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Resumen

La importancia del criterio de fisuracion en los materiales cementicios o mortero armado, unido al
insuficiente estudio experimental de elementos laminares de seccion transversal canal reforzados
con barras y malla(s) de alambres de acero, evidencian la necesidad de realizar mas investigaciones
en este sentido. Entre los principales factores que influyen en la fisuracion se encuentra aquellos
relativos al refuerzo, sin embargo, en la actualidad no se ha identificado un estudio sobre la
disposicion geométrica Optima del refuerzo con malla(s) en este tipo de elementos, en funcion de
garantizar el cumplimiento del estado limite de fisuracion, lo cual constituye el propdsito de este
trabajo. El estudio se realiza en losas canales considerando su uso en entrepisos de viviendas. Para
la obtencidn de la abertura maxima de fisura se emplea la expresion semiempirica desarrollada por
Desayi y Ganesan y la resistencia a flexion se estima a partir de un modelo computacional
calibrado con los ensayos experimentales realizados por estos investigadores. Los resultados
demuestran que para cumplir con el ancho méximo de fisura permisible indicado por la norma ACI
549 1R-18, es obligatorio el empleo de malla(s) para el refuerzo de estos elementos. Ademas, se
recomiendan valores minimos de superficie especifica y factor de volumen que debe(n) garantizar
la(s) malla(s) para el refuerzo de los elementos de entrepisos con las caracteristicas analizadas.

Palabras clave: fisuracion, mallas de acero, mortero armado, seccidon canal.
Abstract

The importance of the cracking criterion in cementitious materials or reinforced mortar, together
with the insufficient experimental study of channel cross-section laminar elements reinforced with
bars and wire mesh(es) of steel, show the need to carry out more research in this regard. Among the
main factors that influence cracking are those related to reinforcement, however, at present no
study has been identified on the optimal geometric arrangement of the reinforcement with mesh(es)
in this type of elements, in order to guarantee compliance with the cracking limit state, which is the
purpose of this work. The study is carried out on channel slabs considering their use in residential
floors. To obtain the maximum crack opening, the semi-empirical expression developed by Desayi
and Ganesan is used and the flexural strength is estimated from a computational model calibrated
with the experimental tests carried out by these researchers. The results show that in order to
comply with the maximum permissible crack width indicated by the ACI 549 1R-18 standard, the
use of mesh(es) for the reinforcement of these elements is mandatory. In addition, minimum values
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of specific surface area and volume factor are recommended that the mesh(es) must guarantee
for the reinforcement of floor elements with the characteristics analyzed.

Keywords: Cracking, steel mesh, reinforced mortar, channel section.

1. Introduction

The degree of cracking of cementitious materials reinforced with steel bars and wires marks to a
great extent the durability and aesthetics of a structure. These materials can be used in the
conformation of prefabricated laminar or thin-walled elements, and be molded in different shapes
and cross-sections, being the ribbed slab of channel section (M) one of the most used rational
shapes in housing mezzanines [1]. The low volume of these elements makes it possible to save
cement and non-renewable resources and decreases the total load of the buildings. However, the
restrictions indicated for reinforced mortar, as they are also called, are more stringent than
reinforced concrete due to the small net cover of the reinforcement, which implies that the de-sign
is mainly governed by the cracking serviceability limit state [2].

The study of cracking in quasi-brittle materials is a challenge even today [3-12]. The verification of
the maximum crack width or width is the most widespread method used in the current standards for
the verification of this state, for this reason, most of the research on the subject are focused on
obtaining this parameter. The ACI 549 1R-18 standard, corresponding to the design guide for
ferrocement, limits the crack width for areas of medium or low aggressiveness to 0.10 mm, due to
the small concrete cover and thin thickness of the element.

