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Abstract- This paper is the second part of a research program
that studies the behavior of concrete solid slabs reinforced using
welded wire mesh and the effectiveness of using welded wire
meshes as an economic replacement to ordinary steel bars. This
paper focuses on two-way solid slabs where nine two-way simple
specimens were tested using concentrated, line, and uniform
loading setup. The parameters studied were the effect of using
welded mesh and the number of layers utilized. Following that,
a finite element analysis using the ABAQUS 6.13 program was
conducted. Comparison between the experimental and analytical
results showed good correlation. The results showed that the
number of layers of welded metal-mesh and load type have a
significant effect on the capacity of the slabs. The specimens with
welded wire mesh showed higher capacities than that with
ordinary reinforcing bars as well as an enhanced cracking
behavior and improved ductility. A correction factor is
introduced to take the effect of the welding of the wire mesh on
the behavior of the concrete slabs. A comprehensive parametric
study using 432 slabs was done to investigate the effects of the
slab geometry, reinforcement arrangement and the concrete
compressive strength. Based on the parametric study, simplified
design charts were proposed which can be used as a base for the
design of solid slabs reinforced using welded wire mesh.

Keywords: Welded wire mesh, Two-way slabs, Ductility, Design
charts, Abaqus

1. INTRODUCTION

Slabs represent an important element in reinforced
concrete structures. Different types of reinforcement can be
used with slabs such as reinforcing bars, welded wire steel
mesh or fiber reinforcements. The use of welded wire mesh
(WWM) has many advantages. It can provide smaller
diameter bars with tighter spacing thus leading to an efficient
stress transfer to concrete. As a result, the crack width is
reduced and the bond between steel and concrete is also
increased. The use of WWM largely improves the site
efficiency where less manpower is needed since the mesh is
produced at the factory thus no bending or shaping is needed
on site. The construction cost can be significantly reduced due
to the rapid speed of construction and placing of the
reinforcement as well as minimizing the waste. In addition,
less storage area is needed. Welded wire mesh (WWM) is
widely used with ferrocement concrete generally for
strengthening or repair of structures. Many types of Welded
wire mesh (WWM) are available in the markets with variable
sizes and shapes. However, the use of welded wire mesh
(WWM) as an alternative reinforcement for solid slabs has
been scarcely studied.

Researchers studied the mechanical properties and
structural behavior of welded wire mesh. Carrillo et al. [1]
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developed a research program to assess the mechanical
properties of the welded wire mesh available in their home
country. The main parameters studied in the experimental
program such as yield stress and strain, ultimate strength
strain, elongation, and reduction of cross-sectional area after
fracture, shear strength of welding and bending test, were
reported, and discussed. Tanawade and Modhera [2]
conducted tension stresses on welded and hexagonal wire
mesh with the different sizes available in their market. They
reported that mesh with 0o orientation gave better results and
that the hexagonal mesh showed better ductility.

Welded wire mesh is commonly used with ferrocement
concrete used with different structural elements.
Leeanansaksiri et al. [3] reported that ferrocement can be used
in different applications and being lighter than traditional
concrete by 70% makes it suitable for low-cost housing. Ali
et al. [4] studied one-way ferrocement slabs under flexure
where the slabs were reinforced with a combination of wire
mesh and steel fibers. They studied the number of mesh layers
as a main parameter, and they concluded that the increase of
the wire mesh layer combined with the enhanced distribution
along the thickness of the slabs lead to an increase in the
capacity and an improvement in the ductility of the slabs. In
addition, Banduke and Narule [5] studied one-way
ferrocement slabs under bending and punching loading
arrangements. They used two types of mesh: square welded
mesh and chicken mesh. The parameters under study were the
volume fraction and the thickness of the specimens. They
concluded that the welded wire mesh showed better flexural
behavior compared to the chicken mesh, but the opposite
occurred under punching stresses. Phalke and Gaidhankar [6]
studied flat ferrocement panels using different types of wire
mesh and different number of layers varying from two to four
layers. The addition of steel fiber to the mix was also a
parameter under study. The panels were tested under two-
point loading and the test result shows that panels with a
greater number of layers exhibit greater flexural strength, less
deflection, better ductility, and energy absorption compared
to panels having less no of layers of mesh. In addition, the use
of steel fiber enhanced the capacity and behavior of the
concrete panels. Rahman and Awal [7] also studied the effect
of the wire mesh on the ferrocement slabs using different
types of wire mesh with one, two and four layers. They
concluded that slabs made with two layers of expanded wire
mesh showed the best combination both in terms of strength
and cost of material.

The use of welded wire mesh can be expanded where
Shaheen and Eltehawy [8] introduced a new pre-cast U shaped
ferrocement form as an alternative to the conventional
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reinforced concrete slabs. They studied 10 slabs with
dimensions of 500x100x2500 mm incorporating 40 mm thick
U-shape permanent ferrocement forms. Different types of
reinforcing mesh were used. They concluded that using
welded galvanized steel mesh gave the highest capacity and
improved the energy absorption.

