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ABSTRACT 

Flexible or bendable concrete is an Engineered Cementitious Composite (ECC) that exhibits ductile 

material properties, in contrast to the brittle nature of conventional concrete. The material composition of 

conventional concrete is modified in order to impart a flexible nature to the material. This research 

presents the findings of an experimental study examining the flexural response of self-compacting 

bendable concrete beams reinforced by Glass Fiber Reinforced Polymers (GFRP) bars under a 

symmetrical two-point load. The experimental work comprised the casting of eight reinforced beams. The 

dimensions of all beams were identical: an overall height of 150 mm, a width of 100 mm, and a total length 

of 1,000 mm. The beams were classified into three groups based on the type of variables adopted and the 

type of the strengthening method employed, the percentage of steel fibers (1%, 1.5%, and 2%), and the 

percentage of Polyvinyl Alcohol (PVA) (0.2%, 0.3%, and 0.4%) were also considered. The following 

measurements were taken: the first cracking load, midspan vertical deflections, concrete surface strains, 

and the ultimate load capacity. Additionally, the crack patterns were recorded and the failure mode was 

observed, in addition to the mechanical properties of self-mortar bendable concrete (both fresh and 

hardened). The results indicated that an increase in the PVA ratio from 0.2% to 0.3% and 0.4% resulted 

in a notable rise in the modulus of rupture and modulus of elasticity, by approximately 16% and 40%, 

respectively, and 0.09% and 2%, respectively. The ductility of the beams increased with the steel fiber 

ratio due to enhanced flexural and splitting properties, which is a positive outcome. This allows for more 

caution to be exercised before the beam reaches its limit of stability. Furthermore, the value of deflection at 

maximum load increases with the increase of steel fiber content due to the increase in load capacity. 

Keywords-bendable concrete; ECC; PVA; steel fiber; flexural behavior, GFRP; self-compacting 

I. INTRODUCTION  

Concrete is a building material that exhibits high 
compressive strength but low tensile strength. In the absence of 
reinforcement, a concrete beam will display cracking and 
failure when subjected to a relatively small load. The failure is 
typically abrupt and brittle in nature [1]. Flexible or bendable 
concrete is an Engineered Cementitious Composite (ECC) that 
demonstrates ductile material properties, which contrasts with 
the brittle nature observed in conventional concrete [2]. ECC 
has a tensile strain capacity of 5%, which is 500 times greater 
than that of plain concrete or Fiber-Reinforced Concrete (FRC) 

[3]. The appealing for a multitude of applications nature of 
ECC emerges from the benefits of high composite ductility in 
the hardened state and flexible processing in the fresh state. A 
number of tests have been performed to evaluate the 
effectiveness of ECC at the structural level [3, 4]. These studies 
offer new insights into how the material characteristics 
influence the structure's responses. In order to predict the 
structural behavior, constitutive models of ECC have been 
developed and integrated into Finite Element (FEM) systems 
[5, 6]. Such studies should assist in investigating the selective 
application of ECC in key structural system components, while 
avoiding the need for costly experiments. The coarse aggregate 
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is eliminated in a flexible concrete mix, and more fibers are 
incorporated. Flexible concrete comprises cement, fibers, sand, 
water, and superplasticizer [7]. Bendable concrete is made of 
mortar rather than concrete, but with polymer addition, fiber is 
required to impart good workability. These different 
ingredients share the entire applied load [8]. It has been 
determined through empirical evidence that the integration of 
fibers into concrete can markedly augment its tensile strength, 
thereby reducing the likelihood of fissures forming in the 
concrete matrix [9-11]. The fibers present in the malleable 
concrete are equipped with an anti-friction coating, known as 
the slick coating. The coating enables the fibers to slide over 
one another, and does not result in the formation of friction 
between the fibers [12]. The robust molecular bond that is 
formed between the concrete and the fibers during the 
hydration process serves to prevent the occurrence of cracking. 
Furthermore, it exhibits self-healing properties, enabling the 
repair of microcracks. This results in increased concrete 
flexibility [13]. Bendable concrete exhibits a greater capacity 
for deformation than regular concrete while maintaining the 
incorporation of superfine silica sand and tiny PVA fibers. A 
mechanical strength test is conducted on the beam, which 
demonstrates the ability to withstand significant loads and 
deformations without the necessity for steel reinforcement. The 
flexural strength is 60% greater than that of the conventional 
concrete [14]. Steel fibers are currently the primary material 
used to reinforce concrete and resolve the issue of brittleness 
[15, 16]. 

