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ABSTRACT
Non-biodegradability of rubber tires contributes to pollution and fire hazards in the natural

environment. In this study, the flexural behavior of the Rubberized Reactive Powder
Concrete (RRPC) beams that contained various proportions and sizes of scrap tire rubber
was investigated and compared to the flexural behavior of the regular RPC. Fresh properties,
hardened properties, load-deflection relation, first crack load, ultimate load, and crack width
are studied and analyzed. Mixes were made using micro steel fiber of the straight type, and
they had an aspect ratio of 65. Thirteen beams were tested under two loading points
(Repeated loading) with small-scale beams (1100 mm, 150 mm, 100 mm) size.

The fine aggregate is replaced by 5, 10, and 15%, respectively, with crumb rubber. While
replacement of silica fume was 10, 20, 30, and 50%, respectively, with very fine rubber. Also,
chip rubber was added to the mixture as coarse aggregate with 5, 10, and 15%. Five tested
beams were chosen as case studies to analyze and compare the results of the ABAQUS
software with the experimental results. The results showed that the flexural behavior of
RRPC beams that contains rubber was acceptable when compared with the flexural behavior
of the RPC beam (depending on load-carrying capacity). The crack width was decreased by
including waste rubber and steel fibers. There is a satisfactory agreement between the
results of the numerical analysis and the results of the experimental testing. Slight ultimate
load differences are targeted between the effects of the monotonic loading and the repeated
loading.
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1. INTRODUCTION

