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The need of high-performance concrete is increasingecent years for the use in
high rise building and the new breed of concretavgy platforms for offshore

structures. The use of high strength concrete ndedb percentage of steel
reinforcement to get the full capacity of the fi@tstrength of the member. Hence,
the need of using high grade of steel reinforceraedtdifferent fibers to concrete
mixes is necessary from the economical point af.vi&o, different ribs are used
for the increase of bond strength between steehfosmement and high-

performance concrete. But these materials werdldréand the failure also was

brittle. So, fibers are used to enhance their cositpgroperties.

There is little information in the available litgiure about the flexural behavior of
high-performance and high-performance fiber-reigfd concrete beams with
different rib geometry under partial bond. Therefothis paper focuses on the
application of different types of fibers and stablgeometry in the technology of
high strength R.C. rectangular beams having fc=9060kf and study their
flexural behavior under static loading.

Test results showed that, the failure mode, craeitern and flexural behavior of
high strength and fiber-high strength reinforcedncrete beams were clearly
affected by rib geometry and quality of the magekand fibers type. The values of
cracking and ultimate load carrying capacity of Rt€sted beams were increased
with the increase of the grade of the main steel i relative rib area (ffrom
3100 to 4750 kg/ch& ag, from 0.0 to 0.10) by about 65 & 76% respectively f
beams without fibers. Also, they were increaseddmut 80 & 82% for beams with
polypropylene fibers and by about 86 & 83% for beamith harex steel fibers.
The addition of fibers to concrete mixes of R.Gnte has greatly improved their
ductility by increasing the ultimate strains undeaximum compressive stresses
and improved the crack propagation patterns fortedted (HPFRC) beams.

KEYWORDS: Rib geometry, Fibers, polypropylene, harex stdmrf, Flexural
behavior, High-performance concrete, cracks pattéiture mode
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1-INTRODUCTION
High strength concrete began to be developed i@ 1&7the use in high rise buildings
and the new breed of concrete gravity platforms d&dfishore structure. These
developments have continued over the past twerdysywith concrete of 80,100 and
120 N/mnf and even higher. According to ACI building codd, [he maximum
allowable percentage of reinforcement varies fra¥h tb 4.7% for normal strength
concrete having fc=300kg/énand steel with fy=2400kg/cm But, this percentage
varies from 1% to 7% for high performance concteeing fc>800kg/crhand steel
with f,=4000 kg/cri So, the use of high strength concrete needs pegbentage of
steel reinforcement to get the full capacity of flesural strength of the member. So,
the need of using high grade of steel reinforcensamt different fibers to concrete
mixes is necessary from the economical point ofvviblsing steels of high grade
maximizes the benefit of using this material. Sidferent ribs are used for the increase
of bond strength between steel reinforcement amgth-performance concrete. But
these materials were brittle and their failure algs brittle .So, fibers are used to
enhance composite properties. The enhanced prepenticlude tensile strength,
compressivestrength, bond strength, elastic modulus, cracisteese, crack control,
durability, fatigue life, resistance to impact afwasion, shrinkage, expansion, thermal
characteristics, and fire resistance [2, 3, 4].

High-performance Fiber-Reinforced Concrete (HPFRCA result of the addition of
either short discrete fibers or continuous longifibto the cement based matrix. Due to
the superior performance characteristics of thiegay of (HPC), its use by the
construction industry has significantly increasedhie last 16 years. A very good guide
to various Portland cement-based composites asasetheir constituent materials is
available in a published book “Balaguru and ShaB2195]. The book provides
information on fabrication, mechanical and longvigroperties of concrete with short
discrete fibers. It also covers special topics aagfiber-reinforced cements and slurry-
infiltrated fiber concrete. In 1992, the first imational workshop on high performance
fiber reinforced cement composites (HPFRCC) wasd hiel Mainz, Germany
“Reinhardt and Naaman 1992” [6].

M. H. Harajli and M. E. Mabsout, 2002, [7] havediad the effect of fibers on the
bond strength of deformed bars embedded in cancréhey have reported that, the
use of fiber reinforcement significantly increasles development/splice strength and
considerably enhances the ductility of bond failufle increase in bond strength
required using steel fibers may increase with wa&lbstantially larger than the
maximum limit stipulated in the ACI building cod&] for ordinary transverse

reinforcement.

Experimental study on steel fiber-reinforced coterbeams were investigated by
Magdy A. Tayel et al, 2003, [8] .They concludedtttiee addition of steel fibers to a
concrete mix has increased the hardened concretpressive and tensile strengths.
And the addition of steel fibers in a very smalioga= 0.25% does not increase the
concrete strengths.

The effect of rib geometry of steel reinforcementbmnd of normal strength concrete
was studied by Ali M.A., 2000, [9].He found thahetfinal mode of failure, cracking
and ultimate load and deformation of cantilevecétumn connection were affected
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by the relative rib aread)) and development length . The geometry of the céos be
expressed by the relative rib awgg, which is described by Rehm [10] asg (ratio of
projected rib area normal to bar axis to the prod@iche nominal bar perimeter and
the center-to-center rib spacing). Rehm[10], Soeetd Holzenbein[11], and Parviz
[12] showed that the influence of the deformatiaitgrn of bar on the local bond
stress-slip behavior can reasonably be describedfasction of the relative rib area
for pullout specimens with normal concrete strenigile definition of the relative rib
areaoy, is described by Rehm as showrFig. 1.

0= (KR SITBY(TL.AD.G oo et 1)

Where :
k = number of transverse ribs around the bar petam
db = nominal diameter of bar , and¥parabolic area of the transverse rib.
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a- Bar with inclined ribs

_— ’

b- Rib section A-B

Fig. 1: Properties of the rib geometry of steel bar.

Since 1990, several studies have been conductet/éstigate specifically the bond

strength of reinforcement in high strength concreke Larrard et al. , 1993, [13]

evaluated the bond strengh between high strengtbrete and reinforcing bars using
the RILEM beam test. A high strength concrete i8idays compressive strength of
95 MPa was used and a normal strength concret@ dMPa used as a control. Three
different sizes of deformed bars (10, 16, 25 mng ane smooth bar (25 mm) were
used. Based on several preliminary tests, the RIktEd&dmmended bond (anchorage)
length of 10 times bar diameter had to be reducedittimes to 2.5 times bar diameter
for high strength concrete to ensure bond failateear than yielding of reinforcement.