There are many factors that can affect cracking, although in general there is agreement that the
most important factors are: the tension in the steel, the adhesion between the concrete and the steel,
the amount of the main reinforcement, the diameter of the bars and their placement, the quality of
the concrete and the height of the element. Bayu et al. [3] investigated the effect of the height of
solid reinforced concrete slabs working in one direction and determined that this factor has a
significant effect on the maximum crack width. Abu ef al. [12] made a comparison between results
from a computation-al model and the standard expressions for predicting maximum crack width in
rein-forced concrete beams, where they obtained that the reinforcing steel tension is the most
influential factor together with the reinforcing steel characteristics: bar diameter, spacing, surface
geometry and concrete cover.

In the literature there is scarce information on structural test results of channel slabs N of reinforced
mortar, so their study is limited. To date, only the experimental re-search organized by Desayi and
Ganesan [13], in which a semiempirical expression is developed to predict the maximum crack
width in this type of N elements, could be identified.

The galvanized steel wire mesh, which is generally used as reinforcement of the rein-forced mortar
with the objective of controlling its cracking, constitutes its most ex-pensive component. At the
same time, an inadequate arrangement of the wires that form it and an excessive amount of meshes,
hinder the compactness of the sand and cement matrix, which affects the quality of the panel.
Likewise, it is favorable that the element is designed with the smallest possible height to reduce
material consumption, decrease the weight of the elements, and to increase the probability that the
mortar penetrates well into the end of the ribs in the manufacturing process [1].

Given the previous approaches, the objective of this work is to evaluate the influence of the

geometric arrangement of the steel wire mesh (spacing and number of meshes, wire diameter) on
the maximum crack width value in channel section reinforced mortar slabs, by means of the semi-
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empirical expression developed by Desayi and Ganesan [13]. In addition, it aims to obtain the
optimal arrangement of reinforcement meshes with respect to the cracking criterion, for use in
residential floors.

2. Materials and Methods

The method developed by Desayi and Ganesan [13] to determine the maximum crack width in
reinforced mortar channel slabs is based on the force balance of a reinforced concrete section,
where the contribution of the bond strength of the rein-forcing bar or wire is equalized to the axial
force that generates the first crack in the effective area of the concrete (Fig 1).

X

l L
[ ! Bond stress

// |~ Ae % ‘]\rﬁga?nnsnil: stress
( %

X

Fig.1 Distribution of bond stress and axial tensile stress in concrete at a section of distance 11 from
the crack formed in a reinforced concrete member [13].

The general expression derived from this concept is:

= (1)

J - maximum crack width

. : average distance between cracks at the instant when the first cracks appear.

o : strain of the tensile reinforcement. It is determined by strain compatibility in the cracked
section.

o : factor that considers the effect of concrete cover, which is calculated by the ratio 1;—

Let "x"” be the depth of the neutral line of the cracked section, "i" be the total height of the element,
and "d;" be the effective height of the wire or bar closest to the lower end of the rib.

The average crack spacing at the initial stage is calculated by the following expression:

T s (2)

: tensile stress of the mortar.
. effective tensile area of the mortar.
o : bond stress of the reinforcement.

: effective height of the bar or wire "i"
: effective height of the element.

o : diameter of the bar or wire "i".
o . empirical factor that considers the distribution of tensile stresses in the effective area.
=2/3.

Revista Cubana de Ingenieria Vol.XV(2) €386 (2024) ISSN: 2223-1781



13%-1 Martinez Licea et al.

. . empirical factor that considers the characteristics of the reinforcement surface.
= =2/3

e :empirical factor. Desayi determines in his research that =04

. : cracking moment of the mortar

: bending failure moment of the channel slab.

2.1 Development of the computational model to predict the bending failure moment of the
channel slab.

The results of the tests performed by Desayi and Ganesan [13] are used as a reference for the
development of the computational model provided to calculate the failure moment of the target
elements under study. This are divided into two groups of three specimens: Elements F1 and F2 are
2,5 m long; F4 and F5 are 3,0 m long; F4 and F5 are 3,5 m. The reinforcement consists of
galvanized steel square cell meshes of wires spaced at 6,25mm in both directions, and diameter 0,7
mm; high strength steel plain bars of 6,8 mm and 4 mm; and transverse fences of 4 mm. The
modulus of elasticity of the steel meshes is 196 000MPa and yield stress 216MPa, while the
modulus of elasticity of the bars is 200 000MPa and yield stress 450MPa.

