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ABSTRACT

This study investigates the impact of creating a central square opening on reinforced concrete slabs and assesses
the strengthening process using ferrocement layers. The investigated key parameters were the opening sizes,
type, number, and extension length (outside the opening sides) of steel mesh layers used to strengthen the tested
slabs. The experimental program included the preparation and testing of twelve two-way reinforced concrete
slabs with identical dimensions, thickness, and reinforcement, but were different with respect to opening sizes
and strengthening schemes. Four slabs acted as control specimens without strengthening; one was solid; the other
three had different opening sizes; and the other eight slabs were strengthened using a ferrocement layer of 2 cm
thickness applied on the bottom of the slab around the openings with various reinforcement schemes which
included the number, type, and extension length (outside the opening) of steel mesh. All slabs were supported
along the four sides with a clear span of 1 m in both directions and tested under four-point loading. The test
results demonstrate that creating an opening in the slab decreases the ultimate load by 21.5 %, 31.9 %, and 40.7
% for opening dimensions (15, 25, and 35 cm), respectively. Using the ferrocement strengthening method helps
to increase slabs’ flexural load-carrying capacities and reduce crack propagation from opening corners. The study
found that strengthening specimens with opening sizes of 15, 25, and 35 cm increased their flexural load-
carrying capacities by 26 %, 33 %, and 34 %, respectively. The expanded steel mesh type also resulted in a
higher ultimate load by 6-7 % than the welded mesh type. When the length of the strengthening ferrocement
layers was doubled, the ultimate load went up by 6-7 %. Increasing steel mesh layer numbers from 1 to 4
increased the ultimate load by 25 % to 40 % compared to the corresponding un-strengthened slab with an
opening. The maximum load of a slab with an opening was achieved by applying a 2 cm thickness of ferrocement
layer reinforced with expanded metal mesh, with extension lengths equal to the opening’s length. The study
utilizes commercial software ABAQUS for finite element analysis (FEA) to validate the experimental results,
resulting in a great agreement between the analysis and the experimental findings.

1. Introduction

corrosion. The method chosen is based on aspects like the need for
strength, position, design needs, ease of use, speed of application, and

Openings in reinforced concrete components are often needed for
various reasons, including accommodating design changes or installing
new facilities like lifts, staircases, windows, and electrical or HVAC
systems. The creation of openings in concrete and reinforcing steel can
result in a substantial reduction in the load-carrying capacity of struc-
tural elements. Therefore, it is imperative to employ an appropriate
strengthening technique [1,2]. Numerous methodologies have been
developed to tackle this particular concern. Banu et al. [3] concluded
that reinforced concrete slabs are strengthened using various techniques
to address issues like inadequate maintenance, overloading, and
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overall cost. Techniques like steel plate bonding, section enlargement,
and external plate bonding increase slab moment capacity but can
interfere with flooring systems. However, these methods can increase
concrete member size and weight, require new formwork, and may
cause corrosion damage. Fiber-reinforced polymers (FRPs) are
corrosion-resistant materials that can extend service lives and reduce
maintenance costs in reinforced concrete structures, offering a sustain-
able alternative to steel reinforcement and thereby reducing repair and
maintenance costs [4,5]. M. Seliem et al. [6] assessed the effect of
creating an opening in existing RC slabs and evaluated the strengthening
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process using three different techniques. Cutting an aperture into a slab
decreased its load-bearing capability by a percentage equal to the
opening’s size to the slab’s main span. Strengthening with NSM CFRP
strips restored 10 % of the slab’s capacity, but stiffness remained un-
changed, whereas EB CFRP plates recovered only 6 %. On the other
hand, the slab’s entire flexural capacity and stiffness were restored since
the CFRP anchors were used to physically anchor the EB plates and
prevent total separation.

R. Khajehdehi and N. Panahshahi [7] highlighted the importance of
taking into account apertures, particularly corners, when retrofitting
reinforced concrete slabs. The in-plane behavior of slabs is substantially
altered by yielding bars and concrete cracking around these corners;
therefore, further investigation is needed in this area.

H. Chand Dewangan et al. [8] investigated a composite curved/flat
panel structure with square, circular, and elliptical cutout profiles for its
deflection and stress responses. It shows that bigger cutout sizes
decrease structural rigidity and increase deformation. Geometry can
affect structural stiffness differently for different cutout forms. Rectan-
gular cutouts deflect the most, whereas elliptical ones deflect the least.

Even though evaluating the structural cracks is crucial for assessing
the quality of concrete construction, automated inspection systems have
reduced the need for individual inspections but need improvement in
cost efficiency and accuracy. This study compares various deep learning
approaches for crack detection and classification in concrete structures,
finding that pre-trained networks are suitable due to their faster
convergence rate and accuracy [9].

Failure capacity and laminate failure strength were assessed using a
numerical analysis, and it was found that the kind of loading affects both
the maximum stress and the location at which it occurs. Comparisons are
made based on ANSYS’s output. The maximum stress areas in square
holes are at the corners because the aspect ratio is close to 1, but in
rectangular holes, they are positioned along the longer sides [10].

