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ABSTRACT

This research determines the comparison between the flexural behavior of Normal Concrete (NC) beams
and High-Volume Fly Ash Self Compacting Concrete (HVFA-SCC) beams. The research data was
obtained from full-scale beam tests using four-point loading. Tests were carried out on 6 NC and 6 HVFA-
SCC beam specimens with dimensions of 150 mm x 250 mm x 2000 mm. The test specimens varied with
main reinforcement of 12 mm, 16 mm, and 19 mm diameter. The results of the studies show that the crack
patterns of the NC and HVFA-SCC beams are almost identical to those of the flexural failure mode, while
the HVFA-SCC beam has greater ductility than the NC beam. The nominal flexural strength (Mn) of
HVFA-SCC beams can be calculated using the Mn formula in ACI 318-19.
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I.  INTRODUCTION

The use of Fly Ash (FA) as a partial replacement of cement
in concrete work is a solution to reduce environmental
problems caused by energy consumption in cement production
[1, 2]. At present, the production of 1.0 kg of cement produces
0.9 kg of CO, emissions [3]. Replacing part of the cement with
FA in concrete production is one solution to reduce greenhouse
gas emissions. Several studies have shown that it is possible to
use FA on a large scale. The proportion of partial cement
replacement with fly ash of at least 50% is high volume fly ash
concrete [4, 5]. The use of FA, which is a coal combustion
waste, also reduces the environmental impact of landfill
disposal.

One of the problems with reinforced concrete is the limited
space for the fresh concrete to move due to the presence of the
reinforcement. The fresh concrete mix cannot reach small gaps
in the formwork, even when a vibrator is used. The use of Self-
Compacting Concrete (SCC) can overcome this problem. SCC

can compact itself, fill the mold cavity and pass through the
reinforcement without vibration [6-8]. This feature is achieved
through the use of a Superplasticizer (SP) and finer aggregate
proportions compared to normal concrete (NC), which ensures
that the flowability of SCC is high. Combining the HVFA and
SCC concepts is an attempt to achieve sustainable concrete in
the future [9]. The effect of the FA addition on the flexural
behavior of reinforced concrete beams has been examined by
researchers. Bending tests were conducted on reinforced
concrete beams with FA contents ranging from 0% to 60% and
a water-cement ratio of 0.4. The experimental findings indicate
that the maximum load of beams containing 30% FA is the
largest of all beams [10]. The flexural strength of a reinforced
concrete beam incorporating FA is observed to be marginally
higher than that of a control beam, with an enhanced proportion
of 6.37% [11]. The behavior of HVFA concrete beams has
been the subject of research, which has involved a comparison
of the results of beam bending tests. The present study
compares the bending behavior of NC beams and HVFA
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beams. The findings of this study indicate that the HVFA
concrete beam exhibits a flexural capacity that is comparable to
that of the NC beam [12]. Other research indicates that beams
containing 30% and 50% fly ash exhibit flexural behavior
comparable to that of the control beam specimen, which was
not replaced with alternative cementitious materials [13]. The
SCC beam specimens were manufactured using a water-
powder ratio of 0.4 and a SP content of 1.25% of the cement
weight. The concrete beam specimens, measuring 100 mm x
200 mm, had a length of 1,200 mm. The beam flexural test was
carried out with two-point loads. The results of this research
demonstrate that the beams exhibited flexural failure modes.
Consequently, the SCC beam demonstrated superior
performance to the NC beam in terms of flexural capacity [7].

Further research is required to gain a deeper understanding
of the flexural behavior of HVFA-SCC beams. Authors in [14]
conducted research into the flexural behavior of HVFA-SCC
slabs. This research examined the differences in flexural
behavior between NC and HVFA-SCC slabs with GFRP
reinforcement. The findings of the research demonstrate that
HVFA-SCC slabs reinforced with GFRP exhibit comparable
structural behavior to NC slabs with GFRP reinforcement.
Authors in [15] indicate that the discrepancy in ultimate
bending moment between OPC and HVFAC beams is within
7% in the two groups of beams tested, while authors in [16]
present evidence that the tension stiffening stress on the
HVFA-SCC beam is greater than on the NC beam. The present
study compares the behavior of HVFA-SCC and NC beams
with conventional steel reinforcement. The analysis
encompassed an examination of the failure modes, crack
patterns, cracking moments, and capacity moments.
Subsequently, the experimental and analytical results in
accordance with the ACI 318-19 design standard will be
compared.