The difference in each group lies in the distribution of longitudinal reinforcement and spacing of
transverse bars, and in all cases, they were reinforced with two meshes (Table 1). For the mortar, a

dosage of 1:2:0.43 was used, with a compressive strength of 32,5MPa.

Table 1. Details of the reinforcement used in each group of elements tested.

Group Transverse bars Longitudinal bars
F1,F4yF7 @135mm g4mm 2 96,8mm y 794mm
F2,F5yF8 @100mm g4mm 6 96,8mm y Se4mm

For the simulation, the Midas FEANX program is used, and the general constitutive model
conceived is the distributed crack model developed by Hibbit, with a fixed crack direction approach,
due to the simplicity and adequate results in the literature [14, 15]. It is decided to composite the
mortar with hexahedral finite elements, based on the positive experiences in previous investigations
[6, 16]. For the behavior of the mortar in compression, the constitutive law proposed by Popovics
[17] is used satisfactorily by Tian [16], whose expression is:

) (ﬁ) 3)

I
VN
o |

e . compressive stress of mortar

. : compressive strength of mortar

e . compressive strain of the mortar

o 1. compressive strain corresponding to the maximum compressive stress of the mortar.
. =0,058 +10

To represent its tensile behavior, it was decided to use Hordijk's expression [18], a law used by
several researchers with excellent results [19-21]. Its expression is shown below:
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(1+(3-))exn (- .)-—a+ Pew(- 2) @

1 and , are empirical factors of values 3 and 6,.93, respectively.
o . is the crack width corresponding to tensile stress equal to 0, and is obtained according to
the relation:

=514— (5)
o . fracture energy of the first tensile mode, calculated by the expression recommended in
CEB-FIB model code 1990, for the minimum value indicated = 0,025 in
correspondence to the fineness of the solid compounds of the mixture [16]:
07
= (%) ©

The longitudinal and transverse reinforcement are modeled with the embedded bar property,
assuming perfect bonding between the reinforcement and the mortar matrix to simplify the analysis.
The meshes were modeled as plain stress of equivalent thickness, shaped with rectangular finite
elements to reduce computational time [16]. In this study, the reinforcement was defined with
elastic behavior up to the yield point and perfectly plastic once the yield point has been reached.
The load is assigned with an induced displacement [14] and it is decided to model half of the slab
by applying the appropriate constraints to generate the symmetry of a simply supported element

(Fig. 2).

Fig.2 Computational model developed in Midas FEA NX.

Model calibration is carried out with respect to the failure moment of group 1 elements (F1, F4 and
F7). The mesh density of 10 x10 x10 mm was chosen for the hexahedra that simulate the mortar
due to its stability and lower computational cost than other denser meshes [16]; and for the linear
and surface elements, the sizes of 20 mm and 20 x 20 mm were chosen, respectively. The average
failure moment of the group is 12,94 kNm, while that obtained in the simulation was 13,95 kNm,
which represents a relative error of 7,8%, so it is decided to use the finite element and mesh density
adopted for the modeling.

For the validation, the elements of group 2 (F2, F5 and F8) were chosen, whose average resistant
moment is 18,70 kNm. The result of the simulation was 19,64 kNm and its difference with respect
to that recorded in the tests is 5%, so it is considered that the model is validated.

2.2 Parametric study

The calculation of the maximum crack width involves a group of variables related to the
mechanical properties of the mortar and reinforcement, the geometric characteristics of the steel
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bars and wire mesh, the dimensions of the element, and the magnitude and manner of load
application.

For the analysis, it is assumed as a reference the cross-section of the slab of the Ferrocement
Residential Building System (SERF), with a flange width of 400mm, average thickness of 25 mm
and total height between 120 mm and 160 mm [1] (Fig 3).

un
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120 - 160

1 400 L

Fig.3 Cross section of the channel slab to be analyzed.

