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Abstract

Seven tests were conducted on RPC T- beams with three steel fiber-volume fractions (0,
1, and 2%), three shear span-depth ratios (a/d) (2.5, 3.5, and 4.3), and three silica fume
percentage (SF) (15, 20 and 25%).

Based on observed data from the present experimental tests and other investigations,
non-linear regression models are proposed for predicting the compressive strength (f;f) ,
splitting tensile strength (f,s) and modulus of rupture (f;) of RPC . in addition , an
equation is also proposed for the prediction of the shear capacity(V,) of RPC T-sections.
The accuracy of the proposed equations are examined by comparison with similar existing
equations and available experimental results.
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1. Introduction

Reactive powder concrete (RPC) is a cementitious material that exhibits high-
performance properties such as limited shrinkage and creep, low permesbility, ultra-high
strength and increased protection against corrosion. The properties of RPC make it a
revolutionary material in the field of concrete technology with possibilities for use in a
wide range of structural and non-structura applications[”. RPC is characterized by high
strength and very low porosity, which is obtained by optimized particle packing and low
water content. It has capacity to deform and support flexural and tensile loads, even after
initial cracking. The durability properties are those of an impermeable material, there is
amost no penetration of chlorides and sulphates and high resistance to sulphate attack.
Resistance to abrasion is similar to that of rock. The development of RPC has the potential
to revolutionize design in precast, prestressed, concrete. Currently, to achieve excellent
mechanical behavior, some special techniques and raw materials must be adopted in the
preparation of UHPC, which include:

a.  Coarse aggregate is removed to enhance the homogeneity of concrete.

b. Metal fiber or steel tubeisintroduced to improve ductility of composites.

c. High quality superplasticizer and large quantities of superfine silica fume and quartz are
added to achieve alow water/binder ratio to reduce porosity and improve strength.

d. Pressure may be applied before and during the setting to increase the compactness of the
concrete.

e. High activity micro-silica and/or precipitated silica may be mixed into cementitious
materials to accelerate the hydration of cement and catalyze a strong pozzolanic reaction
effect.

f.  Steam curing may be supplied to gain higher strength.

2. Variables and Specimen Dimensions

The experimenta program included casting and testing seven RPC T-beams without steel
stirrups. The specimens were designed to fail by diagonal tension (shear) in the web region.

The main variables studied in the experimental program were
v Volumefraction of steel fibers(Vy)

v Percentage of silicafume (SF)

Vv Shear span-to-depth ratio(a/d)

All tested beams were simply supported and subjected to two point loads Figure.( 1).
Each beam had 1300 mm total length and 1200 mm span between the supports. The beam
dimensions and details are shown in Figure. (1) and Table (1).
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Fig .(1): Details of a Typical Test Beam.

Table .(1): Beam Groups and Concrete Properties.

Group Beam No. V% a/d SF% pwo

1 0 35 25 7.7

Changein Vs 2 1 3.5 25 7.7
3 2 35 25 7.7

3 2 35 25 7.7

Changein a/d 4 2 25 25 7.7
5 2 4.3 25 7.7

3 2 35 25 7.7

Changein SF 6 2 3.5 20 7.7
7 2 35 15 7.7

3. Material, Mix Design and Fabrication

Details of the RPC mixes for specimens B1 to B7 are given in Table (2). The cement
used in this project was Tasluoja Ordinary Portland cement Type 1. General Portland cement
used conformed to the Iraqi specification No.5 / 1984. 12

The silica fume used was with particle size range between 150 um and 400 pm. The
superplasticizer used in the mix was Flocrete PC 260, which is a polycarboxylic ether based
superplasticizer. The fibers were straight 13 mm long by 0.2 mm diameter and are fabricated
from very high strength steel with minimum tensile strength of 1800 MPa. Three fiber volume
ratios (V) were used 0, 1 and 2 %.

The mix type M0,25 was adopted as a reference mix which had no steel fibers and 25%
silica fume ratio. The five types of RPC mixes of Table (2) were used to cast the main beam
specimens in the present investigation as well as their control specimens.
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All the dry components (i.e. cement, silicafume and sand) were pre-batched into 0.5 tone
bags. The dry components were then transported to the high energy mixer and mixed for
about 10 minutes. Water and superplasticizer were added gradually until the materials were
uniformly mixed. The fibers were introduced last, dispersed uniformly and mixing continued
for a further 2-3 minutes. All specimens were cast verticaly in steel forms as shown in
Plate 1. The forms were cleaned and greased to allow smooth stripping. The fresh RPC was
compacted using external vibrators which were attached to the steel forms. Within one hour
of casting, the specimens and test control samples were covered under plastic nylon until the
day of demoulding. After stripping at age 1 day, the specimens were cured for 2 days at 80°C
in a hot water bath. At age 3 days the specimens were removed from the hot water bath and
stored in water at 25°-30° C for 28 days then stored in the laboratory until the time of testing.

