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A B S T R A C T 

The primary objective of this investigation is to assess the influence of openings on 

the structural performance of ferrocement I-beams, incorporating diverse metallic 

and non-metallic mesh reinforcements. Sixteen beams underwent testing utilizing a 

four-point loading system until failure, categorized into four groups based on the 

type of mesh reinforcement. Each group comprised a control I-beam without open-

ings and three additional beams featuring one, two, and three openings, respectively. 

To ensure consistent reinforcement weight, the four groups were reinforced with 

three layers of welded steel meshes, two layers of expanded metal meshes, two layers 

of Tensar meshes, and eight layers of Gavazzi meshes. Comparative analysis of the 

experimental outcomes was conducted with finite element models utilizing Abaqus. 

Therefore, there was good agreement between the experimental and numerical re-

sults. The findings showed that beams with no openings, one, and two openings re-

inforced with Gavazzi meshes had the highest ultimate load compared to other tested 

beams, while beams with three openings, those reinforced with expanded metal 

meshes had the greatest ultimate loads. Placing three openings in beams, with di-

mensions of 100×50 mm (two of these openings are approximately 10 cm apart from 

each edge while the third opening is located at mid-span), reduced the load-to-weight 

ratio by about 20.7%, 12.9%, 8.2%, and 23.8% for welded beams, expanded beams, 

Tensar beams, and Gavazzi beams, respectively, compared to the beams with no 

openings. 
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1. Introduction 

Ferrocement, a composite material reinforced with 
wire meshes, has gained attention due to its strength, 
serviceability, and durability as mentioned in ACI 549R 
(1997) and ACI 5492R (2004). This material consists of 
a mortar matrix with multiple layers of steel mesh rein-
forcement embedded within it (Shaheen et al. 2023a). It 
can be formed into various shapes using machinery, 
making it cost-effective and versatile. Ferrocement is du-
rable, lightweight, fire-resistant, and environmentally 
stable as stated in a previous study conducted by 
Naaman (2000). Suresh (2004), and Austriaco (2006) ar-
gued that ferrocement consistent distribution of rein-

forcing wire meshes has made it an attractive option for 
pre-fabrication and construction development. The 
mesh can be produced from metallic or other appropri-
ate materials (Shaheen et al. 2022a). 

Several studies conducted by different authors such 
as Ankit et al. (2017), Shaheen et al. (2016, 2020, 2021, 
2023b), Rameshkumar et al. (2022), Salman et al. 
(2018), Shaaban et al. (2018), Sumadi and Ramli (2008), 
International Ferrocement Society (2001), investigated 
the mechanical properties of ferrocement, including its 
compressive and flexural strength, as well as ductility 
behavior. Acma and Mariano (2014) examined ferroce-
ment I-beams reinforced with two to six welded wire 
meshes and found that while the flexural strength was 
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satisfactory, the beams did not exhibit the required duc-
tility behavior of reinforced concrete beams. Acma et al. 
(2015) conducted another study on ferrocement I-
beams, using eight layers of welded wire mesh to rein-
force C-beams. They found that the load increased with 
an increase in the number of welded wire mesh rein-
forcement layers in the flange area. 

ChandraSekharRao et al. (2012) conducted an inves-
tigation on the behavior and durability of cored precast 
ferrocement beams with box section. They cast and 
tested eight box beams under a four-point bending 
setup, with the number of wire mesh layers as a variable 
parameter. The study found that the reduction in flexural 
strength due to vacancies was smaller than the reduction 
in weight, and the post-ductility increased by increasing 
the layer number, leading to an improvement in mo-
ment-curvature response of the cored specimens under 
flexural loading. 

Shaheen et al. (2022b) conducted an experimental in-
vestigation on ferrocement I-beams featuring various 
metallic and non-metallic mesh reinforcements. 8 beams 
were cast, cured, and subjected to testing using a four-
point bending system, with the beams categorized into 
two groups depending on the type of reinforcement em-
ployed. The beams reinforced with welded steel mesh 
exhibited superior ultimate loads, deflection, ductility 
ratio, and energy absorption in comparison to those re-
inforced with Tensar mesh. The introduction of three 
openings to 100×50 mm beams resulted in a reduction 
of the load-to-weight ratio by 20.7% and 8.2% for 
welded steel mesh-reinforced and Tensar mesh-rein-
forced beams, respectively. 

This study aims to build upon previous research car-
ried out by Shaheen et al. (2022b) by conducting a more 
comprehensive experimental program on ferrocement I-
beams with openings, using various types of meshes for 

reinforcement. Ferrocement I-beams exhibit versatility 
in construction engineering with potential applications 
spanning various domains. Their high strength-to-
weight ratio makes them suitable for small to medium-
span bridges, marine structures like docks and piers, and 
building elements such as floors and roofs. Additionally, 
ferrocement I-beams can be employed in retaining walls, 
precast elements for controlled manufacturing condi-
tions, water tanks due to their crack resistance, and in-
frastructure rehabilitation projects. Their lightweight 
nature makes them advantageous in seismic-prone re-
gions and agricultural structures, while their corrosion 
resistance deems them fit for pipeline support struc-
tures. The goal is to provide further insight into the be-
havior of ferrocement I-beams with openings. Addition-
ally, a finite element analysis will be conducted on all 
tested beams to gain a deeper understanding of their be-
havior. Hoping that this research will be a valuable addi-
tion to the existing literature on ferrocement and its ap-
plications. 
 