Although considerable research dealt with welded wire
mesh used with ferrocement concrete, there isn't much study
on the application of welded wire mesh in ordinary concrete.
Vigneshwar P. V. and Lenin [9] studied high strength concrete
specimens which included conventional reinforced concrete
one-way slabs and slabs reinforced using welded wire mesh.
They concluded that the strength of welded mesh slab is much
greater than the conventional slab and the two types of
reinforcement gave different cracking patterns. Li et al. [10]
examined ultra-high-performance concrete (UHPC) slabs
under blast loads. The slabs were reinforced using four
combinations of reinforcement including fiber material and
steel wire mesh where only fiber reinforcement, hybrid fiber
and steel wire mesh, only steel wire mesh with two volume
ratios were incorporated. They showed that two-dimensional
steel wire mesh can be effective in improving the flexural
capacity of the slabs and that the hybrid system of wire mesh
and fiber can effectively improve the shear strength resulting
in a more ductile behavior. Altouba et. al. [11] discussed the
effect of fibers and welded-wire reinforcements on the
diaphragm behavior of composite deck slabs. Twelve large-
scale composite deck slabs were instrumented and tested in a
cantilever diaphragm configuration to assess the effect of
fibers and welded wire mesh on the in-plane shear capacity of
composite deck slabs. The load deflection results show that
the addition of fibers and WWM increased the ultimate in-
plane shear capacity and ductility of the slabs relative to the
control specimen. For the slabs tested in the strong direction,
the use of A 142 mesh resulted in 19% increase in the ultimate
in-plane shear capacity and the additions of 5.3 kg/m3 of
synthetic macro-fibers and 15 kg/m3 of steel fibers increased
the ultimate in-plane shear capacity by 20% and 29%,
respectively.

Hong and Jung [12] conducted an experimental study on
the use of welded bar mats (WBM) (which improve the rib
shape, strength, and diameter limits of the existing structural
welded wire fabric) in slabs. Ten simple supported and
continuous slabs were tested. The type and strength of the
reinforcement, and the compressive strength of concrete were
varied. The experimental results were compared to the design
standards. They concluded that in case where WBM with
yield strength of 400 MPa are used in 21 MPa concrete, a
performance like that of normal rebar can be expected, but to
use higher strength or steel wires of 500 MPa or higher, an
improvement in the rib shape is required for the improvement
of the bond strength between the orthogonal steel wires.
Aljazaeri et al. [13] conducted an experimental work studying
the flexural behavior of two-way concrete slabs reinforced
using carbon fiber-reinforced polymers’ (CFRP) grid in
comparison with the conventional welded steel wire mesh
using self-consolidating concrete. Three aspect ratios were
used for the slabs. They concluded that both CFRP and
welded steel mesh behaved better in terms of cracking
patterns as the aspect ratio of the slab increased and all the
tested slabs showed good serviceability performance.
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This paper is the second part of a research program that
focuses on the study of the behavior of solid slabs reinforced
using welded wire mesh under bending. The first part was
introduced in a previous paper by the authors [14] where the
behavior of one-way slabs was studied. This paper focuses on
the flexural behavior of two-way slabs. As seen from the
above literature review, there is not much research conducted
on the use of WWM with ordinary concrete slabs and even
less work is found related to two-way slabs. Welded wire
mesh proved effective, yet its usage is still limited to
ferrocement concrete where it can be used as a strengthening
material or in the construction of some simple structures. The
authors would like to expand on the usage of welded wire
mesh to ordinary concrete structures. This research is mainly
concerned with slabs used in low-cost housing which is
currently much needed in Egypt and used welded wire mesh
commonly available in the Egyptian market. WWM presents
an effective means for the cost reduction of construction and
thus can be a viable replacement for ordinary reinforcing bars
especially in small span structural elements.

Research significance

This article focuses on two-way solid slabs reinforced with
welded wire metal mesh. Different types of loading are
investigated namely, point load, line load, and uniform loads.
The slabs were chosen with small spans usually used in low-
cost buildings. The study is divided into an experimental
program conducted on nine simple two-way slabs reinforced
using single and double layers of welded mesh in addition to
control specimens using traditional steel bars. And another
part is composed of a finite element analysis using the
software package ABAQUS where the tested specimens were
modeled, and the analytical results compared with the
experimental data to assess the suitability of using ABAQUS
in the analysis of the two-way solid slabs. Following that a
parametric study is conducted to incorporate wider range of
values for the parameters studied taking into account the
difference in the behavior of welded wire mesh compared to
ordinary steel bars. Currently, there are no provisions in the
Egyptian design code of practice ECP 203-2018 [15] for the
design of concrete structures using welded wire mesh and thus
this hinders the process of design using WWM. The goal of
the research program is to introduce a design methodology for
slabs using WWM as an alternative reinforcement. Figure 1
summarizes the layout of the research program.

2. EXPERIMENTAL PROGRAM
2.1 Details of Specimens

All the slabs had the same dimensions of 1050x1050xmm

and a total thickness of 50 mm. These in plane dimensions
give an aspect ratio of 1 for all the slabs.
The slabs were divided into three groups each having three
specimens. Within each group, one specimen was reinforced
using ordinary reinforcing bar and will be used as a reference
specimen. The other two slabs were reinforced using WWM
one having one layer and the other having two layers of mesh.
The welded wire mesh had bars of diameter 5 mm welded in
both directions. The distance between the bars was 50 mm in
both directions.
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Studied in former research by

Research Program
(Solid sabs using welded wire mesh)

authors [14]1

Experimental Part

/

Two-way slabs

Analytical Part - ABAQUS

N

Nine two-way simple slabs

Verification using
experimental data

Parametric Study
432 Specimens

Loaded using:
Point load
Line Load

Uniform Load

Design charts for solid slabs reinforced using welded wire

mesh

Figure 1. Layout of the research program.

Table 1. Simple two-way slab identification notation and details.