So, this paper focuses on the application of dffiertypes of fibers and different

grades of steel with different shapes of rib geoynetthe technology of high strength

R.C. rectangular beams having=f900kg/cm under static loading.

2- EXPERIMENTAL PROGRAM

The main aim of this program is to investigate expentally the behavior of high
strength R.C. rectangular beams affected by fitzard grade of main steel with
different types of rib geometry under static loads.
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The experimental approach in this study consistetbsting nine rectangular beams
under static load. High strength concrete of al®80kg/cni compressive strength was
used. All beams were tested at 28 days curingldgebeams were all identical in size,
12-cm width and 30 cm overall depth. Bonded pagtgohd the support (). for steel
reinforcement used in this study were, Baly for all beams. All beams were tested
under two third points of loading on an effectiyas of 2.4ms, with shear span to
effective depth ratio a/d = 3.0. The steel reinéonent of all beams wasp26mm as
tension reinforcement,@d2mm as compression reinforcement and closed gsirof
10 ¢8 mm/m. Details of tested beams and reinforcement arevishno Fig. 2. The
study takes into consideration the following valesb

1- Grade of the main steel represented by its yietdsst (F = 3100, 4600 &
4750 kg/cr),

2- Rib geometry of the main steel reinforcement usedhe tested beams, which
represented by its relative rib area,(= 0.00, 0.062 & 0.10).

3- Type of fibers: two types of fibers (polypropylerad steel fibers “harex”) were
used for all high strength fiber reinforced coneretams.

The behavior of tested beams includes the initiatbcracks and their propagation,
final mode of failure, relationship between applileckural load and maximum induced
deformation; in terms of deflection, slip, straimdaend slope of (HPC) and (HPFRC)
beams reinforced with steel having variable reatfib area s, ) and modified with

different types of fibers.
% 2% 12
2% 16

A 0.12

Stirrups 1% 8/m

L1= L1=5q
strain gauge
P/2 P/2
. 080 | | 080
v L A4 2% 12
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T dial gauge uzzw
L1= L1=5d,

Fig. 2: Details of R.C. tested beams.
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2.1- Materials

2.1.1- High Performance Concrete (HPC)

Concrete mix design was made to produce high dfneconcrete of 28-days cubic

strength of 900 kg/cfnConcrete mix proportions are givenTiable 1.

Table 1: Concrete mix proportions.

Cement, Fine Coarse Silica-fume, Superplasticizer Water.
ka/m? aggregate, aggregate, ka/m?3 (B.V.S)), liter/m?>
9 kg/m3 kg/ m® 9 Litre/m’

500 580 1200 110 17.5 140

Ordinary Portland cement was used (Assiut Cemenitle coarse aggregate used was
crushed basalt of 12mm nominal size. Local natural sand was used as fine aggregate;
Superplasticizer (B.V.S.) type, with optimum dosdge5 litre/m? for concrete mix;
110 kg/nioptimum dosage of silica fume with specific graatit5 t/ni were used.

2.1.2- Steel Reinforcement

Plain bars of normal mild steel ( Fy = 3100 kgfevith o, = 0.00) with diameters 8
and 16-mm used for stirrups and main steel in (HR@) (HPFRC) beams. But
deformed bars of high tensile strength (Fy = 46B780 kg/criwith og, = 0.062 &
0.10, respectively) were used as longitudinal mgtompression reinforcements with
diameters of 16 and 12mm in (HPFRC) beams. Datseel reinforcement are given
in Table 2.

2.1.3 - High-Performance Fiber-Reinforced Concrete  Properties (HPFRC)

Six beams (group B&C) of high performance fibenfeiced concrete of 900 kg/ém

were made from the same materials of (HPC) plugppopylene (B1P, B2P,and B3P)
and harex steel fibers (B1S,B2S,B3S). Typical priipe of various types of the non-
metallic fiber (polypropylene fiber) and metallibér (harex steel fiber) are given in
Table 3 and the shape of fibers is shownFig. 3.0ne fiber concentration only was
used in the all tested beams and equals to 1.0%olyme of the total mix. This

concentration of polypropylene is large but it wagen in this research for the
comparison of results with the harex steel fibers.

Table 2: Mechanical and Geometrical Properties of Stees Bar

Nominal Bar Relative | Yield Ultimate %
Group Series 4. mm | Notation Rib Area|stress (F)| strength |Elongatior
b (aisp) kglent | (Fy) kglent
A B1,B2,B3 S 0.00(¢ 310¢ 460( 28.€
& & B\S 0.062 4600 6700 19.2
B |B1P,B2P,B3H 16
and and EZ-AL2 | 0.100 4750 6900 18.5
C |B1S,B2S,B3
Top steel 12 EZAL 0.060 4600 6700 22.0
Stirrups 8 Sm* 0.000 2900 4200 29.5
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Table 3 : Typical properties of fibers .

Type of fibers Diameter, | Length Dens:;c%/, S'I;reennsgllteh’ ;833%2 Elon(?ation,
(nm) , (mm) | (gm/cn) kg/cn12 kg/cn12 (%)
Polypropyleneg 2-20 18 0.91 5000 50000 8-10
Harex steel 1000 32 7.8 20000 2000000 3

Properties of harex steel fiber locally producedbgmicals for modern building CEM
Co. But polypropylene fiber produced by Sika Coltahy

/4

b-Harex steel fiber

a-Polypropylene fiber

Fig. 3: Shape of metallic and non-metallic fibers.

2.2 Test Procedure

Nine R.C. beams of 28 days age were tested, sisypyorted over a clear span of
2.4ms, under two third-points of loading. The aadli¢ testing machine (EMS 60 tons
Pu) was used in testing the beams specimens utat&r Isading. Average values of
28-days concrete compressive strength determirmd frubes of 15cm side length
were (907, 900 and 918 kg/@nfor (HPC) beams without fibers HPFRC) beams
with polypropylene fibers and harex steel fiberspectively. The beams deflection
was measured using dial gauges with accuracy dinth® at the bottom surface of
testing beams at mid span. Strains of concrete werasured at the top surface of
tested beams at the mid span using electricahsgraiiges having effective length of
50 mm. The load was applied in an increment oft@bup to failure load. After each
increment, reading of strain gauges, dial gauge caack propagation were recorded.