Table .(2): Properties of the Different Types of RPC Mixes.

Mix Type Beam Cement | Sand f?li:;t iil]z: wie Fk;féﬂe ::::::22‘; Steel fiber
v No. kg/m3 | kg/m3 o kg/m3 260°°% o content kg/m3
MO 25 Bl 1000 1000 25 250 0.2 3.0 0 0
M1.25 B2 1000 1000 25 250 0.2 3.0 1 78
M2.25 B3B4B5| 1000 1000 25 250 0.2 3.0 2 156
M2.15 B7 1000 1000 15 150 0.2 3.0 2 156
M2.20 B6 1000 1000 20 200 0.2 3.0 2 156

*  Percent of cement weight.
**  Percent of binder (cement + silicafume) weight.
*** Percent of mix volume.

Plate .(1): casting and curing of specimens

4. Test Setup and Instrumentation

All beams and control specimens were removed from the curing water tank at age of 28
days. Before testing, the beam was cleaned and painted white to allow easy detection of crack
propagation. The demec points were placed in position on the beam. The beam was placed on
its supports in the machine with a clear span of 1200 mm. Loading was applied through steel
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plates to avoid stress concentration on the beam flange. The test of the PRC T-beam is shown
in Plate (2).

All beams were tested under two points loading. The dia gage was placed in its position
touching the bottom surface of the beam at mid-span. Before loading was applied, the zero-
load readings of the mechanical strain gages as well as the dial gage were taken and then a
load of 5 kN was applied and released in order to recheck the zero-load readings.

The magnitude of the load at every single step of loading was chosen according to the
expected strength of the beam. At each load value, concrete surface strains and the dial gage
reading were recorded and a search was made for the appearance of the cracks by using a
magnifying glass. The positions and extents of the first and the other consequent cracks were
marked on the surface of the beam and the magnitude of the applied load at which these
cracks occurred was recorded. The inclined cracking load was reported as being the load
causing the critical diagonal crack to cross the mid-depth of the beam. The beam was
considered to reach failure when it showed a drop in loading with increasing deformation.
The failure load was thus recorded, and the load was then removed to allow taking some
photographs of the final crack pattern.

Plate .(2): Testing RPC T-Beam

5. Mechanical properties

The results of the materia control tests are summarized in Table (3) the mean
compressive strength (f') was determined from six 200 mm high by 100 mm diameter
cylinders stressed under load control at arate of 20 MPa per minute. The ends of the cylinders
were ground flat. The modulus of elasticity (E,) was obtained from stress-strain tests on 200
mm high by 100 mm diameter cylinders The tensile strength of the materia was evaluated
using split cylinder (Brazil) tests. The split cylinder tensile strength (fspr) was obtained from
tests on six 200 mm high by 100 mm diameter cylinders loaded at 1.0 MPa per minute via a
10 mm wide loading strip. The two point flexural tension strength (f;s) was obtained from 100
mm sguare prisms spanning 500 mm to find modulus of rupture.
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Table .(3) Properties of Hardened RPC.

Tvoe of Fiber Silica Fume Compressive | Sphitting Tensile | Modulus of | Modulus of
. tent(V)% SFe% Strength fcf Strength fspf Rupture fif | Elasticity Ec
mix content(F7% (] (MPa) (MPa) (MPa) (GPa)
M0.25 0 25 101 3 52 4494
M1,25 1 25 127 14.7 153 5032
M2 .25 2 25 148 198 21 5472
M2, 20 2 20 139 173 19 52.90
M2.15 2 15 130 16.4 18.6 51.13

6. Test results and observations

The experimenta results of the shear tests are summarized in Table (4) where Vcr is the
force at which the first shear cracking was detected visually on the specimen and Vu is the
maximum force recorded during the experiments.

