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Abstract

Reactive powder concrete (RPC) is a new type of ultra-high strength and high ductility
concrete first developed in the 1990's in France. It is recognized as a revolutionary
material that provides a combination of ductility, durability, and high strength. In this
research work the nonlinear finite element investigation on the behavior of RPC
beams is presented. This investigation is carried out in order to get a better
understanding of their behavior throughout the entire loading histbiso, a
numerical parametric study was carried out on the RPC beams to investigate the
influence of fibrous concrete compressive strenbtt} ) , tensile reinforcement ratio

(,OW) , fiber content ( V) and shear span to effective depth ratio (a/d) on the shear

behavior and ultimate load capacity of these beams.

The three- dimensional 20-node brick elemamngésused to model the concrete,
while the reinforcing bars are modeled as axial members embedded within the
concrete brick elements. The compressive behavior of concrete is simulated by an
elastic-plastic work-hardening model followed by a perfectly plastic response, which
terminated at the onset of crushing. In tension, a fixed smeared crack model has been
used.
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Introduction

eactive powder concrete (RPC)

is known as a kind of novel

cement-based composite
material with ultra-high strength and
outstanding performance. Embedding
a certain amount of short steel fibers in
the matrix can improve the RPC's
toughness and overcome the
disadvantage of high brittleness. It was
originally initiated by a French
company BOUYGUES in 1990.Since
then, for improved physical and
mechanical behaviors, RPC has been
rapidly boosted in many application
fields ,e.g. civil engineering, hydraulic

engineering, mining  engineering,
bridge construction and military
work®,

A number of measures have been
adopted, such as eliminating coarse
aggregates, reducing water-cement
ratio, pressing to shape and heating
during curing, to improve interfacial
property of cement granules and
activate chemical reaction, which
turned out ultra-high strength, good
toughness and low permeability of
RPC. This technigue meets the
requirement of materials forbuilding
large span structures, sky-scrapers,
heavily loaded architectures and
structures  subject to  rigorous
environment$.

Compressive strength up to 800
MP ®a has been achieved with RPC,
Young's modulus of 50 to 60 GPa is
common in RPC, as compared with
values of 14 to 42 GPa in normal
strength concrete. Additionally, the
RPC material has a tensile strength
ranging between 6 and 13 MPa that is
maintained after first cracking for
reaching 50 MPa , whereas traditional
concrete has tensile strength on the
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order of 2 to 4 MPa that is lost when
cracking occur®.

The nonlinear finite element analysis
of reinforced concrete members is a
powerful technique and can supply the

researchers with valuabieformation
Finite Element Model

In the present research work, a full
three-dimensional  finite element
idealization has been used. This
idealization gives accurate simulation
for geometry, type of failure and
location of reinforcing bars. The 20-
node quadratic brick element shown in
Fig. (1) is adopted to represent
concrete in the present study.

The reinforcement representation
that is used in this study is the
embedded representation, Fig. (1).
The reinforcing bar is considered to
be an axial member built into the
concrete element. The reinforcing bars
were assumed to be capable of
transmitting axial force only.

The numerical integration
generally carried out using
27(3x3x3) point Gaussian
integration rule.

The nonlinear equations of
equilibrium have been solved using an
incremental-iterative technique
operating under load control. The
nonlinear solution algorithm that is
used in this research work is the
modified Newton —Raphson method in
which the stiffness matrix is updated
at the? 12" 229  etc. iterations of
each increment of loading .

Material Model Adopted in the
Analysis Behavior in Compression:

In compression, the behavior of
concrete is simulated by an elastic-
plastic work hardening model followed
by a perfectly plastic response, which is
terminated at the onset of crushing. The
growth of subsequent loading surfaces is
described by an isotropic hardening rule.
A parabolic equivalent uniaxial stress-
strain curve has been used to represent
the work hardening stage of behavior

is
the
type
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and the plastic straining is controlled by
an associated flow rule.
The  concrete  strength  under
multidimensional state of stress is a
function of the state of stress and cannot
be predicted by simple tensile,
compressive and shearing stress
independent of each other. So the the
state of stress must be scaled by an
appropriate yield criterion to convert it to
equivalent stress that could be obtained
from simple experimental test. The yield
criterion that has been used successfully
by many investigators”®® can be
expressed as

..

f{ o})=(al, +3p%)* =0,

where o and B are material
parameters which are dependent on the
type of concrete, mainly on the volume
fraction of fiber \, and their values are
shown in Table (1%, I, is the first
stress invariant and, Js the second
deviatoric stress invariant , is an
equivalent effective stress at the onset of
plastic deformation which can be
determined from a uniaxial compression
test.