3- TEST RESULTS

3.1- Effect Of The Shape Of Rib Geometry On The Pro perties Of Steel
Bars And Their Ultimate Bond Strength

The effect of different shapes of rib geometry,respnted by relative rib area
(asy), on the mechanical properties of different typésteel bars of nominal
diameter 16mm and their ultimate bond strength difierent bonded lengths was
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studied. Also, the influence of different shapesilofgeometry, represented by relative
rib area on the ultimate bond strength of differgmies of steel bas of the same
nominal diameter was studied by using pull-outrpatic specimens of square section
12x12cms with cubic strength 900kgfcrwhich were tested with 16mm embedded
steel bar of different bonded lengths of,, 5454 & 10d, and the results are shown in
Table 4. From Table 4, it is clear that the shape of rib geometry ofektears
represented by its relative rib araaf has a very small effect on their mechanical
properties especially yield stress and ultimatengjth. But, this shape of rib geometry
has a clear influence on the ultimate bond strergjtltested specimens, which
increased by the increase of the relative rib arehnot mainly depended on the yield
stress only of steel bars. For example, by the emispn of bar type EZ.AL1 (Fy =
4750 kg/cri & ag, = 0.07) with bar type BS5 (Fy= 4300 kg/t& ag = 0.093) it is
clear that, the ultimate bond strength of speciméh bar BS5, of low yield stress,
equals 224.9 kg/cinBut, it equals 208.39 kg/dnfior specimen with bar EZ.AL1 of
high yield stress. This means that the main infbeeon the ultimate bond strength
depends on the rib geometry of the bars, whicindideach the yield point.

Table 4: Mechanical and geometrical properties of deformed Bars and their effect on
the ultimate bond strength of high strength concrete prismatic specimens.

| Tt | Rl Y0 Uy, | S
d.. mm bars |Rib Area kglen? kg/cr?? Elongation bonded lengths
b G TR | R
Y 5db 7.5db| 10 dbj
Sm 0.000 | 3100{ 4600 28.6 96.61 92.92 88j6
Lxx 0.030 4600 6940 2241 1795 | 171.42| 1594
BS 0.045 | 4360| 6880 1991 1900 | 181.62| 168.2
EZ 0.060 | 4700 6990 203 200.8 | 192.15| 192.1
B\S 0.062 | 4600| 6700 19.2] 201.92| 19256 19258
EZI1AL | 0.065 | 4500| 6675 19.7 | 20481| 19372 193.7b
EZ-AL | 0.069 | 4600| 6650 193 | 2069 | 194.71] 194.71
16

EZ.AL1 | 0.070 4750 6700 18.6 | 208.39| 195.29] 195.29
ARSL 0.072 4600 6750 18.41 2105 196.2 196.2

NS 0.073 4400 6450 18.6] 211.3 | 196.54| 196.5%
TS 0.076 4450 6550 19.0] 212.6 | 196.87| 196.8
DK2 0.078 4550 6800 1951 215.0 197.8 197.8
DK1 0.090 4450 6200 20.5 222.0 203{1 203.1

BS5 0.093 4300 6190 18.8 22419 20491 20491

EZ.AL2 | 0.100 | 4750 6900 18.5 231.35 209.89 20939
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3.2- Cracks Pattern And Mode Of Failure Of Tested B eams

Cracks pattern and modes of failure are showrFigs. 4 and 5 for the tested
reinforced high-performance concrete (HPC) and -pigtiormance fiber—reinforced
concrete (HPFRC) beams . Three (HPC) beams antestiangular (HPFRC) beams
were tested under static loading. Generally, thypes of final mode failure can be
distinguished according to the relative rib arag)(and fiber types as bond failure
(Pullout) , bond-flexural failure or flexural fare.

The effect of the various parameters on the craokisfinal modes of failure for beams
will be discussed as follows.

3.2.1 Effect of grade of steel and its relative rib area (Osp)

The following noted cracks for tested beams weepled as follows:

« The initiation of cracks were observed at smooth dfalow yield stress (F=
3100 kg/crf) or small value of ds,= 0.00) for beams (B1, B1P, B1S) and for
beams (B3, B3P, B3S) at greater values of yieldssti(F;= 4750 kg/crf) and
relative rib area ofd, = 0.10).

- The width of cracks and spacing between them wigréficantly large for beams
(B1, B1P, B1S) having smooth bars, but narrow tbeos having ribbed bars.

« The propagation of cracks for beams (B3, B3P, B&8) (B2, B2P, B2S) were
more than those compared to beams (B1, B1P, B1S).

--...__E. 4 ]
B1 iﬁ =

B3 ](l} Hh li(f i 10
9f %7 87[ "1 71531 é$o \9 s 3t
=N

Fig. 4a: Cracks pattern of R.C. beams without fibers (B1,B2 and B3).
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Fig. 4b: Cracks pattern of R.C. beams with polypropylene fibers (B1P, B1P & B3P).
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Fig. 4c: Cracks pattern of R.C. beams with harex steel fibers (B1S, B2S and B3S).

Fig. 5a: Failure shape of beam (B1). Fig.5b: Failure shape of beam (B2).

Fig.5c: Failure shape of beam (B3).

« The major cracks were formed in the tension zortbeatnaximum moment for all
beams (at mid span of beams).

« The final modes of failure of beams (B1, B1P, Bd@h smooth bars were noticed
to be bond-flexural failure, and for ribbed barshwielative rib aredag,) = 0.062

& 0.10 as for beams (B2, B2P, B2S, B3, B3P &B3Sjameoticed to be flexural
failure.
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3.2.2 Effect of fiber type

The following noted cracks for beams were obseastbllows:

- The initiation of cracks were observed for beamhauit fibers (B1, B2, B3) and
for beams with polypropylene fibers (B1P, B2P, B8Pharex steel fibers (B1S,
B2S, B3S) at the maximum moment in the tension zone

« The propagation of cracks for beams (B1S, B2S,)B8&re less than those
compared to beams (B1P, B2P, B3P), which were tless those compared to
beams (B1, B2, B3).

» The major cracks were formed at the maximum morfemall tested beams (at
mid span).

+ The final modes of failure for beams (B1, B1P, Bi@)h smooth bars were
noticed to be bond-flexural failure, and for ribdzats with relative rib are@y,) =
0.062 & 0.10 as for beams (B2, B2P, B2S, B3, B3B®5) were noticed to be
flexural failure as shown iRigs. 4, 5 and6.

