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ABSETRACT

A new generation of Ultra High Performance Concrete (UHPC) named Reactive
Powder Concrete (RPC) was developed in the last decades, which offers, superior
strength, durability and ductility. One of the main differences between other concretes
and RPC is that the latter requires mechanical models capable of taking tensile behavior
into account for structural application to enable the material to be fully exploited. The
complete stress-strain relationship under direct tensile test and uniaxial compression of
different RPC mixes was experimentally investigated. Nonlinear equations are suggested
to model the complete tensile and compressive stress-strain relationship for all the RPC
mixes studied. In this research an analytical study is devoted to establish a simple
equation for predicting the nominal bending moment capacity M, of plain and singly
reinforced rectangular RPC beam sections. The equation derived showed good agreement
with all the flexural test results performed in previous researches and some other
investigations on reactive powder concrete beams.

Keywords: Reactive Powder Concrete, Stress-Strain Relationship, Singly Reinforced
RPC Beams.
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INTRODUCTION

tructural designers continually seek new approaches and ideas that will make
Stheir structures more aesthetically pleasing, functionally effective, and cost

efficient. Historically, the improvement of structures depends strongly upon the
characteristics of engineering materials. A new kind of material with excellent properties
usually results in a revolution in structures [1] Recently a new generation of Ultra High
Performance Concrete (UHPC) named Reactive Powder Concrete (RPC) has been
developed, that offers superior strength, durability and ductility. The superior strength of
RPC leads to more slender structures resulting in a significant dead load reduction[2].
The superior tensile strength of RPC is such that the concrete itself can carry all but the
primary tensile stresses. The elimination of shear and other auxiliary reinforcing steel
allows nearly limitless freedom of shape for structural members and major cost savings
can be realized [2]. RPC provides improved seismic performance by reduction of inertia
loads with lighter members, allowing large deflections with reduced cross sections, and
providing higher energy absorption[3]. RPC has a high resistance to abrasive wear, which
is ideal in applications where physical wear greatly limits the life of more conventional
concrete, i.e. bridge decks and industrial floors [2]. Also RPC has superior corrosion
resistance provides protection from chemicals and continuous exposition to humidity [4].

UHPC are particularly suitable for precast structures, but their use on site is possible
and can be completely relevant. The preferred areas of applications may include
structures or part of structures subjected to aggressive environments, structures under
shocks effects and composite structures [5]. UHPC properties make it a viable
material for thin-bonded concrete bridge deck overlays [6] and for rehabilitation of old
bridge [7]. UHPC used in many architectural applications [8, 9, 10].

Voo et al. [11] examined many specimens of RPC for the two point flexural tensile
strength. They used two types of steel fibers with 2.5% volume fraction, straight fibers
with aspect ratio of 65 and end hooked fibers with aspect ratio of 60. The results shows
that end hooked fibers perform better than straight fibers. The results indicated an
increase in flexural strength by more than 8% for end hooked fibers compared to straight
fibers. Yang et al. [12] examined the flexural behavior of UHPC beams (180x270%2900
mm) with steel rebar ratios less than 0.02 (0.006, 0.009, 0.012, 0.0131, 0.0196) and
straight steel fibers with a volumetric ratio of 2% and aspect ratio of 65. The UHPC was
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placed using two methods (placing UHPC in one end of the form and allowed to flow to
the other end to complete the filling process or placing UHPC in midspan and allowed to
flow to both ends of the form). It was observed that placing the UHPC at the end of the
beam provides better structural performance than placing the UHPC at midspan. Steel
fiber reinforced UHPC exhibited effective ductile behavior due to the yielding of the
rebar until flexural failure for the UHPC beam with low rebar ratios.

There is very limited number of researches on tensile behavior (tensile stress-strain
response, strain hardening) of RPC. In previous studies ™ ¥ the tensile behavior of RPC
as well as some mechanical properties of RPC composite with the effect of three
variables (steel fibers volumetric ratio, silica fume content and superplasticizer type) was
studied. The complete tensile stress-strain relationship under direct tensile test and
compressive stress-strain relationship under uniaxial compression of different RPC mixes
was experimentally investigated. Nonlinear equations are suggested to model the
complete tensile stress-strain relationship and the complete compressive stress-strain
relationship for all the RPC mixes studied. In this research an analytical study is devoted
to establish a simple equation for predicting the nominal bending moment capacity M,, of
singly reinforced rectangular RPC sections. The proposed M,, equation is derived based
on equivalent stress blocks for both compression and tension.