Table .(4): Details of Cracking and Ultimate Shear Strength for Tested Beams.

y ” Shear strength - Mode
beams %f pw | SF% | ad . ;fa) (kN) V:r,t::t of
Ve Vy ' failure
Bl 0 [ 0077 | 25 35| 101.0 | 250 | 4525 | 181 DT
B2 10077 | 25 35| 1270 | 300 | 7050 | 235 DT
B3 2 | 0077 | 25 35 | 1485 | 400 |122.75| 3.07 DT
B4 2 | 0077 | 25 25 | 1485 | 450 | 2095 | 4.66 DT
B5 2 | 0077 | 25 43 | 1485 | 30.0 | 1000 | 3.33 DT
B6 2 | 0077 20 35| 1390 | 375 | 11925 | 318 DT
B7 2 | 0077 | 15 35| 1300 | 350 | 11125 | 319 DT

DT: Diagonal tension failure.

7. Regression Equation for RPC Properties

7.1 Compressive Strength

Regression models are proposed in the present work based on (84) experimenta data
points obtained from this investigation and other investigations given in Appendix, by using
the trial version 9 of DtatFit software of Oakdale Engineering. The data used represents a
wide range of fiber factor and compressive strength (62.6 - 231) MPa. The proposed
expressions for predicting the compressive strength of RPC are given by Eq. (1) asfollows;

feor =1.4f FOO
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where
f'¢ = compressive strength of fibrous RPC, MPa
f'c = compressive strength of nonfibrous RPC, MPa

F = fiber factor givenby: F = ;—’; VsBy

To test this equation, the relative compressive strengths (f' ¢ test/ ' ¢ proposed) was found
using for the (84) test results listed in Appendix. The values of the mean (u) , standard
deviation (SD) and coefficient of variation (COV) are 0.992573 , 0.111683 and 11.25%
respectively.

Figure(2) shows tests values versus proposed values of f' for (84) test results using
Eq.(1).
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Fig .( 2) :Test Values Versus Proposed Values of Compressive Strength RPC
Using Eq. (1).

7.2 Splitting Tensile Strength

Regression models are developed in the present research based on (54) experimental data
points obtained from this investigation and other investigations given in Appendix. The
proposed expressions for predicting the splitting tensile strength of RPC are given by Eqg. (2)
asfollows;

fopr = 0-14‘fo F008 P ¢

To test this equation, the relative splitting tensile strength (fs test/ g proposed) was
found for the (54) test results. The values of the mean (u), standard deviation (SD) and
coefficient of variation (COV) are 0.99, 0.154 and 15.52% respectively.

Figure(3) shows tests values versus proposed values of fgy for (54) test results using

Eq. (2).
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Fig .(3) :Test Values Versus Proposed Values of Splitting Tensile Strength RPC
using Eqg. (2).

7.3 Modulus of Rupture

The modulus of rupture of RPC, (f), is a function of fibrous compressive strength and
fiber factor. The constants were calculated by a regression analysis using (74) experimental
data points obtained from this investigation given in the Appendix. The data used represents a
wide range of fiber content in compressive strength (67.3 - 214.7) MPa. The proposed
equations for predicting modulus of rupture of RPC are given by Eq. (3) asfollows;

frp =0.03 ()7 FOOO+ 3)

To test this equation, the relative modulus of rupture (frf test/ frf proposed) was found
using each of those expressions for the (74) test results. The values of the mean (u) , standard
deviation (SD) and coefficient of variation (COV) are 1.04, 0.107 and 10.3% respectively.
Figure. (4) shows tests values versus proposed values of fi; for (74) test results using Eq. (3).
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Fig. (4): Tests Values Versus Proposed Values of Modulus of Rupture
RPC Using Eq. (3).
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8. Shear Strength of T-Beams:

The shear resistance of reinforced concrete beams has been a well-known research
subject over the last severa decades. The study of shear resistance in the case of T-beams,
however, is limited. In international codes, such as the ACI Building Code and the Eurocode,
the shear force in a T-beam is assumed to be carried only by its web. This simplified
assumption, however, which has prevailed in the shear design practice, is not correct. The
tests show that the shear strength of T-beamsis, in many cases, considerably higher than the
one of the rectangular beams of its web.

In 2001, Zararis and Papadakis ! proposed a theory to describe the shear failure in ordinary
slender rectangular beams (that is, beams with a shear span to depth ratio (a/d) greater than
2.5) with or without shear reinforcement.

This theory was developed later by Zararis, L.P. and Zararis, P.D. ¥ (2006) to describe
the shear failure of dender T-beams. According to this developed theory, an anaytical
expression was obtained for determining the ultimate shear capacity of reinforced concrete
slender T-beams under concentrated load by using a suitable effective width.

