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ABSTRACT

Five plates made of multiple layers of wire fabmepregnated with cement
mortar were tested. Such plates can be used fstroeting structural elements
or strengthening and repair of reinforced concteictures. The studied
parameters were the lamination process and thee @apect ratio. The
transverse deflection and strain distribution asrbe thickness of plates were
measured on prototype models. It was found traeasing the number of cast
layers in constructing the plates resulted in aicedn of mid-span deflection.

The experimental results were found to be in gogdeement with the

theoretical findings. The latter were obtainedthgsa developed non-linear
finite element analysis based on the layered agpproa
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INTRODUCTION

Renovation of concrete elements after a certais tsrsometimes inevitable. A
number of rehabilitation methods have been developee of these involves
the use of advanced composite materials for rephireinforced concrete
structures [1]. This technique is new and has n&nyctural advantages but is
expensive.
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The use of wire fabric to reinforce mortar layense.( ferrocement) for
strengthening structural elements [2] or constngctnew structures [3] is
increasing rapidly. Ferrocement construction camgpévorably with advanced
composites such as fiber glass laminates in spstriattures, e.g., domes, wind
tunnels, shell roofs and pools [4]. Two feasipilistudies have shown
ferrocement costs to be less than steel or filsgsglminates in the construction
of wind tunnels [5] and hot water storage tanks [6]

In the conventional construction of ferrocementesal layers of wire mesh are
tied to a framework of reinforcing bars and thenrtawois impregnated into the
steel matrix. The full details of conventional riemement construction

techniqgues are reported else where [3]. Irons [&findd the laminated

ferrocement production as a system which has eagdr lof mesh separately
embedded into mortar matrix. He argued that #msihating process eliminates
voids, allows more reinforcement to be incorporatéthout mortar penetration

problems and the technique has proven to be ingrattorrosion resistant.

The objective of this research was to study theabien of thin plates made of
mortar layers reinforced with wire mesh. The stddmarameters were the
number of cast layers of mortar reinforced with deel square wire mesh and
the aspect ratio of plates. In addition, the expental results were compared
with numerical ones obtained by a developed nogaliffinite element code for
the analysis of 2-dimensional layered elements.

EXPERIMENTAL STUDY

Plates Design

The ferrocement plates were designed to meet spaains of EC 95 [8]. The
flexural reinforcement consisted of steel bars 3 mmiameter, welded to form
a square 6 cm mesh and two layers of expandedfabrec. In order to study
the effect of method of casting, three plates o€®0length, 50 cm width and 7
cm thickness were cast in one, two and three lag=ssectively (see Figure 1).
In order to study the effect of aspect ratio on lilebavior of plates, two other
plates of 50 and 70 cm length having the same waditi thickness as the
previous plates were cast. The latter plates wasein three layers each.

Plates Fabrication

A total of 5 ferrocement plates were cast in woodis (See Figure 2). The
mortar mix proportions for ferrocement were sangheet ratio = 2 by weight,
the maximum size of sand particles was 5 mm anémaament ratio of 0.5 by
weight. This meets the specifications of the A@Gh@nittee 549-R88 [5]. Four
batches of mortar were used to cast the plateshendtandard test cubes. The
casting process was described in the previousoseand is shown in Figure 1.



All plates and cubes were cured in a water bathafoleast 28 days prior to
testing. The cubes were tested on the same day Wieeplates were tested.
Batches 1 through 4 had an average compressivaggiref 270 kg/crh
Compressive strength of the batches differed bg lkksn 10% from this
average.

I nstrumentation and Test Setup

The plates were tested according to the followingcedure. The specimens
were instrumented to obtain information relatedthie structural behavior of
each plate, in terms of concrete strains and texssvdeflections of plates, at
various stages of loading. The locations of denmtp (for measuring concrete
strains) and dial gauges (for measuring deflecjians shown in Figure 3. The
plates were tested under uniform increasing loattsined by the pyramid
shape of wooden pieces (as shown in Figure 4) %htan Shimadzu universal
testing machine with a computer controlled hyd@skrvo system. The plates
were simply supported at the two short edges aswldt the other two ones (see
Figure 3). All plates were statically tested tduee in a single load cycle. The
rate of loading was 1mm/min since the machine atpdr a displacement
control loading scheme. The test arrangementsheren in Figures 3 and 4.

