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Introduction

The concrete is considered as one of the most difficult 
materials to handle, because it is the mixture of different sizes 
materials like water, cement and aggregates [1]. Different modern 
types of concretes like self-compacting concrete (SCC) [2-4] and 
ultra-high strength concretes [5] have already been developed. 
Steel fiber is the discrete, short length of steel with its aspect 
ratio (ratio of the length to diameter) ranging from 20 to 100 [6]. 
Steel Fiber reinforced concrete (SFRC) is also considered as the 
prestigious construction material with its high flexural strength 
and ductility. The various research and developments have been 
carried out with FRC materials since the early 1960’s for its wide 
range of practical applications [7]. American Concrete Institute 
(ACI) had listed the 5 methods of adding fibre materials while 
mixing SFRC [8].

It has, however, indicated that the fibres should be added to a 
fluid mix, either as the last stage of mixing or added to the mixer 
with the aggregates [9]. The effect of mixing procedure on the 
properties of fibre reinforced concrete, especially with the feeding 
sequence of ingredients into the mixer, was studied by Bartos and 
Hoy [10-12]. They claimed that ordinary commercially available 
concrete mixers may not give the better quality of mixed FRC 
[11,12]. Japan Concrete Institute [13] has recommended that the 
fiber materials to be fed after the completion of the mixing of the 
plain concrete.

Synthetic fibres are considered as an inexpensive 
reinforcement, with no corrosion, for concrete. Victor Li. first 
introduced Engineered Cementitious Composites (ECC) in early 
1990s [14-16]. Poly Vinyl Alcohol (PVA) fibres were developed 
by the time. PVA fibres have high tenacity, high modulus, low 
elongation, light weight, good resistance against chemicals 
(alkaline), good adhesion to cement matrix [17]. Gong and Zhang 
found that using high performance fibre-reinforced cementitious 
composite (HPFRCC) materials, instead of normal concrete in RC 
frames, increased the ultimate load, ultimate deflection, ductility 
ratio, and plastic hinge characteristics of the frames Pang et al. 
[18] determined the effect of the fly ash on the ultimate tensile 
stress and strain of the high ductility cementitious composites 
[19]. Li and Xu proposed the bending properties and toughness 
evaluation method of high toughness cementitious composites 
[20]. The impact resistances of high-performance fiber reinforced 
composites were studied by Wang et al. [21] and Zhang et al. [22].

Various attempts were made by Gyawali to enhance the flexural 
and deflection behavior of High Ductile Mortar (HDM) with Poly-
Vinyl Alcohol (PVA) fibers. These include dispersion method of 
PVA fibers and mixing in mortar [23], development of High Ductile 
Mortar mixing method [24], effect of sizes and contents of fibers 
[25] and different types of sand and mixing process [26]. The 
author hereby has studied the directional dispersion effect of thin 
and short PVA fibers on flexural strength and deflection of HDM.
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Objective

The main aim is to investigate the directional dispersion effect 
of thin and short Poly-Vinyl Alcohol (PVA) fibers on flexural and 
deflection behavior of High Ductile Mortar (HDM). Its specific 
objective is to determine the effect of PVA fibers on flexural 
strength and deflection when they are made to disperse in 
2-dimensional and 3-dimensional directions with the following 
two casting methods.

a)	 Casting the beam specimens of varying depth

b)	 Casting the same depth of beam with one layer of casting 
and 5 layers of casting 

Materials and Procedure 

Since the target of this experimental work was to check the 
effect of directional dispersion of thin and short fibers, type of PVA 
fiber and its content, mix proportion of HDM as well as mixing 
procedure were kept the same.

Type and characteristics of PVA fiber

REC15 type PVA fiber was used in all series of experimental 
works. Its characteristics are given in Table 1.

Table 1: Properties of PVA fiber used in experimental investigation.

Parameters Characteristics

Fiber Type REC15

Diameter (mm) 0.04

Length (mm) 12

Specific gravity 1.3

Tensile strength (MPa) 1600

Young’s modulus (GPa) 41

Fiber Elongation (%) 6

Mix proportion

The water cement ratio (W/C) was 30% with unit cement 
content (C) of 1000 kg/m3 and unit content of water (W) of 300 

kg/m3. The content of PVA fiber was 2% by volume. 1.0% of super 
plasticizer (by weight of cement) and 0.3% of viscosity agent 
(by weight of water) were used to enhance the workability and 
viscosity of mortar.

Mixing procedure

The HDM mixing method was used in all series of experimental 
work. Mixing was carried out in a mortar mixer with 6 liters per 
each batch. The viscosity agent was pre-mixed with cement in 
bucket by small scoop. The dry mixing of sand and cement was 
carried out for 30 seconds. Then, the first part of the water was 
poured into the mixer and wet mixing was carried out for 2 
minutes. When pouring the water, the mixer was run with low 
speed. After finishing the charging of water, the mixing was done 
with high speed for one minute. Then, PVA fibers were charged 
into the mixer while mixing on low speed. After finishing the 
charging of fibers, the mixing was done in high speed for one 
minute. Finally, the remaining water was added and then mixing 
was done for further one minute.