2. Experimental Program 

The authors aimed to expand on their previous re-
search (Shaheen et al. 2022b) by conducting a more ex-
tensive experimental program, using additional ferroce-
ment I-beams reinforced with various types of metal and 
non-metal meshes. The previous research referred to in 
this paper utilized eight ferrocement I-beams, which 
were divided into two groups based on the type of rein-
forcing mesh used, as listed in Table 1. In this study, an 
additional eight beams reinforced were added to the cur-
rent study. These new beams were also categorized into 
two sets based on the type of the used reinforcing, as de-
scribed in Table 1.

Table 1. Details of the tested beams (Shaheen et al. 2022b). 

Group No. Code of the beam Meshes used 
No. of 

openings 
Volume 

fraction % 

A 

 

W0 control 

Welded steel mesh  
arranged in triple layers 

- 

4.4 
W1 1 

W2 2 

W3 3 

B 
 

T0 control 

double layers of Tensar 
mesh (Type SS40) 

- 

1.3 
T1 1 

T2 2 

T3 3 

C 

E0 control 

double layers of expanded 
metal mesh 

- 

1.0 
E1 1 

E2 2 

E3 3 

D 

G0 control 

Eight-layer Gavazzi mesh 
(Type 0133-A) 

- 

4.6 
G1 1 

G2 2 

G3 3 
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The formulation of the mortar mix in this study fol-
lowed the same procedure as outlined in the prior in-
vestigation conducted by Shaheen et al. (2022b). The 
mortar mix included Blast furnace Cement, sand, silica 
fume, fly ash, water, Polypropylene mesh e300, and su-
perplasticizer. Silica fume was used in conjunction with 
fly ash to achieve better strength with less cement, as 
demonstrated by Pathak (2020). Similarly, Safiuddin 
and Zain (2005) concluded that fly ash and silica fume 

together improved the fresh and hardened properties of 
concrete. Silica fume improved the permeability of con-
crete, while fly ash improved its strength over time. As 
shown in Fig. 1, Group C was reinforced with expanded 
metal mesh, while group D was reinforced with Gavazzi 
mesh. Tables 2 and 3 provide the technical specifica-
tions and mechanical properties of the expanded metal 
and Gavazzi meshes, respectively according to the man-
ufacturer.

     

Fig. 1. The meshes applied to groups C and D: (a) Expanded metal mesh; (b) Gavazzi mesh. 

Table 2. Expanded metal mesh ‒ technical details and material properties. 

Product name Expanded metal mesh plaster wire mesh 

Sheet size 1 m × 7 m 

Weight 730 gm/m2 

Diamond size 16 mm × 31 mm 

Dimensions of strand 1.25mm × 1.5mm 

Proof Stress (N/mm2) 199 

Proof Strain (×10-3) 9.7 

Ultimate Strength (N/mm2) 320 

Ultimate Strain (×10-3) 59.2 

Table 3. Gavazzi mesh ‒ technical details and material properties. 

Product name Gavazzi 0133-A 

Mesh openings Approx. 12.5 mm × 11.5 mm 

Weight 120 gm/m2 ± 5% 

Composition 
Fiberglass approx. 82 % 

Alkali-resistant finish approx. 18 % 

Resistance to tensile strength 

Breaking strength Elongation 

Warp approx. 1650 N/5 cm 5 % ± 1 

Weft approx. 2000 N/5 cm 5 % ± 1 

The dimensions of the tested beams were identical to 
those of the previous study referenced in. The beams' 
fixed dimensions were as follows: length of 2200 mm, 
breadth of 200 mm, flange thickness of 40 mm, height of 
170 mm, and web thickness of 30 mm, resulting in a total 
height of 250 mm for each specimen. The beams were 
loaded under a four-point load setup until failure, with 
2000 mm between the two supports and 660 mm be-
tween the two loads. The choice of a four-point loading 
test is motivated by the suitability of the flexural test for 

assessing the strength of brittle materials, as it subjects 
the material to a pure bending load. This type of loading 
test holds particular significance in the examination of 
brittle materials, where the quantity and severity of 
flaws exposed to maximum stress directly influence flex-
ural strength and crack initiation. In comparison to the 
three-point bending flexural test, the four-point loading 
test eliminates shear forces in the area between the two 
loading supports. Additionally, the utilization of a four-
point loading test serves the purpose of evaluating how 

(a) (b) 
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much the mesh contributes to the manifestation of no-
ticeable deformation before failure. Fig. 2 illustrates the 
sizes of the tested beams, while Fig. 3 shows the mesh 
pattern used during the production of the beams and up 
to the completion of casting.  

The two primary factors examined were the type of 
meshes used and the number of openings in the web of 
the beam. The beams were intentionally weakened in the 

shear and moment zones by introducing openings. This 
was done to investigate the impact of these openings on 
the behavior of ferrocement I-beams reinforced with 
various types of metallic and non-metallic meshes. On 
the opposite side, the opening area was chosen to be 
small enough not to interfere with the beam's effective-
ness while still allowing the necessary wires to pass-
through.

Fig. 2. Geometric specifications of examined beams and openings: 
(a) Control beam; (b) Beams with one opening; (c) Beams with two openings; (d) Beams with three openings;

(e) Side view of control beam; (f) Side view of beams with openings.

Fig. 3. The configuration of meshes employed in the preparation process: 
(a) Beams featuring expanded metal mesh reinforcement; (b) Beams reinforced with Gavazzi mesh.