The usage of fine sand for the purposes of water treatment 
represents an optimal approach for the production of flexible 
concrete. In the event that this is not available, it is possible to 
use normal sand as an alternative. Additionally, alternative 
materials, such as silica fume, blast furnace slag, and fly ash 
can be employed in the production of concrete [17]. The 
workability of flexible concrete is a requisite quality, and thus 
superplasticizers are a necessary component. The 
superplasticizers employed in the production of flexible 
concrete include lignin, naphthalene, melamine formaldehyde, 
sulphonate, polycarboxylate ether and lignosulfonates [18, 19]. 
An ECC represents a significant advancement in concrete 
technology, offering the potential to resist greater applied loads 
before cracking while behaving as a ductile material. This 
enhanced behavior can help to resist higher loads before failure 
and provide greater strength before collapse. An investigation 
into the behavior of reinforced concrete beams with GFRP bars 
under bending using ECC material will provide further insight 
into the behavior of bendable concrete. Glass Fiber-Reinforced 
Polymer (GFRP) is the most common substitute for steel bars 
in modern construction. The most significant benefit of GFRP 
bars is their high corrosion resistance, while possessing high 
tensile strength and low density, which makes them lightweight 
and exhibit excellent electromagnetic resistance [20-24]. They 
are frequently employed in wet and coastal regions to prolong 
the lifespan of concrete structures and curtail the costs 
associated with maintenance [25-27]. Given that steel bars have 
a greater mass than GFRP bars, incorporating steel into RC 
structures markedly increases the overall weight of the 
structure. Reducing the weight of buildings is of paramount 
importance. This highlights the necessity for the usage of 

lighter building materials, which will prove beneficial for the 
overall functionality of the structures. The objective of this 
advanced study is to reduce the brittleness of concrete. It has 
been demonstrated in the literature that the addition of fibers to 
concrete enhances both the axial strength and flexibility of 
columns [28, 29]. GFRP bars are an effective means of 
providing interior reinforcement for concrete constructions, 
offering a number of advantageous mechanical and 
environmental resistance features [30, 31]. 

II. EXPERIMENTAL WORK 

The objective of the experiment was to test how well 
supported beams can withstand a load in the middle, using a 
special type of concrete. To make sure the results were reliable, 
a series of tests were carried out on control specimens, 
including prisms, cylinders, and cubes. 

A. Specimen Details 

The eight beams were designed to display flexural failure 
and had identical dimensions. The total length of the beams 
was 1,000 mm, while the cross-sectional dimensions were 
(150×100) mm. The beams were divided into three groups 
based on the type of variables adopted, including the type of 
reinforcement (GFRP and steel bars), the volume fraction of 
steel fibers (SF) (1, 1.5% and 2%), and the percentage of PVA 
(0.2%, 0.3%, and 0.4%). These variables are presented in Table 
I and Figure 1, which also shows the dimensions and 
reinforcement details of the tested beams. 