Specimens casting and test methods

The workability and the viscosity of the HDM mortar were 
found same in all cases. PVA fibers were uniformly distributed, 
without any clumps, and firmly coated by the mortar. The average 
table flow value of each HDM was more than 150 mm. It was the 
workability requirement of the fresh HDM for the easiness of 
casting. Three specimens of small beams were produced in all 
series of experiments. The specimens were initially air cured for 
24 hours, followed by the water tank curing until the test day.

Test specimens of varying depth

Three wooden (plywood) beam molds of each depth of 6mm, 
12mm, 20mm, 30mm and 48mm were prepared in these series 
of tests. The length (400mm) and width (100mm) were same. All 
specimens were cast with the same quality of the HDM mixed at 
the same time under the similar environmental conditions. The air 
curing and water curing of all specimens were carried out under 
the similar conditions.

Varying depth of casting layer

Figure 1: Casting Method of Fiber Mortar into Molds.

The standard steel molds with sizes of 400mm × 100mm × 
50mm (length × width × depth) were used in this method of casting. 
Casting of fiber mortar into the mold was done in 1 layer and 5 
layers, as shown in Figure 1. In 1-layer casting method, the whole 

mold was cast at once. It was done for maintaining the directional 
dispersion of fibers in 3-dimensions. In 5 layers casting method, 
the depth of each cast layer was 10 mm to make the dispersion of 
fibers in 2-dimensions. It is due to the depth of each layer (10mm) 
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being less than the length of fiber (12mm). Three specimens were 
produced from each casting method. The curing method was the 
same to those cast with varying depth specimens.

Since this investigation was for the comparative study, the 
bending tests were done in 7 days age. It was done with 4-point 

loading method, shown in Figure 2. Gauges were set at the exact 
center of the depth, on both sides, to measure the deflection. The 
average values of the deflection from the both sides were taken 
for the study.

Figure 2: Bending Test Method.

Test Results

The data of load vs. deflection values were recorded from the 
bending test of each specimen. The flexural stress was calculated 
from the recorded load. The trend of flexural stress-deflection 
relationship was studied in general. The maximum flexural stress 
was considered as the flexural strength and the deflection value at 
this point as deflection.

Results on test specimens of varying depth

Average seven days flexural stress-deflection relationships 
of test specimens with a depth of 6 mm, 12 mm, 20mm, 30mm 
and 48mm are shown in Figure 3. The 12 mm beam showed 
more deflection before the failure. It was due to 2-dimensional 

distribution of PVA fibers. It is assumed that, 2-dimensional 
distribution of PVA fibers increased the probability of having the 
direction of fibers in 1- dimensional distribution (longitudinal 
direction of the beam) to resist the flexural stress as well as 
strengthening the bridging work to resist the widening of micro 
cracks. The results obtained for the case of 20 mm and 30 mm 
specimens were in-between. Moreover, numbers of micro-cracks 
before the failure were more on the thin beam than in the thicker 
one. However, the result was different with 6 mm beam which 
gave the least flexural strength. Moreover, the flexural stress was 
fluctuating at every point of loading. It is assumed that the depth 
of the beam was not sufficient with respect to the length of the 
fiber (12mm) used. Figure 4 gives the 7 days flexural strength of 
the varying depth of beams.

Figure 3: Flexural Stress-Deflection relationships on varying depth of Beam Specimens.
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Figure 4: Seven days Flexural strength of Beams with varying Depth

The flexural strength of the 12mm beam was the maximum 
(7.34MPa) followed by those of 20 mm (7.23 MPa), 30 mm 
(7.12MPa) and 48 mm beams (5.45MPa). The increase in flexural 
strength of the 12mm beam was about 35% than that of the 48mm 
beam. The trend of decreasing of flexural strength while increasing 
the depth from 12mm to 30mm was slight, but steep from 30 
mm to 48 mm. The overall trend of decrease in flexural strength, 
while increasing the depth, was found in the tentative parabolic 
form. With exception, the flexural strength of 6 mm beam was the 
minimum (5.36MPa).

Figure 5 shows the deflection values of beams, with varying 

depth, on their maximum flexural strength capacity. The deflection 
value of 12mm beam was the maximum (8.99mm), following by 
those of 20mm (4.77mm), 30mm (2.64mm) and 48mm (0.98mm) 
beams. The deflection of 12mm beam was about 800% more than 
that of the 48 mm beam. Unlike the flexural strength, the decrease 
of deflection of 12 mm to 20 mm beams was steeper than in the 
range of 20mm to 30mm beams. The decrease trend from 30 mm 
to 48 mm beams was slight. The deflection value of 6 mm beam 
was 4.2mm, less than that of the 12mm beams. The trend of the 
deflection curve was linear with the thickness up to 12mm (equal 
to the length of fiber). It was tentative exponential decay with the 
thickness from 12mm upward.

Figure 5: Deflection values of Beams with varying Depth on their Maximum Flexural Strength.

Results on varying depth of casting layer

Figure 6 gives the relationship of stress-deflection curve 
on casting methods of 1 layer and 5 layers of the same depth of 
50 mm beam mold. The flexural strength of one-layer casting 
(50mm) was only 4.76 MPa with its deflection value of 1.05mm. 