Design Stress Block Of Rpc Section

The actual bending stress distribution across the depth of RPC section subjected to
pure bending moment can be converted into a simple equivalent stress distribution which
is accurate enough to be used in analysis and design. Fig.(1) shows a typical stress-strain
curve of RPC in compression. This curve is representative of the experimental curves
obtained for different RPC mixes in previous research @ In order to make use of this f.
— & relationship in the design and analysis of flexural RPC members, it is proposed in
this research to simplify such behavior and convert it into an equivalent bi-linear
relationship which is plotted as dashed line in the same Fig. (1). This dashed line consists
of an ascending straight line (from zero stress to the 0.9 ') and a constant stress line (at
stress level equal to 0.9 f '¢). The adopted dashed line is terminated at a value of
maximum strain equals 1.5 ¢, (where g, is the strain corresponding to the peak stress f '.
). It is proposed that this maximum strain value can be considered as the ultimate
compressive strain of RPC (ecu ) such that;

eau=15¢,

It is important to note that the proposed equivalent compressive stress-strain
relationship of RPC is based on the following two facts;
1- The equivalent area under the dashed line is nearly equal to the area under the actual
curve.
2- The centriod of the equivalent area is very close to the centriod of the actual area.
In that previous research ™, many typical stress-strain curves of different RPC mixes in
tension were obtained from experimental work. According to these curves, the tensile
stress-strain curve with strain hardening behavior given by Fig. (2) is adopted in this
investigation to represent the stress-strain curve of RPC in tension. In order to make use
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of this f, — & relationship in the design and analysis of flexural RPC members, it is
proposed in present research to simplify such behavior and convert it into an equivalent
elastic perfectly plastic response. This is represented by the dashed line (idealized line)
shown in Fig.(2) with the elastic response of this idealization terminating at the point
whose strain-stress coordinates are (e, , fi), Which represent concrete first cracking
tensile strain and strength respectively.

Basic Conditions
The analysis of RPC rectangular section will be carried out based on the following
assumptions;

1- The RPC rectangular section to be analyzed under pure bending moment is
under-reinforced such that at ultimate stage it fails according to the tensile type of failure.
2- The strain distribution across the depth of the RPC section is linear

3- Perfect bond exists between concrete composite and longitudinal steel

reinforcement. This means that the strains in the longitudinal steel and concrete at the
same level are equal and no slippage failure of steel reinforcement can occur.

4- Strain hardening of steel bars is neglected.

5- The compression zone is defined by an equivalent bi-linear stress block.

6- Strain hardening behavior is adopted to represent the stress-strain curve of RPC
in tension.

7- The tension zone is defined by an equivalent bi-linear stress block.

Analysis of Rpc Section Under Pure Bending

Design codes always adopt design equations that have two characteristics, first they
must be safe in estimating the member cross section capacity, and secondly they must be
as simple as possible so that they can be applied with minimum effort and time.
According to Codes of Practice, reinforced concrete sections must be flexurally designed
as under-reinforced so that at failure the longitudinal steel bars yield before the concrete
in the compression zone can crush, giving an important required warning.
Fig. (3) shows a rectangular RPC section of a width b and total depth h, reinforced in the
tension zone with steel bars of area A; located at an effective depth d. The section is
subjected to a positive bending moment M such that at ultimate stage the strain and actual
stress distributions are as shown in the same figure. The figure also shows a conversion
of the actual stress blocks to equivalent bi-linear stress blocks for both compression and
tension as proposed in this research.
Referring to the strain and equivalent stress distributions of Fig.(3), from strain
compatibility:

Ter _ €
€c1 Ecu e
cl
X1 =——C e (1)
€cu
Yo _ €
Ete Ecu
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Ete

Xpr = —= Cc e (2)
t1 gcu
where:
0.9f"
g1 = e C 3)
Eoy = 1.5 5 (4)

Depending on the equivalent stress distribution shown in Fig.(3), the values of the
compressive forces C; and C, and the tensile forces T, , T¢, and T are listed below;