Concrete strain measurements

Demec studs were glued to each of the two freessaf plates using rapid-
hardening Araldite epoxy resin. Five pairs wexkedi on one side and 2 pairs on
the other side for the measurement of concreteasairfstrains at various
locations on the top compression and bottom tersimfaces of the plates. All
demecs were symmetrically located on both sideth@imid-span as shown in
Figures 3 and 4. The measurements were carriedusugy a 100 mm
demountable digital demec gauge (See Figure 5).

Transver se deflection measurements

The deflections were measured using dial gaug€4 (@m divisions) fixed on
the bottom surfaces of the test plates. The dialggapositions for the test
specimens are shown in Figure 3.

EXPERIMENTAL RESULTS

All the tested plates failed in flexure at differdoad levels depending on the
number of cast layers and the aspect ratio of fldtkee behavior of plates with
regard to the measurements of the mid-span deftexsticoncrete strains and
crack patterns shall be discussed in the folloveections. Results from the tests
are shown in Figures 6 through 11. The notatioreawh plate starts with three
letters and a value referring to the plate lengtlwtdth ratio, followed by a
hyphen and then a letter and a number which reférd number of cast layers.



For example, the notations Plwl.8-and Plw1.4-k, represent plates having
length / width ratio of 1.8 and 1.4 which were casbne layer and 3 layers
respectively.

Mid-span Deflection

The mid-span load-deflection relationship for ak ttest specimens is shown in
Figure 6. In general, mid-span deflection increaasdthe plate length/width
ratio increased. It can be seen from the figure tha plate Plw1.8-4 failed
before Plwl1.8-L while plate Plw1.8-b sustained large deflections prior to
failure. Figure 6 shows that changing the methbdasting by increasing the
number of cast layers to 3 layers lead to an irsered the load capacity of the
plate. For example, the ultimate load of plates1P8aL; and plate Plw1.8-L
was 2542 and 1751 respectively. It goes with@aying that decreasing the
aspect ratio for the same plate thickness and dhee shumber of cast layers
resulted in a reduction of deflection for the saapplied load and lead to an
increase of the ultimate load. Plates Plwls4ahd Plwl.0-k had mid-span
deflections of 5.8 and 4.1 mm at ultimate loads 2800 and 3300 kg
respectively.

Deflection Distribution Across The Plate

Figure 7 shows the deflection measurements athifee tdial gauges located at
position 1,2 and 3 in Figure 3. It is clear frone tdeflection distribution
diagrams that the deflection values are almost sytmoal around the dial
gauge number 2 at the center line of the test pldteis was expected since the
load was uniformly distributed over the plate soefaThe behavior of plates
was dependent on the load value. For exampleadtlevels up to 1000 kg, the
deflection values were found to increase in ordelPlol.8-L;, L, and L. For
higher levels of loads, the trend is changed ared déflection values were
observed to increase in order of Plwlg-,, L, at load level of 1500 kg (see
Figure 7). Plate Plwl.8.Lfailed at higher load level and the plate Plw1;8-L
showed less deflection than Plwl.84t load level = 2000 kg. Plw1.8-lfailed

at load of 2200 kg while Plw1.8zlsustained large deflection prior to failure at
load level higher than 2500 kg.