TABLE I.  DETAILS OF TESTED BEAMS 

Groups Beam No. PVA % Steel Fiber % P GFRP Ps 

A 

B1 0.2 1 0.022 0 

B2 0.2 1.5 0.022 0 

B3 0.2 2 0.022 0 

B4 0.2 1 0.0146 0.0072 

B 
B5 0.2 1 0.0073 0.0144 

B6 0.2 1 0 0.0216 

C 
B7 0.3 1 0.022 0 

B8 0.4 1 0.022 0 
 

 

 
Fig. 1.  Beam reinforcement details. 
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B. Materials 

a) Materials of SECC and Mix Properties 

The materials of the SECC mixture are ordinary Portland 
cement (CEM1-42.5 R), which is in compliance with the 
specifications set forth in Iraqi Regulation No. 5/2019 [32]. 
Tables II and III present the chemical and physical properties 
of the cement. The fine aggregate in question is a grade with a 
maximum size of 600 µm, and it is in compliance with Iraqi 
specifications requirement 45/2021 [33]. The grading zone of 
the fine aggregate has been determined to be zone 3, based on 
the findings of the relevant tests. The fineness of silica fume is 
880 cm²/gm, which is in accordance with the ASTM 
C1240/2005 requirements [34]. Additionally, micro steel fibers 
with lengths from 12 mm to 14 mm, diameters from 0.2 mm to 
0.25 mm [35], and tensile strengths exceeding 2,850 MPa [36-
38], were used. A liquid high-performance GLENIUM 51 
ether-based superplasticizer was employed to mitigate the loss 
of workability. This plasticizer is categorized as type A and F 
in accordance with the classification system outlined in ASTM 
C494 [39]. The lengths of the PVA fibers used in the study 
ranged from 8 mm to 12 mm, with a diameter of 40 μm [40, 
41]. A series of trial mixes were performed to ascertain the 
optimal superplasticizer dosage for enhancing workability, as 
determined by the slump flow test, which yielded a range of 24 
mm to 26 mm [42, 43]. Additionally, the objective was to 
achieve a cubic compressive strength exceeding 30 MPa at 28 
days. Table IV presents the final quantities of the materials 
utilized to prepare SECC per m

3
 for the various mixes 

employed in this study. The proportion of steel fibers and PVA 
was maintained at a constant level across all trial mixes. 
Ultimately, trial Mix No. 4 and No. 5 were found to be 

successful. However, Mix No. 5 was selected for further 
analysis due to its superior compressive strength at 28 days. 

TABLE II.  CHEMICAL COMPOSITION AND MAIN 
COMPOUNDS OF THE CEMENT 

Chemical composition Weight% Iraqi Specifications No. 5/2019 

SiO2 21.92 - 

CaO 62.52 - 

MgO 3.35 Not more than 5 % 

Al2O3 4.0 - 

Fe2O3 3.3 - 

SO3 2.2 Less than 2.8 % 

C3A 5.02 More than 3.5 % 

Loss on Ignition (LOI) 2.65 Not more than 4 % 

Insoluble Residue (IR) 0.95 Less than 1.5 % 

Lime Saturation Factor 0.71 0.66-1.02 

TABLE III.  PHYSICAL PROPERTIES OF CEMENT 

Physical properties 

Name Unit No. 1 Iraqi Specification No. 5/2019 

Specific Surface Area cm2/g 2,680 Not Less Than 2300 

Initial Setting Time min 160 Not Less Than 45 

Final Setting Time Hours 6.4 Not more than 10 

Compressive strength at 2 days MPa 27.0 Not Less Than 20 

Compressive strength at 28 days MPa 49.8 Not Less Than 42.5 

Soundness by Autoclave Method % 0.64 Not more than 0.8 

 
In order to achieve the objectives of this study, five mixes 

based on the mix design method (EFNARC 2002) [42] were 
divided into two groups according to the type of variables 
adopted. These included different percentages of steel fiber 
(1%, 1.5%, and 2%) and the percentage of PVA (0.2%, 0.3%, 
and 0.4%). The results of these mixes are outlined in Table V. 

TABLE IV.  DETAILS OF TRIAL MIXES FOR SECC 

No. 