II. EXPERIMENTAL WORK

A. Materials

The Coarse Aggregate (CA) used is crushed stone, whereas
the fine aggregate employs river sand and is categorized within
grading zone 2. The maximum coarse aggregate size is 20 mm.
The coarse and fine aggregates were sourced from PT. Varia
Usaha Beton Karanganyar, Central Java, Indonesia. Prior to
their usage in the fabrication of test specimens, both aggregates
underwent evaluation in a material laboratory to ascertain their
conformity with the SNI requirements for incorporation into
concrete mixtures. The aggregate test outcomes are presented
in Table L.

TABLE L AGGREGATE TEST RESULTS
. Weight per SpeCl.f ' | Fineness Mud Absorption
Material volume Gravity Modulus content (%)
(kg/m’) | (kg/m’) (%) ’

Coarse 1417 2.65 7.63 0.78 222
aggregate

Fine 1,541 2.53 2.96 3.54 354
Aggregate

The FA used in this research was provided by PLTU
Tanjung Jati Jepara and contains 43.82% SiO-, 15.58% AlOs,

and 12.13% FeO, resulting in a total of 71.53%. It appears that
the FA in question is of the C type. Moreover, a SP is added to
enable the concrete to solidify autonomously, which is Consol
P 292 AS, produced by PT Kimia Beton Indonesia. A series of
tests were performed on the trial mix in order to ascertain a
compressive strength of 30 MPa. Furthermore, tests were
conducted during the trial mix to ensure that the resulting
concrete would meet the requirements for SCC. The resulting
mix design is presented in Table II.

TABLE II. MIX DESIGN OF NC AND HVFA-SCC
Fine
. Cement FA 3 SP Water
Material | (o/m?) | (kg/m?) (O (k&/m) e (kgfm)| kgl
NC 450 - 940 870 - 180
HVFA-SCC 275 275 876 635 55 176

The process of creating a test specimen commences with
the weighing of the concrete constituent materials in
accordance with the outcomes of the trial mix. The process of
mixing the concrete ingredients initially involves the
incorporation of the cement, FA, and aggregates into the mixer.
The requisite volume of water is then added, amounting to
three-quarters of the total required. Subsequently, a quarter of
the requisite volume of water is added, followed by the
incorporation of the SP into the mixer. The mixing process was
completed in approximately five minutes, during which it was
observed that the resulting concrete mixture exhibited a
homogeneous, brownish coloration. To guarantee that the
concrete mixture fulfils the requirements of SCC, tests are
performed on the fresh concrete. In accordance with the
EFNARC 2005 standard, the slump flow, V-funnel, and L-box
tests are necessary to be carried out. It is essential to ensure the
flowability of the concrete mixture in order to meet the
requisite characteristics of SCC. The results of the slump flow
test are presented in Table III, while the test itself is shown in
Figure 1.

TABLE IIL. THE RESULT OF THE FRESH CONCRETE TEST
Test Test result Unit Requirement | Conclusion
Slump flow 670 mm 650 - 800 OK
V funnel 9.10 sec 6-12 OK
L Box 0.86 mm/mm 0.8-1.0 OK
T 50 4.50 sec 2-5 OK

Concrete compressive strength testing is a method of
evaluating the quality of concrete. The test object is a concrete
cylinder with a height of 300 mm and a diameter of 150 mm, in
accordance with the specifications set forth in ASTM C39.
Subsequently, the concrete cylinder mold is removed on the
following day, after which the specimen is treated by
immersion in water. Prior to the commencement of the
compression test, the specimen is subjected to a drying process
and subsequently weighed in order to determine its volume
weight. The test was conducted using compressive strength
apparatus with a limit of 2000 kN at a specimen age of 28 days.
The test is performed by applying a compressive force to the
concrete cylinder until it is crushed. The resulting compressive
force is obtained from the manometer reading of the
compressive strength equipment. The compressive strength is

www.etasr.com

Rohman et al.: Flexural Behavior of High Volume Fly Ash-Self Compacting Concrete Beams to Normal ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 6, 2024, 17792-17797 17794

calculated by dividing the compressive force by the cross-
sectional area of the specimen. The results of the compressive
strength test are presented in Table IV.