The stored used tires are slowly degrading under the effects of solar radiation. Degraded
material would slowly contaminate soil and underground water over the years. Tires burn
with thick black smoke and heat, quickly spread over the whole disposal area, and leave an
oily residue that contaminates the soil. Many studies have been used in different types of
scrap tires rubber by incorporating them with fine and coarse aggregates in concrete.
Recycling waste as part of other processes can bring several benefits, including reducing
energy usage, resolving landfill issues, and saving the consumption of natural resources (fine
and coarse aggregate). It can also reduce the risks to human health and other creatures (De
Brito and Saikia, 2012). Reactive powder concrete can deliver ultra-high strength and low
porosity cementitious material with improved mechanical and physical characteristics. That
has high cement and silica fume contents, low water-binder ratios, and uses a new
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generation of superplasticizers. RPC may also incorporate many steel or synthetic fibers,
enhancing ductility and high durability. Unlike conventional concrete, RPC contains no
coarse aggregate, and the fine aggregate is replaced by fine sand and crushed quartz
(Richard and Cheyrezy, 1994). In this context, (Kadhum, 2015) investigated an RPC cast
using economical materials. Its mechanical properties were investigated and evaluated by
studying the effects of using different cement and silica fume contents and local steel fibers
as reinforcement for this concrete. The results showed that producing RPC from local
materials is feasible by applying RPC principles and packing density theories. The use of fine
sand whose grain size is (<600pum) improves the compressive strength due to the denser
microstructure of the cement matrix. RPC without fibers is a brittle material and fails
suddenly and violently. Adding fiber to concrete increases the resistance impact of the
composite and changes its brittle failure mode into a more ductile one. Later, (Wang et al.,
2015) employed two methods to alter the base mix Reactive Powder Concrete (RPC). They
used a 40% equivalent volume substitution instead of fine sand in Mix B. Mix A maintains
the base RPC mix and adds rubber up to 20.4 kg/m3. Some specimens were subjected to heat
cured. Two sizes of rubber crumbs were used, 0.6 and 2 mm, for each mix, A and B. The
results showed that the hardened concrete density dropped when rubber particles replaced
the same fine sand volume in the mixture. Both combined designs have a lower compressive
strength. The Flexural behavior of the prism specimens can continue loading at much higher
stress after the first cracking. However, when compared to the basic mixture, mix A only
slightly decreases flexural strength, but mix B with a 40% substitution of fine sand shows a
considerable drop. 60% of the strength of both the first and ultimate cracks was lost.
(Azhroul, 2017) used crumb rubber and micro-waste rubber powder (micro WRP) as fine
aggregate to replace the-conventional sand in UHPC. The replacement levels of crumb
rubber and micro WRP comprise 0, 10, 20, 30, 40, and 50% based on the weight of the fine
aggregate utilized. The outcomes showed that the addition of crumb rubber and micro WRP
into the UHPC mix led to the reduction of workability and compressive strength. And
increasing the percentage of crumb rubber and micro WRP as a partial replacement for sand
decreased the followability of the concrete. (Kammash and Abdul-Husain, 2022)
investigated eighteen specimens, the bond strength between a reinforcing bar and
rubberized concrete was produced by adding waste tire rubber instead of natural aggregate.
The fine and coarse aggregate was replaced in 0%, 25%, and 50%, respectively, with the
small pieces of a waste tire. The experimental results reported that a reduction of 19% in
bond strength was noticed in 50% of replaced rubberized concrete compared with
conventional concrete. The bond strength of the rubberized concrete increased when the
concrete cover, compressive strength of the concrete, and the yield stress of rebar were
increased. The failure modes in rubberized concrete are similar to that of conventional
concrete. (Ishak, 2018) replaced the amount of aggregate with waste crumb tire (WCT) in
the UHPC mix. The weight of the WCT was reduced by 5%. The WCT was pre-treated by
soaking the WCT granules in NaOH solution for 20, 40, and 60 minutes, respectively. A 3%
NaCl solution was used to wash the UHPC specimens. According to the results, the
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compressive strength of rubberized UHPC (RUHPC) was much lower than that of plain UHPC.
Compared to conventional UHPC, the chloride penetration depth of RUHPC was greater. The
chloride penetration depth of UHPC-20 is larger than that of UHPC-40 and UHPC-60 in the
RUHPC. The UHPC-60 improved chloride-resistant penetration more than others. (Pham et
al,, 2021) incorporated Rubberized Reactive Powder Concrete RRPC of 2% by volume of
steel fibers. Rubber has a maximum particle size of 0.6 mm. Silica sand (0.3 mm) was
replaced by rubber powder by 0, 10, 20, and 40% by the volume in the mix. When the rubber
component was increased from 0 to 40%, the results revealed that the RRPC compressive
strength decreased from 136.1 MPa to 67.8 MPa. This was because of the poor ITZ of both
rubber and cement. The percentage of strength reduction in the RRPC was lower than that
of the high and normal Rubberized Concrete for the same rubber content. This demonstrates
that the marriage of RPC and rubber powder might be agreeable to other types of RC. In the
production of RPC content. (Zhang et al., 2022) substituted the same volume of river sand
with three different proportions of rubber powders at 5, 10, and 15%, respectively. The
results showed that the increase in rubber powders reduced the flow, compressive strength,
and Flexural prism strength of RRPC. Due to insufficient adhesion between rubber powder
and cement paste, the quasi-static mechanical characteristics of RRPC were severely
impaired. The level of damage and the brittle behavior of RRPC under loading was greatly
reduced when there was a higher concentration of rubber granules in the material.

The main aim of the present study is to produce successful mixes of Rubberized Reactive
Powder Concrete (RRPC) in fresh and hardened properties (using waste tires rubber). Also
possibility of investigating the effect of using various amounts of waste tire rubber as a
replacement for the percentages of 5, 10, and 15% by volume of fine aggregates at 10, 20, 30,
and 50% by weight of silica fume. Furthermore, to show the effect of Chip Rubber added to
RPC mixes with percentages (5, 10, and 15%) as Coarse Aggregates (by weight) without steel
fiber on the behavior of the supported beams under monotonic and repeated loading to
obtain environmentally friendly and sustainable concrete. In addition, the behavior of
supported beams under flexural loading using the finite element program (ABAQUS) is also
investigated.

