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ABSTRACT The effect of inclusion of steel fibers on the flexural behavior of
high-strength concrete beams is investigated in this study. Twelve fiber reinforced
concrete (FRC) beams were tested by a two-point loading. The beam dimension was
kept constant for all beams. Hooked end steel fibers and micro-silica were used to
enhance the concrete properties. The variable were the concrete compressive strengths
(52, 63 and 85 MPa), the fiber conients (0.0 and 1.0 %) and the flexural
reinforcement ratio (0.0 and 0.56 %). The influence of the fibers addition on the crack
propagation, cracking moments and ultimate moments were investigated. The
nonlinear interactions among concrete, longitudinal reinforcement and stee! fibers
were monitored and analyzed for the tested beams. Test results showed that the
cracking and ultimate flexural strengths increased with the increase of the concrete
compressive strength and with the addition of the steel fibers.

1. INTRODUCTION

The term high-strength concrete generally is used for concrete with compressive strength
higher than 41 MPa (6000 psi). Its use in the construction industry has increased stcadily in
recent years because it results in reduced dead loads, which lead to longer spans and taller
structure. The maximum potentiality of high-strength concrete cannot be realized fully in
structures due to the brittleness of the material and the serviceability problems associated with
the resulting reduced cross-sectional dimension. High-strength concrete is considered to be a
relatively brittle material because the post-peak portion of its stress-strain diagram descends
deeply or almost vanishes as compressive strength increase. This inverse relationship between
strength and ductility is a serious drawback in using thc material [1-3]. A compromisc between
strength and ductility can be obtained by using discontinuous fibers. The concept of using
fibers to improve thc characteristics of construction matcrials is very old. Adding fibers to
concrete makes it a homogeneous and isotropic material and converts its brittle characteristic to
a ductile one. When concrete cracks, the randomly oriented fibers function to arrcst
microcracking, thus improving strength and ductility. Adding fibers influences the ascending
portion of the stress-strain curve only slightly but Icads to a noticeable increase in the peak
strain (strain at pcak stress) and a significant increasc in ductility {4-7]. The addition of steel
fibers also enhance the flexural strengths of plain and reinforced concrete beams [5-12].
Howevcr, the contribution of fibers on the enhancement of strength of the reinforced concrete
beam relative to the plain concrete beam is not investigated.

2. EXPERIMENTAL PROGRAM

2.1 Test specimens

A total of 12 beams were tested in this investigation. Concrete strength of 52, 63 and 85 MPa
were used. For each concrete strength, four beams were tested. This includes a plain concrete
beam, a longitudinately reinforced beam with no fibers, a fibrous concrete beam with no
longitudinal reinforcement, and a beam with longitudinal reinforcement and steel fibers. The
shear-span/depth (a/d) ratio was 6 and the becam cross-section was 125x250 mm (8x10 in.)
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and both kept constant. For the longitudinally reinforced beam, adequate shear reinforcements
were provided except in the constant moment zonc.

Table ! and Fig. 1 present details of the testing program. Each beam is designated by a group
of letters and a number. The first is the lctter B to denote beam, The second is a letter that
indicates the reinforcement condition, R for becam with low flexural reinforcement (0.56 %)
and P for plain concretc beam. The third is a number to indicate the steel fiber volume content.
The fourth is a Ictter to indicate the concrete strength, N for normal-strength (52 MPa), M for
mcdium strength (63 MPa) and H for high-strength (85 MPa). Thus, the beam BR-1-H is a
beam with longitudinal rcinforcement ratio of 0.56 %, with steel fiber volume content of 1.0
%, and made with concrete compressive strength of 85 MPa.

Table 1. Concrete mix design

Vanable Mix design W/C | Silica [ Super-plasti- te'
fume cizers
Concrete (%) (%) {MPa)
strength
() (2) (3) (4) (5) __(6)
Normal 1.0:18:1.2 041 0.0 1.0 52.0
Medium 1.0:1.2:1.8 0.26 0.0 6.0 63.0
“High 1.0:1.0:2.0 0.23 20.0 6.0 85.0
2350mm
35
s 3dio.8 b __[ mm
-1 L—lESnm -] L—1.‘25r'1m - L—lE‘inn ‘l l——lESr-m
PLAIN FIBROUS REINFORCED REINFORCED
ITH FIBER
o/d 6
BEAM SPAN L (mmd 3080
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Figure 1 : Details of test bcams and testing arrangement.
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2.2 Materials

In the testing program, 20-mm Grade 60 deformed stecl bars having 437 MPa (63,400 psi)
yicld strength were used as flexural reinforcement. The concrete mix proportions used are
shown in Table 1. Ordinary portland cement(Typc I), desert sand with a fineness modulus of
3.1, and coarse aggregate (crushed basalt) of 9.5 mm({3/8 in.) maximum sizc were used. Light
gray density field microsilica (20 percent by weight of cement) with a specific gravity of 2.2, a
bulk density of 6.0 kN/m3(37.4 1b/ft3), and a specific surface of 23 m2/g was used in the
high-strength concrete mix. Hooked-ends mild carbon steel fibers with average length of 60
mm (2.36 1n.), nominal diameter of 0.8 mm (0.03 in.), aspect ratio of 75, and yicld strength
of 1100 MPa(159,500 psi) were used. A super-plasticizer was used (Table 1) and enough
mixing time was allowed to produce uniform mixing of concrete without any segregation.