Fig. 1. Slump flow test.
TABLE IV. COMPRESSIVE STRENGTH TEST
Specimen Volume weight | Compressive coﬁl‘::;gsfve
3
(kg/m’) strength (MPa) strength (MPa)
2,318 31.99
NC 2,266 30.86 31.80
2,312 32.55
2,319 33.40
HVFA-SCC 2,328 32.27 33.12
2,308 33.69

A tensile test was applied to the steel reinforcement using a
Universal Testing Machine (UTM) with a capacity of 1000 kN.
The test standard is in accordance with ASTM A-370-03a. The
objective of the test is to ascertain the ability of the
reinforcement to withstand stress, defined as the force per unit
area. The results of the test will enable the determination of the
maximum tensile strength, which is presented in Table V.

TABLE V. STEEL REINFORCEMENT TEST
Diameter | Effective diameter | Yield strength | Ultimate strength
(mm) (mm) (MPa) (MPa)
8 7.1 340 470
12 11.6 420 587
16 15.6 415 582
19 18.7 403 560

B. Beam Specimens

This research is based on an experimental methodology.
The experiment was conducted using beam specimens with
dimensions of 150 mm in width, 250 mm in height, and 2,000
mm in length. Tensile reinforcement is provided by deformed
bars with diameters of 12 mm, 16 mm, and 19 mm. The

stirrups and compressive reinforcement use plain steel rods
with an 8§ mm diameter and the concrete cover has a thickness
of 25 mm. In all test specimens, stirrups were installed at one-
third of the span on the left and right edges, with a spacing of
70 mm. The objective of installing the stirrups is to prevent
shear failure during beam testing. Two distinct types of beam
specimens were created, as presented in Table VI. For each
specimen type, two test beams were constructed, resulting in a
total of 12 beams for testing. A diagram of the beam specimen
for tensile reinforcement D16 is shown in Figure 2.

TABLE VI BEAM SPECIMENS
Specimen f'ce (MPa) | fy MPa) | b (mm) | h (mm) | d, (mm)
NC 12 31.80 420 150 250 11.6
NC 16 31.80 415 150 250 15.6
NC 19 31.80 403 150 250 18.7
HVFA-SCC 12 33.12 420 150 250 11.6
HVFA-SCC 16 33.12 415 150 250 15.6
HVFA-SCC 19 33.12 403 150 250 18.7
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Fig. 2. Beam specimen sketch (D16).

C. Beam Testing Setup

The configuration of the beam testing apparatus is shown in
Figure 3.

Fig. 3.

Setup of beam specimen.

The beam is subjected to a four-point load in order to carry
out the necessary testing. The working concentrated load is
distributed to the beam via the load distribution beam. It was
determined that the distance between the two-point loads
should be 600 mm. The distance between the centralized load
and the nearest placement is 600 mm. The beam is supported
by means of a steel pedestal. The load is quantified by a load
cell situated in the center of the load distribution beam. A strain
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gauge is installed and connected to a strain indicator at the mid-
span tensile reinforcement. The strain value of the reinforcing
steel can be ascertained from the reading displayed on the
strain indicator. LVDTs are installed on either side of the beam
in order to ascertain the extent of any deflection that may
occur. The occurrence of cracks is indicated on the surface of
the beam specimen at each loading interval of 5 kN.

II. RESULTS AND DISCUSSION

A. Failure Modes and Crack Patterns

Figures 4 and 5 show the crack patterns observed in the NC
and HVFA-SCC beams, respectively. The cracks that emerge
are of a flexural nature and oriented vertically. The initial
fracture occurs in the mid-span region, which is subject to
constant moment loading. This area is subjected to greater
tensile stress as a result of the applied load. Furthermore,
additional flexural cracks are formed between the two loads
and emplacements. As the load increases, the vertical cracks
progressively extend into the compression zone. In the beam
specimen, the applied load resulted in the tensile reinforcement
yielding, which was subsequently followed by the concrete
breaking in the compression area. The beam specimen
demonstrated ductility, and no sudden collapse occurred. The
test results demonstrate that the failure of HVFA-SCC and NC
beams is flexural. The absence of shear cracks in the specimen
indicates that shear failure did not occur. The observation
results demonstrate that the crack patterns in NC and HVFA-
SCC beams are essentially identical.