2. EXPERIMENTAL STUDY

2.1 Materials Properties

All the mixes were made with Portland cement (V) sulfate-resistant. The sand (zone 2) was
used depending on (IQS No. 45/1984). The specific gravity of the aggregate was 2.60. No
coarse aggregate. Silica fume, which looks like a grey powder, was used as a pozzolanic filler.
Silica fume was tested physically and chemically and met the standards of (ASTM C1240-
15). A Superplasticizer (SP) with a PH value of 6 and specific gravity of 1.1 was utilized to
reduce water, flow ability, viscosity, and high early strength. As shown in Fig. 1, microfiber
has a length of 13 mm, an aspect ratio of 65, a volume fraction (Vf = 2%), and a tensile
strength of 2600 Mpa. Different sizes and shapes of scrap tire rubber were employed; chip
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rubber with a size range of 1.18-9.5 mm was used and added to the mixture as coarse
aggregate, crumb rubber with a size range of 0.15-4.75 mm was also used to replace fine
aggregate, and finally, a very fine rubber with a particle size of 2.5 microns was used to
replace of silica fume. The various sizes of waste rubber with a specific gravity of 1.78 and
water absorption of 2% were provided by the General Agency for Rubber Products and
Tires/Iraq Fig. 2. Two different sizes of steel bar reinforcement (d6mm and #4mm) were
utilized to reinforce the beams. The yield tensile stress of these beams was 548 MPa and 565
MPa, respectively, as specified in the (ASTM A496-07).

Figure 2. Types of tire rubber: (a) chip rubber, (b) crumb rubber, (c) very fine rubber.

2.2 Concrete Mixes

Several trial mixes were performed to acquire effective mixes in fresh characteristics for
RRPC (workability), and the mixes were intended for structural concrete since achieving
good mixes in mechanical properties for RRPC (rubberized reactive powder concrete) is
highly challenging. The lab work involves the creation of thirteen different mixtures; (RPC,
RRPC with 15%, 10%, and 5% of the fine aggregate instead of Crumb rubber, RRPC with
15%, 10%, and 5% of chip rubber added to the mixture as coarse aggregate, RRPC with 50%,
30%, 20% and 10% of silica fume was used instead of very fine rubber). Table 1 shows
information about the blends that were used.
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Table 1. Details of mixes.
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B1 | RPC [1062 ] 1328 | - - 266 | - | 156 | 55 214
B2 | RPC [1062 ] 1328 | - - 266 | - | 156 | 55 214
B3 | FA5 [1062 | 1261 [ - 67 266 | - [ 156 | 57 236
B4 | FA10 [ 1062 | 1195 | - 133 [ 266 | - [ 156 | 5.8 241
B5 | FA15 [ 1062 | 1128 | - 200 [ 266 | - - 5.9 245
B6 |FA15S[ 1062 | 1128 | - 200 [ 266 | - 156 | 61 256
B7 | cas [1062 ]| 1328 | 33 - 266 | - - 6.1 228
B8 [ cA10 [1062 | 1328 [ 65 - 266 | - - 6.3 231
B9 | cA15 | 1062 | 1328 | 98 - 266 | - - 6.4 248
B10 | sF10 [ 1089 | 1328 [ - - 239 [ 27 [ 156 | 5.6 216
B11 | sF20 | 1116 | 1328 | - - 212 | 54 [ 156 | 5.8 218
B12 | sF30 [ 1142 | 1328 | - - 186 | 80 [ 156 | 5.8 221
B13 | SF50 [ 1195 | 1328 [ - - 133 [ 133 [ 156 | 5.9 226

2.3. Tests of Fresh Concrete

Fresh properties of RPC and RRPC are studied by conducting a flow table test, as shown in
Fig.3. Flow table test is most commonly used to assess the horizontal flow (flowing ability)
of concrete mix, a suitable test to determine the workability for all types of concrete
mixtures. It was done in compliance with the (ASTM C1437-15) standard.