According to practical design recommendations, the mortar for the project is designed with a
compressive strength of 30MPa [1]. For this value, the direct tensile strength is determined as 8%
of  [13], and the flexural strength is estimated from the empirical expression (7), indicated by the
American Concrete Institute ACI 318-2019. The Young's modulus of the mortar is assumed as the
secant modulus from the origin to 0.40 ~ of Popovics' constitutive law [16, 17]. The resulting
values are shown in Table 2.

=062, (7

Smooth high strength steel bars with similar characteristics to those used by Desayi and Ganesan
are chosen for this study, since the value of the empirical factor was validated for this type of
surface and its diameter allows the concrete cover to be higher than the minimum standard
established in the ACI 318-2019 so that the bar does not fail by adhesion. According to the
recommendation of the same research, the bond stress for this type of reinforcement is calculated
by the expression (8), from the indication of the British Standard BS 8110-1:1997.

=028,/ (8)

The reinforcement is constituted by a 4mm diameter steel bar at the upper end and a 6mm diameter
bar at the lower end of each rib, to comply with the minimum reinforcement area standardized by
ACI 318 - 2019. In addition, 4mm transverse steel bars are placed every 135mm to ensure that the
elements do not fail by shear (Fig. 4).

Transverse steel
bars @4mm
v&eel wire mesh @135mm

—

Longitudinat
steel bars
J4mm

Fd

Longitudinal
steel bars
gémm

Fig.4 Slab reinforcement.
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To study the influence of the steel wire mesh, a square cell mesh of wire diameter 1mm spaced at
25mm in both directions (@25x25¢1); and another of wire diameter 2mm spaced at 50mm
(@50x5002) are chosen, as they are two of the most used commercials meshes in the region. Table
2 summarizes the mechanical properties of the materials considered.

Table 2. Mechanical properties of channel slab materials

Mechanical properties Value (MPa)
Compressive strength of mortar 30
Direct tensile strength of mortar 2,4

Mortar flexural strength 3,4
Deformation modulus of mortar 11 810

Bond stress 1,5

Yield stress of steel bars 450
Deformation modulus of steel bars 200 000

Yield stress of steel wire meshes 304
Deformation modulus of steel meshes 190 000

The meshes will be arranged in three variants as shown in Table 3, taking as criteria the specific
surface area (), defined by the relationship between the total surface area of the
reinforcement in contact with the mortar and the volume of the element, and the volume factor (),
ratio of the volume of the reinforcement to the volume of the element, two recommended factors
for the geometric characterization of this type of reinforcement [1]. In addition, an additional
variant is foreseen in which this reinforcement is not used. The values defined for the specific
surface area and the volume factor are in a range of 0 — 0,20cm™ and a range of 0 - 1%, with the
purpose of analyzing lower values than those considered for ferrocement, due to the distinctive
properties of this material [1].

Table 3. Reinforcement variants with galvanized steel wire mesh.

Variant Nomenclature (cm™) (%)

2 meshes @25x25¢1, with 2@25x2501 0,20 0.5
Smm concrete cover.

2 meshes @50x5002, with 2@50x5002 0,20 1.0
3mm concrete cover

1 mesh @50x5002, with 3mm 1@50x5002 0,10 0.5

concrete cover
Without steel wire mesh WM 0 0

The height is varied in three levels: 120 mm, 140 mm and 160 mm, typical heights in this type of
channel slabs, and 3 clear spans are studied: 3,2 m, 3,6 m and 4,0 m, corresponding to the
dimensions of the most common spaces in homes. The loads were adopted for a typical load state
of a residential floor: service load of 1,5 kN/m?, load of self-weight of the slab (depending on the
depth) and permanent load of 2,0 kN/m?,

In order to evaluate whether the influence of the three factors studied on the maximum value of
crack width is significant, a statistical analysis is carried out, with a confidence level of 95%. The
multilevel factorial experiment, divided into three independent study variables for a behavior, is
summarized in Table 4 below.
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Table 4. Independent study variables and their corresponding levels.