Different methodologies for enhancing the strength of flat slabs with
centrally located apertures were investigated. A total of six specimens
were utilized for experimental and numerical analysis. The techniques
employed in the study encompassed close-surface-mounted steel bars,
carbon fiber laminates, steel strips with anchor bolts, and an external
layer of cementitious composite material (ECC) reinforced with welded
wire mesh. The findings of the study indicate that creating an aperture
reduced the slab’s flexural strength by about 10 %, that the imple-
mentation of the different strengthening strategies resulted in an
enhancement of load-carrying capacity up to 17 % compared to the
reference specimen, and that the highest gain percentage is achieved by
the ECC strengthening technique [11].

Experimental investigation of different strengthening schemes on R.
C. slabs with openings reveals that using anchors to fix EB-CFRP sheets
prevents de-bonding and restores slabs’ flexural capacity. Preparing the
substrate surface before casting the ECC overlay significantly impacts
composite activity, resulting in better structural performance and
complete bonding. The study found that the maximum flexural capacity
was achieved when applying both NSM-steel bars and ECC overlay
techniques together, exceeding the reference slab by 23 % [12].

H. K. Shehab et al. [13] examined opening size and locations, CFRP
layer number, widths, and configurations in an experimental study
comprising five R.C. slabs with cantilever. Openings were cut after the
load reached 45 % of the reference slabs’ ultimate load, and then loading
was applied until failure. CFRP-strengthened slabs had 10.7 % and 9.7 %
higher ultimate loads and 23 % and 17 % lower deflection than
un-strengthened slabs with openings. Slabs reinforced with CFRP sheets
along cutout edges outperformed those with 45° inclined sheets. Three
layers of CFRP sheets reduced crack propagation; hence, 90° and 45°
strengthening had the maximum load-bearing capability. Due to
confinement stress from CFRP sheets, ultimate loads increased with strip
number and width. Un-strengthened and reference slabs failed in a
flexural mode, but CFRP sheet-rupture controlled failure in strengthened
slabs.

Structures 65 (2024) 106673

CFRP sheets are used to enhance flat slab-to-column corner con-
nections. The test series was further varied by adding apertures at slab-
column junctions. Punching shear capacity was reduced by the opening.
All reinforced slab systems had low CFRP stresses at ultimate load and
little load enhancement, which shows that raising the amount of CFRP is
not going to enhance the load or save money [14].

Although using FRP is common in most of the research as a non-
traditional strengthening technique for R.C. members, its main disad-
vantages include highly skilled labor requirements, expensive materials,
fire susceptibility, special surface preparation to prevent delamination
from the substrate-reinforced concrete layer, and brittle failure. Also, C.
S. Madan et al. [15] shows that GFRP-reinforced slabs have a higher
ultimate load-carrying capacity and flexural strength, while
steel-reinforced slabs have a higher average ductility.

X. Zheng et al. [16] suggest using a hybrid strengthening method that
combines thin steel plates and carbon fiber laminates to make structures
more flexible and long-lasting and to get around the problems that come
with using each material separately. Steel plates’ heavy weight, poor
corrosion resistance, and the clear height of the floor limit their thick-
ness for strengthening RC structures. The EB-FRP technique’s limitations
lie in its weak bond interface, which results in insufficient utilization of
FRP’s full strength in retrofitted or reinforced concrete components,
leading to rapid debonding failure and ineffective use of FRP’s strength.
The proposed technique combines the two materials to enhance
load-carrying capacity and addresses the disadvantages of using each
material individually. Even though hybrid strengthening provides
considerable advantages throughout the building and strengthening
process, the over-cost of using both expensive materials and skilled labor
as well as steel plate corrosion, which might compromise the strength-
ened buildings’ durability, are potential issues.

N. L. Shbeeb et al. [17] examined the impact of various strengthening
methods on R.C. slabs, testing them up to failure. Five techniques were
applied, all enhancing ultimate and cracking strength. Although carbon
fiber laminates and rods increased cracking strength, load capacities,
and deflection responsiveness, they also caused punching shear failure.

Currently, ferrocement is widely recognized as a highly utilized
technique. Nevertheless, there is a limited number of studies available
regarding the structural performance of slabs comprising openings,
whether they are strengthened with ferrocement or not. Further inves-
tigation into the matter is required. Ferrocement is a thin-walled rein-
forced concrete construction that uses small-diameter wire meshes
uniformly throughout the cross-section. It is used in various construction
sectors, including housing, marine, agricultural, rural energy, and
anticorrosive membrane treatment. Ferrocement is known for its cost-
effectiveness, strength, and versatility, making it suitable for structural
strengthening and repair of damaged members. It can be applied around
defective circular, square, or rectangular RC columns to enhance their
strength, ductility, and energy absorption capacity. It can also be used to
reinforce roof and floor slabs, especially in older buildings that have
weakened over time, and to wrap existing beams, increasing their load-
bearing capacity and resistance to structural failure. Ferrocement is also
commonly used in bridge rehabilitation and strengthening, enhancing
their strength and extending their service life. It is also a popular choice
for seismic retrofitting in earthquake-prone areas, adding strength and
flexibility to existing structures. Ferrocement is also used in the con-
struction of water tanks and silos due to its high tensile strength and
resistance to water and corrosion [18,19].