C; = 0.45 f’C bx., e (5)
C,=09f"_b(c—xx) e (6)
Te1=05febxey e (7)
Te, = fte b(h—c— xt1) ....... (8)
Ts = As fy ....... (9)
The locations of such forces from the neutral axis are listed below;

ForC, ; Y, = g Xer e (10)
For C, ; Yoo =% (c+x.) e
(11)

ForTg ; Yier = % Xew e (12)
For TCZ 1 YtCZ = % (h —C + xtl) ......
(13)

For Ts ;
Yts =d—-c - (14)

The total compressive force on the RPC section can therefore be calculated as;
C=C+G,

=f'.b(09c—045x.)

f'.bc
gcu

while the total tensile force on the RPC section can be calculated as;
T=T/H+T,+Ts

= fteb (h—c—05x4) + Asfy

- f, bh—ftebc
= Jte

cu

(09¢&, —045¢,4) e (15)

(ecu + 0.5 & ) + Asfy e (16)

From equilibrium;
C=T
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" bc bc
. (0.96., — 0.45 £,1) = foo bh — Jee

gcu cu

_ (fte bh+ Asfy) Ecu
f'eb (0.9 e — 045 1) + fre b (ecy + 0.5 &)

(€cy + 0560 ) + Asfy

c e (17)

Eqg. (17) gives the location of neutral axis measured from top compression fiber.

The nominal ultimate bending moment capacity of a singly reinforced rectangular RPC
section can be determined by summing up the moments around the neutral axis caused by
all the compressive and tensile forces on the section such that;

My = Mgy + Mep + Moy ‘Z"Mtcz + M )
My, = 0.45f" b (c? =) + 0.5f, b (h? + ¢ — 2hc — ) + Agfy (d —
c) ..(18)

EVALUATION OF THE PROPOSED MOMENT CAPACITY EQUATION
Comparison with Experimental Results

The accuracy of Equation (18) can be examined through comparison with the results
of (47) experimental tests. Ten of these tests were performed in previous investigation on
plain RPC beams ™, while the other 37 tests were conducted by other investigators
(1L151218) on plain and singly reinforced RPC beams. The data used represents a wide
range of RPC cylinder compressive strength (83-197) MPa and different types of steel
fibers (straight and hooked) with volume fractions ranging between (0% - 3%). Table (1)
shows the complete details of these (47) beams and the results of calculations. Eq. (18)
gives a mean value () of My, pregicted / Mn exp. (fOr the 47 beams used in this comparison) of
0.91 with standard deviation (SD) of 0.105 and coefficient of variation (COV) of 11.52%.
Fig. (4) shows the ratio M, predgicted / Mn exp. VErsus the cylinder compressive strength /'
@) while Fig. (5) shows the nominal ultimate bending moment capacity obtained from
the experimental work versus the corresponding theoretical value from Eqg. (18)
(predicted).

Figs. (4) and (5) together with Table (1) reveal that M, predicted by the proposed
equation (18) is slightly less than M, observed experimentally for the majority of the
beams tested in previous researchs [13, 14]and by other investigators [11,15,12,16].
Therefore Eqg. (18) is a conservative equation and can safely be used in design and
analysis after multiplied by a certain reduction factor to be specified by codes of practice.
However, it is only for beams No. (7, 8, 35, 40, and 44) as given in Table (1) that Eq.
(18) gives overestimated values in comparison with the corresponding experimental
values. This can be attributed to the type of failure of these beams. The tensile stress-
strain response of the nonfibrous RPC specimens and specimens with steel fibers volume
fraction of 1% failed immediately after crack initiation exhibiting a strain softening
tensile stress-strain behavior [14]. Beams No. (7, 8, 35, 40, and 44) having steel fibers
volume fraction of (0, 1, 1, 1.25, and 1) respectively might be shown such behavior.
However, the derivation of Eg. (18) for M, is based on considering a strain hardening
type of tensile behavior; this explains why Eq. (18) gives a higher value than the
corresponding experimental value for beams No. (7, 8, 35, 40, and 44).
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It can be concluded from the comparison with the experimental results that the
proposed M, equation (18) is a reliable equation and can be used safely to get accurate
estimates of nominal moment capacity for plain and singly reinforced rectangular RPC
sections subjected to pure bending moment. Therefore to use this equation in analysis and
design, the following properties must be specified first;

