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Abstract:

In the present study, new material constitutive relationships for High Strength Steel
Fibre Reinforced Concrete (HSSFRC) has been suggested by means of a regression
analysis of many experimental data (from literature) by using SPSS-statistical program.
This proposed material constitutive has been employed for formulating the material
finite element models to study the behaviour of HSSFRC corbels.

The main focus of this study is developing accurate models to represent the behaviour of
HSSFRC matrix used in structural members.

In finite element analysis; eight-node isoperimetric plane stress elements are employed
to model the concrete material. An elastic-strain hardening plasticity approach
combined with cracking damage is used in modelling the concrete behaviour. The
reinforcing bars are treated as embedded elements. Nonlinear tensile stress degradation
functions are used to model the tension stiffening. Cracked shear moduli has been used
in this study.

The numerical results of proposed material models and corbels behaviour compared
with published experimental results showed good agreement..
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Notations:

a Shear span and constant of regression analysis
b Width and constant of regression analysis

d Effective depth

d; Diameter of fibre

Eq Modulus of elasticity of HSSFRC

E; Modulus of elasticity of steel fibres

E, Modulus of elasticity of steel

F Fibres reinforcing index

fe Uniaxial compressive strength of plain concrete
fer Uniaxial compressive strength of HSSFRC

f Uniaxial tensile strength of plain concrete

fie Uniaxial tensile strength of HSSFRC

f, Yield stress of reinforcement

G Uncracked shear modulus

G Cracked shear modulus

G; Fracture energy

he Characteristic length

1,3, Normal and shear stress invariants

I Length of fibre

N Number of sample

N ; Effective numbers of fibres per unit cross section area
P Applied load

R Reaction

S Uniaxial compressive to tensile strength ratio (fe / fir)
Vi Volume fraction of fibre

a, Principal stress ratio (o1/ 62)

ai, P Stress function parameters

Orientation factor of fibres
£, Principal strains

Eeuf Ultimate crushing strain of HSSFRC

gi Current tensile strain

o Limiting tensile strain normal to the crack

gpf Compressive strain at peak stress of HSSFRC

o Tensile strain at peak stress of plain concrete
i Tensile strain at peak stress of HSSFRC

@ Reinforcement bar diameter

go o Equivalent effective stress
1»~2 Inci

N Principal stresses

Ultimate principal tensile and compressive strength respectively in the
tension- compression zone of stress

1. Introduction

In the 1970s, (62 MPa) concrete has been produced [1], the use of high strength concrete has
increased rapidly because of the demand for higher strength and durability. To be used for
high-rise buildings, high strength concrete avoids the unacceptable oversized columns on the
lower floors, allowing large column spacing and usable floor space, or increasing the number
of possible stories without detracting from lower floors [2]. The major difference between the
normal and high strength concrete is that high strength concrete tends to behave as elastic and
more brittle material compared with normal strength concrete [3]. However, this brittleness
can be overcome by adding fibre[4]. The concept of using fibre was to improve ductility and
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avoiding brittle behaviour and enhance the compression, tensile, shear, flexural strengths,
toughness, durability and resistant to impact [5].

Corbels are structural members which are build monolithically with columns and its main
function is to support precast (beam, slabs..., etc) and transfer of vertical and horizontal
forces to principle members (column, wall).

Several studies have been made to investigate experimentally the behaviour of HSSFRC
corbels [6,7], and little works have been carried out to study the response of fibre reinforced
concrete corbels using nonlinear finite element analysis. An important part of any nonlinear
finite element analysis is to model the constitutive material relationships. The constitutive
models should correctly describe the behaviour of the material under uniaxial and multiaxial
states of loading. Various researchers and numerous proper constitutive relationships have
been proposed to simulate the behaviour of HSSFRC [8,9].

In the present research work, many constitutive models are used to simulate the nonlinear
behaviour of HSSFRC. In order to demonstrate the validity of the proposed models, many
computer programs coded in FORTRAN 90 have been implemented and used for nonlinear
finite element analysis of HSSFRC corbels under static loads over the entire range of loading
and up to failure.

2. Material Constitutive Relationships

In order to analyze reinforced concrete structure by finite element method, suitable nonlinear
material models are required.