Fig. 6e: Failure shape of beam (B2S). Fig. 6f: Failure shape of beam (B3S).
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3-3 Measured Deformations

The flexural load-mid span deflection; load-eng;sload-concrete strain and load-end
slope curves obtained from tests are showhign. 7 to 9. The effect of the various
parameters on the load-mid span deformation cheniatits will be discussed as
follows.

3.3.1 Load — mid span deflection

The measured and theoretical values of mid spdadieih of tested beams are plotted
versus applied load up to failure as showign 7. All plotted values indicated that,

the deflection increases as the applied load iseap to the ultimate load for all
beams. Then, the beams started to show the sitgilafe and the slope of the load-
deflection curve becomes flat or horizontal straigie and the deflection increased
with or without decrease of loads for beams wibierfs .The relation between the
applied load and the mid span deflection tendsetanblinear or non linear relation

depending on the applied load level. The relatiepethds mainly on the grade of the
main steel and its relative rib area, as well as the fiber type. The theoretical
central deflection at all loads was calculated doly(HSC) beams without fiber by

using ACI [1] equations as:

Sth=(23/648)[(Pu/ 2} LB )] e (2)
Ec=3320VF 46900 MPA ....v. e e (3)
le= McdMa)lg +(1-( MedMa)® ler)  wovveeiiee e, (4)

Mcr = (fctr .|g)/yct y fctr = 0.94\/f/CMpa, bz bt3/12 y ¥t= t/2, bzlzcm, t=30CI'n

— Effect of grade of the main steel and its relative rib area (asp)

The values of the applied load for all tested bemtreased with the increase of grade
of steel reinforcement and its relative rib area,)( Generally, the shape of the load-
mid span deflection curve of tested beams reintbrei¢h bars of low grade and small
relative rib area o) differs than that of tested beams with high gratisteel and
high relative rib areaog). At the same value of deflection of 1.0 mm foaims (B1,
B2 & B3), the applied load increased respectivebnt 5.5 ton to 9.0 & 10.5 tons.
This means that the increase of grade of steel fporB100 to 4750 kg/chand its
relative rib area from 0.0 to 0.10 increased {hgliad load at the same deflection by
about 90%.

— Effect of fibers type

The values of the applied load at all values ofadgions for beams modified with
polypropylene fibers were more than that valuedbedms without fibers. And the
values of the applied load at all values of deitets for beams modified with harex
steel fibers were more than that values of beartts padlypropylene fibers. For high
performance concrete, the failure of beams witHiln#trs was more brittle. But For
high performance fiber reinforced concrete, thiéufa of beams was ductile, as
shown inFig. 7. At the same value of deflection of 1.0 mm forrneawith harex steel

fibers (B1S, B2S &B3S), the applied load increae=spectively from 6.8 ton to 11.5
& 13.2 tons. This means that the increase of grafdsteel from Fy =3100 to

4750 kg/cr and its relative rib area from 0.0 to 0.10 inceshthe applied load at the
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same deflection by about 94%. This type of fiberéased applied load at the same
deflection by about 26% for beams with ribbed lzard by about 23% for beams with
smooth bars.

Load (ton) Load (ton)

15 : : : .
[ Bisy i : : :
Bth B3s 24 / B2S L2
- o ; / grrw
s 10 /!

5E B3F Ef:'ﬁ '
2 el /////
= /i .

— ST B1S 61

B1 \ r / F#Zf
B1P 44 };}f
pB{ <B{P --B1S =B2 B2P [
j 24 yy

#B2S +=B3 =B3P *B3S =+Bth

T T T T T + 0 it e, it — —t
15 20 25 30 35 40 0 0.5 1 15 2 25 2
Mid-Span Deflection(mm) End SLip (mm)

Fig. 7: Load versus mid span deflection Fig. 8: Load - end slip relationship for
for tested beams with and without fibers.  tested beams with and without fibers.

3.3.2 Load - end slip relationship

Stresses for concrete and steel are transferregebrtthe two materials if they work
together in beams. The term “bond” is used to diescthe means by which slip
between concrete and steel is prevented or minimizberever the tensile or
compressive stress in a bar changes or not. Boessss must act along the surface of
the bar to produce the change. Deformed bars laagerlbond capacity because of the
interlocking of the ribs with the surrounding coeter .The mechanism of bond is
comprised of three main components: chemical adhegriction, and mechanical
interlock between bar ribs and concrete measuree.nfeasured slip of main steel for
all tested beams is plotted against applied loath digilure as shown iRig. 8.

— Effect of grade of main steel and its relative r  ib area (dsp)

The measured values of the slip for all tested lseardicated that, the end slips
decrease with the increase of the grade of stekitamelative rib areao(sy). Also, the
load carrying capacity increases with the increzgbe grade of steel and its relative
rib area ¢ ). At the same value of slip of 1.0 mm for beamg4,(B2 & B3), the
applied load increased respectively from 3 ton.#® & 9.5 tons. This means that the
increase of grade of steel from fy = 3100 to 47§@t and its relative rib area from
0.0t0 0.10 increased the applied load at the siméy about 217 %.

— Effect of fibers type

The measured loads for tested beams group (C) drénarex steel fibers were larger
than that measured for group (B) having polypropgléibers. Also, the measured
loads for group (B) having polypropylene fibers wdarger than that measured for
group (A) without fibers as shown ifig. 8. The measured end slip of steel bars



FLEXURAL BEHAVIOR OF HIGH STRENGTH FIBER REINFORCED.... 599

decreased for beams with fibers. At the same valwgip of 1.0 mm for beams with
harex steel fibers (B1S, B2S &B3S), the applieddldacreased respectively from
4.75 ton to 11.8 & 13.4 tons. This means that ticegase of grade of steel from Fy =
3100 to 4750 kg/cfand its relative rib area from 0.0 to 0.10 incesathe applied
load at the same slip by about 182 %. This typkbefr increased applied load at the
same slip by about 41 % for beams with ribbed hadsby about 57 % for beams with
smooth bars.

3. 3.3 Concrete strain

The measured values of concrete stedithe top surface of the compression zone of
tested beams are plotted versus applied load ftantirgy loading up to failure as
shown inFig. 9. Generally, the compressive concrete strain isgeas the applied
load increases up to the ultimate loads .The rhiaocoease of compressive concrete
strain depends on the grade of steel reinforceamahits relative rib areai () and the
fibers type. The effect of these parameters cavblserved from such curves.