Group . Group . Group . Reinforce- Fy
No Specimens No Specimens No Specimens Mesh Type ment MPa
RT-SO-CL RT-SO-LL RT-S0-UL O‘g’;:‘saxesstﬁe' O8@142 mm | 368
G1 G2 G3 WWM
Point FT-S1-CL Line FT-S1-LL Uniform FT-S1-UL One layer O5@50 mm 418
Load Load Load WWM D5@50+
FT-S2-CL FT-S2-LL FT-S2-UL Two lavers Additional 418
Y ®5@50 mm
Table 2. Mechanical properties of Welded Metal Mesh from manufacture.
Property Value (E.S.S) limits, 1109,1971
Diameter 5mm | e
Yield stress 418 KN/mm? Higher than 240 kN/m?
Ultimate stress 613 kN/mm? Higher than 480 kN/m?
Elongation 20 % Higher than 20% E‘E‘g“‘ﬁa
g g él".‘%‘l-\i\i\g\a\!

The specimens reinforced with ordinary steel bars and
the specimens with one layer of welded wire mesh were
designed to have the same reinforcement ratio where the
reinforcement ratio for the former was taken as 0.80 % and
for the latter as 0.78%. The specimen reinforced with double
layer had a ratio of 1.56 % and the additional layer extended
over a length of 0.80 L where L is the span of the slab. Figure
2 shows the details of the tested slabs.

The difference between the three groups is in the loading
type used for testing where for group one point load is used,
for group two, line load is used and for group three uniform
load is applied. Table 1 shows the notation used for the
specimens. The letters RT refer to the control specimen and
the letters FT refer to the specimen having welded wire
mesh. The term SO means ordinary reinforcing bars and S1
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means one layer of WWM while S2 means two layers of
WWM. CL indicates point load, LL indicates line load, and
UL indicates uniform load.

2.2 Material properties

The target concrete compressive strength after 28 days
was 35.0 MPa. The properties of the mix design are given in
the first paper discussing one-way slabs [14]. For the
ordinary reinforcing bars mild steel provided from the
national companies was used. The diameter used was 8 mm.
Laboratory testing was conducted on a sample which gave a
yield stress equal to 368 MPa. The welded wire mesh was
obtained from a local supplier having a diameter of 5 mm
and spacing between bars of 50 mm. Table 2 show the
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mechanical properties of the metal mesh. The mesh satisfies
the limits set by the E.S.S, 1109-1971 [17].

The specimens were cast in two batches: one for groups
1 and 2 and the other for group 3. Six standard cubes were
taken at the time of casting and tested on the same day as the
slabs. The average compressive strength of the standard
concrete cubes obtained through compressive testing after 28
days was 42 N/mm2. Thus, the concrete mix satisfies the
target compressive strength of 35 N/mm?2,

2.3 Test setup and instrumentation

To test the specimens as two-way slabs, each specimen
was loaded upside down on a rigid metal frame where the
frame provides supports to the slabs on all four sides. The

1050

1050

Journal of Engineering Research (ERJ)

clear span was 1000 mm in both directions. The load was
applied through a load cell and a hydraulic jack. The load
distribution for the different types of loading was applied
using wooden cubes of dimensions 100x100x50 mm as
shown in Figure 3. The wooden cubes for line loading were
separated every 100 mm along the loading line. Steel
channel beams were used to arrange the wooden cubes in a
pyramid configuration. For uniform loading, the same
arrangement was spaced every 100 mm in both directions, to
distribute the jack load evenly to the top slab surface. The
deflection was measured wusing a linear variable
displacement transducer (LVDT) at mid span. To gauge the
maximum strain in the reinforcement, strain gauges were
fixed to the bar at midspan in each specimen.

R - o = 'S e & Sopport
i 1020 [One_bottom layer] — e == —
d |0ne bottom layer Full mdsh |
i + i
& | Additional layer 0.8 L !
z o A i o i §
2| b= ¢ B gl [ @ H s B gl i
§ § T § @ Welded mesh ;i =1 i @W idsi i = i
5@50-B I welded mest 1
E } ®5@50-B :
A L 0.80 L boLAS
& S 4 S Dy O
818—-142-B1 bamsuigsmminrasns 2=
Support
1 E! Sappot 1 Support 5
808 8®8
3 7 1 = ) ]

Reinf Detai

Sec  (1-1)

Loyer Square Welded mesh
Reinforcement Details
Sec  (1-1)

Reinforcement Details
Sec  (1-1)

Slabs with ordinary
steel bars mesh

Slabs with one layer
welded wire mesh.

Slabs with two layers
welded wire mesh.

Fig. 2. Details of the different specimens.
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c)

Fig. 3. Test setup under different types of loading.

3. TEST RESULTS AND DISCUSSIONS
3.1 Modes of failure and crack patterns

Figure 4 shows the cracking patterns observed at failure
for the nine specimens. The general mode of failure observed
was flexural failure except for slab FT-S2-CL where
punching failure was recorded, and a punching cone was
clearly seen. As shown in Figure 4, the cracking patterns for
slabs reinforced with welded mesh revealed more cracks
distributed around the bottom surface of the specimens with
smaller crack widths than in the case of regular reinforcing
bars.

