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ABSTRACT. In this work, an experimental and numerical program was
designed to evaluate the role of compressive strength, F., and area of
reinforcing steel, A4, on the flexural behavior of functionally graded reinforced
concrete beams. Eighteen layered sections of reinforced concrete beams were
tested with different compressive strengths arrangement and area of main
steel. The result showed that the minimum steel reinforcement with higher
compressive strength in the compression zone increases load capacity and
ductility up to 31.3% and 37.1% respectively. The average steel reinforcement
with higher strength in the compression zone increases load capacity and
decreases ductility. The increase in load capacity was 8.3% and the decrease in
deflection was 30.3%. The results also approved that; higher strength in the
compression zone can be used in beams with a high tensile steel ratio for
decreasing compression steel as an economic side. 3D finite element was
executed using ABAQUS to simulate experimental beams. The numerical and
experimental results in the present work showed a similar behavior but there
are slight differences between their values.
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INTRODUCTION

an obstacle to using it. HSC can be used in compression structural elements (like columns) to reduce their cross-

I I igh strength concrete, HSC, has been easily used in building construction. However, its brittle behavior remains

section and reinforcement steel. HSC can be used in elements subjected to bending moment, which gives higher
load capacity compared to normal concrete, in addition, to minimizing deflection and fracture in a brittle manner, so HSC
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can be constructed as a part of an element for getting high load capacity with a deflection ensure serviceability limit state.
That concept of construction is applied in functionally graded concrete, FGC, [1].

Experimental work was done using FGC with two types of concrete, one with Steel fiber and another with Polypropylene
fiber with three different ratios of 0.5, 1, and 2%, and different configurations of concrete in the cross section. The best
performance in a single type of concrete was found when using a 2% percentage of steel fiber and for FGC using steel fiber
in the tension zone and Polypropylene fiber in the compression zone with 1%, which was preferred in performance and
economy |[2].

Another concept of FGC by using a layer of lightweight concrete around the neutral axis in-between compressive fiber
reinforced concrete, FRC, or normal concrete and tensile layer FRC. The result showed that flexural strength ranges between
94-100 percent of the beam full depth with the same concrete type FRC. Using FRC in the tension and compression zone
gives higher toughness than using FRC in the tension zone only.[3]

Unreinforced concrete beams’ flexural strength is affected by compressive strength in tension and compression zones.
Different thicknesses of layered concrete Normal strength concrete (NSC) and fiber-reinforced geopolymer (FRG) with
different ratios of fiber (0, 1.5, 3%) were studied. Using FRG in the tension zone enhanced flexural strength and toughness
regardless of the ratio of fiber used. Flexural strength enhancement was 87.4% when using half thickness layer of FRG
compared to the whole section of NSC[4].

Flexural strength and ductility of concrete beams are controlled by reinforcing steel in compression and tension, also
concrete grade. Using a higher grade of concrete gives a limited increase in the strength and ductility of concrete beams.
Same as using steel in a compression zone with constant tension steel, which increases flexural ductility with little increase
in strength. Using a combined increase in tension and compression steel produces a significant increase in flexural strength
without decreasing ductility [5], [6].

For structural members subjected to bending moment and resisting high load capacity with a small section, HSC can be
used for resisting load. However, its brittle failure or increasing main steel reinforcement leads to a reduction in element
ductility. Mansor et al. studied beams' strength, ductility, and deflection with different ratios of main steel reinforcement. It
was concluded that the displacement ductility index decreases as the ratio of main reinforcement increase with a sharp
reduction in the high ratio. At specific load in the elastic range, the deflection of beams was affected by the steel ratio. A
higher ratio of steel records low deflection as the same at max load. |7].

Another study showed different ratios of main steel reinforcement with different types of confinement in the compression
zone. The result showed that confining compression zone with steel fiber and carbon fiber reinforced polymer sheet
(CFRPs) gives higher load capacity than reinforced concrete without confinement, in addition to increasing the ductility of
beams for all reinforcement ratios [8].