In a reinforced concrete member, a
significant degradation in compressive
strength can result due to the presence of
transverse tensile straining after cracking.
In the present study, Vecchio et, al.
models are used for HS& members,
which illustrates the use of the reduction
factor, .. The compressive reduction
factor,, for HSC is given as:

(2)

A= 1
I+K..K;

where K is a factor representing
the effect of the transverse cracking
and straining and Kis a factor
representing the effect of concrete
compressive strength.f.’
K.=0.35 &4/ £5-0.28f% ....(3)
and
K;=0.1825Vf c> 1.0 ....(4)
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whereg; is the tensile strain in
the direction normal to the crack and
g3 IS the compressive strain in the
direction parallel to the crack.
Behavior in Tension

In tension, linear elastic behavior
prior to cracking is assumed. Cracking
is governed by the attainment of a
maximum principal stress criterion. A
smeared crack model with fixed
orthogonal cracks is assumed to
represent the cracked sampling point.
The post-cracking tensile stress-strain
relations, Fig. (2@ and the
reduction in shear modulus with
increasing tensile strain Fig. (89,
have been adopted in the present work.
The tensile strain at peak tensile stress
(e ) IS given by:

Ey, =€, (Q+ 035N ,.d,.L,)

...... (5)
Where
Nt is the number of fiber per unit area
; given by :
N. = ZAVE ©)
¢ =N, =
Behavior of Steel Fiber Reinforced
Concrete
In his study, an empirical

equations to express the modulus of

E. =384 fC’f
for f'¢=225 MPa ... (7)
elasticity E. For ultra high

performance fiber reinforced concrete
which suggested by, Graybe&f is
adopted and is given by: In
compression, An empirical equations
for peak strain value in uniaxial
compression of high strength fiber
reinforced concretesf ):
suggested by AL- AZZAWI® s
adopted in the present study as:
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Epf =0.00212 +0.00Vi * L/ & ..(8)

In his study, an empirical
equations to express the uniaxial
compressive strength ¢f)and peak
tensile stress (f; ) for RPC
suggested by RidHL is adopted and
is given by :

f=3.35f > F*%  ....(9)

f..=0.37f .28 F°2 (10

Numerical Example
Description of Test Specimens

A total of 15 RPC beams were
tested by RidH& under monotonic
loading up to failure. In order to check
the validity of the present material
model, five of these RPC beamsre
chosen for this research work to carry
out the finite element analysis. These
beams were B1,B2, B3,B4 and B5.All
tested RPC beams had a longitudinal
steel ratio of 3.4% and shear —
span/depth (a/d) ratio of 3.5. All RPC
beams failed in shear mode. Fig.(4)
shows the loading arrangement and
reinforcement details. The same type
of fibers was used throughout the test
program. The fibers were straight,
13mm in length and 0.2mm in
diameter making an aspect ratia/¢k)
of 65. The steel fibers had an ultimate
tensile strength of 2600 MPa.

Finite Element Idealization and
Material Properties:

By making use of the symmetry of
loading, geometry and reinforcement
distribution of the tested RPC beams,
only one half of the length will be
considered in the numerical analyses.
In the present study, the chosen
segments were modeled using 4 brick
elements. The finite element mesh,
boundary conditions, and loading
arrangement are shown in Fig.(5).The
dimensions, material properties and
the additional material and numerical
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parameters are listed in Table (2).
The longitudinal bars were simulated
as embedded elements into the brick
elements. The external loads were
applied in equal increments of 5 % of
the expected failure load These
increments were reduced at stages
close to the ultimate loads. The
numerical analyses have been
generally carried out using the 27-
point integration rule and a
convergence tolerance of 2 %.

Results of Analysis

The experimental and numerical
load -deflection curves for RPC
beams B1 to B5 are shown in Fig.(6).
These figures show good agreement
for the finite element solution
compared with the experimental
results throughout the entire range of
behavior .They reveal that both the
initial and post-cracking stiffnesses are
reasonably predicted. The computed
failure loads for all RPC beams are
close to the corresponding
experimental failure load as listed in
Table (3).
Parametric Studies
To investigate the effects of some of
the material and solution parameters
on the nonlinear finite element
analysis of RPC beams, beam B5 have
been chosen to carry out a parametric
study. This studyhelps to clarify the
effect of various parameters that have
been considered on the behavior and
ultimate load capacity of the analyzed
RPC beams.
Influence of Fiber Content
The presence of fibers enhances the
ductility and energy absorption
capacity of reinforced concrete
members and act as crack arresters.
Therefore, the addition of a small
amount of fibers can increase the
flexural, shear and torsional capacity
of the membersTo study the effect of
using different amounts of fibers, four
tests have been carried out with
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volume fraction of fiber ranging from
2.0% to 3.5%. Fig. (7) shows that the
post cracking stiffnress and the
predicted cracking and ultimate load
are considerably increased as the fiber
content is increased. The finite
element results revealed that an
increase up to 13% in ultimate load
capacity can be achieved by by
increasing (Y from 2% to 3.5% as
shown in Table (4)Fig. (8) shows the
addition of fibers decreases the tensile
steel stress in longitudinal bars relative
to a 2% fiber content by about 6.7%,
16.5%, and 25.2% for fiber content of
2.5%, 3% and 3.5% respectively.
Effect of Grade of Concrete