Mix 

Cement 

(kg/m3) 

Sand 

(kg/m3) 

Limestone 

(kg/m3) 

Steel fiber 

% 

PVA 

% 

Super Plasticizer 

(L/m3) 

Water 

(L/m3) 

Slump test 

(mm) 

Compressive strength 

(MPa) 

M1 400 1,375 100 1 0.2 12 242 18 --- 

M2 400 1,375 100 1 0.2 15 242 20 --- 

M3 400 600 200 1 0.2 10 150 22 --- 

M4 400 650 250 1 0.2 10 150 24 31 

M5 400 650 250 1 0.2 10 150 24 42 

TABLE V.  DETAILS OF CONCRETE MIXES 

No. Mix Cement (kg/m3) Fine aggregate (kg/m3) Silica fume % PVA % Steel Fiber % Limestone (kg/m3) Super Plasticizer (L/m3) Water (L/m3) 

M1 400 650 250 1 0.2 10 150 24 

M2 400 650 10 0.2 1.5 250 10 150 

M3 400 650 10 0.2 2 250 10 150 

M4 400 650 10 0.3 1 250 10 150 

M5 400 650 10 0.4 1 250 10 150 

 

b) Reinforcement Beams 

Deformed steel bars with a diameter of 10 mm [44, 45], are 
used in the tension zone to provide p (0.0072, 0.0144, 0.0216) 
for four beams and GFRP bars [46]. In comparison, 6 mm 
diameter reinforcement is employed in the compression zone to 
maintain the stability of the stirrups. 

c) Test Measurements and Instrumentation 

All beams were subjected to an applied four-point load (300 
mm between loads) in order to subject the larger area of the 

beam to a maximum moment, in accordance with the relevant 
standard. The hydraulic universal testing machine (MFL 
system) was employed to test all beam specimens with a 
maximum load capacity of 3000 kN, as shown in Figure 2. The 
recorded data included the first crack load, ultimate load, and 
deflection. Three mechanical dial gauges were deployed for the 
measurement of deflection, with an accuracy of 0.01 mm. One 
gauge was positioned centrally on the beam, while the other 
was affixed beneath the point loads, as portrayed in Figure 2. 
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Fig. 2.  The details for the machine test. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Fresh Concrete Properties 

The tests were performed immediately after mixing to 
examine the filling ability, passing ability, and segregation 
resistance of fresh SECC. The results were found to align with 
the EFNARC [42] limitations for slump flow diameter (greater 
than or equal to 24 mm) and flow time range (7 to 7.5 seconds 
on average for all mixes), as depicted in Table VI. 

TABLE VI.  FRESH SECC TEST RESULTS 

No. Method Property Result 
EFNARC 

Requirements 

1 Slump flow Filling ability 24 24-26 

2 V-Funnel test 
Filling & segregation 

resistance 
7.5 7-11 

 

B. Mechanical Properties of Hardened Concrete 

a) Effect of Steel Fiber Ratio 

The mechanical properties of the hardened concrete for 
group A are listed in Table VII. The results represented 
compressive strength ���  [47], modulus of rupture ��  [48], 
splitting tensile strength �� [49], and modulus of elasticity EC 
[50], as evidenced in Figures 3 and 4. 

TABLE VII.  MECHANICAL PROPERTIES OF EFFECT OF 
STEEL FIBER RATIO 

Mix 
Steel Fiber 

% 

��� 
MPa 

% 
�
� 

MPa 
% 

�� 

MPa 
% 

�� 

MPa 
% 

EC 

GPa 
% 

M1 1 42.34 --- 35.08 --- 6.05 --- 7.75 --- 27,837 --- 

M2 1.5 43.52 3 36.58 4 7.52 20 9.13 15 28,426 2 

M3 2 46.24 8 38.54 9 9.55 36 11.57 33 29,178 5 

 
The steel fibers exhibited high tensile and compressive 

strength and modulus of elasticity, which effectively impeded 
the propagation of microcracks within the matrix and enhanced 
the strength of the concrete. 