Strengthening of beams with high-strength stainless steel wire rope (HSSSWR) is also affected the by steel reinforcement
ratio. Ke Li et al. studied strengthened beams with HSSSWR using different ratios of steel reinforcement. The result showed
that the failure mode of strengthened beams was concrete crushing followed by reinforcement layer rupture when using a
low steel reinforcement ratio, while using high steel reinforcement the failure was concrete crushing without reinforcement
layer rupture [9].

Two methods have been studied for maintaining a minimum level of flexural ductility, moment curvature, and neutral axis
to effective depth ratio. Studying compression zone in flexural members by adding compression reinforcements or confining
compression zone ot both enhances the moment capacity case of under reinforced sections and increases moment capacity
and ductility for over reinforced sections [8]. Ductility according to moment curvature decreases with increasing main steel
ratio but increases using compression treinforcements or confining compression zone at the same ratio. To maintain
minimum flexural ductility, the curvature ductility factor not decrease than 3.22 or steel to balance ratio should be 0.75, or
the neutral axis to fixed depth ratio equal 0.5 [10].

Flexural ductility and strength of concrete beams were studied using steel fiber and carbon fiber with different ratios of
main steel reinforcing. The result showed that cracking, yielding, and ultimate load point increases with increasing steel fiber
volume fraction; however, carbon fiber has little enhancement. The number of cracks decreases with a higher volume
fraction, but flexural ductility decreases [11], [12]. Increasing concrete grade or increasing fiber volume fraction results in
increasing flexural rigidity [11]. Post-cracking stiffness increase with the higher reinforcing ratio at the same time, the first
cracking load decrease with higher numbers of bars [13].

In this research, experimental and numerical works will study by using different compressive strengths of concrete and
different arrangements in layered sections by varying steel reinforcement ratios. The flexural strength ductility of the tested
beams will be studied.
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EXPERIMENTAL PROGRAM

in compression and tension zones with different concrete grades (20, 35, 50 MPa), as shown in Fig. 1. Different

ratios of steel reinforcement (minimum and average) were used in the tension zone. Details of all beams are listed
in Tab. 1. All beams have compression steel of 2010 mm and stirrups of 8 mm (@ 200 mm. The reinforcement ratio was
calculated based on the Egyptian Code ECP 203 2020 [14]. The average area of steel, .4, was calculated as the average
between the minimum area of steel (66 mm?) and the maximum area of steel (191.4 mm?) resulting average 4, of 257.4 mm?
(2.276 @ 12 close to 3 ®@ 12). The beam dimensions (width x depth x length) are (150x250x1500) mm.

20/35/50' 20/35/50' 20/35/50' 20.’35/50' 20."35/50' 20/35/50'

20 35 50 20 35 50

The experimental program consists of eighteen reinforced concrete beams. The beams’ sections have two equal parts

Minmum As Minmum As Minmum As Average As Average As Average As

Figure 1: Beams cross section with different layer.

Beam ID Description Flexural rebars
Lower part Fc, MPa  Upper part Fc, MPa
20-20MIN 20 20 D10
20-35MIN 35 20 2010
35-35MIN 35 35 2310
50-35MIN 35 50 2010
20-50MIN 50 20 10
35-50MIN 50 35 L0
50-50MIN 50 50 L0
50-20AV 20 50 3012
20-35AV 35 20 2016

Table 1: Configuration of tested beams in this work.

The material used for the production of these beams were coarse aggregate with a nominal maximum aggregate size of 14
mm and grading shown in Fig. 2.a, fine aggregate with a fineness modulus of 2.4 and grading shown in Fig. 2.b, ordinary
Portland cement with grade of 42.5, silica fume, superplasticizer, and steel reinforcement with diameter 8, 10, 12, and 16
mm with properties in Tab. 2 according to ISO 6935 —2/2019 [15]. Three grades of concrete 20, 35, 50 MPa were designed
using ACI 211 [16]. The material quantities per cubic meter volume are entailed in Tab. 3. The compressive strength of each
mix was obtained from three cubes with dimensions 150x150x150mm according to BS EN 12390-3/2009 [17]. Tensile
strength was obtained from cylinders with dimensions 150*300mm according to BS EN 12390-6/2009[18]. All specimens
were cast and tested after 28 days.