N [ - o

Figure 3. Flow table test: (a) FA10, (b) SF10, (C) CA10

The workability of the Rubberized Reactive Powder concrete mix (RRPC) lowered due to the
inclusion of micro steel fibers in the composite. Microfiber makes the mixture harder to work
with and makes the friction in both the aggregates and microfibers worse, obstructing the
motion of the mixture. Using various percentages of rubber also negatively affects the ease
of movement because the rubber particles' low specific gravity compared to the specific

gravity of other materials reduces the mix mobility. The results also showed that the
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diameter of the flow table of RRPC with crumb rubber was higher than that of chip rubber.
The micro steel fibers and rubber particles raised the water-cement ratio (w/b) and
Superplasticizer dose. These results are listed in Table 2.

2.4. Tests of Hardened Concrete

A (100x100x100) mm cube and a (100x200) mm cylinder were utilized to test the
compressive and tensile strength at 28 days, as specific to (BS 1881: part 116: 1997) and
(ASTM C496-17), respectively. Depending on (ASTM C348-21), the modulus of the rupture
test was also done with a (100x100x600) mm prism.

The findings demonstrate that the compressive strength decreases as the rubber content
increases. The decrease was about 12.8,18.7,52.2,41.1,11.3, 20.0, and 35.9% for mixes FA5,
FA10, FA15, FA15S, CA5, CA10, and CA15, respectively, compared with reference mix (RPC).

Table 2. Fresh tests result from different mixes.

Mix Superplasticizer Dosage Flow Table W/B
No. Code (1/100 kg) (mm) Ratio
1 RPC Ref. 5.5 100 0.16
2 FA5 5.7 101 0.18
3 FA10 5.8 99 0.18
4 FA15 5.9 98 0.18
5 FA15S 6.1 97 0.19
6 CA5 6.1 98 0.17
7 CA10 6.3 96 0.17
8 CA15 6.4 95 0.19
9 SF10 5.6 101 0.16
10 SF20 5.8 100 0.16
11 SF30 5.8 98 0.17
12 SF50 5.9 97 0.17

The softness of leftover tire rubber granules compared to aggregates or other materials is
the cause for this decrease. Waste rubber and paste of cement have poor adherence (the area
where the rubber particles and cement paste meet has poor strength). The results also
noticed that the compressive strength in rubber replaced with the silica fume had decreased
significantly. Compared with the reference mix (RPC), the reduction in compressive strength
was about 10.5, 21.6, 38.2, and 50.0% for mixes SF10, SF20, SF30, and SF50, respectively.
This has happened because the surface area of rubber particles is less than that of the silica
fume, resulting in an abundance of cement paste.

Moreover, the size of rubber particles (2.5 um) is greater than that of silica fume particles.
Therefore, all sizes void in the mix were blocked. The same ended reasons that made the
splitting tensile and flexural strength weaker also made the compressive strength weaker.
Table 3 shows the results of the hardened concrete tests.
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2.5. Flexural Test Setup and Instrumentation

Deformed bars are used to strengthen thirteen beams. Two bars were used for main
reinforcement (#6mm) and two for compression reinforcement (@4mm). (4 and 56mm c/c)
was utilized to stop failure in shear. Each beam was 1100 mm long, 150mm high, and 100mm
wide. Beams were made to break at bending as specified (Committee, 2019). Two kinds of
loads were put in to test the beams (monotonic and repeated loading). In Table 4, the name
and definition of the beam are shown. Fig. 4 shows the dimension of the beams as well as

the specification of the reinforcement.

Table 3. Results of the hardened concrete tests.