Independent variables Levels
Total height (mm) h 120 140 160 -
Clear span (mm) L 3200 3600 4000 -
Reinforcement 2@?25x2501 | 2@50x5002 | 1@50x5002 | WM

The results show that in all cases the influence of the variables studied is significant. As the height
and the area of reinforcement increase, the crack opening decreases, but not with the span of the
element, where the relationship is directly proportional (Fig. 5a). The order from greatest to least
influence is reinforcement variant, slab length and height (Fig. 5b). The interaction between total
height and free span, and the interaction between the reinforcement variant and free span also have
an influence. The larger the span, the larger the crack width increases because, for the same load
state, the acting bending moment increases and with it the deformation of the reinforcing steel. As
the reinforcement volume of the mesh and the specific surface area increase, the maximum crack
width decreases.

(X 0.001)
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Fig.5 Statistical results a) Main effects plot for the maximum crack width. b) Standardized Pareto
plot for the maximum crack width

3. Results

The maximum crack width values

in Table 5.

Table 5: Maximum crack width in reinforced mortar channel slab
Crack width (mm)
. Height (mm)

Span (mm) Reinforcement 120 140 160
3200 2@25x2501 0,071 0,066 Sin grietas
3200 2@50x5002 0,057 0,045 Sin grietas
3200 1@50x5002 0,087 0,075 Sin grietas
3200 WM 0,152 0,146 Sin grietas
3600 2@25x2501 0,090 0,083 0,068
3600 2@50x5002 0,073 0,058 0,052
3600 1@50x5002 0,111 0,095 0,086
3600 WM 0,193 0,184 0,178
4000 2@25x2501 0,111 0,099 0,084
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4000 2@50x5002 0,090 0,071 0,064
4000 1@50x5002 0,136 0,117 0,107
4000 WM 0,238 0,227 0,220

The results show a decrease in the crack width for the slabs studied for those reinforced with
2@50x50 o2mm (higher reinforcement volume factor). For the same reinforcement volume, slabs
with 2@25x25¢1 and 1@50x5002, the first variant, with a greater specific surface, controls
cracking better. On the other hand, slabs reinforced with 2 meshes of 50x5002 have a smaller crack
width than those with 2 meshes @25x25¢1, even though they have the same specific surface area.
It should be noted that in the case of 160mm slabs with a span of 3200 m, they do not crack even
without reinforcing mesh.

Figure 6 shows a graphic comparison of the crack opening values obtained in the analysis with
respect to the value established as a limit in the ACI 549 1R-18 standard.

2@25x25¢1 2@50x5002
L4000_h160 me— | L4000_h160 me—— |
13600 h160 mem— | 13600 h160 me— |
13200 _h160 | 13200 _h160 |
L4000_h140 ———) 14000_h140 m— |
13600 h140 me—— : L3600_h140 e— :
13200 h140 mesmm | 13200 h140 e |
L4000_h120 e L4000 _h120 =— |
13600_h120 =e— | 13600 h120 m—— |
13200_h120 s | 13200_h120 m— I
0.00 005 010 0.15 0.00 005 010 0.15
w (mm) w (mm)

a) b)
1@50x50a2 WM
L4000_h160 m——j L4000 _h160 e——
L3600 h160 m— | L3600_h160 e
13200_h160 I 13200 _h160 |
L4000_h140 ﬁ L4000_h140 #
L3600_h140 —_| L3600_h140 ——
13200 h140 m—— | L3200_h140 m——
L4000_h120 Ee——— L4000_h120  —
13600 h120 mo——— 13600 h120 me———|—
T _—
13200 h120 m— 1L3200_h120
0.00 005 010 0.15 0.00 0.05 0.10 0.15
w (mm) w (mm)
c) d)

Fig.6 Maximum crack width. a) Reinforcement variant 2(@25x25¢1, b) Reinforcement variant
2@50x5002, c) Reinforcement variant 1@50x5002, d) No reinforcement mesh. Crack widths
smaller than 0,10 mm are shown in blue and those larger than 0,10 mm in red.