— Effect of grade of the main steel and its relative rib area ( agp)

The measured values of the concrete strain faeated beams in group (A), (B) and
(C) decrease with the increase of the grade of stgg@orcement and its relative rib
area @s). At the same value of concrete strain of 2Xi@r beams (B1, B2 &B3), the

applied load increased respectively from 6.5 todQa% 11 tons. This means that the
increase of grade of steel from fy=3100 to 475@&kdAand its relative rib area from

0.0 to 0.10 increased the applied at the samendigaabout 69 %.

— Effect of fibers type

The measured values of compressive concrete $tnaall tested beams of group (A)
increase than that of beams with the use of fifgn@up B & C) as shown iRig. 9. At
the same value of concrete strain of 2X1@ beams with harex steel fibers (B1S, B2S
&B3S), the applied load increased respectively froon to 11.9 & 13.2 tons. This
means that the increase of grade of steel from F§&30 4750 kg/cfand its relative
rib area from 0.0 to 0.10 increased the applietth@tsame strain by about 88 %. This
type of fiber increased applied load at the sanmer&te strain by about 20% for beams
with ribbed bars and by about 8 % for beams witbatm bars.

3. 3. 4 Load-slope characteristics

The maximum measured slope at the center of hisgpgdort of the beams is plotted
versus the applied load from zero loading up tlufaias shown ifrig. 10. Generally,
the slope at the center of hinged support increasdbe applied load increases up to
limit of cracking load. Beyond this limit a sharpatease in the rate of increase of the
ultimate slope was observed and after that inangasi the slope was accompanied by
a slight increasing of the applied load up to ulienload for all beams. Then starting
from the ultimate load, the beams started to shHwwsign of failure and the slope of
the load- slope curve becomes flat from top todsotbr horizontal straight line and
the slope increased with or without decrease ofldhds for beams with fibers. The
effect of the studied variables on the load-engeslwill be discussed as follows:
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Fig. 9: Load—Compressive concrete strain  Fig. 10: Load- end slope relationship
at mid span relationship for tested beams. for all R.C. tested beams.

— Effect of grad of the main steel and its relative rib area (dsp)

The values of slope for all tested beams in grq@ps (B) and (C) decrease with the
increase of the value of grade of steel and itstired rib areadsy) due to the increase
of the yield stress of steel reinforcement and blogitveen the steel and concrete. At
the same value of slope of 1.5%1for beams (B1, B2 & B3), the applied load
increased respectively from 5.8 ton to 9.8 & 1bdst This means that the increase of
grade of steel from fy=3100 to 4750 kgfcand its relative rib area from 0.0 to 0.10
increased the applied at the same slope by about. 96

— Effect of fibers type

The values of end slope for all tested beams iougs (B & C) with the used fibers
were less than for beams in group (A) as a res$uitapeasing quality of concrete and
bond stresses between main steel and concrethe/Aaime value of slope of 1.5%10
for beams with harex steel fibers (B1S, B2S & B3Bg applied load increased
respectively from 6.7 ton to 11.8 & 13.3 tons. Timsans that the increase of grade of
steel from Fy=3100 to 4750 kg/émand its relative rib area from 0.0 to 0.10 inceshs
the applied at the same slope by about 98 %. Vhis of fiber increased applied load
at the same slope by about 17 % for beams withedhiars and by about 16 % for
beams with smooth bars.

4. DISCUSSIONS OF RESULTS
This item describes and interprets the analysih@fobtained test results of the HPC
and HPFRC beams. The analysis includes the retdtiprbetween the values of the
cracking and ultimate loads, slips, deflections)arete strains and slope versus grade
of steel represented by its yield stress or itatret rib area of barsi,) and the used
fibers type.

4.1 Cracking and Ultimate Loads
The values of the obtained cracking (Pcr) and alteioads (Pu) for tested beams are
given inTable 5. The theoretical values of the ultimate loady)Pean be determined
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according to the smallest value of the followinges (a)- due to bending ,(b)- due to
shear or(c)-due to bond .The critical case wastdumnding as follow by “ACI code
1995” [1]:

Mu =As.f,.d (1-0.59f,/f'c), fc =0.9fc, Py = 2.5Mu, Mu =0.8 (P4/2),p = As /Ac

Then, Pw=2.7Fy(1-0.9 Fy/105) KO (5)

The theoretical values of the ultimate load for beams (without fibers) were 8.14 ; 11.91
and 12.28 ton for bars type Sm ; B\S and EZ+AL2, respectively .

The theoretical values of the cracking load (Pcftdr)beams without fibers can be
determined according to (ACI) [1]. Where Mcr =t(fdg)/yct , fctr =0.94f/c Mpa ,
Mcr = 0.8(Pcrth./2), So, Pcrth = 2.5Mcr. Then Rert3.81 ton.

— Influence of grade of steel and its relative rib area (Qgp )

The values of cracking ( and the ultimate loads (Ffor tested beams increase with
the increase of grade of steel bars representéts$ lyyeld stress and relative rib area
(asp) as shown irmable 5 andFig. 11.

The values of cracking and the ultimate loads o$ (B\S) and (EZ.AL2) compared to
the corresponding values of steel bar (Sm) at mffe fibers were increased,
respectively as follows:

(a)-For cracking load

For beams without fibers, by about 53.9 and 65.4re¥pectively.

For beams with polypropylene fibers, by about @& 80.3 %, respectively.
For beams with Harex steel fibers, by about 658Mm@d%, respectively.

(b)-For ultimate load

For beams without fibers, by about 57.8 and 76.6e¥pectively.

For beams with polypropylene fibers, by about 6d &h.9 %, respectively.
For beams with H. steel fibers, by about 62 and 82. respectively.

Table 5: Values of cracking and ultimate loads for beams with and without fibers.