The studies’ objectives were to investigate the different ways to
strengthen structural elements, see how well ferrocement technology
improves the behavior of reinforced concrete elements, compare and
evaluate the use of ferrocement techniques with other techniques used
in the strengthening process in terms of load-carrying capacity, crack
propagation, and intensity, durability, and ductility, and do an analyt-
ical study to ensure the quality and consistency of the lab results.

Previous researchers have conducted numerous experimental tests to
evaluate the effectiveness of ferrocement and concluded that using
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ferrocement in retrofitting and strengthening different R.C. elements
helped to achieve greater load capacity, control crack propagation, and
width, and improve failure patterns [20-36]. Some of the experimental
tests conducted were shear strength investigations on rectangular fer-
rocement specimens [34], extensive laboratory investigations on the
flexural and impact response of ferrocement panels formulated with
varying amounts of steel fiber and expanded wire mesh layers [35],
torsional behavior of reinforced concrete beams using U-shaped fer-
rocement [24], flexural behavior of ferrocement channel slabs [36], as
well as the effect of confinement using ferrocement as wrapping material
on the circular RC columns under concentric loading conditions [25,26].
All these tests provided valuable insights into the effectiveness of the
ferrocement technique, assessing load-carrying capacity, shear strength,
bending, and impact responses. There are also tests recommended to
predict the structural properties of ferrocement, like the compressive
strength of mortar and the tensile strength of mesh reinforcement [21].

The key findings structural performance of the RC slabs with fer-
rocement strengthening are that using ferrocement in retrofitting and
strengthening different R.C. elements can improve their structural per-
formance by increasing their flexural capacity and enhancing the first
cracking load, improving ductility and crack resistance, controlling
crack propagation and width, and improving failure patterns.

The specific findings regarding the structural performance of RC
slabs with ferrocement strengthening contribute to the existing knowl-
edge in the field of structural engineering and construction by expanding
the understanding of the structural performance of RC slabs with fer-
rocement strengthening, contributing to the ongoing advancements in
structural engineering practices, design methodologies, and construc-
tion techniques. The study enhances understanding of ferrocement’s
effectiveness as a strengthening material for RC slabs, aiding structural
engineers in making informed decisions regarding suitable strength-
ening methods. Research findings enhance retrofitting strategies for RC
slabs, focusing on flexural strengthening, resulting in more efficient and
cost-effective methods for improving load-carrying capacity and per-
formance of existing slabs, and encourage the coming research to extend
and investigate advanced points like the durability of ferrocement-
reinforced slabs, highlighting their resistance to corrosion and long-
term performance, aiding engineers in assessing the sustainability and
maintenance requirements of ferrocement-strengthened structures.

In real-world applications, reinforced concrete openings are
frequently required in RC slabs for design changes or the installation of
new facilities, reducing the load-carrying capacity of structural ele-
ments. Therefore, ferrocement is a cost-effective solution for strength-
ening RC slabs with openings, improving their structural performance
and load-carrying capacity. It is simple and easy to install, making it a
practical choice for retrofitting existing structures without complex
construction techniques or specialized labor. Ferrocement-reinforced
slabs are durable, low-maintenance, and resistant to corrosion,
ensuring the longevity and sustainability of strengthened structures.
This cost-effective solution offers a balance between performance and
affordability. Previous research has investigated the environmental
impact and sustainability aspects of using ferrocement for slab
strengthening, demonstrating its positive effects on the environment.
According to previous search results, ferrocement is considered a sus-
tainable construction material with several environmental benefits. It
uses less cement and steel compared to traditional reinforced concrete,
resulting in lower carbon emissions and reduced energy consumption
during manufacturing and transportation [37].

Furthermore, ferrocement is known for its potential to contribute to
affordable and sustainable housing solutions, particularly for rural and
poor urban populations. It offers advantages such as lower material
usage, overall structural weight reduction, and cost-effectiveness. The
flexibility of ferrocement allows for the elimination of formwork and
ease of repairs in cases of local damage [38].

The application of ferrocement methodology for enhancing the
structural integrity of concrete slabs under flexural loading is a highly
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effective strategy owing to its exceptional strength and streamlined
installation procedure, which outperforms other available methods for
reinforcement. Furthermore, the utilization of ferrocement reinforce-
ment methods presents a cost-effective and proficient approach to
structural design. Ferrocement demonstrates superior characteristics in
terms of toughness, durability, strength, and resistance to cracking.
Furthermore, the use of specialized craftsmanship is not required in the
process of reinforcing structures with ferrocement laminates. Kaish et al.
[39] demonstrated that RC columns’ load-carrying capability and axial
deflection are improved by ferrocement jacketing.

Badawy et al. [40] suggested that ferrocement can be a cost-effective
and effective external strengthening material, showing that ferrocement
laminates could significantly improve the flexural behavior of reinforced
concrete slabs with openings and concluding that employing nuts, steel
washers, and anchors as a fastening technique enhanced strain energy
and ultimate strength. While adding more layers of wire mesh did raise
the ultimate load, it had no discernible effect on overall deflection.
Strengthening with Ls = ts and Ls = 2ts decreased the ultimate load by
25 % and 24 %, respectively, compared to strengthening the whole slab,
where “Ls” and "ts" refer to the length of the strengthening layer sur-
rounding the aperture of the slab and the thickness of the slab,
respectively.