b) PVA Ratio Content 

The mechanical properties of the hardened concrete for 
Group B are presented in Table VIII. The results are expressed 
in terms of compressive strength ���, modulus of rupture ��, 
splitting tensile strength ��, and modulus of elasticity EC, as 
noted in Figures 5 and 6. The enhancement in the mechanical 
properties can be ascribed to the optimal bonding effect of the 
steel and PVA fibers, which was predicated on the uniform 

distribution of the fibers within the matrix. The hybridization of 
fiber reinforcement can facilitate further improvements in the 
mechanical behavior of composites. This is achieved by 
controlling the spread of cracks at variable stages of 
deformation and enhancing the strength of the concrete. 

 

(a) 

 

(b) 

 

Fig. 3.  (a) Compressive strength and (b) splitting tensile strength of the 

effect of steel fiber ratio. 

TABLE VIII.  MECHANICAL PROPERTIES OF PVA RATIO 
CONTENT 

Mix M1 M4 M5 

PVA % 0.2 0.3 0.4 

��� (MPa) 42.34 43.11 44.25 

% --- 2 4 

�′� (MPa) 35.08 35.14 36.75 

% --- 0.2 4 

�� (MPa) 7.75 6.92 8.1 

% --- 13 25 

�� (MPa) 7.75 9.25 13.75 

% --- 16 40 

EC (GPa) 27,837 27,861 28,422 

% --- 0.09 2 
 

C. Flexural Behavior of SECC 

The load capacity and deflection of eight concrete beams 
tested up to failure under symmetrical two-point loads were 
employed in a study of their flexural behavior. 
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(a) 

 

(b) 

 

Fig. 4.  (a) Modulus of rupture and (b) modulus of elasticity of the effect 

of steel fiber ratio.  

(a) 

 

(b) 

 

Fig. 5.  (a) Compressive strength and (b) splitting tensile strength of PVA 

ratio content. 

(a) 

 

(b) 

 

Fig. 6.  (a) Modulus of rupture and (b) modulus of elasticity of PVA ratio 

content. 

a) Group A: Effect of Steel Fiber Ratio 

The group comprises three beams, designated B1, B2, and 
B3. All variables remain constant in this group, with the 
exception of the percentage of SF, which varies from 1 to 1.5 
and 2 for B1, B2, and B3, respectively. Table IX provides the 
experimental results of group A. 

TABLE IX.  EXPERIMENTAL RESULTS OF GROUP A 

Group A Silica=10% PVA=0.2% GFRP=0.022 

Beams Steel fiber % 
��� 
kN 

% 
�� 
kN 

% 
Ultimate deflection 

mm 
% 

B1 1 40 --- 130 --- 15.5 --- 

B2 1.5 44 10 145 10 17 9 

B3 2 47 15 155 16 19 18 

 
An increase in the steel fiber ratio from 1% to 1.5% and 

0.2% resulted in a notable rise in the first crack load by 
approximately 10% and 15%, respectively, and in the ultimate 
load by approximately 10% and 16%. As the steel fiber ratio 
increases from 1% to 1.5% and 2%, the corresponding 
deflection value at ultimate load also increases, reaching values 
of approximately 9% and 18%, respectively, as shown in 
Figures 7 and 8, presenting the enhanced ductility of beams 
with an increase in the steel fiber ratio, attributable to 
augmented flexural and splitting properties. This is a beneficial 
outcome, as it allows for more cautious monitoring of the 
structure. Additionally, the deflection value at maximum load 
rises in conjunction with the rise in the steel fiber content, 
reflecting the growth in load capacity. 
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Fig. 7.  Load-deflection curve of beam for group A. 

