1RCtr AnnAnAnA1nAA  (3) 

where:    

cA  - cross-sectional area of concrete 

siA  - cross-sectional area of reinforcement of layer i 

amA  - cross-sectional area of adhesive epoxy-mortar 

mA  - cross-sectional area of cement matrix 

riA  - cross-sectional area of micro-reinforcement of layer i 

RCA  - cross-sectional area of reinforced concrete 

FCA  - cross-sectional area of ferrocement strip 

 

Figure 1. Cracked section under bending (linear-elastic composite). 

The neutral axis of bending of the transformed cracked section (c): 

( ) ( ) ( ) ( ) ( )∑∑∑ −⋅⋅−+−⋅⋅=−⋅⋅−+⋅⋅ cdAnncdAndcA1n
2

c
cb jrj43jsj1isi1

 (4) 

Summing on the left side of the expression is used for the layers of reinforcement which are in 

the compression zone, while the summing on the right side relates to the layers of reinforcement 

mesh in the tensile zone. After obtaining the neutral axes (c) position, the moment of inertia of the 

cracked transformed section can be calculated: 
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After defining the characteristics of the observed cross-section, the stresses in any fiber can be 

calculated with the use of the flexure formula: 
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for n,...,1i = . A positive value for the stress implies tension and a negative value implies 

compression. 

From the flexure maximum allowable service moment can be calculated, whereby according to 

Naaman [19] and Ferrocement Model Code, Building Code Recommendations for Ferrocement [20], 

the following is recommended: 

• Tensile stress in reinforcement due to the service load caused by tension, bending or their 

combination, should not exceed the value of 0,60·fy (fy - yield strength of the reinforcement), nor 
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the value of 400MPa. The limitation of 400MPa can be increased in the case of use of high 

strength reinforcement meshes, if their effect is experimentally proven. 

• The maximum compressive stress in the mortar matrix under bending should not exceed the 

value of 0,45·fc’ (fc’- specified design compressive strength, obtained by examining the test 

cylinders). 

Calculation of bending of strengthened RC beam and of the control RC beam were performed 

on the calculation models which were fully harmonized with the test experimental models. In Figure 

2 is presented the choice of geometry of the control (non-strengthened) RC beam. 

 
(a) (b) 

Figure 2. Choice of geometry of control (non-strengthened) RC beam: (a) Longitudinal section; (b) 

Cross section. 

The procedure in which the prefabricated ferrocement elements are applied to the bottom 

(tensioned) zone of an RC beam was chosen as a strengthening method of an RC beam with 

ferrocement (Figure 3). The choice of the method guarantees a simple and rapid procedure of “fitting” 

the strengthening elements. The “glue” is applied on the concrete and ferrocement, and then the 

mentioned elements are joined. This is a very favorable approach to the strengthening of beams in 

practice, especially if it is difficult to access the RC beams. Joining the reinforced concrete and 

ferrocement was accomplished with the adhesive epoxy-mortar “SX 481 E” of the renowned German 

manufacturer “MC-Bauchemie” [21] (Figure 4). 

 
 

(a) (b) 

Figure 3. The method of strengthening of RC beams using ferrocement element: (a) Longitudinal 

section; (b) Cross section. 
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Figure 4. Adhesive epoxy-mortar “SX 481 E” produced by “MC-Bauchemie” [21]. 

In Figure 5 the cross-section of four types of ferrocement elements prepared for strengthening 

of RC beams is presented. The used micro-reinforcement is the electro-welded mesh steel galvanized 

wire Ø0,6mm with the mesh openings 12,5/12,5mm. The thickness of ferrocement elements and 

number of micro-reinforcement layers was varied (Table 1): 

 

Figure 5. Cross section of ferrocement strip type I, II, III and IV. 

Table 1. The thickness of ferrocement elements and number of micro-reinforcement layers. 

Type of ferrocement 

element (strip)  

Thickness of ferrocement 

element (mm) 

Number of micro-

reinforcement layers 

I 17 8 

II 

III 

IV 

19 

21 

23 

10 

12 

14 
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Table 2 shows the mechanical properties of concrete, conventional reinforcement, adhesive 

epoxy-mortar, cement matrix and micro-reinforcement. On the basis of their values, the calculation 

of bending of RC beams strengthened with ferrocement strips was performed. 

Table 2. Mechanical properties of constitutive materials. 