Cubes and cylinders were tested in a compression testing machine after 28 days of curing. The average results of compressive
and tensile strength are shown in Tab. 4.
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Figure 2: Grading of aggregate.

Nominal Diameter(mm)  Yield Stress (MPa) Tensile strength (MPa) Ultimate strain%
8 285 410 17
10 547.3 741.8 15
12 549.6 0658.5 16.7
16 497.2 696 12.5

Table 2: Mechanical properties of steel.

Mix code Cement (kg  Dolomite (kg)  Sand (kg) Water (Lit)  Super Plasticizer (Lit)  Silica Fume (kg)

Mix1 300 1100 788 190 - --
Mix2 420 1100 704 180 3.36 --
Mix3 450 1100 643 165 12,5 45

Table 3: Component of cubic meter.

Mix code Compressive strength (MPa)  Tensile strength (MPa)
Mix1 19.5 1.78
Mix2 325 2.64
Mix3 53.4 3.53

Table 4: Compressive and tensile strength of concrete.

INSTRUMENTATION AND TEST SETUP

under four-point bending with an effective span of 1400 mm and a shear span of 475 mm, as shown in Fig. 3. The

deflection was measured at mid span using LVDT, and the load was recorded using a load cell as shown in Fig. 3
according to BS EN 12390-5/2009 [19]. Beams wete monotonically tested up to failure, and cracks that appeared during
the test were traced.

The testing of the beams was carried out on a universal testing machine capacity of 1000kIN. All beams were tested
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EXPERIMENTAL TEST RESULTS AND DISCUSSION

each beam. Three different stages during beam loading were observed. The first stage was the pre-cracking of

concrete, in which there was a linear relation between the load and deflection of beams. The second stage was
posting cracking of concrete in which the stiffness of beams was reduced up to tension steel yielding. After that, concrete
crushing or shear failure occurred according to the beam case, as will be shown in the load-deflection curves.
Fig. 5.a shows the load-deflection curve for beam ID of 20-20 Min as the control beam (concrete strength is 20 MPa for
the two layers of the beam with minimum As). The strength of the compression zone in the other beams was 35 or 50 MPa.
It can be seen that the load carrying capacity increased from 80.3 kN to reach 81.5 kN for beam of upper layer strength
equals 35MPa, with an increment of 1.5%, and from 80.3 kN to reach 105.6 kN for beam of upper layer strength equals 50
MPa, with an increment of 31.3%. A similar behavior was found for the beam's deflection, where the deflection increased
from 11.1 mm to reach 12.4 mm for the beam with upper layer strength of 35 MPa with an increment of 11.7%. While the

ﬁ I beams are tested up to failure, and load-deflection data, crack patterns, and modes of failures were recorded for
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deflection increased from 11.1 mm to reach 15 mm for the beam with upper layer strength of 50 MPa with an increment of
35.1%. It is concluded that load carrying capacity and deflection were increased with increasing strength in the compression
zone.

These results can be attributed to the increasing in the strength of the upper layer with respect to the lower layer of the
beam which gives a chance for main steel reinforcement of beam to make more deformations after yielding and before
global failure of the beam. Similarly, the beams with average .4; show the same increase in load carrying capacity from 115
kN to 120.8 kN with strength 50 MPa with an increment of 5.6% despite strength 35 MPa having no difference in loads.
The deflection of beams decreased from 9.04 mm to 7.08 mm with a strength 35 MPa with an increment of 21.6% and
from 9.04 mm to 6.3 mm with a strength 50 MPa with an increment of 30.3%. It is concluded that load carrying capacity
with increasing strength in the compression zone however, deflection decrease with increasing strength, as shown in Fig.

5.b.

140 140
= = = 20-20Min = = = 20-20Av
o )
120 — 35-20Min 120 35-20Av
100 50-20Min 100 50-20Av
G 80 G 80
g 60 § 60
— —
40 40
20 20
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Mid span deflection (mm) Mid span deflection (mm)
(a) Minimum A, (b) Average A,

Figure 5: Load-deflection curve using concrete strength 20 MPa in tension zone and variation in Compression zone.