M. Elsayed [41] numerically investigated the structural performance
of R.C. slabs with openings strengthened by ferrocement layers. Results
show that ferrocement laminates increase ultimate carrying capacity by
up to two times compared to un-strengthened specimens. The ultimate
capacity and stiffness were both enhanced by raising the mortar matrix’s
compressive strength and the ferrocement layer’s thickness. Addition-
ally, raising the volume fraction for strengthened groups increases ul-
timate capacity by 8 %. Y. B. I. Shaheen and A. M. Mahmoud [42]
examines the performance of different types of reinforcement in
ferrocement-reinforced RC channel slabs. It found that welded steel
mesh is the most effective, providing higher load capacities and strength
compared to expanded and fiber glass meshes. Adding additional steel
mesh layers improves performance in terms of load capacities and en-
ergy absorption but reduces ductility. Overall, ferrocement specimens
outperform conventionally reinforced concrete in terms of load capac-
ities and energy absorption. Chkheiwer et al. [43] investigate the use of
wire mesh strengthening and steel fiber to recover flexural strength in
slabs with different opening shapes. The slabs were divided into two
groups: those with square openings and those with rectangular open-
ings. Slabs with square and rectangular holes have 28.9 % and 39.7 %
less carrying capacity than solid slab. Two techniques, wire mesh strips
and steel fibers, were utilized to enhance the load-carrying capacities of
slabs with openings and could restore much of the slabs’ load capability,
with wire mesh being more effective than steel fibers dispersed
throughout the slab body. The wire mesh also reduced cracks at the
inside faces of openings and prevented them at the inside corners. The
behavior of double-layered 5 cm-wide wire mesh slabs and
single-layered 10 cm-wide wire mesh slabs was found to be similar.

P. Sivanantham et al. [44,45] revealed that concrete reinforced with
1.5 % steel fiber has superior compressive and split tensile strength
compared to regular concrete. The fibers improve bonding and ductility,
leading to a 1.5 times higher split tensile strength. The modulus of
elasticity is 1.14 times better than conventional concrete, and flexural
strength is 1.39 times improved. Steel fiber reinforcement is more
economical and less expensive.

The enhancement of RC slabs with apertures through the application
of ferrocement laminates is an aspect that necessitates further investi-
gation since a few numbers of studies have addressed this issue. This
study aims to enhance understanding of the failure mechanism, current
design techniques, and effective methods for enhancing the structural
performance of R.C. slabs with openings using ferrocement.

The experimental program aimed to investigate the impact of an un-
strengthened or strengthened central opening on the structural perfor-
mance of slabs in order to assess the strengthening process using
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Table 1
Specimens details.

Slab Slab Opening Strengthening Layers
Number Code Dimension (cm) R
Number  Type Extension
length

S1 co — —

S2 C15 15 x 15 —

S3 C25 25 x 25 —

S4 C35 35 x 35 —

S5 W2/15 15 x 15 2 welded L1

S6 W2/25 25 x 25 2 welded L1

S7 W2/35 35 x 35 2 welded L1

S8 E2/25 25 x 25 2 Expanded L1

S9 W1/25 25 x 25 1 welded L1

S10 W4/25 25 x 25 4 welded L1

S11 E2/25/ 25 x 25 2 Expanded L2
EXT.

S12 w2/ 25 x 25 2 welded L2
25/
EXT.

L1, L2: Extension lengths of steel mesh layers outside the slab opening from each
side, where L1 equals the half-length of the opening and L2 equals the total
length of the opening.
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ferrocement layers. The impact of the subsequent factors was investi-
gated: (i) the opening sizes (15, 25, and 35 cm); (ii) the employed steel
mesh type (welded or expanded); (iii) the number of welded steel mesh
layers utilized (one, two, and four); and (iv) the extension length of
ferrocement layers outside the opening sides (half or equal to the
opening length). Additionally, software (ABAQUS) [46] was utilized to
validate the behavior of tested specimens through the implementation of
nonlinear finite element models.

2. Experimental study
2.1. Slabs details and Test scheme

In the experimental program, twelve two-way RC slabs were pre-
pared and tested under four concentrated point loadings. The slabs were
1100 x 1100 mm and 80 mm thick, supported along their four bound-
aries with 1000 mm clear spans in both directions, with a bottom mesh
of 7@10 high-tensile steel bars for reinforcement and a concrete cover of
15 mm. Four slabs were used as control samples that weren’t strength-
ened. One was solid, and the other three had openings of different sizes.
The other eight slabs were strengthened using ferrocement layers with
different schemes that differ with respect to the amount of mesh layers,
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1100 /’
/
support line
|| 710
8 —
= 150 )
a
|
Ai A
Bottom Reinforcemnt
7 #10 both directions
3 l 3 . > /. | ‘
%o 1000 50%

Sec A-A
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Fig. 1. Details and dimensions of tested specimens (all dimensions in mm).
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Fig. 2. Different meshing patterns for strengthened specimens. (measurements in mm).

the type of mesh, and the extended length of the strengthening layers
outside the opening side. Table 1 and Fig. 1 display the specimen’s de-
tails. Also, Fig. 2 shows the different meshing patterns for strengthened
specimens employed in this study.