Analysis of the graphs shows that elements without galvanized steel mesh do not meet the
durability requirements, as they exceed the maximum crack width limit. On the contrary, slabs
reinforced with 2 meshes @25x2502 guarantee compliance with the crack opening limit state for
all the spans and depths studied.

In slabs with 2@25x2501 reinforcement, the crack width requirements are met for most of the
ranges studied, except for the 120mm height variant in a 4000mm span. With the 1@50x5002
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variant, the crack widths are less than 0.10 mm for spans equal to or less than 3600 mm, except for
the 120mm high panel.

To complement the study, the ultimate limit state in bending is checked to verify the assumption
that the elements resist the load considered. The results of the nominal moments obtained from the
modeling are shown in Table 6 and in Figure 7, the comparison of the resistant moments (M;) with
the estimated acting moments (M,). A safety factor of 0,9 was established, and the critical
combination 1,2CP+1,6CU was considered for the calculation of the uniformly distributed load,
according to ACI 318-2019.

Tabla 6: Nominal or failure moments in reinforced mortar channel slab
Nominal moment (kNm)

Span (mm) Reinforcement 120 Helﬁgz(mm) 160
3200 2@25x2501 3,59 4,52 5,42
3200 2@50x5002 3,95 5,10 6,23
3200 1@50x5002 3,59 4,53 5,42
3200 WM 3,25 3,95 4,70
3600 2@25x2501 3,59 4,52 5,42
3600 2@50x5002 3,95 5,10 6,23
3600 1@50x5002 3,59 4,53 5,42
3600 WM 3,25 3,95 4,70
4000 2@25x2501 3,59 4,52 5,42
4000 2@50x5002 3,95 5,10 6,23
4000 1@50x5002 3,59 4,53 5,42
4000 WM 3,25 3,95 4,70

2@25x2501 2@50x5092
L4000_h160 b L4000_h160 bt
L3600_h160 et L3600_h160 I e—
13200_h160 em— 13200_h160 D —
L4000_h140 L4000_h140
L3600_h140 et L3600_h140 I —
13200_h140 =R 13200 K140 et = Mu
L4000_h120 e mMr L4000_h120 e HMr
L3600_h120 Ml 13600_h120 M
13200_h120 e 13200_Nh120 et
0123456 0123456
M (kNm) MF (kNm)
a) b)
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1@50x5002 WM
L4000_h160 |— L4000_h160 ;
13600_h160 13600_h160 B,
13200_h160 M 13200 h160 et
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13600_h140 el 13600_h140 EEE—l.
13200_h140 et | Mu 13200 _h140 G
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13200_h120 13200_h120
0123456 012345
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Fig.7 Comparative graph between resisting moment Mr and acting moment Mu. a) Reinforcement
variant 2@25x25¢1, b) Reinforcement variant 2@50x5002, c¢) Reinforcement variant 1@50x5002,
d) Without reinforcement meshes.

The results show that, in all the cases studied, for all the reinforcement arrangements considered,
the ultimate bending limit state is met, which confirms that it is the cracking limit state that governs

the design of these elements.

4. Conclusions

The cracking in reinforced mortar slabs of channel cross section was studied for conditions of use
in residential floors. The results of this research conclude that, in order to ensure the strength and
durability criteria established in the design standards:

Reinforced mortar channel slabs, intended to be used as a residential floor solution, cannot be
conceived without a galvanized steel wire mesh.

Slabs with a thickness of 120 mm may be used in spans of 3.2 m regardless of the type of
reinforcement; to reach 4.0 m, 2 meshes @50x50 and @2 wires must be placed. Slabs of 140 mm
and 160 mm can reach up to 4 m of span with any of the reinforcement configurations studied;
in the case of spans of 4 m, a reinforcement greater than 1 mesh @50x50 and @2 wires must be
used.

For channel slabs with main reinforcement consisting of a longitudinal bar at the lower end of
each rib, it is recommended that the specific surface area and the volume factor induced by the
steel mesh be at least 0,20 cm™ and 0,50%, respectively, to ensure the durability of floors with
clear spans between 3200 mm and 4000 mm.
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