In the present research work, a
study was made to investigate the use
of concrete of higher compressive
strength. This was achieved by
numerically testing an assumed RPC
beams with a wide range of concrete
compressive strength. This RPC beam
is similar in dimensions, arrangement
of reinforcement and other details to
B5. The tension stiffening parameters
o; anda, were set equal to 110 and
0.95 respectively. While the shear
retention parametens, y.andys were
set equal to 90,09 and 0.1
respectively.
The results of this investigation are
shown in Fig. (9). Six grades of
concrete were considered in this study.
These are125,140,155,170,185
and 200 MPa. The analysis revealed
that the failure was due to concrete
crushing for all grades of concrete.
Therefore the cracking load and post-
cracking stiffness are increased by
increasing concrete  compressive
strength. The finite element results
revealed that an increase up to 33.9%
in ultimate load capacity can be
achieved by using compressive
strength equal to 200 MPa, compared
to a compressive strength of 125 MPa
as shown in Table (5Fig.(10) shows
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the distribution of longitudinal
extreme fiber concrete compressive
stresses at P=165 kN along the beam
for different values of compressive
strength. Stresses obtained from this
case study were observed to decrease
as the compressive strength is
increased. The ratio of decrease in
extreme fiber concrete compressive
strength was 11.4%, 15.4%, 18.4%,
19% and 20% for 140, 155, 170, 185
and 200 MPa concrete compressive
strength relative tc(fc'f ) equals to 125

MPa . The figure also reveals that the
longitudinal extreme fiber concrete
stresses are increased toward the
center line of the beam for all values
of (fc'f )

Fig.(11) shows the variation of
tensile steel stresses along the span
length of beam B5 for different values
of the concrete compressive strength
(fc’f) at applied load of 165 kN. It is

obvious that as the compressive
strength increases the tensile steel
stresses slightly decrease.
Influence of Longitudinal Reinforcement

The influence of using different
longitudinal reinforcement ratios on
the load-deflection curve is
investigated. An assumed beam
reinforced with various longitudinal
reinforcement ratios was numerically
tested. The results are shown in Fig.
(12). The longitudinal reinforcement
ratio varied form 1.4 to 6.7%. The
concrete compressive strength and
reinforcement vyield stress were 110
and 520 MPa respectively. By
studying the predicted response of the
RPC beam, it can be seen that the
increase in the longitudinal
reinforcement ratio leads to a stiffer
post-cracking response and significant
increase in the ultimate load capacity of
the RPC beam. The finite element
results revealed that an increase up to
122.7% in ultimate load capacity can be
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achieved by using longitudinal
reinforcement ratio equal to 6.7%,
compared to a ratio of 1.4% as shown
in Table (6). Fig.(13) shows the
distribution of longitudinal extreme
fiber concrete compressive stresses
along the beam for different ratios of
tension reinforcement recorded at
applied load = 90 kN. It is obviously
shown that the longitudinal extreme
fiber concrete stresses decrease with

the increase of the steel ratigoy).

The increase in the ratio of tension
reinforcement will lead to shift in the
neutral axis position downward. This
will lead to modified the distribution
of extreme fiber concrete compressive
stresses in the beam in order to satisfy
moment equilibrium, hence a decrease
in the extreme fiber concrete stresses
occurs. From Fig.(13), it is seen that
the longitudinal extreme fiber concrete
compressive stresses decrease by a
ratio of 13.3%, 23.3%, 25.4%, 27.6%
and 31% for 2.4%, 3.4%, 4.4%, 5.4%
and 6.4% tensile steel ratio relative to

(p,,) equal to1.4% for RPC beams.

Fig.(14) shows the variation of
tensile steel stresses along the span
length of beam B5 for different

longitudinal reinforcement ratio 4,

). It is clear from this figure that the
increase in the longitudinal steel ratio

(p,,) results in decrease in the tensile

steel stresses. The decrease ratio was
26.6%, 48%, 55.9%, 62.2% and
67.2% for 2.4%, 3.4%, 4.4%, 5.4%
and 6.4% tensile steel ratio relative to

(p,,) equal to 1.4%.