In the present work, the Zararis and Zararis theory'sis extended to establish an equation
for determining the ultimate shear capacity of RPC slender T-beams under two- concentrated
load. This equation is then used to explain, in a rigorous and consistent way, the
experimentally observed behavior of T- beamsfailing in shear.

9. Shear Strength of Rectangular and T- Beams without shear
Reinforcement Overview :

In normal slender rectangular-beams without shear reinforcement, the critical diagonal
crack is caused by a type of splitting of concrete in the compression zone as shown in
Figure(5), according to which the stress distribution aong the line of splitting is not similar to
the one occurring in the common split cylinder test.

The theory B ¥ results in the simple expression:

Vu- (12-023d) S fb,d (4)
where:
(12-0.22d)20.65 (dinmeters) isthesizeeffect ..................... (5)

Vu = ultimate shear force of slender beam without shear reinforcement.
a/d =shear span to depth ratio
d = effective depth of the section.
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c/d = ratio of the neutral axis depth to the effective depth of section
fsp = splitting tensile strength of concrete (MPa).
b,, =width of web.

The depth ¢ of the compression zonein Eq. (4) isgiven by:

(g)z +6005+2-600£=0 . (6)
where: p = stedl ratio, f. = strength of concretein MPa.

In the case of T-beams the width of the area where the splitting of concrete occurs is not
remaining constant, but it is changing from the width b,, of the web to the width b; of the
flange.

As it was shown in the crack pattern of the upper part of the of the T-beams as show in
Plate 3, the inclined cracks on the flange of the T-beams imply that the stresses in the flange
are limited in an area, the width of which changes almost linearly from by, to by . defining as™”
effective width " of a T- beam in shear bef = A/c, where A equals the area of the shaded part
of the cross section, and ¢ equals the distance from extreme compression fiber to neutral
axis(depth of compression zone), as show in Figure.(6). The following expression was
derived

by = b, [1+o.5*;—f(:—£—1)/§] ........................ 7)

The ultimate shear strength of T-beams without shear reinforcement, becomes

Ve=(12-02%3d)+> fobyd 8)

And the depth ¢ of the compression zone in Eq.(8) was determined analytically after
taking into account the shape of the compression zone as:

(5)2 +[1.5;—f(:—£—1)+600%]*(d£)—600£,= ........................ (9)

Plate .(3) : Crack Pattern of Simply Supported Test Beam under Two-Point
Loading

197



Journal of Engineering and Development, Vol. 18, No.4, July 2014, ISSN 1813- 7822

Per=ver

Fig .(5): Distribution of Normal Stresses along Line of Second Branch of
Critical Crack 341,

Fig .(6):Cross Section of T-Beam with Effective in Shear Area of Concrete
(Shaded) .

10. Proposed Equation for The Prediction of Shear Capacity of RPC
T- Sections

The method presented by Zararis , L.P. and Zararis, P.D (2006)!” for ordinary RC T-
beams is modified in the present research and a new expression is established for determining
the shear strength of RPC T-beams . The depth c of the compression zone in Eqg. (8) is now
determined analytically after taking into account the shape of the compression zone.

In ordinary reinforced concrete and according to ACI- Code (2008) 5 the parameter y
equalsto 0.85 while B istaken as follows:

foril7<f/ <28 MPa B=0.85
for f! > 28 MPa 3:0.85—(”%8’0.05 <065

For RPC the values of y and B are higher than in normal concrete because these values
are mainly affected by the magnitude of the concrete compressive strength and the steel fibers
volumetric ratio.
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Hannawayya (6] suggested new values of vy and B for RPC as shown below and these
values are adopted in thiswork.

171 ; .r 2.85
y=1—m(fcfvf) ........................ (10)
1.92 ’ 323
B=0.922-—=(f,vp)" (11

In the present research, analytical study is devoted to determine the depth of the
compression zone (c¢) based on modifying the simplified stress and strain distributions given
by ACI committee 544" to read those shown in Figure. (7). It can be seen from this figure
that the maximum useable strain at the extreme concrete compression fiber is taken to be
0.006, the concrete stressis y f,/» and the height of the rectangular compression block is fc.