(a) 

(b)
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Throughout the testing procedure, the recorded data 
included the vertical displacement plotted against the 
applied load. The testing apparatus comprised loading 
cells, a control station, and a testing frame. Incremental 
loadings of 5.0 to 20 kN were systematically applied to 
each specimen. At each stage of loading, meticulous 
measurements of cracking patterns and deformation 
values were conducted. The experimental program took 
place in the laboratory of properties and testing materi-
als at the Faculty of Engineering, Menoufia University, 
Egypt. The mixing method, curing conditions, and testing 
techniques employed mirrored those utilized in a previ-
ous study by the same authors. 

3. Test Set-up and Instrumentation 

Following a 28-day period, the beams were coated 
with white to facilitate the identification of cracks. For 
strain measurement against load, four demec points 
were strategically positioned on both the upper and 
lower flanges of the beam's mid-span on one side, as il-
lustrated in Fig. 4. The measurements were then multi-
plied by the gauge coefficient of the mechanical gauge in 
use to estimate the strain values, and the dial gauge val-
ues at each load increment were recorded to calculate 
the beam deflection.

 

  

Fig. 4. Test setup: (a) Locations of the applied loads, and placement of demec points on the tested specimen;  
(b) Beam G0 under loading. 

    

Fig. 5. Dial and deflection gauges used: (a) Dial gauge; (b) Strain gauge.  
 

(a) 

(b) 

(a) (b) 
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The specimen was positioned at the center of the test-
ing apparatus, maintaining a uniform distance equals 
2000 mm between the specimen supports. As depicted 
in Fig. 4, the applied loads were situated 770 mm away 
from each of the beam's ends. Fig. 5 displays the deflec-
tion and dial gauges utilized in the test 

 

4. Finite Element Model 

To validate the obtained findings and gain a better un-
derstanding of the performance of I-shaped ferrocement 
beams incorporating web perforations, finite element 
models were developed using Abaqus 6.14, in addition 
to experimental investigations. For this purpose, a 3D fi-
nite element model was created using Abaqus to study 
the nonlinear material and geometric responses of con-
crete, steel bars, and reinforced meshes.  

4.1. Mesh size and element description 

The brick element (C3D8R) shown in Fig. 6 was used 
to model the ferrocement I-beams. In contrast, the T3D2 
element shown in Fig. 7, which is a three-dimensional 
line element with two nodes, was employed to simulate 
the steel bars, welded metal mesh, expanded metal 
mesh, and Gavazzi mesh. These elements are typically 
used in continuum elements, particularly in concrete 
members according to Abaqus user’s guide (2014). In a 

recent article, Hekal et al. (2023) have recommended the 
use of C3D8R and T3D2 elements for beam modeling. On 
the other hand, to ensure precise simulation of the Ten-
sar mesh, the shell element S4R depicted in Fig. 8 was 
utilized. The S4R element was chosen specifically to ac-
curately represent the shape of the Tensar mesh. 

Additionally, the models were partitioned into ele-
ments of diverse sizes, striking a balance between swift 
computation and precise analysis. The mesh dimensions 
used for each model were 10, 15, and 20 mm. Fine ele-
ments were strategically concentrated in the central 
loading region of the beam, as illustrated in Fig. 9. Simul-
taneously, coarse elements were employed near the 
edges of the beam. The reason for refining the element 
size in the middle is attributed to the significance of this 
area as the load impact zone and the location where de-
formation values were measured during the practical ex-
periment. 

 

Fig. 6. 8-node 3-D solid (brick) element.

    

    

Fig. 7. Modeling of steel bars and reinforcing meshes using truss element: (a) Modeling of steel bars;  
(b) Modeling of welded metal meshes; (c) Modeling of expanded steel meshes; (d) Modeling of Gavazzi mesh. 

    

Fig. 8. Modeling of Tensar mesh using shell element:  
(a) The real shape of Tensar meshes; (b) The modeling of Tensar using shell element. 

(a) 
(b) 

(c) (d) 

(a) (b) 
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Fig. 9. Mesh representation of the concrete component.

4.2. Modeling of materials 

Despite providing material characteristics for all ele-
ments, acquiring high-quality material information can be 
challenging, especially for more intricate material models 
like those involving material damage properties. The pre-
cision and comprehensiveness of pertinent data signifi-
cantly influence the credibility and validity of the results. 

To model the ferrocement I-beams, three different 
material models from Abaqus were used according to 
Abaqus User’s Guide (2014). These include the concrete-
damaged plasticity and the elastic-plastic models. 

4.2.1. Concrete damaged plasticity model (CDP) 

The Abaqus CDP model was chosen for the concrete 
material representation. This model incorporates the 
principles of isotropic damage elasticity, combined with 
isotropic compression and tensile plasticity, to simulate 
the inelastic behavior of concrete. 

As illustrated in Fig. 10, the CDP model is used to in-
dicate the uniaxial tension and compression behavior of 
concrete. When failure stresses are reached in the con-
crete, they are transformed into micro cracks in the con-
crete blocks. After the point of failure stress in concrete, 
the stress-strain behavior is influenced by the softening 
characteristic, depicted in Fig. 10(a). The response to 
uniaxial compression is linear until the initiation of yield 
(Fcu). Concrete exhibits stress hardening, succeeded by 
strain softening after attaining the ultimate stress (Fcu) 
within the plastic zone, as illustrated in Fig. 10(b). Con-
sequently, concrete stresses dictate the unloading pro-
cess from any given point on the strain curve.  