Influence of shear span-depth ratio a/d

In order to investigate the
influence of using different shear
span-depth (a/d) ratio on the behavior
of load-deflection curve of the RPC
beams, an assumed beam reinforced
with various shear span-depth (a/d)
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ratios were numerically tested. The
results are shown in Fig. (15). The
shear span-depth (a/d) ratio varied
form 1.5t0 5.

By studying the predicted response
of the beam, it can be seen that the
increase in the shear span-depth (a/d)
ratio leads to a decrease in the post-
cracking stiffness response and
significant decrease in the cracking load
and ultimate load capacity of the beam.
The finite element results revealed that
an decrease up to 70.4% in ultimate load
capacity can be achieved by increasing
(a/d) ratio from 1.5 to 5 as shown in
Table (7). Fig.(16) shows the
distribution of longitudinal extreme
fiber concrete compressive stresses
along the beam for different ratio of
shear span to effective depth (a/d) at
applied load = 110 kN. It is obviously
shown that the longitudinal stresses
increase with the increase of the shear
span to effective depth ratio (a/d) the
increase in the ratio of shear span to
effective depth (a/d) will lead to
increase in the moment for a given
loading level. Hence an increase in
compressive stresses occurs. From
Fig.(16) , it is seen that the
longitudinal extreme fiber concrete
compressive stresses increase by a
ratio of 50%, 104%, 146%, 195%,
257.7%, 313.5% and 412.4% for 2,
2.5, 3, 3.5, 4, 45 and 5 shear span to
effective depth ratio (a/d) relative to
a/d = 1.5 for RPC beam B5 .

Fig. (17) shows the variation of
tensile steel stresses along the span
length for different shear span to
effective depth ratio (a/d) for RPC
beams. It is clear from this figure that
the increase in the shear span to
effective depth ratio (a/d) results in an
increase in the tensile steel stresses.
The increase ratio was 104.7%,
234.9%, 451.3%, 524.2%, 688.1%,
781.4% and 783.3% respectively, for
2,25, 3, 35,4, 4.5 and 5 shear span
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to effective depth ratio relative to a/d
=1.5.

Conclusions

1.The three-dimensional finite element
model adopted in the present work, is
suitable to predict the behavior of RPC
beams failing in shear. The numerical
results were in good agreement with
the experimental load-deflection
curves of the tested RPC beams
throughout the entire range of
behavior. The mean valuep)( of
(Punum. / Pugxp) is 0.974 with standard
deviation (SD) of 0.0676 and
coefficient of variation (COV) of
6.93%.

2. The cracking load and post-cracking
stiffness of the load- deflection curve
increased by increasing the concrete
compressive streng(rﬁc}). When

(fc’f) increases from 125 MPa to 200

MPa, the ultimate load capacity
increases by 26.7% and the
longitudinal compressive  stresses

decreases by 20%.

3. The effect of increasing the amount
of tension steel barg() on the load-
deflection behavior of RPC beams has
been studied numerically. The increase
of the amount op,, causes an increase
in the post-cracking stiffness of the
load- deflection curve and leads to a
higher ultimate load. Whenp,,
increases from 1.4% to 6.4% the
ultimate load capacity increases by
113.3%, while the longitudinal
extreme fiber concrete compressive
stress decreases by 31% and the
tensile steel stress decreases by 68%.
4. The increase in the amount of fibers
V; causes an increase in the post-
cracking stiffnress of the load-
deflection curve. The finite element
solutions show that when:Vhcreases
from 2% to 3.5% the ultimate load
capacity increases by 13%, the
longitudinal extreme fiber concrete
compressive stress decreases by 25.2%
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fiber

and the tensile steel stress decreases
by 17%.

5. The effect of increasing the shear
span to effective depth ratio (a/d) on

the load-deflection behavior of RPC

beams has been studied numerically. It
is obvious that the increase in (a/d)
results in a decrease in the post-
cracking load-deflection response and

the predicted ultimate load. When a/d

ratio increases from 1.5 to 5, the
ultimate load capacity decreases by
70.4% and the longitudinal extreme
concrete compressive stress
increases by 412.4%.
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Nomenclature

f e uniaxial compressive strength of nonfibrous RPC.