. . : ——CI
L i . -
i F T / 7 1— C
d . 7
P DN NN, SRR s — . Neutral A e
_____ Axis .q"'" ]
\ Esfifiber)  Tof e Ter
Ty =— -
- \__ Es (bars) =" Ts
s >l fr}‘-
B . Strain Actual stress LS'TT'_l_"h[?cfj
cam section diagram distribution representation

Fig .(7): Actual and Equivalent Stress Distribution for RPC T-Cross-Section.

From the stress diagram in Fig.(7) the internal forces are:
C =force in RPC in compression
c=¢C, +C,
Ci =bs tsyfeof
C, = (Bc—ts) by v fes

C =bstryfo+(Bec—ty)bu¥fey i (12)
T=forcein RPCintension
T=T; +Ty
TS = ASfS

ch :ftf(h_e)bw

T =Afs+fy(h—e)b, (13)
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For the internal forcesto bein equilibrium C=T.

bytryfep+ (Bc—tp)byyfop=Asfs+fy(h—e)b, ... (14)
Taking into account the distribution of strain over avertical section, Figure.(7)
d—c
Asfs :As Es & = pwbwd Esgc (T)
Substituting these values in the previous equation of forces, after considering that

E,e.=2 % 10° x 0.006 = 1200 MPa then the depth ¢ of the compression zone is given by
the positive root of the following equation

ftf] c)? [tf by 2p [y h] c 2p
+ 1. =L 1(=) +|L (<L - + — =L (=) - — =0 ...
[ﬂ 1.25 e (d) p (bw 1) 600 v T vigd (d) 600 e 0 (15)

where:
B = equivaent compressive stress distribution parameter.

y = equivalent compressive stress distribution parameter.
p = ratio of tension reinforcement , which equalsbA—sd
e = distance from extreme compression fiber to top of tensile stress block of  RPC, and is

found as below, Figure. (7)

c

e =[gg +0.006] * o= (16)

e;; = tensilestrain in steel fibers ==L
f E

N

or = tensle strength of the fibers.
fi; = tensilestressin fibrous concrete, calculated as”®

ftf = Kmax.' (Zf’UfTb ........................ (17)

Kinax. = maximum value of the global orientation factor for the case where al fibers pullout
from the matrix 2

0.645
Kmax. =0.5- (af)w ........................ (18)
ap = ;—f aspect ratio of fibers.
f
Iy = fiber length.

df = fiber diameter.
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vy = percent by volume of steel fibers.
T, = bond stress between the fibers and the concrete matrix

T, = 0.6 /f’cf ...for straight fibers (19)

fey = mean compressive cylinder strength.

a = depth of rectangular stress block

b, = width of web.

b: =width of flange

c = distance from extreme compression fiber to neutral axis found by equating the internal
tension and compression forces

d = distance from extreme compression fiber to centroid of tension  reinforcement
&; =tensile strain in steel reinforcement.

£, = compressive strain in concrete

fy =yield strength of reinforcing bar

A, = areaof tension reinforcement

C = compressive force

h =tota depth of beam

E; = modulus of elasticity of steel

T, =tensleforce of fibrous concrete =f,» bw (h - €)

T, =tensileforceof bar reinforcement = Asfy.

In the present research, an attempt was undertaken to obtain new values of a correction
factor for the size effect that can be used to calcul ate the shear capacity of RPC T- beams. The
value of this correction factor is found to be mainly affected by the magnitude of the depth d,
ald ratio and the steel fiber volumetric ratio. Therefore, a new relation is obtained using
regression analysis. The suggested value of the size effect for RPC is

(1. 2+21.6vy —1.7 %d) where:d inmeters  ......................... (20
Then the ultimate shear force of an RPC T-beam without shear reinforcement is:

Ve =(12+216v; —1.7 2d) = forbepd (21)

11. Evaluation of the Proposed Shear Capacity Equation

11.1 Comparison with Experimental Results

The accuracy of Eq. 21 can be examined through comparison with the experimenta
data and the results presented in Table (6). The comparison shows that the proposed shear
capacity equation (21) gives reasonable estimated of the actual shear capacity of RPC T-
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beams as determined from the present experimental tests with the mean experimental to
theoretical ratios (u) of 1.07 with standard deviation (SD) of 0.079 and coefficients of
variation (COV) of 7.4 %. Figure. (8) shows the ultimate shear capacity obtained from the
experimental work versus the corresponding theoretical value from Eq. 21, while Fig. 9 shows
the ratio V u-test/V u-proposed versus different factors that influence the shear strength of RPC
T-beamsincluding f'sy, f'cr, pw, &/d, c/d and V.