The measured concrete strengths were based on an average value of three specimens. For each
tested beams, six 150 x 300-mm (6 x 12-in.) cylinders were cast to determine the concrete
compressive strength and splitting tensile strength. Additionally, three 150 x 150 x 530-mm
(6x6x21-in.) beams were tested to find thc modulus of rupture of the concrete used. The
concretc was placed in three layers and was vibrated internally and externally immediately
afterward. All beams and control spccimens werc cast and cured under similar conditions. The
specimens were kept covered with polycthylenc shects until 24 hour before testing (28 days)
to prevent the loss of moisture.

2.3 Test Procedure

The beams were simply supported and subjected to a two-point load as shown in Fig. 1(b).
The distance between the two-point loads was kept constant at 500 mm (20 in.). Special
bearing assemblies (rolter, guidc plates, ete.} were designed to facilitate applying loads to the
test specimens.

The beam vertical deflection and the strains at the top and bottom faces of the beam at midspan
were measured. External strain gages were glued to the top surface of the concrete to measure
the compressive strain. Strains werc also measured by strain gages glued on the beam side at
the level of the steel reinforcement or 35 mm (1.4 in.) from the bottom tension fiber in the
constant moment rcgion of the beam. End rotation was measured by two transducers.

The two-point loads were applied to the beams by a 400-kN hydraulic testing machine in 15 to
25 increments up to failure. At the end of cach load increment, midspan deflection, rotation,
strain-gage readings, curvature, and crack development and propagation on the beam surfaces
were recorded.

3. EXPERIMENTAL RESULTS
A total of 12 high-strength plain and reinforced concrete beams were tested. Table 2 and Figs.
2 to 6 present the experimental results of the test bearns.

3.1 Flexural Behavior

Fig. 2 shows thc moment-deflection behavior of the tested beams. For the plain concrete
beams (Fig. 2a) the relationship is almost lincar, and the beams showed small ductility and
failed suddenly. The addition of 1% stcel fibers to the plain concrcte beams enhanced both the
strength and ductility (Fig. 2b). The tested beams with longitudinal reinforcement showed a
great cnhancement in both strength and ductility when compared with the plain concrete
(Fig. 2¢), howcever, these cnhancementswere incrcased with the addition of fibers to the
reinforeed concrete beams (Fig. 2d). Fig. 3 shows difference in flexural strength between
longitudinally reinforced beam and plain beam for both cases, without fibers (BR0O-BP0) and
with fibers (BR1-BP1). It can be scen that the presence of fibers increases the cfficicncy of the
longitudinal reinforcement.

3.2 Effect of the Concrete Strength

Three concrete compressive strength of 52, 63 and 85 MPa were used. Fig. 4 and Table 2
show the variation of the flexural cracking stress, ultimate strength and the raiio of witimate w
cracking strengths as a function of the concrete compressive strength. The figure shows that
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the cracking and ultimate moment generally increases as the compressive strength
increases. Increasing the concrete compressive strength from 52 to 86 MPa increased
the cracking

Table 2. Matenial properties of tested beams

Beam ¢ fr Vi T My M,
{MPa) (MPa) (%) (%) (kN.m) (kKN.m)
(1) {2) (3) “) 5) (6) )
BP-0-N 51.60 4.45 0.0 0.0 2.69 2.69
BP-1-N 51.80 8.14 1.0 0.0 3.46 4.74
BR-0-N 51.60 4.45 0.0 0.56 3,29 15.26
BR-1-N 51.80 8.14 _ 1.0 0.56 411 19.60
BP-0-M 63.10 5.94 0.0 0.0 3.95 3.95
BP-1-M 63.30 10.56 1.0 0.0 4.58 6.09
BR-0-M 63.10 5.94 0.0 0.56 4.51 15.65
BR-T-M 63.30 10.56 1.0 0.56 5.53 21.50
BP0 | 03550 9.49 0.0 0.0 4,74 4.74
BP-1-H 85.35 12.39 1.0 0.0 3.61 7.83
BR-0-H 85.%6 9.49 0.0 0.56 4,90 15.81
BR-1-H 85.35 12.39 1.0 0.56 5.69 21.34
5 25 _
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Figure 2 : Moment versus mid-span deflection relationships
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flexural stress by 73, 68, 49 and 38 % and the flexural strength by 73, 65, 3 and 9 % for the
plain concrete beams, the FRC beams, the reinforced concrete beams, and the reinforced FRC
beams, respectively. Although that the relative increase in the flexural strengths of the plain
concrete beams (73 and 65 %) are more than that of the reinforced concrete beams (3 and 9
%), the net increases are almost the same for all cases.