 

Fig. 8.  Experimental results of Group A. 

b) Group B: Type Reinforcement Effect 

This group comprises the type and reinforcement value for 
four beams, B1, B4, B5, and B6. Two types of reinforcement 
are employed in this group: GFRP bars with ρ= 0.022, 0.0146, 
0.0073, and 0, and steel bars with ρ= 0, 0.0072, 0.0144, and 
0.0216, respectively. These are used to investigate the 
influence of the reinforcement on the behavior of beams. As 
evidenced by the data presented in Table X and Figures 9 and 
10, a reduction in the P (GFRP) from 0.022 to 0.0146 and an 
increase in the P (Steel) from 0 to 0.0072 resulted in an 
increase in the first crack, ultimate loads, and deflection 
corresponding to ultimate loads. The values for the first crack, 
ultimate loads, and deflection increased by approximately 11%, 
19%, and 18%, respectively. Additionally, a decrease in P 
(GFRP) from 0.022 to 0.0073 and an increase in P (Steel) from 
0 to 0.0144 led to a 20% and 24% increase, respectively, in the 
values of the first crack and ultimate loads. Conversely, the 
deflection decreased by approximately 29%. A decrease in P 
(GFRP) from 0.022 to 0, accompanied by an increase in P 
(Steel) from 0 to 0.0216, resulted in a 25%, 28%, and 43% 
increase in the values of the first crack and ultimate loads, 
respectively. This behavior indicates that the steel 

reinforcement should remain in place until the GFRP bars have 
gradually reached their maximum strength. The enhanced 
ductility properties and modulus of elasticity enabled the beams 
to reach their ultimate strength before failure, thereby 
increasing their capacity. 

TABLE X.  EXPERIMENTAL RESULTS OF GROUP B 

Group B Silica=10% PVA=0.2% Steel Fiber=1 % 

Beams P GFRP P Steel ��� kN % �� kN % 

Ultimate 

deflection 

mm 

% 

B1 0.022 0 40 --- 130 --- 15.5 --- 

B4 0.0146 0.0072 45 11 160 19 19 18 

B5 0.0073 0.0144 50 20 170 24 12 -29 

B6 0 0.0216 53 25 185 28 27.36 3 
 

 

Fig. 9.  Load-deflection curve of group B. 

 
Fig. 10.  Experimental results of group B. 

c) Group C: Effect of PVA Ratio 

The group consisted of three beams, designated B1, B7, and 
B8. All variables were held constant in Group C, with the 
exception of the value of the PVA ratio, which was 0.2%, 
0.3%, and 0.4% for B1, B7, and B8, respectively. Table XI 
shows the ultimate load, first crack load, and deflection of 
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Group C. An increase in the PVA ratio from 0.2% to 0.3% and 
0.4% resulted in a notable rise in the first crack load by 
approximately 11% and 27%, respectively, and in the ultimate 
load by approximately 8% and 15%, respectively. As the PVA 
ratio increases from 0.2% to 0.3% and 0.4%, the deflection 
value corresponding to the ultimate load demonstrates an 
increase of approximately 26% and 44%, respectively, as 
presented in Figures 11 and 12. This behavior can be attributed 
to an enhancement in the ductility of the concrete due to the 
rise in PVA content. The incorporation of PVA fibers delays 
the initial formation of cracks and reduces their width, while 
this enables the beam to withstand greater loads before 
reaching its limit and failing. 

TABLE XI.  EXPERIMENTAL RESULTS OF GROUP C 

Group C Steel Fiber =1% Silica=10% P (GFRP)=0.022 

Beams PVA % ��� kN % �� kN % 
Ultimate deflection 

mm 
% 

B1 0.2 40 --- 130 --- 15.5 --- 

B7 0.3 45 11 141 8 21 26 

B8 0.4 55 27 153 15 28 44 

 

 

Fig. 11.  Load-deflection curve of group C. 

 
Fig. 12.  Experimental results of group C. 