The flexural strength of 5 layers casing (10mm) was 7.41MPa 
with its deflection value of 4.2mm. Increase in flexural strength 
and deflection of 5 layers casting was about 36% and 410 % 
respectively than one-layer casting. The fibers of 12mm length 
were assumed to be distributed randomly (3-dimensions) in 
1-layer casting and in 2-dimensions in 5 layers.
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Figure 6: Stress-deflection relationships on varying Depth of Casting Layers.

Analysis and Discussions

The analytical model was developed for the both flexural 
strength and deflection in a variation of the thickness of the 
specimens. Equation 1 gives the empirical formula for the relation 
of the flexural strength with thickness.

3sin( )                                   (1)1 2
k

f k k tb =

Here, fb is the flexural strength in MPa and t is the thickness 
of beam in mm. The constant k_1depends upon the type and the 
percentage of fiber. The constants k2 and k3 depend upon the 
direction orientation of fibers and act as the reduction factor of 
thickness to match with the exact value of fb in MPa.

Equation 2 gives the empirical formula for the relation of the 
deflection with thickness.

1 (  0 )                             (2 )c t for t aδ ϕ= ≤ <

4(- )3 (  ³ )                          (2 )2
cc tc e for t bδ ϕ= ≥

Here, δ, t and Φ are the deflection, thickness of the beam and 
length of fiber in mm, respectively. In equation 2(a), the constant 
c1 depends upon the type and percentage of fiber and acts as the 
reduction factor for the thickness. In equation (2b), c2 depends 
upon the type and percentage of fiber. The constants c3 and c4 are 
for the direction orientation and the reduction factor of thickness.

Figure 7 compares the analytical and the experimental data. 
Values of k1, k2 and k3 are 7.4, 0.45 and 0.43 respectively. The 
analytical result satisfactorily fits with the experimental results. 
However, the experimental data of 6 mm beam are less than the 
analytical result. Furthermore, experimental data from the second 
series experiment are also plotted in the graph. The data for one-
layer casting (50 mm) fits well with the analytical result. However, 
the data of 5 layers casting (10mm each) are more than that of 
analytical result and a little bit more than that of the 12mm beam.

Figure 7: Comparison between Analytical Model and experiment results for Flexural Strength.
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The comparison of analytical model and experimental results 
for the deflection is shown in Figure 8. The values of c1, c2, c3 and c4 
are 0.74, 64, 0.5 and 0.55 respectively. The analytical curve fits to 
the experimental data satisfactorily. The test data of 50mm beam 
(one-layer casting), from the second series experiment, perfectly 
fit with the analytical curve. However, the test data of 5 layers 

casting (10mm each) are far below than that of analytical results. 
With the observation of bending tests followed by the study of the 
pattern of stress-strain curve, flexural strength and deflection; 
the author hereby recommends that the thickness of any HDM 
specimen should not be less than the length of PVA fiber for HDM.

Figure 8: Comparison between Analytical Model and Experiment results for Deflection.

From this study, it was understood that the directional 
dispersion effect of small and thin PVA fibers is vitally important 
for enhancing the both flexural and deflection behaviors of HDM. 
Two-dimensional distribution of PVA fibers enhances the both 
flexural and deflection behavior of HDM. In practical application, 
it is possible to make the 2-dimension dispersion of short and 
thin fibers by producing the high flowable HDM. It may give its 
characteristics of self-flowing, self-compacting and self-leveling 
while pouring to any mold or formwork from any fixed position.

Conclusion

The directional dispersion effect of short and thin PVA 
fibers (φ40µm × 12 mm) was experimentally studied by taking 
two major parameters of specimen casting methods. In the first 
series of experiment, the flexural strength of 12mm beam was 
the maximum (7.34 MPa) with its respective deflection value of 
8.90 mm. The flexural strength of 48mm beam was 5.45 MPa with 
the deflection value of 0.98 mm. The increase in flexural strength 
of the 12mm beam was about 35% than that of the 48mm beam. 
The increase in deflection of the12mm beam was about 800% 
than that of the 48 mm beam. The results of 20mm and 30mm 
beams were in the middle range for the both flexural strength and 
deflection values. In contrast, the flexural strength of 6mm beam 
was the minimum (5.36MPa). The deflection value (4.71mm) was 
also well below than that of the 12mm beam.

The flexural strength of 5 layers casting (10mm each) beams 
was more (7.41 MPa) than one-layer (50mm) casting (4.76MPa) 
beams. The deflection value of the first (4.2mm) was also more 
than that of second (1.05mm). The increase in flexural strength 

and deflection were 36% and 410% respectively. The empirical 
model was developed for the both flexural strength and deflection 
values. The analytical curve fitted well with the experimental data 
for the beam thickness of not less than the length of the fiber. 
However, the problem was noted with the less thickness. The 
author recommends that it is better to produce the specimens not 
thinner than the length of fiber for HDM.

It concludes that the two-dimensional distribution of PVA 
fibers enhances the both flexural and deflection behavior of HDM. 
In practical application, it was made possible by producing the 
high flowable HDM.
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