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List of notation

fve: Bond strength between transverse reinforcement and the matrix of ultra-high performance fiber reinforced concrete,
MPa

fur: Bond strength between the longitudinal reinforcement and the matrix of ultra-high performance fiber reinforced
concrete, MPa

LVDT: Linear variable differential transformer

TSI: Tension stiffening index, MPa

VC: Visco Crete

UH: Ultra-High Performance fiber reinforced concrete

pefty: Transverse reinforcement index, MPa

p.f1y: Longitudinal reinforcement index, MPa
®: diameter of fiber, mm

INTRODUCTION

Non-fibrous concrete beams are designed for resisting torsional moment, the compressive strength and
dimensions of the section are taken into account before cracking, while the yield stress of transverse reinforcement in
stress-strain curve, stirrup dimensions and spacing between stirrups are considered at peak load [1, 2]. In contrast, the
compressive strength and split tensile strength in fibrous concrete were influenced by the inclusion of steel fiber [3-5].
Consequently, the bond strength between reinforcement and the matrix of fibrous concrete improved proportionally with
compressive strength [6]. However, the spacing between spiral cracks and the width of crack at failure were influenced
by the bond strength between reinforcement and the matrix of concrete [7]. Although, the amount of reinforcement has
effect on the strain in reinforcement [2], the strain in reinforcement embedded steel bar in concrete was less than the
strain of reinforcement corresponding to yield stress in stress-strain curve which is known as tension stiffening [8]. In
addition, the strain in longitudinal reinforcement has been influenced on the shear strain in diagonal compression strut
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[9]. Thus, the value of bond strength and the amount of reinforcement indexes have influence on the tension stiffening
index and torsional resistance as a result. The tension stiffening index is expressed as follows:

TSI = Foe(pefey+oLfLy) (1)
fbL

Research Significance

The inclusion of micro steel fiber has been found to improve the bond strength between reinforcement bars and
the matrix of ultra-high performance concrete and reduce the strain in steel reinforcement due to tension stiffening even
though the embedded reinforcements have been high yield stress. The torsional behavior of under-reinforced concrete
beams is influenced by the inclusion of steel fiber in ultra-high performance concrete. Thus, this paper highlights the
influence of tension stiffening index on the torsional behavior of under-reinforced ultra-high performance fiber
reinforced concrete beams.

Experimental works

To be certain about the influence of tension stiffening index on the torsional resistance in under-reinforced ultra-
high performance fiber reinforced concrete beams, four beams were cast and tested under pure torsional moment. The
beam was denoted as B-1*-UH, D-1-UH, D-2-UH and D-3-UH where all of them contain the same amount of
reinforcements and fiber. The only difference was in the steel reinforcement bars where the value of the yield stress in
stress-strain curve is different. The mix proportion of materials, detail of beam layout and reinforcements, procedure of
fabrication of specimens and testing of beams under pure torsion are described in the following sections:

Mix proportion of materials in ultra-high performance fiber reinforced concrete

The design compressive strength of ultra-high performance fiber reinforced concrete beams was 127 MPa. The
materials used for producing this concrete, including type | Ordinary Portland Cement, silica sand (0.6 mm maximum
sieve size), silica flour (11.9um median particle size), silica fume, HRWR Sika Vicocrete 2055, Retard-admixture
Plastiment R, tap water and two sizes of copper coated micro steel fiber A and B. The proportioning of these materials
and the details of micro steel fiber are shown in Table-1.

Table-1: Mix proportion of ultra-high performance fiber reinforced concrete

Materials Quantity , kg/m®
Cement ( Type I) 1500
Quartz sand 0.6 mm 539.5
Quartz sand 0.325 mm 110.5
Silica fume 175
Silica flour 126.08
Water 372.76
Water reduces super-plasticizer VC2055 38.23
Retard-admixture (Plastiment-R) 7.49
Micro steel fiber, A(21mmX 0.35mm®) 26.50
Micro steel fiber, B (12mm X 0.20mm®) 150.13
Slump-flow, mm [10] 720

Details of reinforcements and the beam layout

The engineering properties of steel reinforcements which were used for fabricating the four beams are shown in
Table-2. Four bars of 12 mm diameter were used as longitudinal reinforcement in the main beams which were closed by
transverse reinforcement 6 mm diameter bars with 216 mm height and 166 mm width ended with 135° standard hooks.
Meanwhile, the spacing between transverse reinforcement was 95 mm as shown in Figure 1. The dimensions of the four
beams are tabulated in Table-3. In addition, the clear span to depth ratio and height to width ratio of the beam section are
kept constant at 5.7 and 1.2, respectively.
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Table-2: Engineering properties of steel reinforcements
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Fig-1: Detail of reinforcements in the fibrous concrete beam