𝑓𝑡  =  𝐸𝑐 (𝜀𝑡  −  𝜀𝑡
𝑝𝑙

) (1 −  𝑑𝑡) (1) 

𝑓𝑐  =  𝐸𝑐 (𝜀𝑐  −  𝜀𝑐
𝑝𝑙

) (1 −  𝑑𝑐) (2) 

where Ec is the modulus of elasticity of concrete. Then, 
the effective tensile and compressive cohesion stresses 
of concrete are estimated as: 

𝑓̇𝑐 =
𝑓𝑐

(1 − 𝑑𝑐)
= 𝐸𝑐(𝜀𝑐 − 𝜀𝑐

𝑝𝑙
) (3) 

𝑓̇𝑡 =
𝑓𝑡

(1 − 𝑑𝑡)
= 𝐸𝑐(𝜀𝑡 − 𝜀𝑡

𝑝𝑙
) (4) 

 
 

 

Fig. 10. Concrete damage plasticity behavior:  
(a) Tensile behavior associated with tension stiffening;  
(b) Compressive behavior associated with compression 

hardening. 

The behavior of reinforced concrete after failure is il-
lustrated by the post-failure stress, which is influenced 
by cracking strains 𝜀𝑡𝑐𝑘 and 𝜀𝑐𝑐k. These strains are charac-
terized as the total strain minus the elastic strain associ-
ated with undamaged material, and tension stiffening in-
formation is presented concerning the cracking strains. 
In instances where unloading data is present, the pro-
gramming automatically transforms cracking strain val-
ues into plastic strain values using predefined relation-
ships: 

𝜀 𝑡
𝑝𝑙

= 𝜀 𝑡
𝑐𝑘 −

𝑑𝑡

(1−𝑑𝑡)
×

𝑓𝑡

𝐸𝑐
 (5) 

𝜀 𝑐
𝑝𝑙

= 𝜀 𝑐
𝑐𝑘 −

𝑑𝑐

(1−𝑑𝑐)
×

𝑓𝑐

𝐸𝑐
 (6) 

(a) 

(b) 

(b) 
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Tables 4 and 5 list concrete elastic properties and CDP 
model parameters used in the analysis. The modulus of 
elasticity of concrete was determined according to the 
next formula: 

𝐸𝑐 = 4400√𝐹𝑐𝑢   (N/mm2) (7) 

where, 𝐹𝑐𝑢 is the average compressive strength of the 
standard cubes at 28 days. 

Table 4. Elastic characteristics of the concrete. 

Parameter Value 

Density 2.2×10-9 N/mm3 

Modulus of elasticity (𝐸𝑠) 26×103 MPa 

Poisson’s ratio (𝜐) 0.2 

Table 5. Concrete damaged plasticity parameters. 

Parameter Value 

Dilation angle 40° 

Eccentricity 0.11 

fb0/fc0 1.36 

K 0.68 

Viscosity parameter 0.00001 

 

4.2.2. Elastic-plastic model 

Steel bars as well as metal meshes were simulated us-
ing a linear elastic-plastic model, as depicted in Fig. 11. 
The linear behavior signifies the elastic phase up to the 
yield point, succeeded by the hardening phase repre-
senting the plastic stage up to the ultimate load. The me-
chanical properties of the steel bars, in accordance with 
E.S.S. 262 (2011), and the specification of the metal 
meshes used for modeling, as provided by the manufac-
turer, are detailed in Table 6. 

 
Fig. 11. The stress-strain curve for the steel. 

As non-metal meshes exhibit brittle characteristics, 
and their stress-strain curves lack plastic deformation 
prior to abrupt failure, they were represented as elastic 
materials in the model. In Abaqus, the proof stress for 
each material was defined to determine the failure point 
during analysis. Table 7 presents the mechanical proper-
ties of the non-metal meshes utilized for modeling ac-
cording to the manufacturer.

Table 6. Mechanical characteristics of steel bars and metal meshes. 

Steel 24/35 Welded mesh Expanded mesh 

Mass density, kg/m3 Mass density, kg/m3 Mass density, kg/m3 

7859 7800 7800 

𝐸, MPa Poisson’s ratio,  𝜐 𝐸, MPa Poisson’s ratio,  𝜐 𝐸, MPa Poisson’s ratio,  𝜐 

205×103 0.3 170×103 0.28 130×103 0.28 

Stress, MPa Plastic strain Stress, MPa Strain Stress, MPa Strain 

240 0 413 0 199 0 

350 0.0951 610 0.05763 320 0.0495 

Table 7. Mechanical properties of non-metal meshes. 

Tensar mesh Gavazzi mesh 

Mass density, kg/m3 Mass density, kg/m3 

1590 1210 

E, MPa 100×103 E, MPa 80×103 

Poisson ratio 0.3 Poisson ratio 0.3 

Proof stress, MPa 198.43 Proof stress, MPa 325 
 
 



38 Hekal et al. / Challenge Journal of Concrete Research Letters 15 (2) (2024) 30–46  

 

4.3. Boundary conditions and load application 

The supports of the ferrocement I-beam were re-
strained from translating in the YZ directions and rotat-
ing about the XZ plan at the two contact lines beneath the 
roller supports. Two line loads were applied to the fer-
rocement I-beam at a similar distance from the support 
line. The boundary conditions and loads are depicted in 
Fig. 12. 

 

Fig. 12. Simply supported boundary conditions and 
load applied in the F.E. model. 