. The dimension of the beam cross section (b and h).
. The steel bar properties [yield stress, area of longitudinal steel bars, effective
depth of longitudinal steel bars (f,, As, and d respectively)].
" The RPC properties [cylinder compressive strength of concrete and volume

fraction of fiber (f'. and V; % respectively)].

while the other RPC properties including, first cracking tensile strength, modulus of
elasticity, compressive strain corresponding to £’ first cracking tensile strain( f, , Ec,
&, ,and & respectively) can directly be determined from the following Equations **:

fo =0.0243(/') +1.848(Ve) (19)
Ec=113.43(/') +31126.74 . (20)
£o= 1.17x10°(f ') + 4.59x10%(Vy) + 1.92x10° .
(21)

ee = 2.17%10°(f) + 1.75*10° L. (22)

Comparison with Similar Existing Theoretical Equations

The suggested moment capacity equation (18) can also be compared with similar
theoretical equations derived separately by Hannawayya ®® and Al-Hassani and
Ibraheem ®” to determine the nominal ultimate bending moment capacity of singly
reinforced rectangular RPC sections. Hannawayya “® derived two equations to predict
M,; one based on actual stress and strain distributions on the section as shown in Fig. (6),
while the other equation was derived based on the simplified stress and strain
distributions given by ACI committee 544 @ for fibrous concrete as shown in Fig. (7).
In both solutions, horizontal equilibrium of compressive and tensile forces on the RPC
section was considered and the sum of the moments of these internal forces about the
neutral axis gave the desired M,, equation. Thus;

1. By following the strain and stress distribution of Fig. (6);

x15 x1*  x13 , [c?—x1? 0.15 (c3—x13 %2 —x12
My = blag-+ Bty |+ bl —5—~ 3¢ Tz o

€u— &

bf.c? (gcr)2 h o \? fger)?
T (3) 2+37\<(——1) (E) —1)
6 Eef C €cr

(£ + H(es — £,)) As(d = 0)] ..(23)

where:
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eer) ? £
c C

It can be seen that Eq. (23) is very complicated and requires much time and effort to
solve as compared to the suggested equation (18) of the present work. The values of the
constants A, B, and C in equation (23) depend on the compressive stress-strain
relationship obtained by Hannawayya ™ which was different from one RPC mix to
another. Therefore Eq. (23) cannot be applied to the beams conducted by other
investigators.

< ™
I
0O w >

2. By following the strain and simplified stress distributions of Fig. (7);
)
My, =y, f' Bic*b 1__ +fy As(d —¢)
—0)? —x,%) .. (24)
where:
(h-02(1-3)  xa? (A-2/5)
Xe = T + 7 d
1 71 2.85
i = 100 (f c f)
3.23
B1= 03922 _W(fc Vr)
xcr = ic
£ef

) = post cracking tensile stress factor whose value (usually ranges between zero and
0.99) depends mainly on the steel fibers ratio, existence of steel bar reinforcement,
strength of the matrix and partially on longitudinal steel reinforcement ratio.

Hannawayya [15] limited his solution of M, (Eqg. 24) to RPC having cylinder
compressive strength ranging between (79-110) MPa and steel fibers ratio ranging
between (0%—2%). Applications of Eq. (24) outside these ranges can give unreasonable
value of y1 and B1. For instance the application of Eq. (24) to beams No. 11-22 [given in
Table (1)] gave negative values for fl. Nevertheless, Fig. (8) shows a comparison
between the wide spectrum values of M, calculated by Eq. (18) of the present research
and the limited values of M,, given by Hannawayya [15](Eq. 24).

Al-Hassani and Ibraheem ®” derived an equation for determining the nominal ultimate
bending moment capacity M, of singly reinforced rectangular RPC sections based on the
strain and equivalent stress distributions shown in Fig. (9). Horizontal equilibrium of
compressive and tensile forces on the RPC section was considered and the moments of

these internal forces about the neutral axis were summed up to give;
c

Mn=1<2 +1)( )f bd + A, fyd(1-)
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(1) ] o
where

e e 73]

()3 (145)]

i=0.1

€o

stress corresponding to strain 2¢,

f'e

It can be seen that Eq. (25) is not simple to use and requires much time and effort to
solve as compared to the suggested equation (18) of the present work. Fig. (10) shows
that some of the M, values predicted by Al-Hassani and Ibraheem “” are overestimated
in comparison with the corresponding experimental values. Therefore their equation (25)
must be multiplied by a higher reduction factor if used in design and analysis to ensure
safe predictions of nominal ultimate bending moment capacity.