Properties Value 

Compressive strength of concrete fc,c=47,92MPa 

Modulus of elasticity of concrete Ec=28,05GPa 

Yield strength of the reinforcement fsy=580,30MPa 

Ultimate tensile strength of the reinforcement fsu=730,93MPa 

Modulus of elasticity of reinforcement Es=200,0GPa 

Compressive strength of adhesive epoxy-mortar fam,c=45,0MPa 

Modulus of elasticity of adhesive epoxy-mortar Eam=5,20GPa 

Compressive strength of cement-based mortar fm,c=43,0MPa 

Modulus of elasticity of cement-based mortar Em=20,0GPa 

Yield strength of the micro-reinforcement (mesh) fry=562,27MPa 

Ultimate tensile strength of the micro-reinforcement (mesh) fru=670,43MPa 

Modulus of elasticity of micro-reinforcement (mesh) Er=200,0GPa 

Experimental research of the test models of beams loaded to bending were carried out in the 

laboratory conditions. The RC beam types strengthened with ferrocement strips, as well as control 

(non-strengthened) beams were constructed in full agreement with the previously stated data in 

Figures 2, 3, 5 and they possess mechanical properties  provided in Table 1. The RC beams were 

made in a standard way, in metal formwork, and the making of ferrocement elements is presented in 

Figure 6.  

  
(a) (b) 

Figure 6. Making of ferrocement elements: (a) Applying cement mortar in the formwork; (b) 

Pouring of the matrix by “injection“ along with formwork vibration. 

Application of ferrocement strips on the RC beams is shown in Figure 7. 
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(a) (b) 

Figure 7. Application of ferrocement strips on the RC beams: (a) Application of epoxy-mortar on RC 

beam and ferrocement strip; (b) Removal of excess epoxy-mortar from the joint. 

The schematic diagram of RC beam loaded with two concentrated forces („Four Points Load“) 

is shown in Figure 8(a), while in Figure 8(b) is shown the layout of one of the tested experimental 

models. 

 

 

(a) (b) 

Figure 8. RC beam loaded with two concentrated forces: (a) Schematic diagram; (b) Layout of one of 

the tested experimental models. 

Structural elements made of composite materials (cement-based composites) require a complex 

analysis, precisely because of the existence of numerous factors that influence the behavior of the 

beams. The different physical and mechanical characteristics of the constituent materials, the degree 

of realized mutual connections of the components, the linearity and non-linearity of the behavior of 

the components during the loading of the beam, are the reason why it is difficult to produce analytical 

expressions that reliably depict all states of load-bearing capacity and serviceability. In order to 

qualitatively solve such a problem, it is necessary to apply a specific numerical procedure. 

Numerical analysis of non-strengthened and strengthened experimental models was performed 

using the finite element method (FEM) with the help of the ANSYS software package (a program for 

static, dynamic, linear and nonlinear analysis of structures). Monitoring the behavior of experimental 
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supports under load using numerical models is one of the most complex tasks in the application of 

FEM, considering the number and diversity of the characteristics of the constituent materials of such 

composites (Figure 9). 

 

Figure 9. Constitutive materials of strengthened experimental models. 

2.4.1. Adopted characteristics of constitutive materials  

It is generally known that concrete, as a structural material, exhibits different characteristics 

under compression and under tension. The tensile strength is many times lower than the compressive 

strength. Numerical modeling of concrete is thus rendered complex. For the purposes of numerical 

simulation of experimental models, the following parameters were adopted to define concrete in the 

ANSYS software package [22]: 

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  

Multilinear (polygonal) stress-strain curve [23] was introduced as a simplified substitution for 

the nonlinear stress-strain relation at uniaxial compression (Figure 10). It is constructed using six 

points, with the goal of assisting in convergence of the nonlinear solution of the algorithm. 

Characteristic points of the multilinear curve are calculated in the way presented in Table 3. 

 

Figure 10. Compressive uniaxial stress-strain curve for concrete [24]. 

Table 3. Calculation of characteristic points of compressive uniaxial stress-strain curve for concrete. 

Point Value  

0 Initial point (zero state of stress and strain) 
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1 
Based on the Hooke’s law and expression 
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30 =ε  

The parameter values for the formation of the multilinear curve were calculated based on the 

experimental data obtained on the test specimens. The quasi-brittle behavior of the concrete of the 

experimental beam models was simulated with this procedure. 

Steel (conventional) reinforcement is modeled as an elastic-ideally plastic isotropic material. The 

properties of steel in compression and tension are treated as identical. 

RC beams strengthened with ferrocement are constantly in the tensioned zone of the cross-

section. In any phase of the load, the entire ferrocement cross-section is in tension, removed from the 

neutral axis and possesses very small thickness in comparison with the dimensions of the RC beam. 