250
200 y
=
=< 150
g
~ 100
=
50
0
0 50 100 150 200 250
Vu-Proposed (kN)

Fig .(8) Experimental Versus proposed Values for The Shear Capacity of RPC T-
Beams.
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[Eq.(21)] [Eq.(21)]
’ o

[Eq.(21)] [Eq.(21)]
- -
[Eq.(21)] [Eq.(21)]
-- . s

Fig .(9) The Ratio Vu-T/Vu-Proposed Versus Different Factors
(f'spr, f'ct, pw, @/d, c/d and Vi) Respectively.

11.2 Comparison with Various Design Approaches

In this section, two methods of approach for the shear design of concrete members are
presented. One was given in the RILEM recommendation (2003) % for describing the shear
behavior of steel fiber reinforced concrete (SFRC) beams and the other one was suggested by
Ridha™ (2010) for estimating the shear capacity of RPC rectangular beams. Table (5) shows
the detail of these equations

203



Journal of Engineering and Development, Vol. 18, No.4, July 2014, ISSN 1813- 7822

Table .(5): Shear Capacity Equations of RPC Rectangular Beams.

Design
Approa?:hes Proposed equations
VRd3 = Vcd + Vfd (22)
1
Veg = [o. 12K (100 p f;,)?] b,d (N) ...(23)
K=1+ /Zdﬂ (dinmm) and K< 2
Vfd = kf K1 de bwd (N) (24)
where:kq=factor for taking into account the contribution of the flanges in a T-
RILEM Design .
Method ™ section:

Kp=1+n(:L)(1) K, <15 25

f = n b d FsLo ( )
with t; isthe flange thickness ; by isthe flange width and bw is the web width.
n=""" wheren<3:n <2 and K, =22% ond K, > 1 andtgisa

tf l'f 1000
design value representing the increase in shear strength due to stedl fiber and is
taken as 0.12 fct.
ACI 318M -08 modified ™ *
[Eq. (11-3)] modified
-2
V= [0. 17 fir +15 fi pu (3) (F)°'24] b,d  ....(26)
[Eq. (11-5)] modified™”
-2
V= [0. 16 fi; +17p, S +15 fi  p, (5) (F)°~24] b,d ...(27)
Canadian_Standards Association, CSA Standard CSA-A23.3- M84
modified ™ *
Ridha™
-2

Vcan@modified) = [0- 2 f'cf +15 f'cf Pw (%) (F)0'24] b, d ... (28)
British Standards I ngtitution, BS-8110: 1997 modified *

Vs@modified) =

1/, (400 Ya (1 i ) a\"% 024
0.8(100 p,)"2 (290) ™ (22) "t +15f, 0w (5) 0% | by
.....(29)

* In dl these codes, theterm f'; for RPC isused to replace f'; for ordinary RC.
The proposed equation for estimating the ultimate shear capacity of RPC T-beams as

given in the present research (Eq.21) is compared with the shear capacity equation (22) given
by RILEM for SFRC beams and the corresponding shear capacity equations (26 to 29) given
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by Ridha as modifications to the original equations given by the different codes to read for
RPC rectangular beams.

From Table (6), it can be seen that the proposed EQ. (21) gives a better prediction of
shear capacity in comparison with test results than the other methods. This is because RILEM
method works better for shear in (SFRC) not RPC, and other equations [EQ. (26) to (29)]
may be useful for shear of RPC beams with rectangular sections. Where Eq.(21) gives COV
value of 7.4 percent while RILEM equation gives much higher COV value (27.4%) and the
modified equations of the different codes give COV values 50.5%, 43.6% ,43.1% and 25.4%
respectively .

Table .(6) Comparison of Ultimate Shear Capacity (V,) Between Theory and
Experiments.

