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Ferrocement is ideally suited for thin structural elements because of the
uniform distribution and dispersion of reinforcement, which provides
higher durability, tensile strength and tensile ductility. The aim of this
research paper is to study the advanced interaction of high tensile
performance of thin plate composites ferrocement-grouted mortar. The
present paper deals with the effectiveness numbers of ferrocement wire
mesh reinforcement layers as a low and high percentage of ferrocement
reinforcement of thin plate grouted mortar specimens on the tensile load-
deformation behavior, crack width/spacing, the first crack tensile load,
ultimate tensile load and tensile strain capacity. The results clarify that the
use of ferrocement wire mesh reinforcement layers with the grouted mortar
considerably improves the service and ultimate tensile crack behavior of
the thin plate composites, irrespective of the number of ferrocement wire
mesh reinforcement layers used. Thus, the ferrocement-grouted mortar
composites is considered as a promising material solution to the global
structure deterioration problem and tensile ductility are the most important
properties of this type of material.
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1. INTRODUCTION

Concrete as building material is characterized by good workability, high compressive
strength and low costs. Two characteristics, however, have limited its use: it is brittle
and weak in tension. To carry the forces arising by tensile load an adequate
reinforcement is required. In practice steel structures are satisfactorily but requires
corrosion protection while concrete structures are subjected to severe environmental
conditions such as bridge decks, marine structures, ....etc. With entering a new era
when the construction industry faces an additional challenge: how to build concrete
structures that are environmentally more sustainable and have a good serviceability.
Alternatively ferrocement wire mesh can be used as reinforcement. One of the main
advantages is that they do not require any protection against corrosion resulting in
either the possibility of low concrete covers or other corrosion reasons. Definition of
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ferrocement reported by ACI Committee 549, 1997 that the ferrocement is a form of
reinforced concrete using closely spaced multiple layers of wire mesh and/or small
diameter rods completely infiltrated with, or encapsulated in, mortar [1]. The most
common type of reinforcement is steel wire mesh to produce elements of small
thickness, high durability and resilience and, when properly shaped, high strength and
rigidity [2-4]. Additional advantages of a well built ferrocement construction are the
low weight with easy of construction, maintenance costs and long lifetime in
comparison with other constructions. With the rapid progress of innovative
construction technique, application of the ferrocement is increasingly becoming more
common for use in various structural engineering applications. These thin elements can
be shaped into structural members such as shell, folded plate structures, wall panels,
post-tension structural elements, flanged beams (e.g. box beams and I-beams), ....etc.
In addition to the previous applications, there are many other uses of ferrocement as
structural materials being explored throughout the world. These include: permanent
forms for conventional concrete construction, biogas digesters, floor decks, swimming
pools, water towers, and small deck bridges [5,6].

So, studying the properties of uses the ferrocement as structural materials are
urgently needed, and the literature on the tensile performance of the thin plate
composites of the ferrocement-grouted mortar as structural elements is scanty. The
parameters that influence the behavior of ultimate tensile load and tensile load-
deformation behavior are numerous. This paper presents an investigation of some of
these parameters. Therefore, the main objective of the present paper is to amplify our
knowledge of the advanced interaction of high tensile performance of thin plate
composites ferrocement-grouted mortar. The present paper deals with the effectiveness
numbers of ferrocement wire mesh reinforcement layers as a low and high percentage
of ferrocement reinforcement of thin plate grouted mortar specimens on the tensile
load-deformation behavior, crack width/spacing, first crack tensile load, ultimate
tensile load and tensile strain capacity.

2. EXPERIMENTAL PROGRAM

The experimental program was designed to check the high tensile performance of thin
plate composites ferrocement-grouted mortar. For this purpose a thin plate composites
ferrocement-grouted mortar had a 520 mm total length with 40 x 10 mm cross-section
reinforced with a plain weaving ferrocement stainless steel square wire mesh layers
were tested in direct tension test, as shown in Fig. 1.

o
Ferrocement layess

Fig. 1: Thin plate composites ferrocement-grouted mortar
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The specimens were arranged in two groups depending on the number of
ferrocement wire mesh reinforcement layers as a low and high percentage of
ferrocement reinforcement. In the first group, the numbers of ferrocement layers were
one and two layers as a low percentage of reinforcement, the second group with four
and five layers as a high percentage of ferrocement reinforcement, with three
replication of each were tested in direct tension test, as shown in Table 1.