Cement matrix is treated as a brittle-elastic. The term “brittle” denotes the linear-elastic behavior of 

the matrix exposed to tension, which continues up to the moment of cracking (discontinuation) of the 

matrix [19]. After exceeding the maximum tensile stress, there is no load bearing capacity of the 

matrix any longer. 

Micro-reinforcement (steel mesh), fitted in the ferrocement is modeled as elastic-ideally plastic 

isotropic material. Micro-reinforcement, as well as the cement matrix is constantly in the tensioned 

zone of the beam. 

The adhesive epoxy-mortar in the numerical model was treated similarly to the cement matrix 

of ferrocement. The position of the adhesive epoxy-mortar in the cross-section of the beam (always 

in the tensioned zone), as well as its small thickness, are the reason why it is treated as a brittle-elastic 

material. 

Characteristic values, required for models of constitutive materials (Table 2), were adopted on 

the basis of experimental data obtained on test specimens, as well as of the manufacturer's 

declaration. 

During the simulation of experimental beam models, a division to finite elements was chosen, 

whose maximum dimension (depending on the type of the finite element) does not exceed 25mm. 

Dimensions of the finite elements of constitutive materials are presented in Table 4. 

Table 4. Adopted dimensions of finite elements 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 
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Figure 11(a) shows the numerical model of a non-strengthened RC beam, and in Figure 11(b) the 

numerical model of one of RC beams strengthened with ferrocement. 

  

(a) (b) 

Figure 11. RC beam numerical model: (a) Control (non-strengthened) RC beamc; (b) RC beams 

strengthened with ferrocement. 

3. Results and discussion 

3.1. Experimental test results 

3.1.1. Failure mechanism of control (non-strengthened) RC beams 

All the examined type K beams (non-strengthened RC beams) exhibited the failure in the same 

manner – after the elastic behavior phase and compatibility of strains in the tensioned concrete and 

tensioned reinforcement, with the increase of the load, cracks are formed on the beams, especially in 

the middle third of the span (zone of the maximum bending moment). The force which causes the 

yielding of the reinforcement introduces the experimental models into a phase of extreme nonlinear 

behavior (abrupt increase of cracks and deflections, exceeding the stress in the compression zone, 

and crushing of concrete). After reaching the nominal force, an uncontrolled increase of deflection 

occurs, dominant cracks develop into fissures and concrete crushing propagates in the compressed 

zone, without further increase of the force on the press. This moment is treated as the failure of load 

bearing capacity, i.e. the beam failure (Figure 12). Control beams have evenly distributed cracks, and 

the failure is ductile. 

 

Figure 12. Load bearing capacity failure of non-strengthened experimental models. 

3.1.2. Failure mechanism of strengthened RC beams 

All strengthened experimental models in the initial phase of loading exhibited elastic behavior, 

and the cracks in concrete started to form mostly in the middle third of the span. The force which 

causes the yielding of the reinforcement introduces the experimental models into a phase of extreme 

nonlinear behavior. Simultaneously, ferrocement reinforcement which acts jointly with RC beams as 
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a unitary, composite section, exits the elastic behavior zone sooner than the reinforced concrete part 

of the beam. The start of the nonlinear behavior of ferrocement strips is reflected in the formation of 

a micro-cracks web pattern. In this interval, in the zone of maximum bending (middle third of the 

span) of the beam, several visible cracks on ferrocement are formed. One of them becomes dominant, 

so the micro-reinforcement layers fail in the crack. After yielding of micro-reinforcement, there is an 

accelerated propagation of the dominant crack into a fissure, and a complete failure of strengthened 

experimental models. As opposed to the control, non-strengthened RC beams, compression stresses 

in the strengthened models are not exceeded and no cracking and crushing of concrete in the 

compressed zone is observed. The moment of failure of micro-reinforcement layers is considered the 

failure moment, i.e. the failure of the load bearing capacity of the model. All the examined 

strengthened beams exhibited the failure of load bearing capacity in the same way (Figure 13) and 

always in the zone of maximum bending moments (middle third of the span). 

 

Figure 13. Load bearing capacity failure of strengthened experimental models. 

3.1.3. Experimental results of ultimate deflection 

Special attention in the analysis of experimental results is devoted to deflections. The behavior 

of beams under load can be most clearly considered by monitoring the deflections that combine the 

influence of load, geometry and material (stiffness). Figure 14 shows the characteristic deflection 

diagrams, measured at middles of the spans of all types of experimental models. 