2.2. Materials used

2.2.1. Concrete
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Using ordinary Portland cement (42.5 N), natural local siliceous sand
(2.67 specific gravity), and crushed dolomite aggregates (maximum size
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Table 2
Steel mesh’s physical, geometric, and mechanical properties.
Mesh Mesh opening Diameter or Weight Proof Strength
type (mm) Thickness (kg/m2) (MPa)
Long short (mm)
way way
WWM 12.5 12.5 0.60 0.430 400-600 ult
EMM 31 16 1.25 0.730 199-320 ult
Table 3
Ferrocement mortar mix proportions by weight.
Material Cement Sand Silica fume water
Weight (kg/m3) 700 1040 70 347

19 mm), the compressive strength of concrete was evaluated at 28 days
using 150x150x 150 mm cubes with an average of 25 MPa.

2.2.2. Reinforcement steel

The steel bars used as internal longitudinal reinforcement in both
directions for the tested slabs were high-tensile deformed bars having a
modulus of elasticity (E) of 210 GPa and a nominal yield stress of
400 MPa.

2.2.3. Welded and Expanded steel mesh

Locally available expanded metal mesh (EMM) and welded wire
mesh (WWM) are used to reinforce the ferrocement strengthening
layers. The meshes’ properties are detailed in Table 2.

2.2.4. Ferrocement mortar

Table 3 displays the ferrocement mortar mix proportions by weight
per cubic meter. Based on cubes (70.7 mm), the average compressive
strength of the mortar mix at 28 days was 51.3 MPa.

2.3. Specimens preparation and strengthening schemes installation

After the wooden formworks were assembled according to the
specifications of the specimens and apertures, the steel reinforcement
was installed, and the concrete was placed and surface-finished. After
curing for one week, the specimens were kept in the lab environment for
fifty days until the strengthening day.

Eight specimens were turned over to conduct the strengthening
process. Strengthened areas that were located on the bottom faces of
slabs around the slabs’ openings with 100 mm width and variable
lengths depending on the opening dimensions were roughened using an
angle grinder. The welded and expanded steel mesh layers were cut
according to the lengths, widths, and numbers that were previously
determined in the experimental program, then fixed in their positions
using anchors of 5 mm diameter and washers. These anchors were fixed
in the concrete layer after drilling 6 mm-diameter holes, using plastic
plugs to prevent separation from the concrete. Before applying a 20-mm-
thick coating of ferrocement mortar, the specimens were air-blown to
remove dust and debris, and a chemical compound called addibond-65
was sprinkled to enhance the bond between the original specimen and
the strengthening layer. Fig. 3 shows the strengthening procedures.

2.4. Test setup

A rigid reaction frame supporting a 1000 kN hydraulic jack that is
powered by an electric pump with the same maximum load capacity
made up the loading system, with a load cell positioned under the hy-
draulic jack to record the force applied. All of the test findings were
collected and stored on a computer using a data collection system. The
tested specimens were simply supported on all four sides over a 1000-
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mm clear span and subjected to four-point loadings. The loading
schemes for the various tested slabs, with and without apertures, are
depicted in Figs. (4-a to 4-d), where the loading areas were strategically
positioned in the quarter spans along both sides of the tested slabs. A
main rigid steel I-beam transferred the vertical load to two parallel steel
I-beams and then through four 15-cm-side concrete cubes to the loaded
areas of the tested slabs. This system was used to transfer a central
vertical load to four concentrated loading points on the top of the tested
slabs, as illustrated in Fig. (5-a). A load cell with a maximum capacity of
1000 kN was positioned under the hydraulic jack to measure and record
the force applied. In order to measure the vertical deflection, four LVDTs
were placed on the bottom face of the tested specimens, right below the
center of the spots where the concentrated four-point loads were
applied, as illustrated in Fig. (5-b). After every increase in load, the
progression of cracks was monitored until failure occurred.

3. Experimental results and discussion

The structural properties that were examined encompassed the first
cracking and ultimate loads, deflection at the first and ultimate loads,
ductility, cracking behavior, and failure mechanism. Furthermore, the
investigated specimens’ load-deflection curves were plotted. The values
mentioned above are recorded in Table 4.

3.1. Load-deflection relationships

As the size of the slab opening increases, the load-deflection curves
demonstrate a reduction in the maximum load and an increase in the
deflection at that load in comparison to the reference specimen that does
not have an opening. The utilization of diverse techniques to strengthen
slabs with different opening sizes resulted in a substantial enhancement
in both strength and stiffness. All strengthened specimens show an
improvement in ultimate load and lower deflection at the same load in
comparison to the corresponding control specimens with openings. The
tested slabs’ load-deflection relationships are displayed in Fig. 6(a—f).

3.1.1. Impact of opening size

This parameter examined the impact of three different opening sizes
on the ultimate load of specimens. The results showed that specimens
with opening sizes of 15, 25, and 35 cm had a decrease in the ultimate
load by 21.5 %, 31.9 %, and 40.7 % compared to the reference specimen
without an opening, as illustrated in Fig. (6-a). Openings in slabs
decrease their stiffness as they reduce their resistance to deformation
under loads. Larger opening sizes result in higher deflections at any load
compared to reference specimens without openings, indicating that the
size of openings directly impacts the specimen’s strength and stiffness.