Series Relative .
G':l(:)up of Rib Area .Il_: 'birs (T(():r:) (E)un.) Mode of Failure
' beams (0sp) P
Bl 0.00 i 2.6 6.40 Bond -Flexural Failuge
Without ;
A B2 0.062 fibers 4.0 10.10 Flexural Failure
B3 0.100 4.3 11.30 Flexural Failure
B1P 0.00 PP.F 2.94 6.9 Bond -Flexural Failpre
B B2P 0.062 PP.F 4.8 11.1) Flexural Failure
B3P 0.100 PP.F 5.3 12.5p Flexural Failure
B1S 0.00 HS.F 3.15 7.3 Bond -Flexural Failpire
C B2S 0.062 HS.F 5.2 11.8p Flexural Failure
B3S 0.100 HS.F 5.85 13.3¢ Flexural Failure

Pcr and Pu : Experimental values of cracking @timate load
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- Influence of fibers type

The values of cracking (Pcr) and ultimate loads) f@utested beams were more for
beams with harex steel fibers than those of beaitts polypropylene fibers. Also,
they were more for beams with polypropylene fibran those of beams without
fibers as shown iffrig. 12. The values of cracking (Pcr) and ultimate (Pw@dk of
beams made froHPFRC) with harex steel and polypropylene fibers compdmed
the corresponding values of beams made f(BiffC) without fibers with steel bars
type (Sm) ,(B\S )and (EZ.AL2) were increased eesigely as follows:

(a) For cracking load

For bar (Sm), by about 13.07 and 21.15%, respdyt
For bar (B\S), by about 20.0 and 30.0 9%, respelsti
For bar (EZ.AL2), by about 23.2 and 36.04%, respelst

(b) For ultimate load
For bar (Sm), by about 7.8 and 14.08 %, respegtivel
For bar (B\S), by about 10 and 17.03 %, respegtivel

For bar (EZ.AL2), by about 11.06 and 18.05 %, retpely.

14 CRACKING and ULTIMATE LOAD (ton) 14 -CRACKING and ULTIMATE LOAD (ton) 14

Sm(0.00) =B\S(0.062) MEZ.AL2(0.10) for Pcr) EZAL2
9 Sm(0.00) #B\S(0.062) EREZ.AL2(0.10) for Pu

12 R

0 104 --------—-—-—-—-—-—-—- 10

2 o C with-out +PP-F »-Hs-FforCrackingLoadj 2
& With-out +PP-F +-HS-F for Ultimate Load
01— = = = 0
?0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 With-out  PP-F HS-F  With-out PP-F HS-F
Relative Rib Area( Ol sh) FIBER TYPES
Fig (11): Cracking and ultimate loads Fig 12: Cracking and ultimate loads
of tested beams versus relative rib of tested beams versus fibers type.

area of steel bars.

4. 2 Measured Deformations

The values of the obtained deformation at crackifg and the ultimate loads (Pfor
tested beams are giveniables 6, 7, 8 and9.The values of this deformation depend
on the grade of steel and its relative rib aceg)( and the fiber type.

4. 2.1 Mid-span deflections
The values of deflection and the loads are conaldgraffected by the following
parameters, as shownTable 6 andFig. 13.



FLEXURAL BEHAVIOR OF HIGH STRENGTH FIBER REINFORCED.... 603

Table 6: Values of experimental deflection at cracking afithate loads and load
at different values of deflection.

. : Load (ton) at . Deflection,

Group Series Fiber Isizli“r\éz Deflt(acticzn (I?;aﬂt)acé;ogr (mmat P,
No. Types (Gey) (6c) (©y)

S 0.5 mm 5mm

Bl Without 0.000 0.87 4,72 1.34 16.21

A B2 Fiber 0.062 1.16 6.6 1.53 12.25

B3 0.100 1.30 7.12 1.62 11.3

B1P 0.000 1 5.07 1.27 15.25

B B2P PP.F 0.062 1.36 7.07 1.48 11.7

B3P 0.100 1.57 8 1.53 10.9

B1S 0.000 1.2 5.25 1.23 14.75

C B2S HS.F 0.062 1.56 7.56 1.45 10.8

B3S 0.100 1.78 9 1.47 10.5

-Influence of grade of steel and its relative riba  rea (agp )

At the same values of the deflections, the loadsegse with the increase of grade of
steel bar and its relative rib areas. The loads were increased by different
percentages ranged from 30% to 57 % at deflectidh5=mm. But, this increase
ranged from 33% to 71.4 % at deflection =5 mm.

At the cracking loads, deflection increases withiticrease of the relative ribig) due
to increase of the cracking loads and constarfhei of beams. The deflection was
increased by different percentages ranging fror 21 %.

At the ultimate loads, deflection decreases with iticrease of the relative rilog).

The deflection was decreased by different percestagnged from 23.3 to 30.3 %.
The reduction of the values of deflection for theaims reinforced with steel bar
(EZ.AL2) , (B\S) havingds, = 0.10 , 0.062) with higher values of yield stressy be
due to the increase of the bond strength and tbeedse of the slip resulting from the
increase of the relative rib area) and the decrease in number, length and width of
cracks. Therefore, the stiffness of these beam® weore than the corresponding
stiffness for beams reinforced with steel bar (8a)ing @, = 0.0&Fy=3100kg/crﬁ).

-Influence of fibers type

At the same values of deflection, the loads inarasish the used fibers in reinforced
concrete. The loads were increased by differentgm¢ages ranged from 15% to
37.9% for deflections = 0.5 mm. Whereas these as@e ranging from 7.1% to 26.4 %
for deflections = 5 mm.

At the cracking load, deflection decreases withubed fibers in reinforced concrete.
The deflection value was decreased by differentgreages ranged from 3.27 % to
9.3 %. At the ultimate loads, deflection decreas#h the used fibers in reinforced
concrete. The deflection value was decreased Wgreift percentages ranged from
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3.5 % to 11.84 % .The decrease of deflection witd tsed fibers in reinforced
concrete resulting to decrease of slip and increakebond strength, which
accompanied with the decrease of length and witldracks. Therefore, the stiffness

of these beams with the used fibers in reinforoaacete were more than those for
beams without fibers as shownFiy. 14.

Table 7: Values of slip at cracking and ultimate loads aratlk at different slips

Relative Load, (ton) at . Slip,(mm
COUP | series | FOR | Rib Slip ((m%) S“g’tg“m) gt(Pw :
' Area(agy) | 0.025 | 0.25 o
Bl Withou 0.000 0.08 0.75 0.81 2.25
A B2 t Fiber 0.062 0.17 2.05 0.47 1.34
B3 0.100 0.24 2.65] 0.40 1.19
B1P 0.000 0.12| 1.17 0.67 1.90
B B2P PP.F 0.062 0.36 3.86 0.32 1.09
B3P 0.100 0.5 4.8 0.28 0.96
B1S 0.000 0.16 15 0.58 1.75
= B2S HS.F 0.062 0.41| 4.5] 0.29 0.95
B3S 0.100 0.63 5.85 0.25 0.84
i Deflection(mm)at Cracking and Ultimate Load % Deflection(mmyat cracking and ultimate load

With-out F_<=PP-F_-+-HS-F for Pu

Sm(0.00) EIR\S(0.062) EIEZAL2(0.10) for Pu

C—Wth-outF SFPF =HSTTor Pcrj @smu.ﬂm mBIS(0062) mEZ.ALZ1D.1D)fDrPcr)
o

15

10

(1]
-0.02 0 002 004 006  0.08 0.1 0.12 With-out-F PP.F
Relative Rib Area

HS-F
Fiber Types

Fig. 13: Deflection at cracking and Fig. 14: Deflection at cracking and
ultimate load versus relative rib area of  ultimate load versus fibers type of
tested beams. tested beams.