Group 1: The three specimens in this group were loaded
under concentrated load at the center of the slabs. The first
cracks generally occurred just under the load and the cracks
then extended towards the edges of the slabs in a radial
pattern as shown in Figure 4a. This shape of cracks is
indicative of bending stresses occurring in both directions of
the two-way slabs as intended. For specimen RT-SO-CL,
which was reinforced using ordinary steel bars mesh, two
major cracks appeared at mid span one in each direction. As
the loading increased, the width of cracks increased until the
flexural failure occurs. For specimen RT-S0-CL because of
the larger spacing between the ordinary bars, larger spacing
between cracks were observed. For specimen FT-S1-CL
where one layer of WWM was used, the spacing between
cracks decreased with smaller width, their number increased
compared to RT-SO-CL and flexure failure was also
observed. By adding an additional WWM layer in specimen
FT-S2-CL, an even larger number of cracks was observed,
and the crack width was noticeably decreased. This
enhanced crack distribution can be explained due to the
better distribution of reinforcement due to the closely spaced
bars of the mesh in both directions in case of FT-S1-CL and
FT-S2-CL. For Specimen FT-S2-CL, a rather premature
failure occurred due to punching.

Group 2: The cracking pattern are shown in Figure 4b where
they are characterized by a linear pattern in the direction of
the applied line load. For specimen RT-SO-LL, two distinct
parallel cracks were formed while for specimen FT-S1-LL,
there was only one crack, parallel to the line load. In the case
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of the double mesh, FT-S2-LL, the quantity of cracks
increased and covered the entire surface of the specimen.
Flexural failure occurred for all specimens in this group.
Group 3: This group consisted of specimens subjected to
uniform load. The bottom surface's crack distribution
revealed parallel cracks on the slab’'s two sides. Specimens
RT-S0-UL developed a few small cracks and collapsed due
to flexure. Specimens FT-S1-UL and FT-S2-UL showed a
more evenly spaced crack pattern with FT-S2-UL showing
more cracks with smaller width than FT-S1-UL as shown in
Figure 4b and 4c. Both specimens failed due to flexural
failure.

3.2 Load deflection behavior

The test results for the various groups are shown in Table
3 and the load-deflection curves for all specimens are shown
in Figure 5. For specimens reinforced with ordinary steel
mesh, up until the first crack load, the load deflection curves
were found to be linear; after that, non-linearity was seen
until failure. For the specimens reinforced with welded wire
mesh, the load deflection curves were mostly linear up to the
ultimate load and in some specimens, post peak deflection
was observed. The loading type did not cause any noticeable
difference on the load deflection behavior among the three
groups. The first crack load for specimens FT-S1-CL and
FT-S2-CL indicate an increase of 33% and 44% for one layer
and two layers of mesh compared to the control specimen
RO-S0-CL, respectively. While an increase of 33% and 33%
was seen for specimens FT-S1-LL and FT-S2-LL,
respectively.

However, for the ultimate load, specimen FT-S1-CL
showed an increase about 22% and for specimen FT-S2-CL
showed decrease about 4% due to punching failure
compared to the control specimen RT-SO-CL while an
increase of 52% and 69% was seen for specimens FT-S1-LL
and FT-S2-LL. For group 3 under uniform load, specimens
FT-S1-UL and FT-S2-UL showed an increase of 25% and
56% for the first crack load compared to the control
specimen RT-SO-CL while an increase of 36% and 77% for
the ultimate load, respectively. Figure 6 shows the increase
in the values of the cracking load and deflection at cracking
for all specimens relative to the control specimen in each

group.
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Specimen RT-S0-CL Specimen FT-S1-CL Specimen FT-S2-CL
a) Groupl

Specimen RT-SO-LL Specimen FT-S1-LL Specimen FT-S2-LL
b) Group2

Specimen RT-S0-UL Specimen FT-S1-UL Specimen FT-S2-UL
¢) Group3
Fig. 4. Cracking patterns for all specimens at failure.

While Figure 7 shows the ultimate loads and deflections only 5 mm. In addition, the values of the deflection increased
compared to the control specimen. Using one layer of as the number of welded wire mesh layers increased which
welded wire mesh instead of the ordinary reinforcement shows a significant improvement in the ductility of the slabs
showed an increase in the slabs' ultimate capacity and using when using WWM.
two layers lead to a significant increase. This is because the It should be noted that the slabs loaded using uniform
presence of the welded wire mesh in both directions has loading showed rather large values for ultimate load
created a grid action which effectively enhanced the slab capacity. This can be explained due to the formation of an
capacity in addition to the more uniform and close arch action during loading that transferred loads directly to
distribution of reinforcement in case of the mesh where the the supports. Thus, this loading arrangement needs to be
spacing between the bars was 50 mm and their diameter is improved if further research is conducted.

13
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3.3 Reinforcement load strain behavior

The reinforcement reached the yield strain according to
the strain gauge readings for all the specimens except for
specimen FT-S2-CL where punching failure was observed.
Figure 8 shows specimens load strain curves and the values
of strain at ultimate load are given in Table 3. The specimens
with ordinary steel mesh generally showed the lowest value
of strain which is due to the larger diameter of bars in these
specimens with the larger spacing compared to the welded

Journal of Engineering Research (ERJ)

wire mesh. For all groups under different types of loading,
the slabs with ordinary reinforcing bars and the slabs with
one layer of mesh showed similar behavior with values of
initial stiffness very close to each other. After yielding of
reinforcement, the curves started to separate and the
specimens with one layer of mesh showed higher load
capacity and higher values of strain at the ultimate load. For
specimens with double layer, the load strain curve showed
nonlinear behavior with an increase in the ultimate strain
values.