In general, it was found that plate Plwl.84¢howed a more ductile type of
failure after sustaining large deformations priorfailure. This is clear from
Figure 8, that the ratio between first crack load aultimate load for plates
Plwl.8-L;, L, and Lz is 0.68, 0.77 and 0.50 respectively. This shoved the
difference between the first crack load and ultemaid for plate Plwl.8-Lis
the highest and this supports the observation ef dictile type failure
mentioned earlier. This is consistent with the iingd of Irons [7] that the
number of cast layers (the lamination process)ctdfthe behavior of structural



elements and in turn this leads to a better behafiplates by decreasing the
deflection.

Crack Patterns

The first crack to form was a result of flexuralesses in all plates but it was
initiated at each plate at different load valuer plate Plw1.8-L, the first crack
was initiated at a distance of 39 cm from the $afie of the plate as shown in
Figure 9 (a) at load value of 1490 kg, the secaadicwas formed at load value
of 1678 kg and then a sudden reduction of the macload to a value of 1446
kg was recorded since the machine operated orpkadenent control basis.

For plate Plw1.8-k, which was cast in two layers, the first verticehck was
developed at load = 1340 kg as shown in Figure &8@n)g a line parallel to the
width of the plate at its center line. The cracggressed in length and width to
the interface between the cast layers and thernriaomtal crack developed at
this surface. On further increase in load, thaetexg cracks progressed in length
and width till load value of 1678 kg. A sudden retion of the machine load
from 1340 kg to 1213 kg was recorded when the diratk occurred.

Figure 9 (c) shows the cracks formed in plate RBwL. It can be seen that this
plate generally showed similar behavior to Plw1,8-The first crack was

developed at load 1283 kg and extended in lentjtthé second cast layer and
then a horizontal crack was observed. As a reduthis crack, the machine
recorded a sudden reduction of load to 1216 kg.tAerocrack was formed at
load 1481 kg (Figure 9 (c)) at a distance of 34fm the left support of the

plate. The progress of this crack was similar &fitst one.

It can be noticed from the previous discussion &nch Figure 9 that plates
Plwl.8-L, and Plw 1.8-k sustained horizontal cracks at interface surface
between layers, and these were generated at tlud tie vertical cracks. This
might be attributed to the fact that these plateseveast in more than one layer;
two and three layers respectively. However, pRitel.8-L, failed earlier than
Plw1.8-L3 because it has only two layers and the horizaradk developed at
the surface between the two cast layers leadftother slip between the two
layers (see Figure 9 b). Figures 9 (a) and (cjvaihat the first crack formed in
Plwl1.8-L; and L; were not at the center of these plates and neckEraere
developed after progressing of the first crackfailure. It can be argued that the
use of wooden pieces to distribute the load mayehereated some stress
concentration under the wooden pieces at the twtaif cracks. It is worth
mentioning that the flexural cracks for differentates originated from the
bottom (tension zone) surface along a line paradlehe width of the plate (see
Figure 10).

Concrete Strains



The horizontal strain results measured at the dgragtts on the sides of plates
were highly affected by the formation of cracksheTeffect was found to be
more pronounced when such cracks formed througat dhe vicinity of the
demec points. The strains developed across the thigkness under load were
studied in order to assess the effect of the nummbeast layers and plate aspect
ratio.

Figure 11(a) shows the load strain relationshipdemec point (1) which is
located at the top compression zone for differémties (see Figure 3). It can be
seen from Figure 11(a) that the strain in compoesgshortening) increased in
the following order for different specimens; PlwL§ Plwl.4-L;, Plwl.8-Ls,

L, and L,. The recorded ultimate load of Plwl.8\vas 1751 kg. After failure
of plate Plw 1.8-L, the strains at plates Plw1.8-and Plw1.8-L. were in close
agreement till the ultimate load of Plwl1.8-bf 2195 kg. This might be
attributed to the fact that the crack formed atP8aL, was at its center line,
where the strains were measured while the cracldvet.8-L; and Plwl1.8-k
were at other locations as mentioned earlier ini@e8.3.