Tensile load-deformation behavior, crack width/spacing, first crack tensile load,
ultimate tensile load and tensile strain capacity were observed. The crack pattern and
failure mechanism were also studied.

Table 1 Thin plate specimens reinforced with ferrocement wire mesh layers

First group (1):

Second group (11):

Low High
iz, 0 ercentage of M, @ ercentage of
Specimens  ferrocement P 9 Specimens  ferrocement P g
ferrocement ferrocement
layers - layers :
reinforcement reinforcement
TP-FLOD 1.0 1.11 % TP-FL® 4.0 4.45 %
TP-FL® 2.0 2.23% TP-FL® 5.0 557 %

2.1 Materials and Mortar Mix

The grouted mortar mix was specially designed to have a high workability and high
compressive strength of about 75 MPa according to the guidelines of ACI Committee
549, 1997 for design and construction of ferrocement [1]. A grout material used
supplied by a Japanese corporation was NS Grout (Non-Shrink Grout) in a free flowing
powder with light gray color and 2.14 specific gravity containing well graded
aggregates, special hydraulic cement, and special cementitious binder were chosen to
be mixed with water. The grout mix with water as per water-powder ratio as 0.14 to
obtain a homogenous grout with the flow rate of about 20 to 30 seconds (Flow Cone)
and when cured, appears similar in appearance to concrete.

For reinforcement, a plain weaving stainless steel square ferrocement wire
mesh with closely spaced, as shown in Photo 1, was used in the ferrocement thin plate
test specimens. The properties value of the plain weaving stainless steel square wire
mesh of the three identical specimens were measured as follows: the wire mesh had a
diameter of 0.9 mm and a spacing of 5.45 mm with an equivalent yield tensile strength
(350 MPa) and ultimate tensile strength (850 MPa). Drinking water was used for the
mix preparation of the ferrocement thin plate test specimens.

2.2 Specimen Preparation and Casting

Due to the small thickness of the ferrocement thin plate test specimens that had the 520
mm total length with 40 x 10 mm cross-section, the ferrocement wire mesh
reinforcement as one, two, four and five layers were placed almost at mid thickness.
Practical difficulties were met when trying to disperse the reinforcement of the
ferrocement wire mesh layers in a uniform pattern through the depth of the thin plate
test specimens. For a hardened properties of grouted mortar mixture, the following test
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specimens were cast in steel moulds: three grouted mortar cylinders 50x100 mm for
compressive strength, three grouted mortar cylinders 50x100 mm for splitting tensile
strength and three prisms 40x40x160 mm for flexural strength. All specimens were
demoulded after 24 hours of casting and stored in water at 20 °C for curing until testing.

2.3 Specimen Testing and Setup

The grouted mortar compressive strength, splitting tensile strength and flexural
strength tests were conducted by testing three identical specimens of each test. In
addition, the direct tension tests of the thin plate composites ferrocement-grouted
mortar that had the 520 mm total length with 40 x 10 mm cross-section were conducted
on a 500 KN Universal Testing Machine after 28 days by testing three identical thin
plate test specimens of each case. The setup of the thin plate specimens under direct
tension test is shown in Photo 2.

Photo 1: Plain weaving stainless steel
square ferrocement wire mesh

Photo 2: Setup of ferrocement thin plate
specimen under direct tension

The effective length of the ferrocement thin plates to be tested was 300 mm
with 40 x 10 mm cross-section and both ends of the ferrocement thin plate specimens
were attached to two steel machine plates through 8 high tension bolts, (gypsum paste
was used before connecting the bolts at both ends between test specimen and machine
plate), then the two end of the steel machine plates were fixed to the upper and lower
heads of the testing machine. The tensile load-deformation behavior was measured in
the middle third of test specimens (100 mm) using linear variable displacement
transducer (LVDT) in both edge sides and electrical wire strain gauge on the two
opposite faces in the tensile direction of each specimen, as shown in Photo 2. The
tensile load was measured using an electric load cell 50 KN capacity. The tensile load-
deformation data were collected using a data acquisition system. The system is
equipped with a computer module that controls data collected from all channels. The
data acquisition system was connected to a desktop computer used to analyze,
download, and store the collected data. During loading of each specimen, careful
inspection was carried out for observing the initial hair cracks at both sides of
specimen. At failure, the crack width/spacing and the ultimate tensile load of the test
specimens were observed and recorded.
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3. RESULTS AND DISCUSSION

The results obtained from the experimental investigation are tabulated in tables and the
comparisons are presented in form of graphs and bar charts. All values are the average
of the three identical specimens tested in each case during the testing program of this
research paper. The results are discussed as follows.