4.2.2 Endslip of steel

The values of slip at cracking and ultimate loadsl @he loads are considerably
affected by the following parameters: -

— Influence of grade of the main steel and its relati  ve rib area (asp )
The measured end slip of steel bars of tested baaraffected by grade of steel or its
relative rib area are shown Trable 7 andFig. 15. At the same values of the slip, the

loads increase with the increase of the relativarea s, due to increase of the bond
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strength (f). The loads were increased by different percestagieged from 112.5% to

317% for slip = 0.025 mm and from 110 % to 285%diyp = 0.25 mm. At the same

values of loads, the slip decreases with the isereaf the grade of steel and its
relative rib areads,) due to increase of the bond strength (f

At the cracking and the ultimate loads, the sligrdases with the increase of the
relative rib areadsy) . The slip were decreased by different percentagged from
50.4% to 56.9 % for the cracking loads and froni%&to 52% for the ultimate loads.
The decrease due to increase of the bond stramgthhe decrease in number, length
and width of cracks. Therefore, the stiffness of ttross-section of beams was
increased.

Slip(mm) at cracking and ultimate load SLIP (mmjat cracking and ultimate load

% with out -F +PPF =HS-F for Per 24 Sm(0.00) EIB\S(0.062) EIEZ.AL2(0.10) for Pcrj
21 & ~. & with out -F <PP-F - HS-F for Pu rereas Sm(0.00) E2B\S(0.062) BEZ.AL2(0.10) for Pu

0.6

0.1
-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12

Relative Rib Area FIBER TYPES

Fig. 15: Slip at cracking and ultimate Fig. 16: Slip at Cracking and Ultimate
load versus relative rib area of steel bar Load versus fiber types for tested beams.
for tested beams.

- Influence of fibers type

The measured end slip for steel bars of tested edth and without fibers are shown
in Fig. 16 andTable 7. At the same values of slip, the loads increagh the used
fibers in HPC). They increased by different percentages ranged 0% t0163% for
slip = 0.025 mm and from 56 % to 102.7 % for slif.25mm.

At cracking load, the slip decreases with the ufibdrs in HPC) by different
percentages ranged from 17.3 % to 38.3 %. At thenale load, the slip decreases
with the used fibers irHPC) by different percentages ranged from 15.56 %/t6 36.
The measured end slip for tested beams group {@arex steel fibers, were less than
that measured for group (B) of polypropylene fibé$so, the measured end slip for
tested beams group (B) having polypropylene filvegse less than that measured for
tested beams group (A) without fibers.

4. 2.3 Concrete strain

The values of concrete strain are measured at udipce of the compression zone
corresponding to the relative rib areqy, fiber types, cracking and ultimate loads and
shown inTable 8. The values of concrete strain at cracking and alitloads and the
loads are considerably affected by the followingapaeters:
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Table 8 : Values of concrete strain at cracking and ultinhadéels and loads at concrete
strain = 0.07 , 0.7*18m/m.

Group Series Fiber Relative Rib Load “‘j;%%“ Strain Strain »10°° S*irg_gn
No. Types Area(ds,) 0.07 0.70 at P, at P,
Bl Without 0.000 1.0 6.2 0.18 0.75
A B2 fibers 0.062 1.75 7.28 0.24 1.2¢
B3 0.100 2.0 7.59 0.25 1.44
B1P 0.000 1.2 6.38 0.20 0.89
B B2P PP.F 0.062 2 7.53 0.25 1.4
B3P 0.100 2.25 8 0.28 1.64
B1S 0.000 1.5 6.6 0.21 0.93
C B2S HS.F 0.062 2.2 7.76 0.26 1.5¢
B3S 0.100 2.4 8.41 0.30 1.61’

- Influence of grade of main steel and its relative rib area (asgp )

Influence of grade of steel represented by itstikedaib area on the concrete strain of
all tested beams is shown fig. 17 andTable 8. At the same values of strain, the
loads increase with the increase of the relatibearea @) by different percentages
ranged from 46.7 % to 100 % for strain = QAP and from 17.4 % to 27.4 % for
strain = 0.710°. This increase due to the decrease of slip, leagthwidth of cracks.

At cracking load, the concrete strain increaseh tie increase of the relative rib area
(as,) by different percentages ranged from 23.8% t@ 42. At the ultimate load,
concrete strain increases with the increase ofr¢ladive rib areadsy) by different
percentages ranged from 67.8 % to 94.7 %.

The increase of the values of concrete strainakong and ultimate loads for beams
reinforced with steel bar having more relative ailea @¢,) may be due to the bond

strength increase and decrease of the slip betwedém steel and concrete for beams
resulting from the decrease in length and widtltraicks. Therefore, the stiffness of
these beams were more than the beam with mainaftesls relative rib areag,).

- Influence of fibers type

Influence of fibers type on the concrete straimibtested beams is shownFiy. 18
andTable 8. At the same values of strain, the loads incredte the used fibers in
(HPC) by different percentages ranged from 20% to 5@%tmin = 0.0710° and
ranged from 3 % t01.8 % at strain =.Q.0°. At cracking load, the strain increases
with the used fibers inHPC) by different percentage range ranged from 4.16%
20 %. At ultimate load, the strain increases whth tised fibers inHPC) by different
percentages ranged from 10.95 % to 24 % compardéubse without fibers.

At cracking and ultimate loads, the values of ceteistrain increase for beams with
polypropylene and harex steel fibers than beambowit fibers. Also the values of
concrete strain increase for beams with harex sfdmrs than beams with
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polypropylene fibers. The increase of the valuesmicrete strain at cracking and
ultimate loads for beams with polypropylene ancekasteel fiber may be due to the
increase of bond strength and decrease of slipdsgtwnain steel and concrete
resulting from the decreagelength and width of cracks. Therefore, thefiséis of
these beams became more than that of beams withers.