3.1.2. Effect of strengthening on different opening sizes

This parameter investigates the influence of strengthening slabs of
different opening sizes using two layers of welded steel mesh. The results
show that the maximum load increased by 26 %, 33 %, and 34 % for
strengthened specimens with opening sizes of 15, 25, and 35 cm,
respectively, compared to the un-strengthened control specimens with
the same openings, due to providing additional reinforcement, which
acts as a secondary reinforcement system. Additionally, the addition of
two layers of welded steel mesh increases the flexural rigidity of the
slabs with openings, making them stiffer and more resistant to deflection
under applied loads, as the ultimate deflection increased by 22.3 %,
12.4 %, and 12 % for opening sizes of 15, 25, and 35 cm, respectively, as
illustrated in Fig. (6-b, c, d).

3.1.3. Impact of strengthening layer number

To assess the effect of strengthening mesh layer number, a slab with
an opening size of 25x25cm was chosen. The results showed that
increasing layer numbers led to greater load-carrying capacities and
ultimate deflection. When comparing the results of specimens
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strengthened with 1, 2, and 4 layers of welded steel mesh with the
control un-strengthened specimen, it was found that the maximum load
was 25 %, 33 %, and 40 % higher than the control un-strengthened
specimen. Additionally, the ultimate deflection increased by 12 %,
12.4 %, and 13.2 %, as indicated in Fig. (6-e). As the number of layers
increases, more reinforcement is provided to resist loads, resulting in a
higher load-carrying capacity. Strengthening layers also help redis-
tributing stresses, mitigating stress concentrations around opening
edges, and improving overall slab structural performance.

3.1.4. Effect of strengthening mesh layer type and extension length outside
the opening

The behavior of specimens W2/25 and E2/25, as well as specimens
W2/25/EXT and E2/25/EXT, which stand for welded and expanded
metal mesh reinforcing layers, respectively, as indicated in Fig. (6-f),
demonstrates the impact of these parameters. By raising the ultimate
load, both mesh types used in the strengthening process improved
flexural performance.

The expanded and welded steel mesh strengthening layers increased
the ultimate load by 41 % and 33 % for specimens with opening 25 cm
strengthened with extension equals to half the opening size, and
enhanced the ultimate load by 50 % and 41 %, respectively, for
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specimens with opining 25 cm strengthened with extension equals to the
opening size, when compared to the un-strengthened control specimen
(C25). Increasing the extension length of strengthening layers for spec-
imens E2/25/EXT. and W2/25/EXT. resulted in a higher ultimate load
by 6-7 % compared to specimens E2/25 and W2/25. Also, using the
expanded steel mesh type in specimens E2/25/EXT. and E2/25 resulted
in a higher ultimate load by 6-7 % compared to specimens of welded
steel mesh W2/25/EXT. and W2/25.

3.2. Cracking and ultimate loads

The first crack and ultimate loads and deflections, ductility, and ratio
between the ultimate load of each specimen compared to both the
reference specimen without opening and the corresponding control un-
strengthened specimens with openings are displayed in Table 4.

The specimen labeled as C35 exhibited the lowest ultimate load,
which was 40.7 % lower than that of the reference specimen. Such a
result was predictable as the former specimen had the biggest opening
size among all tested specimens, which led to a major lack of the slab’s
capacity to resist flexural loads. The ultimate load value was highest for
specimen (E2/25/EXT). In comparison to all other specimens, the
specified specimen had a 2.2 % higher ultimate load than the reference
specimen without an opening, which means that the effect of the
opening had been demolished. The higher weight per unit area for the
expanded steel mesh type, which leads to a higher reinforcement ratio,

and the more extended length of the strengthening layers outside the
opening provide an explanation for the specimen’s (E2/25/EXT) effec-
tive strengthening system.

3.3. Ductility

According to the definition, ductility is a structural element’s ability
to bend or stretch beyond its yield point without losing a lot of its
strength. In order to determine the ductility index, the deflection at
ultimate stresses is divided by the deflection at the initial cracking. A
slab’s ability to provide advance indications before experiencing com-
plete failure is directly proportional to its ductility index value. In
general, enlarging the aperture size led to a greater ductility index in
comparison to the control slab. However, strengthening slabs with
different openings using two welded steel mesh layers had a lower
ductility index, and this is attributed to a higher first cracking deflection
for strengthened specimens compared with the corresponding un-
strengthened specimens. The ductility index dropped from 8.12 to
6.01 as the number of layers increased from 1 to 4. This can be attributed
to the larger first cracking deflection observed with a higher number of
strengthening mesh layers.

3.4. Cracking behavior and mode of failure

Generally, flexural failure was the failure mode of all slabs. All
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specimens’ initial cracking and ultimate load values are provided in
Fig. 7. The twelve tested specimens’ fracture patterns are depicted in
Fig. 8. The reference specimen (CO), cast without openings, showed
bottom tension surface cracks. The main cracks ran along the slab’s
diagonals, while smaller cracks were uniformly dispersed around the
slab. For the tested control slabs with openings (C15, C25, and C35),
cracks began at the opening corner and extended towards the slab’s
edges, spreading widely and accompanied by minor, narrow, short

Table 4
Summaries of the specimens’ test findings.
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cracks. They continued to develop until the slab’s failure. Crack patterns
for preceding control slabs "with and without openings" show that
cracking was far more prevalent when openings were present.