2.1 Compressive Behaviour of Concrete

The compressive strength of plain concrete (f.") will be improved by addition of steel fibre
which leads to improve the strain (&pf) at peak compressive strength of concrete (fis ) and
consequently improve the ultimate compressive strain value (&uf). The influence of steel
fibre content (Vs %) and its length to diameter ratio (ls/ d: ) on compressive strength and strain
can be formulated using the experimental data of references [10-13] by performing a
regression analysis of this data using SPSS program with the following outcome

’ ’0.65
fo = f/+0.33.F.f, o
Seur =1.229.10%). 1> +0.005.F (3)
where F, fibres reinforcing index:

Good index of determination which was equal to 99.2%, 97.7%, and 91.5% for equations
(2),(2) and (3) respectively.

The plastic behaviour of concrete compression strain can be represented in two models which
are perfectly plastic and strain hardening. In the perfectly plastic model, the plastic behaviour
will start when the effective stress reaches the value of compressive strength (fi; ) and is
continued until crushing state occurs. While in strain hardening model the plastic simulation
of strain will begins directly at (6=0.3 fc), as depicted in Fig. (1). To determine the
consecutive expansion of the loading surface during the plastic strain case it is necessary to
employ the hardening rule. Nonlinear regression analysis has been done of experimental
stress (o)-strain (&) data from references [4,11] in SPSS program, equation (5) was
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proposed with a very good index of determination of 99.25%. Fig.(2) shows the comparison
of proposed model and the experimental results.

o=-afy.(eley)l(e/bey)—2] (5)
where:

a=0.63+1.115.F2-0.997.F3 (6)
b=0.345+2.498.F2 - 2.275.F (7)

and & is the concrete strain, its value is between (0 - &f ).

A

Jor 4 Crushing
v 1 ardent
Z —— Strain hardening
5
2 — Perfect Plastic
034 —-——- Tension Stiffening
Compression
Em &y
e ' T . »  Strain
\\\ Spf Ecuf
Tension \ - S
X

S
Fig. 1. Compression and tension stress-strain models.

Vi=1.0% Vi=0.5%
120 120 —
100 100
o 80 80
= ©
w60 % 60
g =
»
= 40 40
bt ——Experimental [4] g ——Experimental [4]
20 ~#-Proposed Model n 2 ~#-Proposed Model
0 0
0 0.002 0.004 0.006 0 0.002 0.004 0.006
Strain Strain

Fig. 2. Comparison of proposed model with experimental
data for uniaxial stress-strain curves in compression [4].

2.2 Tensile Behaviour of Concrete

It is a well-known fact that the addition of fibre plays an important role in the improvement
of the tensile behaviour of concrete by increasing the tensile strength, controls crack
initiation, and increasing in cracking strain value. After cracking point at tensile strength (fx)
the HSSFRC specimens showed smaller cracks width than in the case of plain concrete
because of increaser bonding force between concrete components due to the presence of
fibre, which consequently increase the resistance to the tensile stresses. So to formulate a
tensile stress—strain relationship of fibre concrete, it is better to separate it into two regions,

4
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namely, pre and post-peak regions. For formulating the pre-peak tensile stress—strain relation,
a regression analysis was made from many experimental data available in reference [14] and
equation (8) was proposed with a good index of determination of (97.8%).

fo="fs.(e/&s)" (8)
17 =0.683—0.118.F (9)

Where tensile strength of HSSFRC (fi) has been obtained by regression analysis depending
on numerous experimental data from references [15,16, and 17] and equation (10) was
proposed with a good index of determination about (97.0%).

fs = f/+0.0385.N; +3.4.F (10)

N, = B.(4V, | 7.d?) (11)

where (5) represents a direction factor of fibre and may be taken to be equal to (0.41) [18].
And tensile strain (&, ) at tensile strength (fy) is proposed depending on experimental data
available in the reference [14], thus equation (12).

&g =& +0.00026.N 1;.d (12)

Good agreement (index of determination=94.0%) was obtained.
Tension stiffening effect in the cracked concrete has been taken into account by adopting a
nonlinear tensile stress degradation function with the current tensile strain (¢&;) depending on

experimental and fracture energy concept [19], as follows

o= fel(e —em) &g —&m)]” (13)

where (&,) is the limiting tensile strain, and this value is calculated by the area under the
stress-strain curve as follows

o &m
G, = j c.ds = j oh. de (14)
0 &tf
Gy =hy fy- [[(6— ) g — )1l (15)
Gy =[h,. s (e — & )1/5 (16)
where
em =[G ) [(h. T )]+ &y (17)

and (h) is the characteristic length of the Gauss point.

While the estimated amount of fracture energy (Gy) is formulated as equation (18) shows
depending on experimental data available in references [20,21, and 22] with index of
determination equal to 89.7%.