 

Figure 14. Characteristic deflection diagrams, measured at middles of the spans of all types of 

models. 

Figure 15 shows a comparative diagram of the characteristic maximum deflections at the 

moment of failure of strengthened beams of all types, compared with the deflection of control beams. 

At the load that causes the failure of non-strengthened beams, the maximum deflections of 

strengthened beams are twice smaller than the maximum deflections of non-strengthened - control 

beams. 
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Figure 15. Maximum deflections (mean value at the middle of spans) of types of models. 

3.1.4. Experimental results of ultimate load capacity 

Based on the experimental results, the ultimate load capacities of all types of beams are 

presented (Figure 16). 

 

Figure 16. Maximum load bearing capacity (mean failure force) of all types of models. 

3.2 Analytical values of flexural strength of RC beams  

In accordance with the previous statements, an analytical calculation of the adopted types of RC 

beams strengthened with ferrocement elements glued onto the tensed side of the beams, as well as 

on the control (non-strengthened) RC beam.  

The implementation of the transformed area method for the cracked section, provided the 

maximum service bending moment. In Table 5 are shown the values for all types of beams, whereby 

the K type is a designation for the non-strengthened (control) RC beam. 

Table 5. Maximum service bending moment (Mservice) (Transformed area method for the cracked 

section). 

RC beam  

type 

Mservice1  

(kNm) 

Mservice2  

(kNm) 
 ( )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 (from the condition σs,max=0,6·fsy) the ultimate bending 

moment can be defined using the partial safety coefficient (Mu=γ·Mservice).  
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For the reinforced concrete, the recommended partial safety coefficient of the variable actions 

according to Eurocode 2 – Part 1-1 [24] is 1,5. The recommended value for ferrocement according to 

ACI 318.R-95 [25] is 1,7, while the IFS Committee [20] recommends the value 2.  

For the needs of further consideration of the nominal bending moment, 2 variants of the partial 

safety coefficient were adopted: 1,5 and 1,7. 

The nominal bending moment, that is, maximum flexural strength of the structure is defined by 

the relation Mu≤φ·Mn. The strength coefficient (φ) for the reinforced concrete, recommended by ACI 

318.R-95 [25], is also recommended for the ferrocement structural elements, and amounts to φ=0,90 

(for the cases of bending and axial tension). 

According to these statements, for the proposed method, nominal bending moments of all beam 

types were calculated, and values are presented in Tables 6 and 7. 

Table 6. Ultimate (Mu) and nominal bending moment (Mn) (with partial safety coefficient γ=1,5). 

RC beam  

type 
Mservice1  serviceu MM ⋅γ=

 φ
= u

n

M
M

 
 ( )kNm  ( )kNm  ( )kNm  

I 18,37 27,56 30,62 

II 19,15 28,73 31,92 

III 19,94 29,91 33,23 

IV 20,75 31,13 34,58 

K 15,40 23,10 25,67 
1 when σs,max=0,6·fsy, (Table 5). 

Table 7. Ultimate (Mu) and nominal bending moment (Mn) (with partial safety coefficient γ=1,7). 

RC beam  

type 
Mservice1  serviceu MM ⋅γ=

 φ
= u

n

M
M

 
 ( )kNm  ( )kNm  ( )kNm  

I 18,37 31,23 34,70 

II 19,15 32,56 36,17 

III 19,94 33,90 37,66 

IV 20,75 35,28 39,19 

K 15,40 26,18 29,09 
1 when σs,max=0,6·fsy, (Table 5). 

An accompanying calculation of nominal bending strength using the compatibility method and 

simplified method based on all tensile reinforcement yielding [19] was done. The values of nominal 

bending moment for all types of beams are shown in Table 8. 

Table 8. Comparison of nominal bending moments (Mn). 

RC beam  

type 

Transformed area 

method for the  

cracked section 
( )5,1=γ

 

Transformed area 

method for the  

cracked section 
( )7,1=γ

 

Compatibility 

method 
Simplified method 

based on all tensile 

reinforcement 

yielding 

 nM  nM  nM  nM  
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 ( )kNm  ( )kNm  ( )kNm  ( )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 

3.3. The results of analysis of numerical models  

In Figures 17, 18, 19 are presented diagrams of deflections measured at middle spans of all 

experimental models, as well as the calculated deflections obtained by the numerical analysis.  

 

Figure 17. Comparative deflection diagrams at middle spans of non-strengthened beam K type 

model. 