Fabrication of specimens and curing regimes
The materials were used to produce ultra-high performance fiber reinforced concrete. They were mixed in the

sequence and elapse time as shown in Figure-2. The beams were cast by two pan mixers 0.05 m>. The ultra-high
performance fiber reinforced concrete beam was cast and it was associated with three cubes for compression test, three
cylinders for split tensile test, three prisms for flexural test and six cubes for pullout test. The ultra-high performance
fiber reinforced concrete beams were cast in four layers inside of a plywood mold. Each layer was externally vibrated for
45 seconds at different points along the length of the beam. The cast ultra-high performance fiber reinforced concrete
beams were removed from the mold after 12 hours of casting. Then, the beams were kept in steam curing chamber for 36
hours at 55°C. Next, the concrete beams were removed from steam curing chamber and were covered by wetted burlap

for 132 hours.

Table-3: Measured dimensions of the fibrous concrete beams

Beam denotation | Concrete cover, mm | Width, mm | Height, mm | Span length, mm
B-1*-UH 21 214 264 1533
D-1-UH 26 224 274 1568
D-2-UH 25 222 272 1564
D-3-UH 25 222 272 1564
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Fig-2: Sequence of mixing materials in ultra-high performance fiber reinforced concrete

Testing of beam under-pure torsional moment

To produce pure torsional moment on the main beams, the loading set-up was arranged as shown in Figure 3 &
4. The twisting angle was measured from displacement recorded using LVDTs on a steel frame which was clamped on
the section of the beam as shown in Figure-5.

The strains in reinforcements were measured by electrical strain gauges during the loading. The Universal
Testing Machine of 500 kN capacity was used for testing of beams. The under-reinforced ultra-high performance fiber
reinforced concrete beams were set on the two saddle supports. The load was applied to the load spreader beam first.
Then, the load was transferred to the reinforced concrete arms which produced a pure torsional moment on the main
beam as a result. The load was increased manually until the beam failed under torsional moment.
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Fig-3: Schematic Test set-up
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Fig-4: Loading set-up of the beams
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Fig-5: Schematic measure of twisting angle of the beam section

RESULTS AND DISCUSSIONS

The mechanical properties of ultra-high performance fiber reinforced concrete were determined for each tested
beams. In addition, the properties of steel bars with bond strength between steel reinforcements and the matrix of ultra-
high performance fiber reinforced concrete were measured as shown in Table 4 and 5 [11-15]. The value of torsional
resistance and twisting angle were measured at crack and peak loads. The stiffness of the section at crack load for each
beam which was calculated based on elastic theory are tabulated in Table-6 [16].

The influence of bond strength between reinforcements and matrix of ultra-high performance fiber reinforced
concrete and the amount of reinforcement indexes on the torsional behavior of ultra-high performance fiber reinforced
concrete beams is known as tension stiffening index (TSI). The influence of tension stiffening index on torsional
resistance, twisting angle, shear strain in concrete, strain in reinforcements and details of spiral cracks pattern is
described in the following sections:
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Table-4: Measured mechanical properties of ultra-high performance fiber reinforced concrete with respect to
tested beams

Beam denotation | f...., MPa | fy,, MPa | f, MPa
B-1-UH 127.5 10.33 12.84
D-1-UH 127.7 17.05 16.82
D-2-UH 132.3 18.22 10.34
D-3-UH 131.3 15.05 9.85

Table-5: Tension stiffening index for ultra-high performance fiber reinforced concrete beams

Beam denotation Transverse reinforcement | Longitudinal reinforcement TSI* MPa
Pefty, mpa fot, wpa PLfLy, wpa fbL, MPa
B-1-UH 1.771 7.362 4.386 11.573 3.731
D-1-UH 2.379 9.486 4.036 15.818 3.982
D-2-UH 2.418 5.720 5.994 19.514 2.511
D-3-UH 1.657 7.127 5.995 19.147 2.900
Table-6: Results of pure torsion test of under-reinforced ultra-high performance fiber reinforced concrete beams
Beam denotation | T, KN.m (Dc)r& Tglgm’ Ty, KN.m | @, rad/m, X 10® | K, kN.m/rad.
B-1-UH 12.11 5.655 24.96 37.280 406.3
D-1-UH 17.50 6.353 24.46 51.285 154.9
D-2-UH 13.40 3.324 28.97 40.825 415.1
D-3-UH 9.97 0.153 26.97 34.837 490.3

Torsional resistances at the crack and peak loads
It can be seen in Figure 6 that the cracking torsional resistance of ultra-high performance fiber reinforced

concrete beams was not only influenced by the compressive strength of concrete. The tension stiffening index was found
to have influenced on the torsional resistance at crack load as well.