3.1 Grouted Mortar Property

The grouted mortar mixture used in manufacturing the ferrocement thin plate test
specimens was specially designed to have a high workability and high compressive
strength of about 75 MPa. The mechanical properties of the grouted mortar as
compressive strength, splitting tensile strength, flexural strength and modulus of
elasticity values of the control specimens at age of 28 days are given in Table 2.

Table 2 Hardened properties of grouted mortar

Splitting

Compressive tensile Flexural Modulus of
strength strength strength elasticity
(MPa) (MPa) (MPa) (GPa)

75 4.8 9.5 28.5

3.2 Testing of Ferrocement-Grouted Mortar Thin Plate Composites

A ferrocement-grouted mortar thin plate composites was tested in direct tension test
with an effective length of 300 mm and 40 x 10 mm cross-section, as shown in Photo 2.
The two tensile strain values monitored on the two opposite faces of each specimen are
very close to each other up to about 80-85% of failure load as well as all specimens
were tested successfully with more than 90% of the specimens have cracked firstly in
the middle third of the effective length of the specimen. This demonstrates that the test
method adopted in the present study is effective in minimizing the eccentricity of the
tensile load under direct tension test.

3.2.1 Tensile crack behavior

The tensile behavior of load—elongation curves of middle third of thin plate specimens
reinforced with different numbers of ferrocement wire mesh layers as a low and high
percentage of ferrocement reinforcement are shown in Fig. 2. As can be seen from Fig.
2, the tensile crack behavior of the ferrocement thin plate specimens can be
characterized by three distinct phases:

Phase 1: Pre-cracking stage

Both materials are elastic, and the tensile load—elongation curves are linear with the
tensile load. In this stage, the tensile load is carried mainly by the grouted mortar
matrix.

Phase 2: Multiple cracking stage

The salient feature of the tensile cracking behavior of ferrocement-grouted mortar thin
plate specimens is that the resisting load drops down right after first cracking, probably
due to initial slip of ferrocement wire mesh reinforcement layers at crack plane, and
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then starts to increase due to structurally effective ferrocement reinforcement layers in
tensile region. Multiple cracking starts after the cracking of the grouted mortar matrix.
During this stage a transfer of tensile load from grouted mortar to the ferrocement
reinforcement layers takes place. The ferrocement reinforcement layers elongate under
additional tensile load, thus transferring the tensile load back to the grouted mortar
matrix, thereby producing new cracks.

Phase 3: Failure stage

Failure stage is indicated by intensification of existing cracks with the increase of
tensile load. Here, the tensile load is carried mainly by the ferrocement wire mesh
reinforcement layers. The ferrocement thin plate specimen undergoes rapid increase in
tensile elongation, and cracks can extend wide through the cross-section. Such a
situation does not take place with grouted mortar specimen without reinforcement, in
which, the contribution of the ferrocement wire mesh reinforcement layers at all three
stages had a significant effect. Thus, Fig. 2 indicates that the ferrocement-grouted
mortar thin plate specimens reinforced with low and high percentage of ferrocement
reinforcement exhibit higher resistance especially after larger elongation.

14.0
o Fiwve ferrocement lavers
12.0 + ==
'g an I _‘_'____.—r—“'-"l"
= 6.0 1
% Twi ferrocement lavers
B oan
Oie ferrocementilaver
2.0
OO 1 1 1 1 1 1

0 5 10 15 20
Elongation (tmm)

Fig. 2: Tensile load-elongation curves of ferrocement-grouted mortar thin plate composites

Therefore, the presence of the ferrocement wire mesh reinforcement layers had
profound effect on the tensile crack behavior at all three stages. Cracking is delayed,
multi-cracking stage elongated, and a distinct failure stage could be identified. Photo 3
shows the tensile crack pattern of the ferrocement-grouted mortar thin plate composites.