Steel reinforcement ratio was studied in beams that have the same layer with different reinforcement ratios. All beams with
an average steel reinforcement ratio have higher load carrying capacity and lower ductility than the same minimum steel
reinforcement ratio. The load capacity increased from 80.3 kN to 115.2 kN with an increment of 43.4% case, and the
deflection decreased from 11.1 mm to 9 mm with an increment of 18.5% in beam 20-20 Min to Av respectively.

Similarly, for beams 35-20 Min and Av, the load capacity increased from 81.5 kN to 114.3 kN with an increment of 40.4%.
The deflection decreased from 13.4 mm to 7.1 mm with an increment of 47.2%. In beams 50-20 Min and Av, the load
capacity has slightly increased with an increment of 42%. The deflection decreased from 15.9 mm to 6.3 mm with an
increment of 60.6%. It is concluded that increasing the tensile steel reinforcement ratio gives a higher increase in load
carrying capacity at the same time, decreasing beam ductility, as shown in Fig. 6. The failure modes of these beams are
shown in Fig. 7. Regardless of the maximum deflection, all beams failed due to shear. Unlike the beams with average steel,
the beams with a minimum steel showed a pronounced deflection after yielding up to failure.

Fig. 8.a shows the load-deflection curve using beam 35-35Min as the control beam (Concrete strength 35 MPa with
minimum ). The strength of the compression zone in the other beams was 20 or 50 MPa. It was shown that the load
capacity of beams slightly increased with compressive strength 50 MPa with an increment of 5.23% and decreased with
strength 20MPa with an increment of 0.34%. The deflection increases from 14 mm to 16.1 mm with compressive strength
20 MPa with an increment of 14.8% and from 14 mm to 22.3 mm with compressive strength 50 MPa with an increment of
37.1%. It is concluded that higher strength in the compression zone increases the load carrying capacity and deflection.
Similarly, the beams with average 4 show a slight increase in load carrying capacity from 148.6 kN to 162.1kN with
compressive strength of 50 MPa of a percentage of 8.3% and increasing of a percentage of 1.2% with compressive strength
of 20 MPa. The deflection decreased by 1.4% with a strength of 20 MPa and 2.6% with a strength of 50 MPa. It is concluded
that higher strength in the compression zone increases load carrying capacity and decreases deflection, as shown in Fig. 8.b.
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Figure 8: Load-deflection curve using concrete strength 35 MPa in tension zone and variation in Compression zone.

For the beams having the same layers and different reinforcement ratios, average steel reinforcement ratios achieved higher
load carrying capacity and lower ductility than the same minimum steel reinforcement ratios. The load capacity increased
from 94.3 kN to 150.3 kN with an increment of 59.3%, and deflection decreased from 16.1 mm to 9.8 mm with an increment
of 61.1% in beam 20-35 Min and Av. In beam 35-35Min and Av, the load carrying capacity increased from 94.7 kN to 148.6
kN with an increment of 56.8%, and the deflection decreased from 14 mm to 7.7 mm with an increment of 45.1%. Similarly,
beams 50-35 Min and Av. The load carrying capacity increased from 100 kN to 162.1 kN with an increment of 71.8%, and
the deflection decreased from 22.3 mm to 5.1 mm with an increment of 77.1%. It is concluded that increasing the tensile
steel reinforcement ratio increased load carrying capacity and decreases ductility, as shown in Fig. 9.
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Figure 9: Load-deflection curve for beams with same layers of beam section and different A,.

The failure modes of these beams are shown in Fig. 10. All beams with average steel reinforcement failed due to shear.
Unlike the beams with average steel, the beams with a minimum steel showed a pronounced deflection after yielding up to
failure.
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(a) Minimum A (b) Average A

Figure 10: Crack pattern using concrete strength 35 MPa in tension zone and variation in Compression zone.