Table 3. Test results of different groups.

Test Slabs Por Acr Py Ay Pu Ay (Ultimate Steel
(kN) (mm) (kN) (mm) (kN) (mm) Strain) x10®
RT-S0-CL 75 1.77 47.28 7.19 57.22 9.71 2200
Group 1 FT-S1-CL 10 2.50 53.97 8.52 69.96 10.12 3700
FT-S2-CL 10.82 2.47 54.95 8.05 54.95 8.05 1557
RT-SO-LL 15 2.00 44.96 4.96 58.95 7.88 2856
Group 2 FT-S1-LL 20 3.02 53.05 7.75 89.92 13.07 3080
FT-S2-LL 20 2.57 92.95 7.07 99.92 11.42 2986
RT-S0-UL 16 1.32 122.9 8.71 197.40 12.72 3010
Group 3 FT-S1-UL 20 1.36 135.9 8.78 269.86 14.66 4077
FT-S2-UL 25 1.78 218.6 11.78 349.82 16.58 3863
P = First crack load A = Cracking deflection.
Py = Load at the yield of steel A, = Deflection at the yield of steel
P, = Ultimate load A, = Ultimate deflection.
100 120 ‘ = 400 —r
; - 350 biigiae
100 ‘ i B
80 - ‘ e 300 ¢ : ::’L iy ::
80 ‘ =
Z 60 [ z 2250 i
5 | de— S60 | L o —
S 40 k! 20 S 150
@ RT-S0-CL RT=SO-LL 100 —@— RT-SO-UL
20 e FT-S1CL 20 —tr— FT-S1-LL 0 —t— FT-S1-UL
$2- d 52- P FT-S2-UL
o s FT-52-CL o wi FT-S2-LL o un®
0 5 10 15 0 10 15 0 5 10 15 20
Deflection (mm) Deflection (mm) Deflection (mm)
a) Groupl b) Group2 C) Group3

Fig. 5. Load—deflection curves for the three groups.
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Fig. 6. Cracking load and deflection results comparison for tested specimens.
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Fig. 7. Ultimate load and deflection results for tested specimens.
Note: Ratios shown in Figures 6 and 7 are relative to the control specimens in each group.
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Fig. 8. Load-strain curves for all specimens.

4. FINITE ELEMENT ANALYSIS

In this part, the nine two-way slabs that were tested
experimentally are modeled using the finite element program
ABAQUS version 6.13 [18] to assess the validity of using
such program in the analysis of concrete slabs reinforced
using welded wire meshes. The ABAQUS was used in
analyzing one-way slabs in the previous research on one-
way slabs [14] and it proved to be a good tool to be used in
solving slabs with welded wire mesh. Suitable elements were
chosen from the extended ABAQUS library to give the best
representation of each of the three elements under study here
which are concrete, ordinary reinforcing bars and welded
wire mesh.

Concrete was modeled using the element C3D8R where
small, uniformly sized mesh elements measuring 50 mm by
50 mm by 5mm were used. T3D2 elements that were
included into the surrounding solid elements were used to
create steel bars and metal mesh. Figure 9 shows the
modeling meshes for the three slab elements. The concrete
elements were modelled using the concrete-damaged
plasticity model. Elastic plastic modeling was used for the
steel bars and the welded wire meshes.

Figure 10 shows the stress strain relationship that was
used for concrete while Figure 11 shows the stress strain
relationship for steel and welded wire mesh.

https://digitalcommons.aaru.edu.jo/erjeng/vol6/iss3/19

a)

b)  Modeling of steel bars

15



Mabrouk: Flexural Behavior of Two-Way Slabs Reinforced Using Welded Wire M

Vol. 6, No. 32022 Journal of Engineering Research (ERJ)

c)  Modeling of welded metal mesh

Fig. 12. Boundary condition of FE models

Fig. 9. Modeling of different slabs elements
For modeling the welded wire mesh, the modified
40 Ramberg-Osgood curve represented by Equation (1) is used
35 for assessing the tensile stress-strain curve of welded wires
30 /_ as proposed by Ali-Mirza and MacGregor [19]. More details
25 // on the finite element modeling and the material parameters
20

used can be referred to in Ewida et al. [14].
/ 20
: b (-HP
10 / E E—S u

/ Where € is the tensile strain (mm/mm), f is the tensile stress
(MPa), fu is the maximum tensile strength, €u is the strain
associated to fu, and Es is the modulus of elasticity of the
Strain material. In this study, Es was taken as the value reported by
Fig. 10. Stress strain relationship for concrete Gere and Goodno [20] where Es = 206000 MPa.
o Figure 12 shows boundary conditions for the finite
A element models. The exact same conditions applied during
Gu the testing of the specimens were represented in the finite
Gy element modeling.

Stress

Equation (1)

0 0.001 0.002 0.003 0.004

4.1 Load deflection behavior

The values of the ultimate load capacity obtained from the
numerical analysis using ABAQUS and those measured
during the testing of the nine specimens are shown in Table
4 while Figure 13 shows the comparison between the load
deflection curves obtained.

»E

SY €Eu

Fig. 11. Stress strain relationship for ordinary steel and welded wire
mesh
Table 4. Comparison between experiment (EXP) and finite element model (FEM) at yield.