  

(a) (b) 

Figure 18. Comparative deflection diagrams at middle spans of strengthened beam: (a) Type I beam 

model ; (b) Type II beam model. 
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(a) (b) 

Figure 19. Comparative deflection diagrams at middle spans of strengthened beam: (a) Type III 

beam model ; (b) Type IV beam model. 

3.4. Comparative analysis of the results of RC beams in bending strengthened with ferrocement  

Table 9 shows the values of the concentrated force that causes the nominal bending moment, 

and it was calculated using the analytical methods mentioned in Table 8. The intensity of the 

concentrated force can be reached using the values presented in Figure 8(a). The values are compared 

with the mean failure force of experimental models of all types, as well as with the failure force 

obtained by the numerical simulation. 

Table 9. Comparison of failure force (Qn) calculated analytically, mean failure force of experimental 

models and failure force of numerical models. 

RC 

beam 

type 

Transformed 

area method  

for the 

cracked section
( )5,1=γ

 

Transformed 

area method  

for the  

cracked section
( )7,1=γ

 

Compatibilit

y method 
Simplified 

method based 

on all tensile 

reinforcement 

yielding 

Mean 

failure 

force of 

experiment

al models 

Failure 

force of 

numerical 

models 

 Figure 8(a) Figure 8(a) Figure 8(a) Figure 8(a) Figure 16 
Figures 

17,18,19 
 nQ  nQ  nQ  nQ  nQ  nQ  
 ( )kN  ( )kN  ( )kN  ( )kN  ( )kN  ( )kN  

I 61,86 64,36 61,52 61,54 64,36 64,42 

II 64,49 70,67 63,50 63,50 70,67 69,88 

III 67,13 72,51 65,46 65,46 72,51 74,36 

IV 69,86 76,89 67,43 67,43 76,89 79,92 

K 51,85 63,47 53,84 53,80 63,47 65,21 

4. Conclusions 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 August 2023                   doi:10.20944/preprints202308.1501.v1

https://doi.org/10.20944/preprints202308.1501.v1


 16 

 

Based on the presented method of strengthening of RC beams with prefabricated ferrocement 

elements and presented analytical, experimental and numerical research, the following conclusions 

can be made: 

1. The chosen method of coupling reinforced concrete and ferrocement by gluing is an effective, 

simple and easily applicable method of strengthening the RC beam to bending. It can be very 

interesting for inaccessible beams, given that it is constructed quickly and does not require 

special fitting and curing conditions. 

2. The bond made with adhesive epoxy-mortar effectively joins the materials and guarantees the 

joint resistance of reinforced concrete and ferrocement. At the failure of the bearing capacity and 

the occurrence of fracture of all tested strengthened RC beams, the ferrocement strips remained 

attached to the reinforced concrete, regardless of their longitudinal failing and loss of the 

strengthening function. 

3. Ferrocement obeys the same laws and design principles and is dimensioned according to the 

same theories as conventionally reinforced concrete. Analytical calculation of reinforced beams 

according to the mentioned generally accepted theoretical methods showed agreement with the 

results of experimental research and the results of numerical simulation (Table 9). 

4. All the mentioned analytical methods can be applied, with the note that the transformed area 

method for the cracked section gives the service bending moment. For the calculation of the 

nominal bending moment, it is necessary to first select the appropriate partial safety coefficient. 

The recommended values of 1.5 and 1.7 define the final calculation results sufficiently well 

(Table 9). 

5. Load bearing capacity of the tested strengthened RC beams was 21,14% higher than the non-

strengthened beams (Figure 16), all depending on the reinforcement type (thickness of 

ferrocement strip and number of micro-reinforcement mesh layers). 

6. Strengthening the RC beams with ferrocement strips had a very favorable effect on the limit state 

of serviceability. At the load which causes the failure of non-strengthened beams, the values of 

maximum deflections of tested strengthened beams were 36% to 43% of the maximum deflection 

of non-strengthened beams (Figure 15). 

7. The non-linear analysis that used numerical models provided a display of the characteristic 

phases that the experimental beams went through during load application, but it is extremely 

demanding due to the large number of input parameters (a large number of different materials 

and simulation of their interconnections). For this reason, there are certain deviations (Figures 

17, 18, 19), mainly related to the idealization of the physical and mechanical characteristics of the 

constituent elements of composite beams and their mutual interaction. 

8. Numerical simulation of non-strengthened and strengthened models provides the values of the 

failure force for strengthened and non-strengthened beams which are in good agreement with 

the experimentally and analytically obtained values (Table 9). 
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