Mixes Compressive strength Splitting strength Modulus of rupture
(MPa) (MPa) (MPa)
RPC 101.0 11.84 17.50
FA5 88.07 10.56 14.73
FA10 82.11 9.03 13.44
FA15 48.27 5.02 12.11
FA15S 59.48 6.54 12.68
CA5 89.58 8.98 13.82
CA10 80.81 8.24 12.54
CA15 64.73 6.67 11.87
SF10 90.39 10.84 16.26
SF20 79.18 8.82 15.40
SF30 62.41 7.42 13.95
SF50 50.51 5.80 11.37

Table 4. Beams designation and description.

No. | Mix Designation Description

1 RPC Reactive Powder Concrete with fiber

2 RPC Reactive Powder Concrete with fiber

3 FA5 RPC + 5% of Fine Sand replace by crumb rubber with fiber

4 FA10 RPC + 10% of Fine Sand replace by crumb rubber with fiber

5 FA15 RPC + 15% of Fine Sand replace by crumb rubber without fiber
6 FA15S RPC + 15% of Fine Sand replace by crumb rubber with Fiber
7 CA5 RPC + 5% Chip rubber Added without fiber

8 CA10 RPC + 10% Chip rubber Added without fiber

9 CA15 RPC + 15% Chip rubber Added without fiber

10 SF10 RPC + 10% of Silica Fume replace by very fine rubber with fiber
11 SF20 RPC + 20% of Silica Fume replace by very fine rubber with fiber
12 SF30 RPC + 30% of Silica Fume replace by very fine rubber with fiber
13 SF50 RPC + 50% of Silica Fume replace by very fine rubber with fiber
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Figure 4. Beam dimensions and reinforcement details.

2.5.1 Flexural Test Results of the Beams

Table 5 shows the results of testing the beams from bending strength. Figs. 5 and 6 show

the examination results as bar charts.

Table 5. Results of the flexural test (Flexural Failure type).

=) 2o G —~ 5= - —
=21 25| 2 2 SE|SEE| S 82 |ERE Es
E| P | 5555 | "% | %22 |25% %
2 ~ = |8 E £ af % 3
B1 RPC Monotonic | 15.41 0.48 33.35 4.77 8 0.08-0.20
B2 RPC Repeated | 14.00 0.40 31.11 4.41 9 0.06-0.20
B3 FA5 Repeated | 12.44 0.58 27.25 4.45 8 0.05-0.18
B4 FA10 Repeated | 11.52 0.70 26.00 5.88 7 0.04-0.10
B5 FA15 G1 Repeated 6.41 0.58 18.31 5.40 8 0.08-0.12
B6 FA15S Repeated | 10.50 0.74 25.72 6.52 8 0.04-0.18
B7 CA5 Repeated 8.00 0.58 16.89 6.51 9 0.06-0.12
B8 CA10 Repeated 7.56 0.70 14.56 6.24 7 0.08-0.16
B9 CA15 G2 | Repeated 7.00 0.84 13.84 5.51 9 0.08-0.18
B10 SF10 Repeated | 11.51 0.70 25.42 5.47 9 0.03-0.16
B11 SF20 Repeated | 10.42 0.78 24.35 5.21 8 0.02-0.08
B12 SF30 Repeated | 10.00 0.81 22.51 4.95 8 0.01-0.05
B13 SF50 G3 | Repeated 9.14 0.90 20.14 4.11 8 0.01-0.04
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Figure 5. Load at first crack and failure.
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Figure 6. Deflection at first crack and failure.

As shown in Fig. 7, all of the beams have the same pattern of cracks; flexural failure was the
pattern detected. All beams developed minor perpendicular cracks at the center in the initial
testing phase. Load increased the amount of cracks. The findings showed that adding
microfiber and rubber granules decreased the fracture's breadth because the micro steel
fiber prevented the cracks and limited their expansion (Asaad et al., 2017). In addition, the
granules of rubber can absorb more energy.

2.5.2 Modes of Failure for the Tested Beams

The history of the loading (cyclic non-reversed load) shown in Fig. 8 was used on the samples.
The load history was proposed by (FEMA, 2007). The loading-unloading process caused a
fluctuation of stresses, and much damage appeared in the structures (flexural cracks in beams,
higher deflection, etc.) compared to the monotonic loading. A typical failure pattern in the flexural
failure of the repeated beam samples was similar to that in the monotonic beam samples.
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Figure 7. Beams after testing.