Conclusions

The equation derived to predict the nominal ultimate bending moment capacity (M)
of plain and singly reinforced rectangular RPC sections (based on idealized compressive
and tensile stress blocks) showed good agreement with all the flexural test results
performed previous researches and some other investigations. So it can be used safely
and with good accuracy in the analysis and design of RPC beams having cylinder
compressive strength within the range 83-197 MPa and steel fibers ratio within the range
0% - 3%.
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Figure (3): Actual and proposed equivalent stress distributions at ultimate stage
through a singly reinforced rectangular RPC section subjected to pure bending
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Figure(6) Strain and stress distribution through RPC beam cross section adopted
by Hannawayya
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Figure (7) Simplified design model for analysis of singly reinforced RPC section
adopted by Hannawayya
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Figure (8): Comparison between M, values predicted by Hannawayya ® and the
experimental research ™
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by Al-Hassani and Ibraheem ®”

140
>
120 @
100 * e 4
] - ﬁ
Z g0 | 3 #
2 $
E:- 60
3
— ]
== Gl - & Al-Hassani and Ibraheem's Eq.(25)
20 A * ¢ proposed Eq.(18)
0 T T T T T T
o 20 40 G0 80 100 120 140
M, predicted N-m)

Figure (10): Comparison between M, values predicted by Al-Hassani and
Ibraheem® and the experimental research®”

13



Eng. &Tech.Journal, Vol. 33,Part (A

NESHPINES Prediction of the Nominal Bending Moment Capacity

for Plain and Singly Reinforced Rectangular

RPC Beam Sections

Table (1): Comparison between predicted and experimentalnominal bending
moment from many researches
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Table (1) — continued.

s
o, ';f fibet; wif| p d|b|h| f o Eaﬂ Ec | Er;m pr;!i;ted -U.'Ee.'cp. Mupred 5
% | type () | fnm) | (n) | (MPa) | OVPa) | g% | (GPD) | Py | EE;\-{‘}f 15 | Mygg E’
5] 1] 8 63 | 0.009 | 235 ( 180 [ 270 | 420 | 1922 | 495 | 46.680 ) 885 | 210 | %01 | 975 | 0%
16| 1] § 65 | 0.009 | 235 | 180 [ 270 | 420 | 1922 | 495 | 46.680 | 8.85 | 210 | 9001 | 1066 | 0.5
17| 2] § 65 | 0.009 | 235|180 | 270 | 420 | 1922 | 495 | 46650| 985 | 210 | @01 | 922 | 098 g
13|21 8 65 | 0.012 | 235 [ 180 [ 270 | 420 | 1961 | 4.99 | 43330 898 | 212 | 1024 | 1165 | 0.88 E
9|28 65 | 0.012 | 235|180 | 270 | 420 | 1961 | 499 | 45530| 898 | 212 | 1024 | 1168 | 0.88 :1
w8 65 | 0.0131) 215 | 180 [ 270 | 420 | 1909 | 494 | 46418 | 881 | 209 | 970 | 207 | oM :
) I 65 | 0.0131) 215 | 180 [ 270 | 420 | 1909 | 494 | 46418 | 881 | 209 | 970 | 1057 | 092
nyr]s 65 | 0.0196) 215 [ 180 [ 270 | 420 | 1961 | 4.99 | 43330 898 | 211 | 1187 | 1316 | 090
wons| My £
No. | VO (M6l ygge ol d | DB S| S| e | EC e B prdined | Mue | Tuped | £
Yo | type () | () | (mm) | (MPa) | MPa) | 7 | (6P9) | iRy | EEL.\_{;F} 1) | My e E:
305 5 65 | 00819 97.3| 123 | 140 | 270 | 83109 | 36 | 5288%| 138 | 0.69 | 389 | 478 | 081 | _
M1 8§ 65 | 0.0819 ] 97.5| 135 | 140 | 370 | 99337 44 | 50370 386 | 101 | 427 | 513 | 083 %1
/L5 S 63 | 0.0819) OT3( 128 [ 140 | 570 | 10220| 4.8 | 58265 488 | 123 | 437 | 525 | 083 ;
B2 8§ 65 | 0.0B19) 973|125 | 140 | 570 | 100.65| 49 | 38432) 606 | 149 | 452 | 548 | 082 g
|| S 65 | 00819 975 [ 125 [ 140 | 370 | 104.66| 4.4 | 46171 589 | 145 | 444 | 513 | 087 E
/)28 65 | 0.0B19) 7| 125 | 140 | 570 | 94411| 35 | 36618| 555 138 | 421 | 455 | 093 B
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Table (1) - continued.