The strains in concrete at demec point (5) in émsibn zone (see Figure 3) have
been affected by the formation of cracks in theggalength. Figure 11(b)
shows that the strains in tension zone increasadlsifor different plates to
different load levels before the formation of crecklhe order of slow increase
of strains was 4, L, L, for plate Plw1.8 with the maximum ap Bs shown in
Figure 11 (b). After the formation of cracks, tmntribution of reinforcement
lead to a rapid and significant increase in strainsl failure occurred. From
Figure 11 (b), it can be seen that the maximumzbootal strains of plates
Plwl.8-L;, Plwl.8-L, and Plw1.8-k ranged between 7.3 /1000 to 7.8/1000.
This small variation in strains, compared to theriateon of strains in
compression zone, may be attributed to the contobwf steel reinforcement to
tension failure (see Figure 11 (a)). It can beceok that the strain of plate
Plwl.8-L; showed a steady increase with load prior to failurThe range
between the maximum load at slow rate of strain @ed ultimate load was
maximum for Plw1.8-k and then for plates Plw1.8-land L, respectively. This
supports the findings in Section 3.2 and shown iguie 8 that the range
between the first crack load and ultimate load wahe order of Plw1.8-}, L;
and L, respectively.

It is worth mentioning that the strains increasethwhe increase of plate aspect
ratio for the same number of plate cast layerds iBclear from Figure 11 (a) &
(b) for compression and tension zones that therasflincrease of strains was
Plw1.0-Ls, Plwl.4-L; and Plw1.8-L.



THEORETICAL FINDINGS

The finite element model developed earlier [9] fbe non linear analysis of
reinforced concrete elements strengthened by fiberforced plastics (FRP)
sheets was based on the layered approach. The nmdel quadrilateral
iIsoparametric 4-nodes element with five degreedreédom per node. The
factors included in the program were; the elassifabehavior of concrete in
compression, the elastic brittle fracture behavior tension, as well as
compression softening, crack tension stiffeningl eotating crack concept. The
steel was modeled by an idealized bilinear cunemtidal in both tension and
compression.

In order to improve the capability of the progratne author increased the
previous factors by adding one more of the craclafigcts namely aggregate
interlock.  Output results obtained by the progravere then used for
comparison with the experimental observations.

Mathematical Modeling

The ferrocement plates (steel wire fabric embeddednortar matrix) were
treated analytically by dividing them into a numleémortar layers through the
thickness, while the steel wire fabric were smeanéal equivalent steel layers,
and each layer was assumed to be in a state o ptagss. Since the full details
of this modeling is stated in [9], the formulatiasll be limited here to the new
factor mentioned previously, aggregate interlock.

Aggregate I nterlock
The simplified formulation proposed earlier [10jadopted herein to account for
aggregate interlock;

[0n] = - /30 + [1.85,,%% + (0.2345,,%7%" - 0.20) f] [5nd (1a)
[Ond] = - /20 + [1.358,,2%% + (0.1915,,°°°% - 0.15) ] [3nd (1b)

whereo,; ando,, = the shear and normal stresses transferred aitressugh
crack surfaces (Mpa).
Oy and &,, = the shear displacement and the crack opémng).
ft =the simple compression strength of condidiga).

The signs of the stresses are obtained by consgl¢nat the normal stress is
always compressive (negative) and shear stresew®llthe sign of shear
displacement. The crack opening is always posiftrgure 12 shows the sign
correction of the relation in Equation (1) to oltkgse requirements.

After adding the effect of aggregate interlock ke tconstituent matrices of
concrete layers [9], the material stiffness matoixthe whole section composed



of mortar matrix reinforced with wire fabric is kad to the program and the
element stiffness matrix is obtained directly. Alle steps of the nonlinear
analysis are listed else where [9].

PREDICTION OF THE RESULTS

The finite element code developed earlier [9] aratiified herein was used for
modeling and analyzing the ferrocement plates whighre experimentally
tested in this investigation in order to compare tlumerical results with the
experimental ones. Since the program treats ehtteowire fabric mesh and
mortar as individual layers, the numerical resulidé be compared with L.and
L; series of experimental results which were basedasting the plate into 2
and 3 layers respectively. (i.e. Plwl.9-LPlwl1.4-L,, Plw1.8-L, and PIw1.0-
L3, Plwl.4-L;, Plwl.8-Ly).