Fig. 11.a shows the load-deflection curve using beam 50-50Min as the control beam (Concrete strength 50 MPa with
minimum ). The strength of the compression zone in the other beams was 20 or 35 MPa. It was shown that the load
capacity of beams decreases with low compressive strength in the compression zone with an increment of 23.4% and 5.4%
using 20 and 50 MPa respectively. The deflection decreased by a percent 32.2% and 8.1% using 20 and 50 MPa respectively.
It is concluded that using low strength in the compression zone decreases load carrying capacity and ductility.

The beams with average steel reinforcement, the highest load carrying capacity recorded higher strength in the compression
zone and decreased with percent 33.2% and 23.1% using 20 and 350MPa respectively. The deflection decreased with high
strength in the compression zone. It is concluded that higher strength in the compression zone increases load carrying
capacity and decreases deflection, as shown in Fig. 11.b.
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Figure 11: Load-deflection curve using concrete strength 50 MPa in tension zone and variation in Compression zone.

Like the beams of 20 and 35 MPa tension layer, the beams having the same layers and different reinforcement ratios showed
the same trend of the average steel reinforcement ratios compared to the same minimum steel reinforcement ratios. The
load capacity increased from 83.9 kN to 151.6 kN with an increment of 80.7%, and deflection decreased from 12.4 mm to
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3.9 mm with an increment of 68% for beams 20-50 Min and Av. The percent of load capacity increase was 68.5%, and
decreasing in deflection was 79.3% for beams 35-50 Min and Av. Similarly, for beams 50-50 Min and Av, the load capacity
increased by 107.3%, and the deflection decreased by 82.1%. It is concluded that increasing the tensile steel reinforcement
ratio increases load carrying capacity and decreases ductility, as shown in Fig. 12.
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Figure 12: Load-deflection curve for beams with same layers of beam section and different As.

The failure modes of these beams are shown in Fig. 13. All beams with average steel reinforcement failed due to shear. The
beams with minimum have pronounced deflection after yielding before failure. The failure mode of beams with minimum
steel reinforcement was concrete crushing.
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(a) Minimum A (b) Average A

Figure 13: Crack pattern using concrete strength 50 MPa in tension zone and variation in Compression zone.

Fig. 14.a shows the maximum load with varying compression and tension zone strengths using minimum steel
reinforcement. The horizontal axis is the strength in the compression zone, and the vertical is the maximum load. The
highest load was recorded by using compressive strength 50 MPa in the compression zone with different strengths in the
tension zone. The maximum deflection draws with varying strength, as shown in Fig. 14.b. Increasing compressive strength
in the compression zone increases beams’ deflection, increasing ductility.
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Figure 14: varying strength in compression and tension zones using minimum steel reinforcement.

Fig. 15.a shows the maximum load with varying strength in compression and tension zone using average steel reinforcement.
The horizontal axis is the compression zone's strength, and the vertical axis is the maximum load. The highest load was
recorded by using compressive strength 50 MPa in the compression zone with different strengths in the tension zone. The
maximum deflection draws with varying strength as shown in Fig. 15.b. Increasing compressive strength in the compression
zone dectreases beams' deflection, leading to decrease ductility.
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NUMERICAL RESULTS AND COMPARISONS

3D finite element analysis was executed using ABAQUS to simulate the behavior of reinforced concrete beams

tested in the experimental program[20]. The model consisted of two main parts; the concrete was modeled

using 3D solid deformable element. The second main part was the steel which modeled using 1D axially loaded
truss element [21], [22]. Concrete material defined elastic and concrete damage plasticity. The constitutive model,
according to Carreira and Chu used for the definition of concrete as shown in Fig. 16.a, b [23], [24]. The concrete
damage plasticity model was used to present the behavior of concrete in tension and compression. The plasticity
parameters used are the dilation angle (W) with a value of 35 [25], eccentricity (€) with a value of 0.1[20], the ratio of
initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress (fb0/ fc0) with a value 1.16 [26],
[27], the ratio of the second stress invatriant on the tensile meridian (Kc) with a value of 0.667 [26], Viscosity patametet
() with a value of 0.01 [25]. Steel was modeled as elastoplastic and linear hardening curve to describe yielding stage
[21], [22]. A perfect bond between steel and concrete is assigned using the embedded region interaction. The element
assigned to concrete was eight nodes element (C3D8R) and steel was two nodes element (T3D2).