3.3 Effect of Steel Fibers

Fig. 5 shows the effect of the fiber presence on the flexural behavior of the tested lightly
reinforced concrete beams. A comparison of the test beams with longitudinal reinforcement
showed that the presence of steel fibers reduced the crack width, enhanced the flexural rigidity
and resulting in better deflection control. The addition of steel fibers increased the flexural
strength and reduced the total deflection. The net increase in the flexural strength due to
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Figure 5 : Effect of steel fibers on the flexural behavior of beams with a) normal,
b) medium, and ¢) high-strength concrete beams.

the fibers addition were higher for the reinforced concrete beams than for the plain concrete
beams as shown in Fig. 6. The net increase in flexural strengths were 2.05, 2.14 and 3.09
kN-m for the normal, medium and high-strength concrete beams, respectively. This increase
was higher for the reinforced concrete beams and was equal to 4.34, 5.85 and 5.53 kN-m for
the normal, medium and high-strength concrete beams, respectively. The presence of 1% steel
fibers caused a relative increase of the flexural strength of the plain concrete beams by 76, 54
and 65 % for the normal, medium and high-strength concrete, respectively. However, this
increases were less for the reinforced concrete beams and were equal to 28, 37 and 35 % for
the normal, medium and high-strength concrete beams, respectively.
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Figure 6 : Effect of steel fibers on the flexural strength of the tested beams.

4, CONCLUSIONS
Bascd on the test results of twelve high-strength concrete beams, the following conclusions
are drawn:

1. Thetested plain conerete beams failed suddenly and showed no ductility.

2. The incrcase of the concrete compressive strength increased both the cracking stress
and the flexural strength.

3. The presence of steel fibers reduced the crack propagation in the test beams and
enhanced the flexural rigidity, resulting in better deflection control, and better ductility
before and during faiture

4. Addition of steel fibers improved the flexural cracking stress, the flexural strength and
the duetility.

5. The presence of steel fibers increases the efficiency of longitudinal reinforcement in
terms of member strength.

REFERENCES

[1] Naaman, A.E., and Homrich, J.R., “Properties of High-Strength Fiber Reinforced Concrete, "High-Strength
Concrete, SP-87, American Concrcte Institutc, Detroit, 233-249, 1985.

[2] Wafa, F.F,, and Ashour, S.A., "Mechanical Propertics of High-Strength Fiber Reinforced Concrete,” ACT
Materials Journal, V. 89, No. 5, 449-455, 1992

[3] ACI Commitiee 544, “Staie of the At Report of Fiber Reinforced Concerete,” Conerete Intcrnational: Design
& Construction, V. 4, No. 5, 9-23, 1982.

[4] Rumualdi, J. P., and Batson, G.B., "Mechanics of Crack Arrest in Concrete,” Journal of the Engineering
Mechanics Division, ASCE, V. 89, No. 6, 147-168, 1983,

{5] Craig, R., "Flexural Behavior and Design of Reinforced Fiber Concrete Members,” Fiber Reinforced
Concrete Properties and Applications, SP-105, American Concrete Institute, Detroit, 517-541, 1987,

[6] Wafa, F.F., Ashour, S.A., and Ilasanain, G.S., "Flexural and Shear Behavior of High-Strength Fiber
Reinforced Concrete Beams,” Final Report, Research No. 410/069, College of Engincering, King Abdulaziz
University, Jeddah, Saudi Arabia, 1991,

[7} ACT Commillee 544, "Design Considerations for Steel-Fiber Reinforced Concrete (ACI 544 4R-88),"
American Concrete [nstitute, Detroit, 1988.

[8] Swamy, R.N., and Al-Noor, K.A., "Flexural Behavior of Fiber Concrete with Conventional Stcel
Reinforcement," Proceedings RILEM Symposium on Fiber Reinforced Cement and Concrete (London, Sept.
1975), Construction Press Limiicd, Lancaster, 187-186, 1975,

[9] Swamy, R.N., and R.N,, and Al-Ta'an, S.A., "Deformation and Ultimate Strength in Flexure of Reinforced
Concretc Beamns Made with Steel Fiber Conerete,” ACI Journal, Proceedings V. 78, No. 5, 395-405, 1981.
[10] Swamy, R.N,; Al-Ta'an, S.; and Ali, S.AR,, "Steel Fibers for Controlling Cracking and Deflection,”
Concrete Inwernational: Design & Construction, V. 1, No. 8, 44-49, 1979,

[117 Henager, CAL, "Ulimate Strength of Reinforeed Steel Fibrous Concrete Beams,” Proceedings Conference
on Fiber Reinforeed Materials: Design and Engmeering Applications (Londoun, Mar. 1977), Institution of Civil
Iimgineers, Lomdan, 151-160, 1977,

[12] Ashour, S.A.. and Wafu. F.F,, "Flexura! Behavior ol High-Strengih Fiber Reinforecd Conerete Beams”,
ACT Strucwral Journal, Proceedings V. 90, No. 3, 279-287, 1993,

215