4.4. Contact definition 

The embedded element technique is employed to de-
fine an element or a cluster of elements embedded 
within a set of host elements. According to the Abaqus 
User's Guide (2014), this method utilizes the response of 
the host elements to constrain the translational degrees 
of freedom of the embedded nodes. It is particularly 
well-suited for modeling truss or beam elements embed-
ded within a set of solid elements. This interaction type 
was chosen to model the interaction between the con-
crete beam and reinforced mesh. Fig. 13 depicts the re-
sulting pattern of the beam after applying this interac-
tion technique. 

 
Fig. 13. The beam's pattern after the  

applying interaction. 

5. Comparison of Experimental and Numerical 
Results 

To validate the finite element model developed for 
this study, a comparison is made between the numerical 
and experimental results. 

5.1. Initial crack loads, ultimate loads, and peak 
deflections of tested beams 

Table 8 presents the findings of experimental and FE 
model for the initial crack loads, ultimate loads, and mid-

span deflections of the tested beams. The results demon-
strate that FE simulations yield accurate and compatible 
results when compared to experimental results. The av-
erage first crack load difference as a percentage is ap-
proximately 5.5%, while the average ultimate load dif-
ference is approximately 5%. Furthermore, the average 
difference in maximum deflections between the experi-
mental and FE results is approximately 5.8%. Fig. 14 il-
lustrates the relationships between the applied load and 
both experimental and FE first crack loads, ultimate 
loads, and maximum deflections of all tested beams. 

As depicted in Fig. 14, Beam G0 demonstrated the 
highest ultimate load at 48.33 kN, while Beam T3 exhib-
ited the lowest ultimate load at 34.45 kN. Additionally, 
Beam G0 recorded the maximum first cracking load of 
14.50 kN, whereas Beam W3 had the minimum first 
cracking load of 9.59 kN. 

Comparing beams with Gavazzi meshes to those with 
welded steel meshes, Gavazzi meshes exhibited a higher 
ultimate load by 3.8%, 8.6%, and 3.9% for beams with-
out openings, one opening, and two openings, respec-
tively. Furthermore, beams with Gavazzi meshes dis-
played a higher ultimate load compared to beams with 
expanded metal meshes by 9.2%, 10.1%, and 2.5% for 
beams without openings, one opening, and two open-
ings, respectively. 

In the comparison of non-metal meshes, Gavazzi 
meshes demonstrated a higher ultimate load than Ten-
sar meshes by 23.2%, 21.3%, 15.6%, and 10.2% for 
beams without openings, one opening, two openings, 
and three openings, respectively. This outcome is likely 
attributed to the superior properties of Gavazzi meshes 
as non-metallic materials, enhancing the performance of 
the beams more effectively than other mesh types. Re-
garding the comparison between metal meshes used, 
beam W0 exhibited a higher deflection than beam E0 by 
3.3%, while beams W1, W2, and W3 exhibited lower de-
flections than beams E1, E2, and E3 by 3.2%, 5.7%, and 
11.3%, respectively. In addition, when comparing non-
metal meshes used, beams G0, G1, G2, and G3 exhibited 
higher deflections than beams T0, T1, T2, and T3 by 
5.2%, 3.3%, 9.5%, and 5.9%, respectively. 

From Fig. 14, it was observed that the first crack load 
of beams T2 and T3 was higher than the first crack load 
of beams T0 and T1. 

5.2. Ductility ratio 

The ductility ratio, representing the relationship be-
tween the mid-span deflection at the ultimate load and 
that at the first crack load, was computed for each tested 
beam. The results are tabulated in Table 9, and a visual 
representation is depicted in Fig. 15. As shown in Fig. 15, 
for beams without openings and with one opening, those 
reinforced with welded metal mesh have a higher ductil-
ity ratio compared to their counterparts in other groups, 
while for beams with two and three openings, beams re-
inforced with expanded meshes have higher ductility ra-
tios compared to the other beams with two and three 
openings. This may be due to the higher maximum de-
flection values of welded beams without openings and 
with one opening and beams reinforced with expanded 
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meshes with two and three openings, while the deflec-
tion at first crack loads of welded beams without open-
ings and with one opening and beams reinforced with 
expanded meshes with two and three openings is close 
to the deflection at first crack loads of the other beams. 
In addition, as shown in Fig. 15, beam W0 had the highest 
ductility ratio among all the tested beams, while beam 
G3 obtained the lowest ductility ratio. This finding is sup-

ported by a previous study conducted by Shaaban et al. 
(2018) that showed that beams reinforced with Gavazzi 
meshes had the lowest ductility ratio when compared to 
beams reinforced with steel meshes. The results indicate 
that the FE simulations achieve accurate and consistent 
results when compared to the experimental results, with 
a mean difference of 2.2% between the investigational 
and FE ductility ratios.

Table 8. Comparative analysis of first crack loads, ultimate loads,  
and maximum deflection between experimental and finite element results. 