(Strain / 1000) at Cracking and Ultimate load 2 Strain / 1000 at Cracking and Ultimate load

$m(0.00) EEB\S(0.062) EZEZ.AL2(0.10) for Pc

FWith-out F < PP-F <HS-F for Pcr T
1.8 | \@sm(0.00) EB\S(0.062) EIEZ.AL2(0.1) for Pu

@Wilh-out F +PP-F =HS-F for Pu

~

0.5

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
Relative Rib Area FIBER TYPES

Fig. 17: Concrete strain at cracking  Fig. 18: Concrete strain at cracking
and ultimate load versus relative rib  and ultimate load versus fibers type
area of tested beams. for tested beams.

4. 2.4 End slope of tested beams

The measured values of slope at the support dighens corresponding to the point of
maximum slope at cracking and ultimate loads acerded inTable 9. The values of
slope at the cracking and the ultimate loads amd |tlads at different slopes are
considerably affected by the following parameters:

- Influence of grade of main steel and its relative rib area (agp )

Influence of grade of steel represented by itstikedaib area on the end slope of all
tested beams is shownfig. 19 andTable 9. At the same values of slope the values
of loads increase with the increase of grade @l sted its relative rib aread,). At

the cracking loads, the slope of tested beamseatupport increased with the increase
of the relative rib arean,) due to the increase of cracking loads and cohstdfmess

of the cross-section of the beam. At the ultimatads, the slope of beams at the
support decreased also with the increase of thtivelrib areadsy) and grade of steel
due to the decrease of slip and increase of bardgth, which causes a decrease in
length, and width of cracks.

- Influence of fibers type

Influence of fibers type on the end slope of adtéel beams is shown Hig. 20 and
Table 9. At constant slopehe values of load carrying capacity of beams irszasith
the used fibers due to increase of bond strengthdmerease of slip which causes
decrease in length, width of cracks and increai$imests of the cross-section of the
beam.
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At the cracking load, the slope values for beanaseiaise with the used fibers due to
increase of cracking load and constant value tfhess of the beam. The reduction of
the values of slope at ultimate loads for beamb hatrex fibers are due to the increase

of bond strength and decrease of slip which cadeesease in length, width of cracks
and increase the cross-section stiffness of thembea

Table 9: Values of slope at cracking and ultimate loads and loads at different slopes.

Group Tvpe of | Relative Load,(ton) at  |Slope . 10 *| Slope .10
No. | Series }lirkJJer Rib Area | Slope, (radian) | at cracking | at ultimate
(Osp) 0.001 | 0.01 | load (Pc) | load (Pyo)
Bl . 0.000 1.50 5.27 1.68 20.3
Without
A B2 Fiber 0.062 2.0 8.0 1.98 15.9
B3 0.100 2.15 9.05 2.1 14.6
B1P 0.000 1.55 5.67 1.60 19.75
B B2P PP.F 0.062 2.21 8.71 1.91 15.2
B3P 0.100 2.56 10.38 1.98 14.14
C B1S 0.000 1.76 6 1.56 18.85
B2S HS.F 0.062 2.47 9.46 1.88 13.99
B3S 0.100 2.7 11.78 1.91 13.65
24 (Slope (red.) / 1000 )at Cracking and Ultimate load Slope(red)/1000 at Cracking and Ultimate load
[A-with-out F =PP-F #HS-Ffor Pcr] FSm(o.oo) [MB\S(0.062) MEZ.AL2(0.10) for Pcr)
" with-out F —~PP-F -~HS-F for Pu a1l Sm(0.00) EIB\S(0.062) EIEZ.AL2(0.10)for Pu
) \\‘\‘ 174
12 134+
8 9
4 5
0-0.02 [] 0.02 0.04 0.06 0.08 0.1 0.12 1- =

Relative Rib Area without F PP-F HS-F
FIBER TYPES

Fig. 19: Slope at cracking and ultimate Fig. 20: Slope at cracking and ultimate

load versus relative rib area for tested load versus fiber types for tested beams.
beams.

CONCLUSIONS
1. The shape of rib geometry of steel bars represdmyeits relative rib areaaf)
has a very small effect on their mechanical properespecially yield stress and
ultimate strength and the main influence depend#iemgrade of steel.
2. The shape of rib geometry has a clear influencéherultimate bond strength of
tested specimens, which increased by about 139%eincrease of the relative
rib area from 0.0 to 0.10 and not mainly dependethe yield stress of steel bars.
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10.

[1]
[2]

[3]

[4]

The first crack was early observed for (HPFRC) beamth main steel bars
having smaller values of yield stress and relativearea ¢, and also for beams
without fibers.

The width of cracks and spacing between them wigréfieantly large for beams
having smooth bars, but narrow for other beams ngavibbed bars. The
propagation of cracks for beams reinforced witlheith bars were more than those
of beams reinforced with smooth bars.

The values of cracking and ultimate load carryiagacity of R.C. tested beams
were increased with the increase of the yield stegsl relative rib areas of main
steel (s from 0.0 to 0.10) by about 65 & 76% respectivady beams without
fibers. Also, they were increased by about 80 & 8266 beams with
polypropylene fibers and by about 86 & 83% for beamith harex steel fibers.
Adding fibers to the concrete mixes of (HPC) beamnswed consistent higher
first cracking and higher ultimate loads than thosgthout fibers. Also adding
harex steel fibers to the high strength R.C. besimsved consistent higher first
cracking and ultimate loads than those of beartts polypropylene fiber.

The values of the deflection, strain, slip and sloge at free end of tested beams
were decreased with the increase of the yield stied relative rib areagb) of
the main steel.

Adding fibers to the concrete mixes of (HPC) beafswed smaller values of
deflection, strain, slip and slope than those edrbs without fibers. Also, they
were less for beams with harex steel fibers thaasdhof beams with
polypropylene fibers.

The addition of fibers to concrete mixes of R.Carfne has greatly improved their
ductility by increasing the ultimate strains undesiximum compressive stresses
and improved the crack propagatipatterns for all tested (HPFRC) beams.
High strength fiber R.C. beams showed smaller crawdths and numbers
compared to high strength R.C. beams without filsérthe same loading levels.
Also, tested beams with harex steel fibers showedller crack widths and
numbers compared to test beams with polypropyldrers at the same loading
levels.
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