The finite element mesh, boundary conditions, logdand reinforcement
idealization adopted for the analysis are givenFigure 13. The material
parameters used are those reported in [11] and givEigure 13 (b).

Deflection For Different Aspect Ratios

Figures 14 and 15 show a comparison between themreind experimental
load-deflection results for different aspect ratogl the same number of layers
(Plwl, 1.4, 1.8-k). The global behavior is very well simulated upgtmout 1000
kg, but it deviates considerably beyond this vdtuadifferent aspect ratios with
different degrees. For example, Figure 15 showasttie difference between the
experimental and predicted deflection is about B%aspect ratio = 1 at load
level 2000 kg whilst that difference equals abotfolfor aspect ratio =1.8 and
the same load level. However, the shapes of bo#h ekperimental and
theoretical results are very similar.

It is observed that the model under estimates #fkeations compared to the
experiment. It can be argued that the material gntags reported in Figure 13
(b) and used as data for the computer program wlgtigened from the literature
[11] and are not based on experimental testinghefmaterials used in this
investigation. This is expected to have a sigarficeffect on the results after
cracking and especially for aspect ratios highantlone. It was mentioned
earlier in Section 3.3 that the first crack for afythe plates occurred at loads
higher than 1000 kg and that explains the good emgeat between the
experimental and theoretical results up to thidl lexel.

Strain Distribution
Figure 16 shows the theoretical and experimentainstdistribution results
across the thickness of plates Plwl1.0, 1.4, %.&tlthe demec points shown in



Figures 3 and 4 and for machine load of 2000 kyis Tevel of load is higher
than the first crack load and less than the uléni@ad for any of the test plates.
It can be seen from the figure that the both expenital and theoretical strain
distribution shapes were directly proportional he distance from the neutral
axis in the tension zone and in the compressiore ziirdemec point (2) whilst
the strain distributions were inversly proportiortal the distance from the
neutral axis between demec points (2) and (1). sfiteen distribution shapes are
consistent with the assumptions of EC 95 [8] and A8mmittee 549, 1R-88
[11] for the tension zone and compression zoneufemec point (2). It can be
argued that the layered approach and the formafi@nacks may have affected
the reversal of trend between demec points (2)(&hd It can be seen that, at
load level of 2000 kg, the agreement between thieateand experimental
results decreased with the increase of aspect estiovas noticed for the
deflection results in Section 5.1.

Crack Patterns

Figure 17 shows the predicted and experimentalsenked crack patterns for
plates Plw1.8-kL and Lz at initial crack load and second crack load farheaf
them. It can be seen from the figure that a veydgagreement is observed for
both of the directions and the locations of crdokd?lwl.8-L,. The location of
cracks was predicted for Plwl1.8-at the center of plate as shown in Figure 17
while the experimentally observed ones were locatasvo different positions.
This was explained earlier at Section 3.3 by tHecefof stress concentration
due to placing the wooden pieces at these twoitat In turn, cracks were
generated at the locations shown in Figures 9 &mahtl not at the center of the
plate as predicted by the theoretical modeling Wwhiere based on considering
the load uniformly distributed on the plate.

CONCLUSIONS
The following conclusions can be drawn from thedgtwf the experimental
results and theoretical findings for the test cases

The method of casting (number of cast layers) aspleet ratio of plates
influenced the magnitude of the mid-span deflectibthe tested plates.

Strains are affected by the same previously statetdrs but are also dependent
on the developed cracking pattern.

A realistic numerical simulation of the structutahavior of plates made of
mortar layers reinforced with wire fabric (ferrocemt) is verified. The load -

deflection curves observed in the experiments,cthek patterns, and also the
strain distribution are quite well predicted.
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