The results showed that the failure load capacity decreased as compared to the reference RPC
beam (B2); the reductions were about 12.4, 16.4, 41.1, and 17.3% for B3, B4, B5, and B6,
respectively. The decrease in failure load was related to the presence of rubber particles. The
presence of micro steel fibers limited this reduction. A higher reduction was recorded for B5 since
it did not have micro steel fibers. In addition, the results showed that the rubber particles improved
the deformation, so the deflection at failure increased by about 0.9, 33.3, 22.4, and 47.8% for B3,
B4, B5, and B6, respectively. From these results, it can be concluded that the ultimate load
decreased as rubber content increased. Deflection at failure increased as rubber content increased.
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Figure 8. Load history used in FEA.

Beams B7, B8, and B9 have chip rubber without steel fiber. The results showed that the failure
load capacity decreased compared to the reference RPC beam (B2); the reductions were about
45.7, 53.2, and 56.6% for B7, B8, and B9, respectively. This is because the chip rubber particles
are weak and compressed, and the loading capacity will be reduced due to its impact on the strength
of other concrete components. The blanks are also increased by chip rubber mixtures which
negatively affect the failure load capacity. The absence of micro steel fibers was limiting this
decrease. The results also showed that the rubber particles improved the deformation, so the
deflection at failure increased by 47.6, 41.4, and 24.9% for B7, B8, and B9, respectively.

In the tested beams containing very fine rubber with micro steel fibers under repeated loading, the
results showed that the failure load capacity decreased compared to the reference RPC beam (B2).
The reductions were about 18.2%, 21.7%, 27.6%, and 35.2% for B10, B11, B12, and B13,
respectively. This was attributed to the loss in silica fume reaction when replaced by rubber
particles. The forming of the gel (C-S-H) had become less due to the low percentage of silica fume.
Pozzolanic materials improved the paste bond and led to an increase in strength. The results also
showed that the rubber particles improved the deformation, so the deflection at failure increased
by 24.0, 18.1, and 12.2% for B10, B11, and B12, respectively. This improvement was due to the
presence of rubber particles and little loss in pozzolanic reaction for silica fume. It is also due to
the presence of steel fiber that increased the cohesion of the concrete components and reduced the
occurrence of cracks. The reaction of pozzolanic can be shown as follows:

Pozzolanic + Calcium Hydroxide Ca(OH) + Water (H20) — Gel (C-S-H)

3. FINITE ELEMENT ANALYSIS

3.1 Element Type

The relevant sections describe the element types utilized to model S.S beams with ABAQUS
(CAE Abaqus, User's Manual, 2011):

3.1.1 Modeling of the Materials

Three-dimensional finite elements are employed to model beams. The basic 3D stress elements
can be used to design concrete in ABAQUS. Concrete beams are made with a C3D8R element, a
linear brick with 8 nodes. The C3D8R element's assimilation point is in the center of the element.
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The 8-node brick element with the integration point is shown in Fig. 9. To design the steel bar
reinforcement, a linear 3D two-node truss element (T3D2) with three freedom degrees at each
node is utilized.

Phoocococooad -—-==33

Figure 9. Eight-noded brick element with the integration point.