As for strengthened specimens, cracks first appeared on their tension
side, mostly under the four-point loads. With the rise in the applied load,
there was a corresponding increase in both the quantity and breadth of
the cracks. Additionally, new cracks emerged and proceeded to spread
diagonally towards the borders of the slab. The results clearly demon-
strate that the application of ferrocement strengthening techniques
successfully restricts and minimizes the initial formation of cracks on the
openings’ sides of the specimens by effectively surrounding these
openings with strengthening layers. Also, fewer cracks appeared at the
corners of the openings, which is a result of the additional strength for
the opening corners provided by the overlapping between wire mesh
layers.

4. Finite elements analysis (FEA)

In this part, the ABAQUS/CAE 2017 non-linear finite element soft-
ware is used to check and validate the experimental results for the
specimens being studied in this study. The experimental and theoretical
results of the simulated RC slabs were compared. The following section
describes in detail the FEM approaches.

4.1. Classification of elements and modeling of materials

Using ABAQUS, the specimens were modeled as three-dimensional
structures. C3D8R was used for simulating the concrete and ferroce-
ment parts. Steel bars, welded steel mesh, and expanded steel mesh were
modeled using T3D2 elements. Fig. 9 shows the modeling of all parts in
ABAQUS/CAE. Metal meshes and steel bars are embedded in ferroce-
ment layers and concrete slabs, respectively. To ensure accurate
modeling, the ABAQUS software was given the experimental program’s
material characteristics for concrete, ferrocement, steel bars, welded
steel mesh, and expanded steel mesh.

Both concrete and ferrocement materials were modeled using the
damaged plasticity model. The ABAQUS concrete damage plasticity
model simulates the material’s inelastic behavior by combining
isotropic damage elasticity, isotropic compression, and tensile plasticity
concepts. Steel reinforcement behaves linearly elastically at low strain
values until it reaches the yield point, at which point its behavior
changes from elastic to plastic. Steel’s plastic attitude is identified by its
yield point and post-yield hardening. [47], [48].

4.2. Boundary conditions and load application

The relationship between the concrete and ferrocement layers was

Specimen ID 1st cracking Ultimate Ductility Pu (specimen) Pu (specimen)
Per (KN) Act (mm) Pu Aul (mm) Aul/ Acr /Pu (control without opening) /Pu (control with opening)
(KN)

co 40 2.01 135 13.41 6.67 1 -

Cc15 25 1.60 106 12.62 7.89 0.79 -

C25 22 1.58 92 12.32 7.80 0.68 -

Cc35 15 1.30 80 11.48 8.83 0.59 -

W2/15 35 2.36 134 15.44 6.54 0.99 1.26

W2/25 31 2.00 122 13.85 6.93 0.90 1.33

W2/35 27 1.88 107 12.86 6.84 0.79 1.34

E2/25 36 2.10 130 14.72 7.01 0.96 1.41

W1/25 28 1.70 115 13.80 8.12 0.85 1.25

W4/25 34 2.32 129 13.94 6.01 0.96 1.40
E2/25/EXT. 38 2.58 138 16.80 6.51 1.02 1.50
W2/25/EXT. 35 2.02 130 15.05 7.45 0.96 1.41

Note: Pcr: Cracking load; Acr: Deflection corresponds to Pcr:
Pu: Ultimate load; Aul: Deflection corresponds to Pu.
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defined using tie constraints, with the master surface representing the
bottom of the concrete slab and the slave surface representing the top of
the ferrocement layer. The translational movement in the z-direction of
the four edges of all modeled slabs was restricted. To simulate the

10

experimental testing, the load acted as pressure on the upper surface of
the studied specimens, impacting a specific region of 150 x 150 mm, as
illustrated in Figs. 10 & 11.
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4.3. Meshing of models costs. W. Mansour [49] utilized different mesh sizes in FE simulation to
achieve convergence and numerical outcomes. A moderately fine mesh
A mesh sensitivity analysis is a process in ABAQUS that evaluates the with 30 mm element size was chosen due to its good accuracy and less

impact of mesh sizes or element types on simulation results. It helps computing power. In this study and to obtain more precise results in
determine the appropriate level of refinement for reliable results, balance with the time consumed in the analysis, a moderately finer mesh
balancing accuracy and efficiency while minimizing computational was applied for concrete and ferrocement modelling with maximum

11
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mesh sizes of 20 and 10 mm, respectively, as shown in Fig. 12. Also, the
maximum mesh sizes for steel bars, welded steel mesh, and expanded
steel mesh were 20, 12.5, and 16 mm, respectively.

4.4. Comparison of experimental and numerical findings

The load-displacement curves for all tested specimens showed
excellent agreement between theoretical and experimental results, as
shown in Fig. 13 and Table 5. The finite element model accurately
described the load-deflection relationship of the experimental results.

12

'E"-'""-"'I'E':ﬂ ferracement
meshing meshing

Fig. 12. Mesh configuration.