fr __ Ble/er)

fe _ _Ble/en) 7 p-1+(e/el)’

£ p-1+(e/el)’

Stress
Stress

Strain Strain
(a) Compression (b) Tension
Figure 16: Constitutive model defines concrete damage plasticity.
Mesh sensitivity analysis was used to select the proper element size. The element sizes studied were 40,35,30,25,20,20

and 15mm. Load and deflection were studied at specific step time. According to the time cost and the accuracy of the
results, the best element size was 20 mm with an error percent less than 1% compared to 15mm, see Fig. 17.
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Figure 17: Mesh sensitivity analysis.

Verification was done on two beams from experimental work to confirm the result of the program. The two beams studied
are 50-35 with minimum Ay and 50-50 with average As. The beam cross section is divided into two layers. The loading plate

and supports are simulated as experimental, as shown in Fig. 18. The tensile steel, compression steel, and stirrups arrayed
with spacing as experimental as shown in Fig. 19.

Figure 19: Simulation compression steel, tension steel, and stirrup.

The result showed that the beams have the same behavior in experimental and numerical. The difference between

experimental and numerical curves was due to concrete shrinkage, casting environment, and non-homogeneity of concrete
distribution as shown in Fig. 20.a, b.
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Figure 20: Verification model for two beams

The numerical load deflection curve using beam 20-20Min as a control beam with different strengths in the compression
zone as shown in Fig. 21.a and Beam 20-20Av as a control beam with different strengths in the compression zone as
shown in Fig. 21.b. The numerical result showed similar behavior of experimental beams. The numerical mode of failure

was the same as the experimental, as shown in Fig. 22.
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Figure 21: Numerical load-deflection curve using concrete strength 20 MPa in tension zone and variation in Compression zone.
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Figure 22: Numerical modes of failure presented by Plastic strain contour for concrete strength 20 MPa in tension zone and variation

in Compression.
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The numerical load deflection curve using beam 35-35Min as the control beam with different strength in the compression
zone as shown in Fig. 23.a. Beam 35-35Av as the control beam with different strength in the compression zone as shown
in Fig. 23.b. The numerical result showed similar behavior of experimental beams. The numerical mode of failure was the
same as the experimental, as shown in Fig. 24.
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Figure 23: Numerical load-deflection curve using concrete strength 35 MPa in tension zone and variation in Compression zone.
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Figure 24: Numerical modes of failure presented by Plastic strain contour for concrete strength 35 MPa in tension zone and variation
in Compression.

50-35Av

The numerical load deflection curve using beam 35-35Min as the control beam with different strength in the compression
zone as shown in Fig. 25.a. Beam 35-35Av as control beam with different strengths in the compression zone as shown in
Fig. 25.b. The numerical result showed similar behavior of experimental beams. The numerical mode of failure was the
same as the experimental, as shown in Fig. 26.
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Figure 25: Numerical load-deflection curve using concrete strength 50 MPa in tension zone and variation in Compression zone.
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Figure 26: Numerical modes of failure presented by Plastic strain contour for concrete strength 50 MPa in tension zone and variation

in Compression.

CONCLUSIONS

n experimental and numerical study was done on eighteen reinforced concrete beams with different compressive
strengths and different ratios of steel reinforcement and the result showed that:
. Increasing tensile steel reinforcement from minimum to average leads to increase load catrying capacity
and decreased ductility for the same cross-section configuration.
e The load carrying capacity was found to increase with higher strength of concrete in the compression zone for
minimum or average steel reinforcement.
e The deflection was found to increase with higher strength in the compression zone at minimum steel reinforcement
from 35 to 37.1% at strength 50 MPa in the compression zone.
e The deflection was found to decrease with higher strength in the compression zone at average steel reinforcement
from 6.3 and 2.6% at strength 50 MPa in the compression zone.
e The failure mode of all beams with average steel reinforcement was due to shear.
e Increasing the value of strength in the compression zone can be used for beams with high steel reinforcement ratios
which decreases compression steel.
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e The experimental and numerical results were found not identical in values; however, they had similar behavior.
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