Experimental (EXP) Finite Element (FEM) 9% Diff = ZX-FEM
Group No Type of Slab LXP
Py A y Py A y Py A y
RT-S0-CL 47.28 7.19 45.85 6.88 3.02 431
Group 1
FT-S1-CL 53.97 8.52 50.12 8.12 7.13 4.69
FT-S2-CL 54.95 8.05 60.11 8.85 -9.39* 18.51
RT-SO-LL 44.96 4.96 44.46 4.79 1.11 3.43
Group 2
FT-S1-LL 53.05 7.75 48.61 7.43 8.37 4.13
FT-S2-LL 92.95 7.07 90.2 6.8 2.96 3.82
RT-SO0-UL 122.93 8.71 89.73 8.32 27.01 4.48
Group 3
FT-S1-UL 135.9 8.78 97.9 8.192 27.96 6.70
FT-S2-UL 218.64 11.78 182.34 11.26 16.60 441
* Punching failure occurred.
16
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Fig. 13. Load—deflection curves - Comparison between finite element analysis and experiment for tested specimens.

Except for the specimens in Group 3 which are loaded
using uniform loading, the maximum difference was about
8% which means that good correlation between the analysis
and the experimental results exists and thus showing good
performance of the finite element model. For specimen FT-
S2-CL, the analytical value of the ultimate capacity was
higher than the value obtained from the experiment. This is
due to the premature failure that occurred due to punching
for this specimen. As for Group 3, the load deflection curves
obtained from analysis and experiment are close to each
other at the first parts of the curves. As the load increases, a
quite large difference of around 28% was obtained. This is
due to the rather larger values of ultimate load obtained from
experiment for slabs under uniform load. These large values
are due to the arch action occurring during loading which led
to the overestimated values for ultimate load as explained in
section 3.2. The output from the finite element analysis
confirms that the values obtained during testing are rather
overestimated.

https://digitalcommons.aaru.edu.jo/erjeng/vol6/iss3/19
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The deviation between the numerical and experimental
results can be due to a couple of reasons. First, perfect bond
between steel and concrete by simulating steel reinforcement
as an embedded component in the concrete at the elastic
stage was assumed. Bond degradation was considered at the
plastic stage through an empirically derived factor which
needs more study as this derived factor may differ from one
experimental study to another. Second, the actual stress
strain curve for concrete during experiment may slightly
differ from the theoretical modeling used depending on the
28 days cube compressive strength. Another main factor that
contributes to this difference in values can be because the
steel bars in the two directions of the mesh are welded while
the modeling using ABAQUS does not take this fact into
consideration. The behavior of the welded wire mesh
embedded in concrete is quite different from the ordinary
steel bars mesh and thus the ultimate load capacity is higher
from the experimental data than the finite element analysis

10
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Fig. 14. Load-strain curves comparison between finite element analysis and experiment for tested specimens.

4.2 Load steel strain behavior

Figure 14 shows the comparison between the readings
taken during the experimental program and the results of the
FEM analysis. In general, the two results are in good
correlation. However, numerical analysis readings are
generally slightly lower than the readings obtained during
the experiment. For Group 1 and Group 2, all specimens
reached yield strain with severe cracks observed. For Group
3 (two-way slabs loaded under uniform load), the
experimental curves divert more from finite element ones.
This again can be explained due to the rather overestimated
experimental values.

5. PARAMETRIC STUDY AND PROPOSED DESIGN
APPROACH

The objective of this section is to formulate a design
approach that can be used for solid slabs reinforced using
welded wire mesh. Currently there are no provisions in the
design codes that details design formulae or procedure for

Published by Arab Journals Platform, 2022
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using welded wire mesh as reinforcement. Only some
guidelines on the use of steel mesh with ferrocement [21,22].
Some researchers studied the properties of welded wire mesh
under tension, compression, and flexure [23-25] but still no
models are available for practical design. The proposed
design approach is intended to focus mainly on slabs used in
low-cost housing which is currently in large demand in
Egypt. In this case slabs of short spans not exceeding 3.5 m
are commonly used and the use of less expensive materials
is greatly needed which makes slabs reinforced with WWM
a very good alternative. The design method will introduce
design charts that can be easily used to calculate the load
capacity of slabs reinforced with welded wire mesh (WWM).

5.1 Comparison between experimental results and
design using equilibrium equations

In this part, a second approach to assess the experimental
results of the specimens is introduced. The slabs that were
tested experimentally are analyzed using the standard design
methods for sections under bending as given by the
compatibility and equilibrium equations of the ECP [15] and

11
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then the results are compared with the experimental data
previously obtained. The nine two-way slabs introduced in
this article as well as nine one-way specimens that were
previously studied by the authors [14] were analyzed.

Figure 15 shows the stress and strain distributions for a
singly reinforced section under pure bending. By using
equilibrium equations, the moment capacity for the section
can be calculated using the following equations.

My =(TorC)x(d-3)
_ Fy a
=Asx 2 x(d-7)
My =AsxZxdx(l-2)
Ys 2d

:ASXF—deX(l- uwxFy xYc )
Ys 1.34 X Y's xFcu

Equation (2)

Equation (3)

_ As
" bxd

U Equation (4)
Where: -

My Ultimate moment capacity.

a  Stress block distance.

Fy Yield stress for steel.

Fcu Compressive stress for concrete.

d  Effective depth of section.

u  Steel percentage in section.

Yc Material factor of safety for concrete.

Ys Material factor of safety for steel.