'r r-una""-
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Fig. 4.

NC beam crack pattern.

Ll

HVFA-SCC beam crack pattern.

Fig. 5.

B. Load vs. Displacement

In this test, the formation of cracks in the beam's cross-
section is documented, with a particular focus on three crucial
structural behaviors that are employed to assess the value of the
beam's flexural capacity. This behavior includes an
examination of the concrete's condition at the point of initial
cracking, the point of yielding, and the ultimate condition.
Figure 6 shows the relationship between load and displacement
for each beam. The graph demonstrates the response of a beam
to flexural loading, with each beam exhibiting a similar pattern,
namely the formation of a trilinear curve. An increase in load
will result in a corresponding increase in displacement. From
the moment the load is applied until the initial cracking of the
beam occurs, the curve represents the first linear relationship
between load and displacement. Subsequent to the load at the
time of the primary fracture, the curve will undergo a reversal,

exhibiting a second linear relationship between load and
displacement until the steel reinforcement reaches its yield
stress. The application of this load enables the beam to
maintain its relatively high stiffness. Upon reaching the limit of
the second linear curve, a third linear relationship becomes
evident, whereby a slight increase in load results in a notable
rise in displacement value. This indicates that the beam has
reached a plastic state, whereby its stiffness has been
significantly diminished until the point of failure. Following
the yield point of the reinforcement, the deflection graph for
NC and HVFA-SCC concrete exhibits no discernible
difference. Nevertheless, the maximum deflection value
observed in the HVFA-SCC beam is greater than that observed
in the NC beam. This demonstrates that the incorporation of
FA can enhance the ductility of HVFA-SCC beams.

160

2 100 --—— HVFA-SCC 12
)
E 80 o «= «NC 12
S 60 —_— HVFA-SCC 16
40 e «= «NC 16
HVFA-SCC 19
20
= = -NC19
0
0 5 10 15 20

Displacement (mm)

Fig. 6. Load vs. displacement.

From this figure, an analysis of the displacement ductility
of the beam specimen can be performed. The displacement
ductility is defined as the ratio between the ultimate
displacement and the displacement at the time of yielding:

Su
= (1

where u, du, 8y are the ductility displacement, maximum
structural deflection, and deflection when yielding occurs,
respectively. The results of the displacement ductility
calculations are presented in Table VII. HVFA-SCC beams
display greater ductility than NC beams. In specimens of
varying diameter (12 mm, 16 mm, and 19 mm), there is a
notable discrepancy in displacement ductility, with values
differing by 7.20%, 7.74%, and 6.36%, respectively, in
comparison to the NC group. The mean discrepancy in
displacement ductility is 7.10%.

TABLE VII.  DISPLACEMENT DUCTILITY OF NC AND HVFA-
SCC BEAMS
. Yield Max. displacement | Displacement
Code displacement s
(mm) Ductility
(mm)

NC 12 6.00 15.15 2.53

NC 16 6.40 16.00 2.50

NC 19 7.20 16.65 2.31
HVFA-SCC 12 5.80 15.70 2.71
HVFA-SCC 16 6.20 16.70 2.69
HVFA-SCC 19 7.40 18.20 2.46
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C. Cracking Moment and Nominal Flexural Strength

The cracking moment (M,,) is defined as the moment value
at which the initial crack formation occurs as a result of the
applied loading [17]. This moment is triggered when the tensile
stress within an element surpasses the tensile strength of the
material, leading to the formation of cracks. The cracking
moment is a significant factor in the design of concrete
structures. The value of the M., can be calculated:

_ frlg

Mer == 2

fr =0.62\f" 3

where f, is the modulus of rupture, I, is the gross moment of
inertia, y, is the neutral line of the concrete beam specimens,
and f’c is the concrete’s compressive strength. The nominal
flexural strength is defined as the moment of cross-sectional
analysis based on the principles of static equilibrium and
compatibility of stress and strain. The tensile force in the steel
reinforcement and the compressive force in the concrete act in
opposition to one another in order to resist this moment. The
nominal flexural strength (M,,) of the reinforced concrete beam
can be calculated:

M, = pf,bd? (1 - 059 }c—y) @)

Table VIII presents a comparison of experimental and
calculated cracking moments, while Table IX provides a
comparison of flexural strength from experimental and
calculated results using the ACI 318-19 formula. Table VIII
shows that the cracking moment derived from the experimental
data is greater than that obtained from the calculations for both
the NC and HVFA-SCC beams. In the NC beam, the test
results indicate a 6% greater cracking moment (M,,) than the
calculated values. In contrast, the HVFA-SCC beam exhibits a
M., that is approximately 15% greater than the calculated
values.