Modification T T
ofaCT | pificationof | Aodificaton®f | Modification of BS-
; Theory RILEM Building ‘Equa o b‘_g Eq;la tiom by §110:1997 Equation by
Bea | Vu- | (Fq@21)] | [Eq.(22)] | Equationby Ridha | Ridha Ridha
mo L Ridha [Eq7)] [Eq.8) [Ea 9]
no. | kN [Eqg.(26)]
YVu | V.I/ | Vu Vo, I/ YVu Vu,I/ YVu Vo I/ YVu YVu, I/ Vu Vo I/
(kN) | Vu.the | (kN) | Vu.the | (kIN) Vu, (kIN) Vu (kIN) Vu theo. (EN) Vu theo.
0. 0. theo. theo.
El 45.25 3= 1.2 413.8 n.e 1.7 21 252 1.7% 256 1.76 459 0.98
B2 T0.50 | 64.10 11 4.8 0.8 141. s 1443 0.48 1453 0.48 166.2 0.42
B3 122.7 | 1186 1.03 105.5 1.2 187.3 0.7 190.6 0.64 192.0 0.63 1132 0.57
BS 095 | 1974 1.06 105.5 1.8 Mle 0.67 M7 0.60 346.6 0.60 3678 0.56
j: 7] 100.0 | 9510 1.05 105.5 i 1331 0.8 1353 0.73 137.7 0.72 153.9 0.62
Bb 1182 | 1055 1.13 98.1 1.2 176.2 0.7 179.5 0.66 180.7 0.65 2018 0.59
ET 111.5 | 1019 1.09 96.0 1.2 165.6 0.7 168.9 0.65 170.0 0.65 190.9 0.58
mean 1.07 2 0.37 031 K] 0.15
5D 0.07 0.33 0.74 0.71 0.71 0.6
COVdg T4 274 20.5 416 4317 154

12. Conclusions

1. The result of compression on RPC cylinders indicate that increasing the steel fibers
volumetric ratio V; and/or silicafume SF increase the compressive strength (f;;) of RPC.
For the mixes used in this research, the highest compressive strength (f;;) was 148.5
MPawhich was recorded for V; = 2% and SF = 25%.

2. It was found that the addition of steel fibers to RPC mixes resulted in a higher
improvement of splitting tensile strength than of compressive strength.

3. Increasing stedl fibersratio from 1 to 2% increases modulus of rupture by 303.85% while
increasing silica fume content from 15 to 25% increases modulus of rupture by only
12.9%. Straight steel fibers increase tensile strength of concrete by arresting micro
cracks.

4. The quantity of fibers used in the concrete mixture did not significantly affect the
cracking load of RPC T-beams but had a significant influence on the rate of crack
propagation and on the value of the failure load.
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At the peak load, many fine cracks had formed in the web, with the cracks well
distributed through the shear spans. The failure loads of RPC T-beams, were more than
twice the cracking loads.

Decreasing the silica fume content SF from 25% to 20% and 15%, in RPC T- beams
decreased the diagonal cracking load by 6.25% and 12.5% respectively and the ultimate
load by 3% and 9.2% respectively.

Increasing the silica fume content SF from 15% to 20% and 25% in RPC T-beams having
Ve= 2% showed a lesser maximum crack width at a specific load level beyond the
cracking load.

Increasing the shear span to effective depth ratio a/d from 2.5 to 3.5 and 4.5 in RPC T-
beams having V= 2% and p,, = 7.7%decreased both diagonal crack load by 11.11% and
33.33% respectively and the ultimate load by 41.4% and 52.3% respectively.

The equation derived for the predication of the ultimate shear capacity (Vu) of RPC T-
sections based on regression analysis showed good results with all the available and
present experimental test results. Therefore, it can be used safely and with good accuracy
in the analysis and design of RPC T-beams.
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Appendix
Selected Data from other Literature for Compressive Strength of RPC.

Reference Fiber Type f'((MPa)

Soon,H.Ch.
and Yoon, | .K

Khuntia,
M.and
Stojadinovic, B.

Al-Jumaily
I.A.S

Metin,l. et al
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Gai, F. et al

Schmidt,
M. et al

Bonneau, O .
et al

Maroliya,
Mr. M. K.

Abd
Al-Hussain
A J

Barragan,
B. E.

Graybeal, B.,
and Davis, M.

Cwirzen, A.
et al

Yang, J. U.
et al
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Ss 20 | 05 072 | 9576 |109.25
Al-Ne’aime,