Using the moment capacity for the slab cross section, the
ultimate load capacity can be obtained by calculating the
load for the short direction and for the long direction. The
value obtained through the short direction is the most critical
of the two as given by Equation (5) and Equation (6). The
calculated ultimate load capacity from the previous
equations, as well as the experimental load capacity of tested
slabs are listed in Table 5.

e Point and line loads for simply supported slabs:
_ Pax A _4XMu

My = Then P,=
Then

Equation (5).

o Uniform loads for simply supported slabs:
2
Mu:WotxA Then WGZSXMU

8 A2
Then

Equation (6)

Where: -

My Ultimate moment capacity.

A Short span.

o Distribution factor in the short direction for two-
way slabs obtained using Grashoff’s equations [15]

P, Load for short direction

W, Uniform load for short direction

The experimental values for specimens reinforced using
welded wire mesh exceed that calculated using the
equilibrium equations which is in part due to the effect of
welding found in the real situation of the experimental tests.
However, for specimen FT-S2-CL specimen which failed
due to punching, the estimated capacity from equations was
greater than experimental one. The average percentage

https://digitalcommons.aaru.edu.jo/erjeng/vol6/iss3/19
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increase for slabs under concentrated load was about 1.13,
while for line load it was 1.10. However, the amount of
increase in the case of uniform loading was about 1.28. This
high amount of increase may be attributed to the arch action
status which was explained earlier leading to overestimated
experimental data for slabs under uniform load.

0.67fcu
b 1.5
0003 T 7
T
Hl - /=
A
2 /— ]
3 o~
Mu oo | ~
e S
1 |
Rl o
As £
® o 0 S
T=As fy/1.15 steel yield
T=As fs steel does not yield

Fig. 15. Stress and strain distributions for a singly reinforced section
[15]

Table 5. Load comparison between experimental data (EXP) and
equilibrium equations (EE).

. Load (at yield) (kN)
Specimen
EXP | EE | EXP/EE
One-way slabs ref [14]
RO-S0-CL 32.83 31.43 1.04
FO-S1-CL 40.72 35.29 1.15
FO-S2-CL 69.96 62.76 111
RO-SO-LL 32.98 31.43 1.05
FO-S1-LL 39.27 35.29 111
FO-S2-LL 68.96 62.76 1.10
RO-S0-UL 80.80 62.86 1.29
FO-S1-UL 88.94 67.99 1.31
FO-S2-UL 145.13 125.52 1.16
Two-way slabs

RT-SO-CL 47.28 44.00 1.07
FT-S1-CL 53.97 47.59 1.13
FT-S2-CL 54.95 87.86 0.69*
RT-SO-LL 44.96 44.00 1.02
FT-S1-LL 53.05 47.59 111
FT-S2-LL 92.95 87.86 1.06
RT-SO-UL 122.93 88.00 1.40
FT-S1-UL 135.9 95.18 1.43
FT-S2-UL 218.64 175.72 1.24

* Punching failure occurred.

5.2 The welding correction factor ().

The behavior of welded wire mesh under flexure is quite
different from ordinary reinforcing bar mesh. The authors
suggest that the main cause of this difference arises from the
welding between the wires in the two directions of the
WWM which is done during manufacturing. To calculate the
ultimate load for the slabs using WWM, a correction factor
is introduced to take the effect of the welding in the two
directions of the WWM into consideration. This factor can
be defined using the following equation:

Pmod =n x Pcalc

Where:
Pmod: Calculated load capacity for slabs reinforced with
welded mesh.

Equation (7)
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Pcalc: Modified load capacity for slabs reinforced with
welded mesh.

n: Correction factor for considering the welding
effect.

To obtain the value for m, comparison between the
experimental data and finite element analysis as well as the
values obtained using the equilibrium and compatibility
equations is performed. A proposed value for the correction
value (1)) is introduced. This value can be multiplied by the
calculated capacity of slabs reinforced with welded wire
mesh under different loading types to give a more accurate
estimate of the ultimate capacity. As a tentative assumption
the high capacities obtained from the uniform load can be
ignored and an average value of 1.1 for n can be assumed for
the three cases of loading. It should be indicated that the
proposed capacity correction factor () is valid within the
studied range and size of specimens, and it needs further
investigation which will be introduced in future research by
the authors.

5.3 Parametric Study

In this section, an extended parametric study is
conducted using a wider range of parameters than those used
in the experimental program. Different span lengths and
rectangularity aspect ratios are used with variable
reinforcement ratios as well as variable concrete
compressive strengths. 432 slab specimens are studied where
the span varied between 2 and 3.5 m and the rectangularity
aspect ratio (R) was taken as 1, 1.5, 2, and 2.5. Three grades
of concrete compressive strength namely 20, 25, 30 N/mm2
were used with three different types of welded metal mesh:
3@30mm, 5@50mm, and 7@70mm. The yield strength of
the mesh was 418 N/mm2. These values for the compressive
strength are those commonly used for low-cost housing and
the three types of WWM are the most commonly available
in the Egyptian market. The slab thickness was chosen to
comply with Egyptian concrete code for practice
requirements [15] and is assumed as 100 mm. Table 6 shows
a summary of the details of the 432 specimens used in the
parametric study. The 432 slabs were analyzed using the

Mesh 7x7

80 | Fcu20 N/mm?

Mesh 5x5

Mesh 3%3

340
©

1.5 2 2.5 3 3.5 4

Short span m
A- Compressive strength 20 N/mm?
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FEM ABAQUS program [18] and the results were analyzed
as will be shown in the following section.

Table 6. Parametric study variables for point, line, and uniform load.