TABLE VIII. COMPARISON Mz EXPERIMENT WITH
CALCULATION RESULT ACCORDING TO ACI 318-19

Code M., Cal. (kNm)|M,, Exp. (kNm)Exp/Cal.Average Exp/Cal.

NC 12 6.17 6.50 1.05

NC 16 6.17 6.54 1.06 1.06

NC 19 6.17 6.63 1.07
HVFA-SCC 12| 6.29 7.22 1.15
HVFA-SCC 16 6.29 7.25 1.15 1.15
HVFA-SCC 19 6.29 7.35 1.17

TABLE IX. COMPARISON My EXPERIMENT WITH My

CALCULATION RESULT ACCORDING TO ACI 318-19

Code M, Cal. (kNm)|M, Exp. (kNm)|Exp/Cal.|Average Exp/Cal.
NC 12 17.77 18.6 1.05
NC 16 30.06 31.8 1.06 1.06
NC 19 39.89 42.3 1.06
HVFA-SCC 12 17.80 20.4 1.15
HVFA-SCC 16 30.19 354 1.17 1.16
HVFA-SCC 19 40.13 46.2 1.15

Table IX indicates that the flexural strength derived from
the experimental data for the NC beam is nearly identical to
that predicted by the calculations. A comparison between the

experimental and calculated results yields a ratio of 1.06. This
result is consistent with the findings of previous research [12],
which demonstrated a ratio of flexural strength between
experimental and calculated results of approximately 1.
Additionally, the flexural strength of HVFA-SCC beams is
1.16 times greater than the calculated value of Mn using (4).
The existing ACI 318-19 design standard is excessively
conservative in its estimation of the flexural strength of HVFA-
SCC beams.

IV. CONCLUSIONS

The objective of this study was to investigate the flexural
behavior of High-Volume Fly Ash Self Compacting Concrete
(HVFA-SCC) and Normal Concrete (NC) beams with
conventional reinforcement. In this research, the use of Fly Ash
(FA) for HVFA-SCC beams was equivalent to 50% cement. A
static two-point bending test was employed to evaluate the
structural performance of the reinforced concrete beam
specimens. The assessment included an analysis of the crack
patterns, failure modes, deflection values due to applied loads,
cracking loads, and ultimate loads. The following conclusions
were drawn from the experiments conducted in this study:

e The crack patterns observed in the NC and HVFA-SCC
beam specimens were found to be largely similar. The
initial fracture occurs in the mid-span tensile zone. As the
load increases, the crack expands beyond the region of
constant moment. The crack will continue until it reaches
the compression area, resulting in damage to the concrete.
The failure mode observed in the HVFA-SCC and NC
beam specimens is a flexural failure.

e It was observed that the ultimate load of the HVFA-SCC
beam exceeded that of the NC beam. Furthermore, the
displacement value is also greater. The usage of HVFA-
SCC will result in the production of reinforced concrete
beams with enhanced ductility. The HVFA-SCC beam
displays greater ductility than the NC beam, with a
difference of approximately 7.10%.

The calculated nominal flexural strength according to the
ACI 318-19 formula is found to be smaller than the
nominal flexural strength derived from the experimental
results. The existing ACI 318-19 design standard provides a
conservative estimate of the nominal flexural strength of
HVFA-SCC beams.

The findings of this study indicate that HVFA-SCC is a
suitable material for use in reinforced concrete beams. The
flexural performance of the HVFA-SCC beam with
conventional steel reinforcements is superior to that of the NC
beam. Moreover, the usage of HVFA-SCC in structural
engineering projects can be contemplated in the context of
environmental concerns. The application of HVFA-SCC in
concrete construction will result in a 50% reduction in cement
usage and a consequent reduction in greenhouse gas emissions.
The findings of this study are in accordance with the research
conducted by authors in [14], which indicated that the
application of HVFA-SCC as an alternative to NC in
engineering practice is a viable proposition.
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