3.1.2 Modeling of Rubber and Steel Fiber

In material modeling, the concrete damage plasticity (CDP) model is used to model concrete, and
the steel is modeled as elastic perfectly plastic. The steel fiber and rubber concrete were modeled
within the modeling of the concrete properties CDP. For modeling Reactive Powder Concrete with
steel fiber use, a stress-strain relation suggested by (Collins et al., 1993) was used. To provide
efficient modeling for the structural behavior of concrete as follows:

fe n(ecr/ec
= ! ) nk (1)
fe  n-1+(ecp/el)

where f; is peak stress obtained from the cylinder test, &, is strain when f_ reaches f, n is the
curve fitting factor equal to E./(E.- E',), E. is tangent stiffness when &, is zero, E’ is secant
stiffness when & is &, and k model the strain decay before and after experiencing peak stress.

n and k are suggested by using data from high-strength concrete, and it was decided to use these
two variables without change. n and k can be calculated by using

n=08 +% )

17
k=067 +% 3)
62

Using a constitutive model stress-strain relation by (Aslani et al., 2018) was used for modeling
Rubber in Concrete. Input parameters are compressive strength. f. obtained on reference concrete
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cubic specimens, relative volumetric rubber ratio p,,., and the size of the replaced aggregate d ¢y,

considered with factor A. With known input parameters, it is possible to calculate the peak
compressive stress for the rubberized concrete:

fre =———f: (4)

1+2:(2200r)
The tangent elastic modulus for rubberized concrete:

E,. =2 exp(—Ap,,) ®)

Eel

The coefficient for calculating strain at peak stress:

v=Le1 08 (6)

17

Strain at peak stress for rubberized concrete:

erc = (fre/Ere) (5) ()
Secant modulus of elasticity:

Ep = fre/erc (8)
Coefficients of the linear equation:

@ =35x% (12.4 — 1.66 X 1072f,,) 09 9)

k = 0.75exp (—9%) (10)

c

Modified material parameter:

pm = [1.02 = 1.17(E, /E. )| + (@ + K) (11)

Stress factor to obtain the constitutive curve:

9 _ [ Pm(€/€rc) (12)

fre pm—1+(e/erc)Pm

The constitutive model of rubberized concrete was used, shown in Fig. 10.
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Figure 10. Constitutive model stress-strain curve

3.2 Input Data

Journal of Engineering

This program used the parameters gathered from experiments as compressive strength and splitting
tensile strength of the concrete. Modulus of elasticity and stress-strain curve were obtained from
equations. All parameters are listed in Tables 6 and 7 for all beams.

Table 6. Input data for steel reinforcement.

Parameter @4 mm @6 mm
Area of steel reinforcement (mm?) 12.56 28.27
Yield strength (MPa) 565 548
Modulus of elasticity (MPa) 200000 200000
Poisson’s ratio 0.2 0.2

ABAQUS default values were utilized for the additional required parameters, including
eccentricity, abol/aco, dilation angle, kc, and the viscosity parameter. After a large number of
trials, the amount of friction that exists between the concrete and the supports was determined.
These tests aimed to find the number that minimized the gap in performance between the practical

and the finite element results.

Table 7. Input data for beams.

Parameter RPC Ref. | FA15S | CA5 | SF10
Compressive strength (MPa) at the edge of the Beam 104.7 67.38 | 59.95 | 89.06
Splitting tensile strength (MPa) at the edge of the Beam 11.98 745 | 9.71 | 11.34
Modulus of elasticity (MPa) 40872 | 34153 | 32606 | 38232
Poisson’s ratio for concrete 0.18 0.18 0.18 | 0.18
Dilation angle 50 40 40 45
Eccentricity 0.1 0.1 0.1 0.1
obolaco 1.16 116 | 1.16 | 1.16
K 2/3 2/3 2/3 2/3
Viscosity parameter 0.001 0.001 | 0.001 | 0.001
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3.3 Three-Dimensional Finite Element Meshes

The specimen was broken up into several tiny finite elements with the greatest size of 15 mm, as
seen in Fig. 11. The design of steel bars appears in Fig. 12. The specimens were S.S supported at
both sides, and one of the sides was formed into a roller by putting restraints on the Y-axis (with
UY set to zero). By exerting restraints in the X, Y, and Z axes (UY=UX=UZ=zero), illustrated in
Fig.12, another support was placed as a hinge.