D. Cracked Pattern and Mode of Failure 

The results obtained for the cracking load and crack pattern 
for all beams are depicted in Figure 13. Crack patterns emerged 
at locations where tensile stresses (in specific points) surpassed 
the specified concrete tensile strength. During the testing 
process, a multitude of micro flexural cracks appeared in 
regions of critical importance due to the tensile stresses exerted 
by flexural forces. As the load increased, the cracks extended 
and widened. It was observed that the initial cracking 
phenomenon occurred at a later stage in the SECC samples in 
comparison to the normal concrete, which was attributed to the 
incorporation of steel fibers and PVA. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 13.  Crack pattern for all beams, (a) B2, B3, (b) B4, B5, B6, (c) B7, B8. 
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An increase in the percentage of steel fibers resulted in a 
delay in the initial appearance of cracks in all SECC beams, as 
observed in the beam designated "B1," which represents the 
minimum steel percentage. Additionally, it is evident that 
flexural cracks have formed beneath the loaded points, which 
are described as vertical and passing through the neutral axes of 
the beams. It was noted that an increase in the percentage of 
PVA resulted in a notable increase in the number of cracks in 
bendable concrete, which led to a delay in the formation of 
cracks or an increase in their width, thus delaying failure. 
Furthermore, it was observed that an increase in the percentage 
of iron fibers had a significant impact on the durability of the 
beams. This was due to the transfer of stress from the cracked 
areas to the intact regions, which prevented the extension of 
cracks towards the loading point. 

E. Ductility Index 

Ductility is a characteristic that demonstrates the capacity 
of RC beams to undergo plastic deformation before reaching 
failure while maintaining a significant portion of their flexural 
strength [51], as illustrated in Table XII. Figure 14, shows how 
the ductility of SECC beams is enhanced when the quantity of 
steel tension reinforcement within the beam is augmented in 
hybrid reinforcement beams. In comparison to the reference 
beams, the SECC beams with a PVA content of 0.4% exhibited 
a 163% improvement in ductility. 

TABLE XII.  DUCTILITY INDEX FOR ALL BEAMS 

Beam No. Variables. �� (mm) �� (mm) 
Ductility Index 

��/�� % 

B1 �. � � 1% 4.9 19 3.8 -- 

B2 �. � � 1.5% 5.8 23 3.9 3 

B3 �. � � 2% 5.6 27 4.8 26 

B4 �� � 0.0146+ �� � 0.0072 4.2 27 4.4 16 

B5 �� � 0.0073+ �� � 0.0144 5.2 35 6.7 76 

B6 �� � 0+ �� � 0.0216 3.5 41 11.7 208 

B7 PVA=0.3% 4.1 27 6.5 71 

B8 PVA=0.4% 3.3 33 10 163 

 

F. Flexural Toughness 

The flexural toughness of concrete is defined as a measure 
of the capacity of the material to absorb energy. Additionally, it 
is employed to quantify the resistance of concrete to cracking 
and ductility. The toughness values were determined for all the 
beams examined by calculating the area under the curve using 
Excel software and AutoCAD 2022. Table XIII presents the 
flexural toughness for all casted reinforcement beams. The 
flexural toughness of the SECC beams with GFRP bar 
reinforcement and 2% steel fiber content (B3) was evidenced to 
exhibit a markedly higher value than that of other beams. The 
observed increase in flexural toughness may be attributed to 
two factors: increased deflection and enhanced energy 
absorption. 

G. Flexural Stiffness 

The flexural stiffness of a structural member is regarded as 
one of its primary characteristics. The capacity of a body to 
resist deformation under the influence of an applied force is 
quantified by an index known as its degree of deformation 

resistance. The initial stiffness is defined as the gradient of the 
linear segment observed in the load-deflection curve prior to 
the occurrence of the first flexural fracture. 

 

(a) 

(b) 

(c) 

Fig. 14.  Ductility index for groups (a) A, (b) B, and (c) C. 