It was found that the cracking torsional resistance was improved up to 30.5% due to increases in the tension
stiffening index from 2.511 to 3.731 MPa. Meanwhile, the compressive strength of ultra-high performance fiber
reinforced concrete decreased in the range of 3.6%. In contrast, the ultimate torsional resistance was influenced by
tension stiffening index as well as shown in Figure 7. It is observed that the torsional resistance was improved up to
18.42% due to a reduction in tension stiffening index from 3.982 MPa to 2.511 MPa.

Twisting angles at crack and peak loads

Basically, the twisting angle varied with torsional loading as shown in Figure 8. Twisting angle at crack load
was reduced up to 47.6% due to improvement of stiffness by up to 31.6% and a reduction in tension stiffening index
from 3.982 MPa to 2.511MPa. In contrast, the twisting angle at peak load was reduced up to 20.4% due to improvement

in stiffness of the cracked section of up to 167% and a reduction in tension stiffening index from 3.982 MPa to 2.511
MPa.

Available Online: Website: http://saudijournals.com/ 125




Karim FR et al.; Saudi j. civ. eng.; Vol-2, Iss-2 (Sep-Oct, 2018): 120-130

20
2 18 - - i
“ 16
T4
£ -
; 10
E 8 L
£ 6
s L

4
£ *
g0
U 2511 29 3.731 3.082

TSI, MPa
T —e—fc'

133
132
131
130
129
128
127
126
125

Cube compressive strength, MPa

Fig-6: Effect of tension stiffening index and compressive strength of the cracking torsional resistance
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Fig-7: Influence of tension stiffening index on the torsional resistance at peak load
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Fig-8: Torsional moment versus twisting angle
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Strain in fibrous concrete

The value of the tension stiffening index influenced the shear strain in ultra-high performance fiber reinforced
concrete, even though the cube compressive strength of ultra-high performance fiber reinforced concrete was still in the
same range as shown in Figure 9. The strain in concrete at the crack and peak loads and the compressive strain in
diagonal concrete strut are shown in Table-7. It was observed that the ultra-high performance fiber reinforced concrete
was crushed under torsional loading because the compressive strain in the diagonal compression concrete strut exceeded
the ultimate strain of ultra-high performance fiber reinforced concrete.

Table-7: Strain in fibrous concrete

Beam denotation Shear strain, mm/mm X 10° | Strain in diagonal compression
At crack load | At peak load strut, mm/mm X 10°°
B-1-UH 1170 37120 -0.014329
D-1-UH 3021 223020 -0.118068
D-2-UH 3372 27148 -0.013509
D-3-UH 2333 20165 -0.008871
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Fig-9: Torsional moment versus shear strain in concrete

Strains in longitudinal and transverse reinforcements

The strains in transverse and longitudinal reinforcements were influenced by the tension stiffening index as
shown in Figure 10 and 11. It was observed that the strains in transverse and longitudinal reinforcement were reduced up
to 59.29% and 74.53%, respectively. The reduction in reinforcement strain was due to a reduction in tension stiffening
index from 3.982 MPa to 2.511 MPa.
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Cracking patterns

The details of spiral cracks were affected by tension stiffening index as shown in Table 8. It was observed that
the average spacing between spiral cracks, number of spiral cracks, and angle of inclination of crack at failure changed
with the amount of the transverse reinforcement index. In addition, it was found that the angle of inclination of crack and
the average spacing increased due to improvement of transverse reinforcement index, and the number of spiral cracks

was reduced as a result.

The final features of crack at the failure of ultra-high performance fiber reinforced concrete beams under pure

torsional loading influenced by tension stiffening indexes are shown in Figure 12-15.

Table-8: Details of spiral cracks of ultra-high performance fiber reinforced concrete beams

Beam No. of spiral Angle of inclination of Average spacing between
denotation cracks crack at failure, degrees spiral cracks, mm
B-1-UH 14 42 95
D-1-UH 6 47 231
D-2-UH 11 46 122
D-3-UH 13 43 109
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Fig-15: Crack pattern of beam D-3-UH at failure

CONCLUSIONS
Based on the test results of under-reinforced ultra-high performance fiber reinforced concrete beams under pure
torsional moment, the following conclusions on the torsional behavior could be drawn:

e The cracking torsional resistance was improved up to 30.5% due to increases in the tension stiffening index. In
contrast, torsional resistance at peak load was enhanced up to 18.42% due to a reduction in the tension stiffening
index.

e The twisting angle of under-reinforced ultra-high performance fiber reinforced concrete beams at the crack and
ultimate loads decreased due to improvement in section stiffness and reduction of tension stiffening index at the
same time.

e It was found that the under-reinforced concrete beams crushed before yielding in reinforcement at the end of torsion
test due to high value of the brittleness index in ultra-high performance fiber reinforced concrete.

e The value of transverse reinforcement index improved the spacing between spiral cracks and inclination angle of the
crack at failure. Consequently, the number of spiral cracks was reduced as a result.
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