One layer Two layers Four layers Five layers
Low percentage of ferrocement reinforcement High percentage of ferrocement reinforcement

Photo 3: Tensile crack pattern of ferrocement-grouted mortar thin plate composites
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It is clearly seen that the crack pattern of the ferrocement-grouted mortar thin
plate composites is influenced by the presence of ferrocement wire mesh reinforcement,
irrespective of the number of ferrocement reinforcement layers used as well as have the
ability to reduce cracks width/spacing of thin plate grouted mortar specimens have
either low or high percentage of ferrocement reinforcement. Therefore, the results
clarify that the use of ferrocement wire mesh reinforcement layers with the grouted
mortar considerably improves the service and ultimate tensile crack behavior.

3.2.2 First crack tensile load and ultimate tensile load

The first crack tensile load is the tensile load at which first visual crack appears on the
soffit of the ferrocement thin plate specimens. Fig. 3 illustrates that the effective of
addition the ferrocement wire mesh reinforcement layers to thin plate grouted mortar
specimens as a low and high percentage of ferrocement reinforcement on improvement
of both first crack tensile load and ultimate tensile load.

BRIt crack tensile 1oad (K '
AlUltimate tensile load (KM}

140 /
BT I R Rps— -

Tensile load (KN)

......

one layer two layers  fourlayers  fivelayers

Ferrocement lavers No.

Fig. 3: Effect of ferrocement layers No. on the first crack tensile load and ultimate tensile load

From the investigation of this figure it is clear that; the highest increase of the
1st crack tensile load has been achieved by using the ferrocement wire mesh
reinforcement layers. In order to improve the inner bond, the increase of the ultimate
tensile load, as achieved with increasing the number of ferrocement wire mesh
reinforcement layers, is also a main criterion. In addition, the ferrocement thin plate
specimens have reached to the ultimate tensile load level after sufficient warning;
because of extended elastic range of the ferrocement wire mesh reinforcement layers is
that dependent mainly on the number of wire mesh layers.

3.2.3 Tensile Strain Capacity

Typical tensile stress—strain curves of the ferrocement-grouted mortar thin plate
specimens recorded from direct tension tests adopted in this study are shown in Fig. 4.
When a symmetrical un-cracked ferrocement-grouted mortar thin plate specimens is
loaded in tension, the tensile load is distributed between the ferrocement wire mesh
reinforcement layers and grouted mortar in proportion to their respective stiffness (E-
modulus) of the specimens determines this linear part of the tensile stress-strain curves,
as shown in Fig. 4.
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Fig. 4: Tensile stress-strain curves of ferrocement-grouted mortar thin plate composites

It is observed that the numbers of ferrocement wire mesh reinforcement layers
have a pronounced effect on the tensile strain capacity of thin plate grouted mortar test
specimens. Therefore, the ferrocement-grouted mortar composites referred to as high
performance composite materials that developed multiple cracks under tensile load in
contrast to single crack and tension softening behavior. Multiple cracking provides a
mean of energy dissipation at the material level and prevent catastrophic fracture
failure at the structural level, thus contributing to structural safety and service tensile
behavior. Meanwhile, material tensile strain hardening (ductility) has been gradually
recognized as having a close connection with structural durability by suppressing
localized cracks with large width. Many deterioration and premature failures of
structures can be traced back to the brittle nature of concrete. Thus, the ferrocement-
grouted mortar composites is considered as a promising material solution to the global
structure deterioration problem and tensile ductility are the most important properties
of this type of material.

4. CONCLUSIONS

The results clarify that the ferrocement wire mesh reinforcement layers with the
grouted mortar composites considerably improves the service and ultimate tensile
crack behavior of the thin plate specimens, irrespective of the number of ferrocement
wire mesh reinforcement layers used as well as have the ability to reduce cracks
width/spacing and have a pronounced effect on both the first crack tensile load and
ultimate tensile loads level after sufficient warning that have achieved the advanced
interaction of high tensile performance of thin plate composites ferrocement-grouted
mortar. Thus, the ferrocement-grouted mortar composites is considered as a promising
material solution to the global structure deterioration problem and tensile ductility are
the most important properties of this type of material.
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