Group 
name 

Code of 
the 

beams 

First crack load (kN) Ultimate load (kN) Maximum deflection (mm) 

Experimental F.E. Difference (%) Experimental F.E. Difference (%) Experimental F.E. Difference (%) 

 
A 

W0 11.15 11.73 5.2 45.11 46.56 3.2 12.50 12.80 2.4 

W1 10.23 10.72 4.8 41.25 42.56 3.2 10.90 11.24 3.6 

W2 9.65 10.16 5.3 37.98 40.31 6.1 9.74 10.46 7.4 

W3 9.04 9.59 6.0 35.42 38.04 7.4 9..00 9.55 6.2 

B 

T0 10.96 11.54 5.3 36.97 39.24 6.1 6.75 7.28 7.8 

T1 10.74 11.20 4.3 36.19 38.11 5.3 6.64 7.20 8.5 

T2 13.13 13.94 6.2 34.52 36.22 4.9 5.81 6.24 7.4 

T3 12.58 13.26 5.4 33.6 34.45 2.5 5.68 5.92 4.3 

C 

E0 10.79 11.16 3.4 42.64 44.26 3.8 11.94 12.39 3.8 

E1 10.00 10.58 5.8 39.75 41.98 5.6 10.81 11.61 7.4 

E2 9.86 10.29 4.4 38.76 40.84 5.4 10.75 11.09 3.2 

E3 9.22 9.97 8.1 36.78 39.56 7.6 9.99 10.77 7.8 

D 

G0 14.02 14.50 3.4 46.88 48.33 3.1 7.28 7.66 5.3 

G1 13.08 13.87 6.0 44.98 46.24 2.8 7.01 7.44 6.1 

G2 11.76 12.56 6.8 39.68 41.88 5.5 6.34 6.83 7.6 

G3 10.63 11.39 7.2 35.39 37.97 7.3 6.00 6.27 4.5 

 

Fig. 14. The relation between the applied load and both experimental F.C.L., F.E. F.C.L., experimental U.L., F.E. U.L., 
experimental maximum deflection, and F.E. maximum deflection of all tested beams. 
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Table 9. Comparison between the experimental and F.E. results of ductility ratio, and load-to-weight ratio. 

Group 
name 

Code of 
the 

beams 

Ductility ratio Load-to-weight ratio (kg/kg) Energy absorption ( kN∙mm) 

Experimental F.E. Difference (%) Experimental F.E. Difference (%) Experimental F.E. Difference (%) 

 
A 

W0 10.86 11.26 3.6 55.05 56.82 3.2 303.2 320.5 5.7 

W1 9.96 10.26 2.9 50.51 52.10 3.1 238.9 255.2 6.8 

W2 9.49 9.36 1.4 46.65 49.51 6.1 197.4 224.9 13.9 

W3 8.83 8.64 2.2 43.64 46.88 7.4 169.0 192.7 14.1 

B 

T0 5.56 5.51 0.9 45.12 47.88 6.1 129.1 147.7 7.7 

T1 5.54 5.48 1.1 44.31 46.66 5.3 126.0 143.9 13.5 

T2 7.36 7.48 1.7 42.40 44.49 4.9 122.0 137.4 8.7 

T3 7.19 7.48 3.8 41.40 42.46 2.6 117.7 125.9 16.0 

C 

E0 10.71 10.64 0.6 52.04 54.01 3.8 272.4 293.5 14.4 

E1 10.33 9.91 4.3 48.67 51.40 5.6 229.7 260.7 14.2 

E2 10.02 9.86 1.6 47.61 50.16 5.4 221.7 241.1 12.6 

E3 9.82 9.51 3.3 45.32 48.75 7.6 196.0 227.4 6.9 

D 

G0 6.00 5.91 1.4 57.21 58.99 3.1 176.3 191.5 8.6 

G1 5.94 5.85 1.7 55.07 56.61 2.8 164.1 179.0 9.0 

G2 5.72 5.47 4.7 48.74 51.44 5.5 132.2 150.2 13.6 

G3 5.44 5.40 0.7 43.61 46.79 7.3 112.3 125.9 12.1 

 

Fig. 15. Experimental and F.E. ductility ratio of all tested beams.

5.3. Load versus deflection relationships 

Table 8 presents the ultimate load and maximum cen-
tral deflection for each tested beam, while Figs. 16 to 20 
depict the relationship between applied load and central 
deflection for each examined beam. 

Analyzing the figures reveals that, for beams without 
openings, beam W0 exhibited a higher deflection than 
others, with a 3.3%, 75.9%, and 67.0% increase com-
pared to beams E0, T0, and G0, respectively. Similarly, in 
beams with one opening, beam E1 had a higher deflec-
tion, with a 3.3%, 61.2%, and 56.1% increase compared 
to beams W1, T1, and G1, respectively. Additionally, in 

beams with two openings, beam E2 showed a higher de-
flection, with a 6.1%, 77.8%, and 62.5% increase com-
pared to beams W2, T2, and G2, respectively. Finally, for 
beams with three openings, beam E3 had a higher deflec-
tion, with a 12.7%, 82.0%, and 71.9% increase compared 
to beams W3, T3, and G3, respectively. 

Figure 17 highlights that within the 5 kN to 30 kN load 
range, the deflection of beams T2 and T3 is consistently 
lower than that of T0 and T1. This difference may be at-
tributed to the fact that in T0 and T1, failure occurred 
primarily due to bending, leading to higher bending mo-
ment values and subsequently elevated deflection val-
ues. Conversely, in T2 and T3, stresses were distributed 
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around the openings in the shear zone, resulting in lower 
deflection values. 