Variables

Short
Span (m)

Fcu s
MPa

Fcu 2
MPa

Fcu 1

MPa As1

As 2 As 3

2
2.5
3
3.5

2
25

3 Mesh
3.5 3@30

15

Mesh
5@50

Mesh
7@70

20 25 30
2 mm

25
3
3.5

mm mm

2
25
3
3.5

25

5.4 Proposed design charts for different types of
loading.

By solving 432 slab models with different rectangularity
ratios using the finite element program ABAQUS, design
charts that summarize the relation between ultimate load and
short span for slabs loaded by point, line, and uniform load
were obtained as shown in Figure 16 to Figure 18. These
Figures can be used as a design aid for design slabs
reinforced by welded metal mesh. The ultimate load can be
obtained from the charts for a certain value of compressive
strength based on the short span, rectangularity ratio (R) and
the type of mesh used. The values of load include material
factor of safety which was taken 1.5 for concrete and 1.15
for welded wire mesh. In addition, the welding correction
factor (n) with a value of 1.1 is also incorporated into the
results. The design charts are only valid for the range of data
studied which is suitable for loa cost housing. Further
investigation needs to be done for a larger range of
parameters if needed.
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6. REAL CASE STUDY
(LOW-COST HOUSING BUILDING)

In this part an example of one of the common low-cost
housing units in Egypt is analyzed using the proposed design
charts for slabs with welded wire mesh and the cost estimate
is compared with that using ordinary steel bars. The
architecture plan for the units chosen is divided into a living
area, three rooms, one bathroom and kitchen with a total area
of 90 m2. The structural system for this model is already
available using solid slab reinforced with ordinary steel bars
mesh. The slab thickness in this case is 140 mm with
reinforcement ®©10@166 mm. The same slabs were
redesigned using welded wire mesh. The slab thickness was
reduced to 100 mm and welded wire mesh of ®5@50 mm
was used. The proposed design charts were used in the
redesign of the slabs and the quantities of concrete and steel
recalculated.

Table 10 shows a comparison between the estimated cost
using the two types of reinforcement. The initial cost for the
slabs was reduced by about 27.24% (55419.50 EGP) when
using welded wire mesh instead of ordinary reinforced bars.
This reduction is due to the decrease in the slab thickness and
the weight of steel. It should be noted that further reduction
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can also be obtained due to other factors such as labor and
construction cost reduction as well as the saving in the
construction time.

7. SUMMARY AND CONCLUSIONS

This study was conducted to investigate the behavior of
two-way slabs reinforced using welded wire mesh. The
research program was divided into two parts. First an
experimental program which included nine two-way solid
slabs loaded using point, line, and uniform loads. Second an
analytical program using the ABAQUS program where
verification of the experimental data was done followed by
a parametric study which included 432 slab specimens with
different geometry and reinforcement ratios. Based on the
data and results obtained the following conclusions can be
drawn.

1- Welded wire mesh can be used in concrete slabs as a
good alternative to ordinary steel bars which lead to a
significant increase in the ultimate capacity of the
slabs.

2- Using welded wire mesh resulted in improved ductility
for the tested slabs under flexural loads. It also delayed
the appearance of cracks and decreased the crack width,
which grew slowly and with better distribution.
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Table 10. Cost reduction values for the case study.

Typical Slab Slab Concrete RFT Weight of . Cost of Cost of Total cost
Slab area Volume (m®) Details steel kg reinforcement concrete (EGP)
(m?) (EGP) (EGP)
Bot at (X-X)
. Ay 3659 53055
Slab With 473 66.22 (P10 100 99330 203425
steel Bars Top at (X-X) 3520 51040
D10@166
Bot at (Y-Y)
. N 2327 37232
Slab With 473 473 FO5@50 70950 148006
Welded mesh Top at (Y-Y) 2489 39824
FO5@50
The decrease in cost of concrete 28380 EGP
The decrease in cost of reinforcement 27039 EGP
The decrease in Cost For typical slab 55419 EGP
Typical floor slab cost reduction percentage 27.24%

Note: Materials prices are taken as 14.5 EGP per Kg for steel bars, 16 EGP for welded mesh and 1500 per cubic meter (m®) for concrete. All
prices are recorded at year 2020-2021 which may vary due to inflation rate.

Using welded wire mesh in two-way slabs increased
the slabs ultimate load capacity by about 14% for
concentrated load and 18% for line load and 10% for
uniform load compared to slabs reinforced with
ordinary bars for the range of specimens used.

Adding an additional welded wire mesh layer increased
the carrying loading capacity for slabs by about 71%
for point load, 75% for line load, and 62% for uniform
load over the specimen with only one layer.

Finite element analysis using the ABAQUS program
provides an acceptable level of accuracy where the
numerical predictions of the ultimate capacities are
close to the experimental ones showing the good
performance of the finite element model.

A proposed correction value (1) can be multiplied by
the calculated capacity of slabs reinforced with welded
wire mesh under different loading types to take the
effect of welding during the manufacturing of the wire
mesh. It should be stated that, the proposed factor ()
is valid within the studied range and size of specimens,
and it needs further investigation with large slab sizes.
Based on the parametric study and the finite element
models results, a design approach was developed in the
form of charts for estimating the ultimate load capacity
for slabs under different types of loading and with
different steel areas. These design charts are valid for
the chosen range of slab lengths suitable for low cost
housing.

Replacing ordinary steel bars with welded wire mesh in
slabs can lead to a considerable cost reduction.
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