Table XIV portrays the stiffness values for all tested beams. 
It is proposed that enhancing the reinforcement ratio could 
potentially improve the initial stiffness of the specimen while 
reducing the occurrence of folds. A comparison of the SECC 
beams with one another under monotonic load revealed a 
notable increase in stiffness with an increase in the number of 



Engineering, Technology & Applied Science Research Vol. 14, No. 6, 2024, 17848-17858 17856  
 

www.etasr.com Mohammed et al.: Structural Behavior of Self-Compacting Bendable Mortar Beams reinforced … 

 

longitudinal reinforcement steel bars. The initial stiffness and 
service stiffness increased by 89% and 70%, respectively, with 
an increase in the percentage of reinforcement bars. 

TABLE XIII.  FLEXURAL TOUGHNESS FOR ALL BEAMS 

Beam No. Variables Strain Energy kN.mm 

B1 �. � �1% 159 

B2 �. � �1.5% 261 

B3 �. � �2% 524 

B4 �� �0.0146+ �� � 0.0072 205 

B5 �� � 0.0073+ �� � 0.0144 286 

B6 �� � 0+ �� � 0.0216 273 

B7 PVA = 0.3% 182 

B8 PVA = 0.4% 255 

 

IV. CONCLUSIONS 

The discussions of the results obtained are summarized as 
follows: 

 The successful acquisition of bendable, self-compacting 
concrete is of critical importance for the concreting of areas 
with dense reinforcement or challenging to compact 
conditions. 

 The usage of bendable and self-compacting concrete 
confers a substantial advantage in terms of postponing 
failure. This is due to the fact that the constituents of this 
concrete assist in the prevention of the rapid formation of 
cracks, thereby enhancing its capacity to withstand 
increased loading. 

 The incorporation of Polyvinyl Alcohol (PVA) fibers into 
concrete has proven to enhance numerous mechanical 
properties, particularly those related to tensile strength. The 
addition of these fibers increases the concrete's capacity to 
withstand applied loads before reaching failure, a 
phenomenon attributed to the enhanced tensile properties of 
the fibers themselves. 

 As the PVA ratio increases from 0.2% to 0.3% and 0.4%, 
the value of the modulus of rupture and the modulus of 
elasticity demonstrates a notable increase, reaching 
approximately 16% and 40%, respectively, and 0.09% and 
2%, respectively. 

 The hybridization of fiber reinforcement can continue to 
enhance the mechanical behavior of composites by 
regulating the propagation of cracks at varying stages of 
deformation and augmenting the strength of the concrete. 

 It was observed that the initial cracking phenomenon was 
delayed in the SECC samples due to the presence of steel 
fibers and PVA. 

 It was noted that the structural behavior of SECC beams 
tends to be more flexible than that of SCC. 

 In general, failure in SECC beams is safer than that in 
beams made of SCC, due to the very high deflection 
compared to ordinary concrete. Therefore, it may provide a 
greater opportunity for warning in the event of a failure. 

TABLE XIV.  STIFFNESS FOR ALL THE TESTED BEAMS 

Beam No. Variables ��� (kN) ��� (mm) �� (kN) �� (mm) 
Intimal Stiffness Service Stiffness 

KN/mm % KN/mm % 
B1 �. � �1% 40 2 65 4.9 20 --- 13.3 --- 

B2 �. � �1.5% 44 2 90 5.8 22 9 15.5 14 

B3 �. � �2% 47 1.2 138 7.6 39.2 49 18.2 26 

B4 �� �0.0146+ �� �0.0072 45 1.23 98 4.2 36.5 45 23.3 43 

B5 �� �0.0073+ �� �0.0144 50 1.2 110 5.2 41.7 52 21.15 37 

B6 �� �0+ �� �0.0216 53 0.3 156 3.5 177 89 44.5 70 

B7 PVA=0.3% 45 3.3 76 4.1 13.6 -47 18.5 28 

B8 PVA=0.4% 55 5.5 78 3.3 10 -100 23 42 
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