Comparing maximum deflection values, for welded 
steel meshes, beams W3, W2, and W1 had lower values 
than W0, with a decrease of 25.3%, 18.3%, and 12.2%, 
respectively. Similarly, for expanded metal meshes, 
beams E3, E2, and E1 had lower values than E0, with a 
decrease of 13.1%, 10.5%, and 6.3%, respectively. In 
the Tensar meshes group, beams T3, T2, and T1 had 
lower values than T0, with a decrease of 18.7%, 14.3%, 
and 1%, respectively. Finally, for the Gavazzi meshes 

group, beams G3, G2, and G1 had lower values than G0, 
with a decrease of 18.2%, 10.9%, and 2.9%, respec-
tively. 

In conclusion, the detailed analysis suggests that the 
configuration of openings, the specific arrangement of 
mesh types, and the distribution of stress in shear and 
bending zones play pivotal roles in determining the de-
flection behavior of the tested beams. This information 
is crucial for optimizing beam design and understanding 
the interplay between structural elements in real-world 
applications.

 

Fig. 16. Load-deflection curves of the group (A). 

 

Fig. 17. Load-deflection curves of the group (B). 

 

Fig. 18. Load-deflection curves of the group (C). 
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Fig. 19. Load-deflection curves of the group (D). 

,  

Fig. 20. Load-deflection curves of all tested beams.

5.4. Energy absorption 

The quantity of energy absorbed by a beam is depicted 
by the area beneath its load-deflection curve. To compute 
this area, the load-deflection curve equation for each 
beam specimen was integrated using a computer pro-
gram written in the BASIC language, outlined as follows: 

Ultimate load energy absorbed = ∫ 𝑓(𝛥) 𝑑𝛥
𝛥𝑢

0
 (8) 

where 𝑓(𝛥)  represents the load defection curve equa-
tion. 

The integration was performed from zero deflection 
to the mid-point deflection at the failure load, represented 
by the symbol u. The energy absorbed by each beam is 
listed in Table 9 and shown graphically in Fig. 21. From 
the figure, it can be observed that beam W0 absorbed the 
most energy among all the tested beams, while beam G3 
absorbed the least. This is due to the large area beneath 
the load-deflection curve of beam W0 and the small area 
under the load-deflection curve of beam G3. 

5.5. Load-to-weight ratio 

To investigate the effect of the opening number on the 
performance of beams, the load-to-weight ratio was de-
termined by dividing the ultimate load by the weight of 

the beams. The load-to-weight ratio values for all tested 
beams are presented in Table 9 and shown in Fig. 22. The 
results indicate that as the number of openings in-
creases, the load-to-weight ratio decreases. Specifically, 
for welded, expanded metal, Tensar, and Gavazzi beams, 
placing three openings decreased the load-to-weight ra-
tio by 17.5%, 9.7%, 11.3%, and 20.7%, respectively, 
compared to beams without openings. Placing two open-
ings decreased the load-to-weight ratio by 12.9%, 7.1%, 
7.1%, and 12.8%, respectively. Additionally, placing one 
opening in beams with dimensions of 100×50 mm re-
duced the load-to-weight ratio by 8.3%, 4.8%, 2.5%, and 
4.0% for welded, expanded metal, Tensar, and Gavazzi 
beams, respectively, compared to beams with no open-
ings. The reduction in load-to-weight ratios is propor-
tional to the volume of openings in the beams. 

5.6. Effect of openings on the performance of tested 
beams 

When comparing various types of metal mesh, it was 
observed that the ultimate load in beams with three 
openings decreased by 18.3% for welded steel mesh 
beams and by 10.6% for expanded metal mesh beams, 
compared to beams without openings. In contrast, con-
cerning non-metal meshes, the ultimate load in beams 
with three openings decreased by 21.4% for Gavazzi 
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mesh beams and by 12.2% for Tensar mesh beams com-
pared to beams without openings. 

Introducing three openings in beams with dimensions 
of 100×50 mm resulted in a reduction of maximum de-
flection by 28%, 16.3%, 15.9%, and 17.6% for welded 
beams, expanded beams, Tensar beams, and Gavazzi 
beams, respectively, compared to beams without open-
ings. Furthermore, placing three openings in these 

beams reduced the ductility ratio by 23.3%, 10.6%, and 
8.6% for welded beams, expanded beams, and Gavazzi 
beams, respectively. Energy absorption was also re-
duced by 39.9%, 22.5%, 14.8%, and 34.3% for welded 
beams, expanded beams, Tensar beams, and Gavazzi 
beams, respectively, when three openings were intro-
duced in beams with dimensions of 100×50 mm, com-
pared to beams without openings.

 

Fig. 21. The energy absorbed by all examined beams. 

 

Fig. 22. Experimental and F.E. load-to-weight ratio of all tested beams.

5.7. Cracking patterns and mode of failure 

The surface of the beams was inspected, and cracks 
were identified and marked. The initial crack load, crack 
propagation, and failure mode were determined for each 
beam. Flexural cracks appeared near the center of the 
beam and widened vertically as the load increased. New 
flexural cracks appeared rapidly and spread wider as the 
beam approached its failure load. Although most cracks 
did not reach the top surface of the beam, the crack at mid-
span grew vertically towards it. Fig. 23 illustrates the 
cracking shapes and mode of failure for all tested beams. 
The cracking patterns and mode of failure for beams with 
openings reinforced by welded steel meshes and ex-
panded metal meshes appear to be a combination of shear 
and bending failure, with the greatest effect due to bend-
ing. In contrast, the cracking patterns and mode of failure 
for beams with openings reinforced by Tensar meshes 
and Gavazzi meshes appear to be mainly due to bending. 