o Ss 20 | 05 0.72 128 | 13348

Ss 20 | 05 | 0812 163 | 217

ss 12 015 | 20 | o5 | o8 | 1167 | 1525

SS 12 0.2 30 | 05 0.9 117.4 | 1565

SS 12 0.2 20 | 05 0.6 1195 | 1525

Ss 12 018 | 30 | o5 1 1201 | 1535

Menefy, L Ss 12 018 | 20 | 05 | 0666 | 1167 | 140

SS 12 016 | 30 | 05 | 1125 | 1174 | 1385

SS 12 0175 | 20 | 05 | 0685 | 1195 | 143

Ss 12 0175 | 30 | 05 | 1028 | 1201 | 140

SS 12 0175 | 20 | 05 | 0685 128 | 130

ss 13 02 10 | o5 | 0325 | 7942 | 9953

SS 13 0.2 05 | 05 | 01625 | 7942 | 8311

Hannawayya, ss 13 0.2 15 | 05 | 0487 | 7942 | 1022

S.PH.Y. Ss 13 0.2 2.0 0.5 0.65 79.42 | 109.65

SS 13 0.2 20 | 05 065 | 7942 | 104.66

SS 13 0.2 20 | 05 065 | 7942 | 9441

“ss ] 13 | 02 | 20| o5 | 065 | B | o4

SS 13 0.2 10 | 05 | 032 78 08

Ridha, SS 13 0.2 15 | 05 | 0487 78 103

M., M .M. SS 13 0.2 20 | 05 0.65 78 110

ss 13 0.2 20 | 05 0.65 78 101

ss 13 0.2 20 | 05 0.65 78 934

Selected Data from other Literature for Splitting Tensile Strength of RPC.
Fiber f'cf
0 \
SS 13 0.2 0.5 135

1.25 0.406
2 . 1.220 162
1 . 0.610 150
2 . 1.220 162

25 ) 0.812 144
3.7 ) 1.202 158
Khuntia, M. . 0.5 0.234 63.8

et al ) 0.351 68.6

Voo, l.Y. et al
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Mahesh, K.
and Chetan,
D.

Abd Al-
Hussein,
Al

NI NN R WIN]WDNWNWDNRFRPRPERRFRPIDNNDN

o
o

=

=
o

N

N

N

Voo, Y.L,
Foster, S.J

BB 5| o| B B B B B| B| B| B| B| B| B| B| B| B| B| B| B| B| B| B| B| B| &5| &| &) »| B| B| B

Voo, J. Y.L,
Foster, S. J,,
Gilbert

Yang, J. U.
et al

iR

Al-Ne’aime,
S.SH

Hannawayya,
S.PH.Y.

210



Journal of Engineering and Development, Vol. 18, No.4, July 2014, ISSN 1813- 7822

Selected Data from other Literature for Modulus of Rupture of RPC.

Fiber fc'(MPa f'
Reference ! I (mm) | df (mm) V% B+ ( o
Type ) (MPa)

HS 36 0.6 0.5 85.2 86.1
HS 36 0.6 1.0 85.2 89.4
HS 36 0.6 15 85.2 82.7
HS 36 0.6 20 85.2 89.9
HS 36 0.6 0.5 65.3 70.5
HS 36 0.6 1.0 65.3 67.3
HS 36 0.6 15 65.3 67.3
HS 36 0.6 20 65.3 69.6
HS 36 0.6 0.5 74.1 82.4
HS 36 0.6 1.0 74.1 81.1
HS 36 0.6 15 74.1 83
HS 36 0.6 20 74.1 82.2
Khuntia, M. HS 50 0.8 0.5 62.6 63.8
et al HS 50 0.8 0.75 62.6 68.6
HS 20 04 1.0 99.8 110
HS 20 04 20 99.8 120
Al-Jumaily I. HS 20 0.4 1.0 82.55 89.5
A.S. 20 04 20 82.55 97.6
20 04 1.0 63.55 69.5
20 04 20 63.55 76.06

Soon,H.Ch.
and Yoon,
LK.

Mahesh, K.
and Chetan, 13 04 2.0 ) 106 151
D.

13 04 20 . 100 114
13 04 20 . 106 139
13 0.2 20 . 106 114
13 0.2 1.0 . 106 129
13 0.2 20 . 106 151
30 1.0 106 114.2
30 1.0 106 1152
30 1.0 106 109.6
30 1.0 106 1123

Maroliya,
Mr. M. K.

Abd Al-
Hussein,
Al
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Menefy, L.

Hannawayy
a,S.PH.Y.

Blo| 5| o] B| B B B B B B| B B| B| B| B B| B| B| B B| B| B| B| B| B| B| B| B| B| B| B| B

Wen-yu,
J. etal

&

Fujikake,
K. etal

Gao, R.,
Stroeven, P.,
and
Hendriks,
C.F
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Voo, J. Y.L,
Foster, S. J.
Cwirzen, A,
Penttala, V.,
Vornanen, C.

Yang, J. U. et
a

BB GG 8|8 B

Fiber Type: HS = hooked ends sted
SS = straight steel
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