The experimental and FEM results for the first cracking and ultimate
loads showed great agreement, with a ratio of 0.74 to 1.18 for the first
cracking load and 0.95 to 1.04 for the ultimate load. The comparison of
each slab’s load versus average deflection in experimental and FEM data
is shown in Fig. 13. Also, all slabs’ failure patterns are illustrated in
Fig. 14, which shows a similar pattern for the same slabs assessed
experimentally.
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5. Summary and conclusions

Throughout this research, ferrocement technology was utilized to
strengthen R.C. slabs with various opening sizes. Ferrocement layers
were constructed around the opening on the slab’s underside. A total of
twelve square slabs were prepared and tested up to failure: one reference
specimen without an opening, three control specimens with different
opening sizes, and eight specimens with openings strengthened using
different ferrocement schemes. The test variables pertaining to the
strengthening techniques under consideration were the number, type,
and extension length outside the opening of steel mesh layers. The
following inferences could be deduced from the investigating findings:

1. Creating openings in existing R.C. slabs decreased load-carrying
ability by a range of 21.5 % to 40.7 % compared with the refer-
ence specimen without an opening, according to the opening sizes
(15, 25, and 35 cm).

13

2. When steel mesh layers are increased from 1 to 4, the ultimate load

rises by 25 % to 40 % compared to the un-strengthened control
specimen of the same opening size (C25), and as a result of increasing
slabs’ capacity, the ultimate deflection increases by a range between
12 % and 13 %.

. The study used welded and expanded steel mesh layers for

strengthening slabs. Both types improved flexural behavior,
increasing ultimate load by 41 % to 50 % for expanded type and
33 % to 41 % for welded type. Expanded steel mesh type resulted in a
higher ultimate load of 6-7 % compared to welded steel mesh layers
for slabs with openings.

. Increasing the extension length of ferrocement strengthening layers

for specimens E2/25/EXT. and W2/25/EXT to be twice the extension
length for specimens E2/25 and W2/25 resulted in a higher ultimate
load of 6-7 %, which showed a slight effect of increasing the
extension length outside the opening edge.
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Table 5
Comparison between the experimental and numerical findings.
Specimens First crack load Pexp./Prem Ultimate Load Pexp./Prem
D (kN) (kN)
Pexp.  Prem Pexp  PrEm
co 40 33.87 1.18 135 136.71 0.99
c15 25 27.54 0.91 106  111.25 0.95
C25 22 23.24 0.95 92 93.90 0.98
C35 15 20.26 0.74 80 81.86 0.98
W2/15 35 32.44 1.08 134 131.05 1.02
W2/25 31 29.73 1.04 122 120.12 1.02
W2/35 27 25.66 1.05 107 103.66 1.03
E2/25 36 31.40 1.15 130  126.87 1.02
W1/25 28 27.26 1.03 115  110.14 1.04
W4/25 34 31.29 1.09 129 126.37 1.02
E2/25/EXT. 38 33.97 1.12 138 137.24 1.01
W2/25/EXT. 35 32.02 1.09 130 129.34 1.01
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5. Generally, increasing the opening size results in a higher ductility

index relative to the reference slab. However, strengthening slabs
with different openings using two welded steel mesh layers had a
lower ductility index, and this is attributed to a higher first cracking
deflection for these strengthened specimens. Increasing layer
numbers from 1 to 4 led to a lower ductility index from 8.12 to 6.01
due to higher first cracking deflection for bigger numbers of
strengthening mesh layers.

. Openings in RC slabs increased cracks, particularly at corners, while

strengthening techniques reduced crack formation around openings
due to effective reinforced layers like ferrocement.

. Precise agreement was observed between the finite element model

and the experimental results, with the model accurately representing
the load-deflection relationships.
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6. Limitations to the ferrocement technique

There were general limitations to the ferrocement technique
[18-21], and it was taken into account during the experimental program
of this study as follows:

a) Ferrocement components are susceptible to shrinkage cracks due to
their higher cement content, and to overcome this issue, a 7-day
uninterrupted curing period was applied.

b) Incomplete mortar coverage can lead to the corrosion of steel
meshes; therefore, complete mortar coverage was prioritized during
the construction process.

Additionally, it is recommend to use admixtures to enhance the
workability and flowability of the ferrocement.

7. Recommendations for future studies

It is recommended that future studies investigate the impact of un-
foreseen openings in reinforced concrete slabs under various parame-
ters, such as special concrete types, reinforcement ratios, opening
shapes, locations, and loading patterns. To gather sufficient data for
approval in codes of practice, further research on ferrocement materials
for strengthening and repairing reinforced concrete elements using
various mesh types and percentages is necessary. Strengthening the
whole tension face of slabs, rather than just the openings, can be
beneficial. Studies should also explore the effects of high temperature,
fire, and durability on the behavior of reinforced concrete slabs with
openings strengthened using ferrocement techniques. Additionally,
studies should be conducted on the dynamic effects of strengthened two-
way R.C. slabs and the effect of strengthening openings next to columns
to enhance punching shear failure using the ferrocement technique. It is
also recommended to conduct further studies on the use of non-metallic
reinforcing materials.

Engineers and practitioners should consider using ferrocement as an
external reinforcement for strengthening structural members or
restoring damaged slabs. Ferrocement is a durable material with high
tensile strength, close-spaced reinforcement, and improved resistance to
crack development and corrosion. Ferrocement slabs offer reduced
maintenance costs, design flexibility, and ease of repair, resulting in cost
savings and efficient maintenance and restoration of reinforced concrete
elements.
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