6. Conclusions 

This paper investigates the impact of web openings 
on the structural behavior of ferrocement I-beams rein-
forced with metallic or non-metallic meshes. Sixteen 
beams were cast and tested to study their behavior un-
der flexural loading. The tested beams were grouped 
into four groups based on the type of reinforcing mesh 
used, with each group consisting of four beams with the 
same reinforcement bars and meshes, but with different 
numbers of web openings.  

Welded metal meshes and expanded steel meshes 
were used as reinforcing meshes for groups A and C, re-
spectively, while Tensar meshes and Gavazzi meshes 
were used for groups B and D, respectively. To maintain 
a constant reinforcement weight, the four groups were 
reinforced with three layers of welded steel meshes, two 
layers of expanded metal meshes, two layers of Tensar 
meshes, and eight layers of Gavazzi meshes.  
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Fig. 23. Experimental and F.E. crack pattern of the tested beams: (a) Group A; (b) Group B; (c) Group C; (d) Group D.

A three-dimensional finite element model was devel-
oped, taking into account the nonlinear material behav-
ior of the reinforcing metal mesh and concrete. The 
model was validated using the experimental test results 
and showed good agreement.  

The results showed that beams with no openings, one, 
and two openings reinforced with Gavazzi meshes had 
the highest ultimate load compared to other tested 
beams, while beams with three openings, those rein-
forced with expanded metal meshes had the greatest ul-
timate loads. Placing three openings in beams, with di-
mensions of 100×50 mm (two of these openings are ap-
proximately 10 cm apart from each edge while the third 
opening is located at mid-span), reduced the load-to-
weight ratio by about 20.7%, 12.9%, 8.2%, and 23.8% for 

welded beams, expanded beams, Tensar beams, and Ga-
vazzi beams, respectively, compared to the beams with 
no openings. 

Based on the experimental and FE results available, 
the following conclusions can be drawn: 
 The efficiency of beams is negatively affected by the 

presence of openings, resulting in a decrease of ulti-
mate loads by approximately 5.2%, 10.5%, and 15.6% 
on average for one, two, or three openings, respec-
tively, compared to beams without openings. 

 In the case of beams with one, two, and three open-
ings, the utilization of expanded metal meshes re-
sulted in a higher ductility ratio and energy absorp-
tion capacity compared to other tested mesh types. 
However, for beams with no openings, the use of 

(a) 

(b) 

(c) 

(d) 
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welded steel meshes demonstrated greater ductility 
and energy absorption while also potentially leading 
to increased deflection values. 

 When considering beams with three openings, the use 
of expanded metal meshes resulted in a higher ulti-
mate load capacity compared to beams with welded 
steel meshes, beams with Tensar meshes, and beams 
with Gavazzi meshes by 4%, 14.8%, and 4.2%, respec-
tively. Moreover, the placement of three openings in 
such beams decreased the load-to-weight ratio by 
20.7%, 12.9%, 8.2%, and 23.8% in welded beams, ex-
panded beams, Tensar beams, and Gavazzi beams, re-
spectively, compared to beams with no openings. 

 The deflection values for beams with one, two, and 
three openings varied depending on the type of rein-
forcement used. In particular, for beams with one 
opening, beam E1 had a higher deflection value com-
pared to beams W1, T1, and G1, with deflection in-
creases of 3.3%, 61.2%, and 56.1%, respectively. For 
beams with two openings, beam E2 showed a higher 
deflection value compared to beams W2, T2, and G2, 
with deflection increases of 6.1%, 77.8%, and 62.5%, 
respectively. Similarly, for beams with three open-
ings, beam E3 demonstrated a higher deflection value 
compared to beams W3, T3, and G3, with deflection 
increases of 12.7%, 82.0%, and 71.9%, respectively. 

 For the welded steel meshes group, beam W3 demon-
strated a lower deflection value than beam W0 by 
25.3%, while for the expanded metal meshes group, 
beam E3 showed a lower deflection value than beam 
E0 by 13.1%. Beams with welded steel meshes had a 
higher deflection than the other tested beams for 
beams without openings, while for beams with one, 
two, and three openings, beams with expanded metal 
meshes had a higher deflection than the other tested 
beams. 

 For the Gavazzi meshes group, beam G3 exhibited a 
lower deflection value than beam G0 by 18.2%, while 
for the Tensar meshes group, beam T3 demonstrated 
a lower deflection value than beam T0 by 18.7%.  

 Beams with Gavazzi meshes demonstrated a higher 
ultimate load capacity than beams with Tensar 
meshes by 23.2%, 21.3%, 15.6%, and 10.2% for 
beams without openings, one, two, and three open-
ings, respectively. However, the ultimate load capac-
ity in beams with three openings decreased by 21.4% 
compared to the ultimate load capacity in beams with 
no openings for Gavazzi mesh beams, whereas it de-
creased by 12.2% for Tensar mesh beams. 

 For beams with no opening, one and two openings, 
Gavazzi mesh beams exhibited a greater ultimate load 
than the other tested beams, while for beams with 
three openings, expanded metal mesh beams demon-
strated the greatest ultimate loads. Furthermore, Ga-
vazzi mesh beams showed a higher ultimate load than 
welded steel mesh beams by 3.8%, 8.6%, and 3.9% for 
beams without opening, one and two openings, re-
spectively, whereas Gavazzi mesh beams displayed a 
higher ultimate load than expanded metal mesh 
beams by 9.2%, 10.1%, and 2.5% for beams without 
opening, one and two openings, respectively. 
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