vo.| Ve[ el e | A bR ] | B o | g p,,ﬁfm Ve | Mo |
% | type (o) | () | (um) | (MPa) | OMPa) | {GPa) amy| A i En_-. E15) | () My i‘
Nm) 2

01 2 § 65 | 0.0176 | 104 | 125 | 140 | 490 [109.65| 4.9 |38.432| 6.06 | 149 17.3 | 233 0.74
| 2 8 65 | 0.0324 | 1019 | 125 | 140 520 [109.65| 4.9 |38.432| 6.06 | 149 25.3 3.5 0.80 -
i 12 § 65 0 0 [ 100|100 0 |10466( 44 |46171| 589 | 148 18 3.1 0.90 :-,
2] 2 § 6% 0 0 | 100|100 O |94411( 35 |36618| 555 13§ 2.6 2.9 0.90 E
1|12 8 62 0 0 [ 100|100 O |10965( 49 |38431)606 | 149 2.9 3.2 0.91 E
M| 15 § 63 0 0 100|100 0 |10220| 48 |58.265| 488 | 123 3 2.5 0.92 E
35 1 8 6% 0 0 100|100 0 |99327( 44 [50379 386 L.01 1.9 1.5 1.27 B

6| 0F § 65 0 0 [ 100|100 0 |83109| 36 |52885| 238 049 1.2 1.2 1.00
. fi | g s | g
Na. l,f ﬁ_bei ifidf | p 'ﬂf\ !b\ 'h\ i " 8"_3 Ec T Ete _ predicted -‘{n_m My praa E
% | type (o) | (meg) | (zaz) | (MPa) | (MPa) | 557 | (GPW) apg| 410 Eﬁi \{:}s} Xam) | My gy g

7| 15 § 65 0 b 100 7% 0 161 4.0 4 |87 107 13 2.8 0.82
18 | 15 § 65 0 0 | 100 75 0 160 4.0 45 | 869 | 2.06 23 2.5 0.92 |
39| 13 § 6% 0 b |00 75 0 149 45 43 | 831 1.9% 2.2 2.2 1.00 5__
40 | 125 5 65 0 0 | 100 | 75 0 164 41 43 651 139 1.7 1.4 1.21 g
41 | 1L35+1H | 6560 0 0 | 100 75 0 171 4.0 49 (o906 | 214 2.4 2.5 0.96 E

21225 H 60 0 0 | 100 74 0 157 4.0 0 | 850 .04 13 2.4 0.96

43 | 195+06H | 6360 0 0 | 100 75 0 169 4.0 46 [ 9.00| 213 2.2 2.2 1.00
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Table (1) - continued.

e ey -‘f.l! ;
No \-f fiber {fﬁ df ? d b h ft f '(. £ Ee . f‘? Ete predicted M, n . M, ored E
| % | type” (o | (o) | (rum) | (MPa) | OMPa) | g3 | (GPO) | (fPo) | g ¢ | Ea 518 | 0Nm) Moo | &
N 2

4 1 b 05 0 0 40 | 40 1] 16627 | 421 | 4930 | 6.12 15 0.188 | 0.178 | 1.06 E
45 | 15 § 65 i} i} 40 | 40 1] 173.73| 452 | 4983 | 7.30 1.76 0.223 | 0.242 | 0.92 f

-
46 1 8 65 il il 40 | 40 1] 17630 | 478 | 50.23 | 831 1.98 0.252 | 0.299 | 0.84 g-
i7 3 8 65 0 0 40 | 40 ] 17917 | 526 | 5237 | 10.27 14 0.309 | 0.368 | 0.84 |#

* (S) for straight steel fiber, and (H) for hooked steel fiber.
** Calculated by using Eq. (21).

*** Calculated by using Eqg. (19).

**** Calculated by using Eq. (22).
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