Figure 11. Mesh Configuration of FE Model  Figure 12. Boundary Conditions and reinforcement

3.4 Finite Element Analysis Results

The FEA results for the tested beams are shown in Table 8. In addition, the percentages of the
laboratory and the numerical results are shown in this table. Fig. 13 shows the load-deflection
curves of the beams from the experimental test and finite element analysis. In general, the load-
deflection curves of beams from the FEA results agree with the experimental results throughout
the entire range of behavior.

Table 8. Experimental and FEA Results of Ultimate Loads and Corresponding Displacements

o | Beam | Load Eﬁp' Res“A'tj EEA Res“A"j PuEXP | AuEXP
Symbol | Type KN) | (mm) | (KN) | (mm) | PR FEA | AuFEA
1 | RPCRef. | M | 3335 | 477 | 3421 | 486 | 0974 | 00981
2 | RPCRef. | R | 3111 | 441 | 31.80 | 448 | 0975 | 0.984
3 FAISS | R | 2572 | 652 | 2325 | 6.63 | 1.106 | 0.983
4 CAG R | 1689 | 651 | 17.79 | 623 | 0049 | 1.044
5 SF10 R | 2542 | 547 | 21.95 | 558 | 1158 | 0.980

The ratio of the ultimate experimental load to the FEA load (Py gxp/Py rga), Value is (1.032 on
average) and the ratio of the experimental deflection to FEA deflection (Ay gxp/Ay rga) is (0.984
on average). This ratio shows a good prediction of FEA results with experimental results for all
modeled beams in the monotonic and repeated tests.
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4. CONCLUSIONS

By following the methodology presented in this research, several conclusions have been obtained,

as highlighted in the followings:

1. The Reactive Powder Concrete's fresh properties (Flow Table Test) generally decreased by
combining microfibers and waste rubber granules. But the workability stayed under the
acceptance criteria. The flow of the rubberized concrete test ranged from 100 =5 mm.

2. The Mechanical properties (compressive strength, splitting tensile strength, and modulus of
rupture) reduced as rubber content increased when fine aggregates were substituted with crumbs
and added chip waste rubber to the mixture.

3. The optimum percentage of the granules of the rubber substituted was 15% for fine aggregates,
10% for silica fume, and 5% for added chip rubber (depending on the results of fresh properties,
hardened properties, and behavior of beams).

4. Substituting the granules of the rubber rather than the fine aggregate were superior compared to
adding chip rubber as a coarse aggregate.

5. The addition of rubber granules and micro steel fibers changed the brittle behavior of failure of
the tested beams to a ductile behavior failure.

6. The results obtained for modeled beams under monotonic and repeated loading using the finite
element models are similar to those observed in the experimental work and have obtained a good
agreement.

7. In the tested beams containing crumb rubber with micro steel fibers, the results showed that the
rubber particles improved the deformation, and the presence of the micro steel fibers increases
the cohesion of concrete components and reduces the occurrence of cracks.

8. The tested beams containing chip rubber without micro steel fibers showed that the failure load
capacity decreased; the reductions were about 45.7%, 53.2%, and 56.6% for B7, B8, and B9,
respectively. This is because the chip rubber particles are weak and compressed and the loading
capacity will be reduced due to its impact on the strength of other concrete components.

9. In the tested beams that contain very fine rubber with micro steel fibers, the results showed that
the failure load capacity decreased compared to the Ref. beam (B2); this was attributed to the
loss in silica fume reaction when replaced by rubber particles (the forming of the gel (C-S-H)
had become less due to the low percentage of silica fume).

10. Rubber particles improved the deformation, so the deflection at failure increased by 24.0%,
18.1%, and 12.2% for B10, B11, and B12, respectively. This improvement was due to the
presence of rubber particles and little loss in the silica fume pozzolanic reaction.

11. For all beams, the results observed that the deformability and ductility indices increased with
rubber content increased, and the ultimate load decreased as rubber content increased.
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