fot uniaxial compressive strength of fibrous RPC.
fspr uniaxial splitting tensile strength of fibrous RPC.
, Oz tension-stiffening parameters
B material constant
shear retention fac
Vo Va shear retention parame
A compressive strength reduction factor of concrete
On t stress normal to cracked pl:
€n t strain normal to cracked pl:
€er cracking strain
Ocr cracking stres
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Table (1): Material Parameters.

a B
0. 3546798 o, 1. 3546798
1. 0993042 o, 2. 0993042
1. 4960526 o, 2. 4900526
1.796052%6 o, 2. 7960526

2.0960526 o, 3. 0960526

Table (2): Dimensions, material properties and thadditional material
and numerical paraeters us* Assumed values

Beam Designation B4
Fiber Content (%) 0.0 0.5 1.0 15 2.0
Shear Span a (mm) 392 392 392 392 392
Width b (mm) 100 100 100 100 100
Effective Depth d (mm) 112 112 112 112 112
Concrete
Young’s Modulus, E(GPa) 39.10 42.25 44.2( 46.80 48.
Compressive Strength {MPa) 78 94 98 103 110
Tensile Strengthgfi (MPa) 5.5 9.2 11 14.5 15.4
Poisson’s Ratiovy * 0.15 0.15 0.15 0.15 0.15
Steel

Young's Modulus, E(MPa) | 200000 20000 20000p 2000po 200fo
Longitudinal Bars

Steel Ratigo, (%) 3.14 3.14 3.14 3.14 3.14
Yield Stress,f(MPa) 520 520 520 520 520
Tension-Stiffening Parametedl
o 10 80 90 100 110
o, 0.4 0.7 0.8 0.9 0.95
Shear Retention Parametersil
A 20 60 70 80 90
Y 0.4 0.6 0.7 0.8 0.9
A 0.1 0.1 0.1 0.1 0.1

« fg, fspr,and E;. = Experimental value
d for Ridha's RPC beams.
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Table (3): Comparison between eapmental and predicted failure loads

Numerical

Experimental Failure Load ( kN )

Failure Load

P
P, . Exp (14) Pu, o u ,Num.

(kN)

74

Table (4): Numerical Ultimate Load Capacity of BeanB5 for Different Volume
Fractions of Steel Fibers (Y)

Fiber Content V(%)

Ultimate Load ( kN )
Percentage of Increasing in Ultimate Load (9

Table (5) Numerical Ultimate Load Capacity of beanB5 for Different Value of
Concrete Compressive Strength ( V=2.0% )

Compressive Strength (MPa)

Ultimate Load ( kN )

Percentage of Increase in Ultimatdg
Load (%)

Table (6): Numerical Ultimate Load Capacity of BeanB5 for Different
Longitudinal Steel Ratio(0,,)%, (V= 2.0%).

Longitudinal Steel Ratio g, (%)

Ultimate Load ( kN )

Percentage of Increasing in Ultimat
Load(%)
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Table (7): Numerical Ultimate Load Capacity of BeamB5 for Different Shear Span
to Effective Depth Ratio (M = 2.0%).

Shear Span to Effective Dept
Ratio (a/d)
Ultimate Load ( kN )

Percentage of Decreasing in
Ultimate Load(%)

N
10~ Steel bar
*>

Y

Figure (1) The twenty-node brick
element.

a) Plain concrete b) Fiber reinforced concrét@.

Figure (2) Post-cracking models for cracked
concreté?,

Figure (3) Shear retention model for cracked
concrete. ©
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a h
10N MmMm

A
A 4

140 1 112
i 2°A1A

| |
= T 1200 mm =
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Figure (4).Dimensions and reinforcement details dRidha’s RPC beams**
{All dimensions in (mm)}

14Cmm
" 50mm Yy

x 10Cmm

<——<\ -

—1 ¥
@ ®
\Z

- <3 - <& 1
® l><:j§ b/2 ® qb<::§ ® ;:g

o <A - <4 *— 70
© 0<§ ® 0<§ ® —H

L S Aamm

At Section Z=600mr

~ At Section Z=0. At Section Z=b/;

Figure (5). Finite element mesh and conditions foRidha's RPC beams.
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Deflection (mm)

Figure (6): Beams B1,B2,B3,B4 and B5, Experimentahal Numerical
Load- Midspan Deflection Curves.
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Figure (7): Effect of (V; ) on Numerical Load-

Figure(8): Effect of FiberContent

Midspan Deflection Curves of RPC Beams. (M) on the Numerical Tensile Steel
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Figure(10): Distribution of the Longitudinal
Extreme Fiber Concrete Compressive Stresses
Along Beam B5 at Applied Load=165 kN

Figure(9): Effect of (f's Jon the Numerical
Load- MidspanDeflection Curves of RPC
Beam B5.
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