G, =3.065(10) °.f*** +3.637.F (18)

2.3 Biaxial Behaviour of Concrete

A strain hardening plasticity approach is employed to model the compression behaviour of
concrete. A hardening role is chosen to describe the growth of yield surface during plastic
loading. A vyield function depending on the mean normal stress (l;) and the shear stress
invariant (J,) is used [19,23]
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f(|1132)=\/0‘f L +5;(33;) =0, (19)
Where (o5) and () are material parameters and (o) is an equivalent effective stress, taken as
the compressive strength (f). The stress function defined in equation (19) may be written in
terms of the principal stresses as

Bil(0f + 03 +03) (010, + 0103+ 0,03) | + a1 (01 + 03 + 03) = 07 (20)
for the uniaxial compression test

oy = fy 0y =03=0 (21)
for the biaxial compression test

o, =0,=w.f; (22)

Applying regression analysis to the experimental data of reference [24] the following model
is adopted taking into account the influence of the stress ratio, fibre aspect ratio and volume
fraction, then (w) (for the range of steel fibres used for practical purpose) becomes equal to

w=1.218+0.123 F°%* (23)

Very good compatibility is found from equation (23) and experimental data (index of
determination=98.2%), Fig. (3) shows the comparison of proposed model and the
experimental envelope.

The use of equations (21) and (22) in equation (20), (a) and (f5) can be expressed as follows
a; =[(L- o) (0* - 20)]o, (24)

B =[1-20)(&* - 20)] (25)

And the yield condition can be written in term of the stress components in plane stress
problem as

_ 2 2 2 05 _ ( )
f(0)=[B{(cf +07 ~0,0,) +3(5)}+ (0, + 0 ) =0 26
(a) (b)
2 2
18 18 o
> 2>
16 \e,;,‘\' 16 °1'\°-»
o 4 1%
—_ o 1.4 — =0~
= o\ 12 l®
™ 1 _05° ~ P = \ngjﬂ
e 08 °1,|°V B 08 o‘=-|°
0.6 08
o 0.4
0.2 Expermintal[22] 02 /7 — Expermintal[22]
—==- proposed model o ys —=- proposed model
o
o 0.2 04 06 o8 1 1.2 14 16 18 2 o 0.2 0.4 0.6 08 1 1.2 1.4 18 1.8 2
ci/for o1/ for
(c)

/J — Expermintal[22]
——-- proposed model

] 02 04 08 08 1 12 14 16 18 2

a1/ for
Fig. 3. Comparison of proposed model and experimental
envelope [24]. (biaxial compression-compression region):
(a) V¢=0.0; (b) V¢=0.5; and (c) V¢=1.0.
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In the case of biaxial tension-compression stress state of concrete, the high strength concrete
is supposed to follow the linear behaviour as shown in Fig.(4) [25], therefore, a linear relation
of equation (27) has been adopted to predict the ultimate tensile strength

S(0-1/ fcf)+(0_2/ fcf):1 (27)
where

Equation (27) can be rewritten to give the peak compressive strength (o2,) as a function of
(fer), (S) and (a2) as

0yp = fes /(S +1) (29)
And the peak tensile strength as
O_lp = O_zp-az (30)

where the values (o1p) and (o2p) are the limiting principal tensile and compressive strengths,
respectively and (o) is the principal stress ratio (o1/ 02).

0.1
9=, 0.05 1 —
— —
—
=) =
—
—
— Ex permental[23]
_ - = Proposed model
O T T T T
-1 -0.8 -08 -04 -0.2 0
a2/fef

Fig. 4. Comparison of proposed model and experimental data of high
strenath concrete under biaxial tension-comporession [251.

2.4 Modulus of Elasticity of HSSFRC
Equation (31) was derived to represent the modulus of elasticity of HSSERC. Applying
regression analysis of many experimental data from reference [15] lead to

E.; =3830.,/f, +10°V, (31)

where (fer) is in MPa
A suitable index of determination (93.0%) was obtained showing a good agreement with the
experimental data.

2.5 Shear Modulus of Cracked Concrete

When a crack is developed in concrete, the surface of the crack is rough and irregular. The
majority of the coarse aggregate particles remain embedded in the crack surface. Further
movement will be restricted by friction of the aggregate particles, so a certain amount of
shear stress will be transferred across the crack interface, this is called aggregate interlock.
Also, there is a major shear deformation after tension cracking has occurred, which is an
interaction between the reinforcement and concrete. In finite element analysis, the shear
stiffness of cracked concrete elements can be calculated by reducing the shear modulus of
uncracked concrete, equation (32) was proposed and employed to simulate that

7
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G =05G[l—{(s—&4)/ &, }*°] (32)

where (G ) and (G ) are the uncracked and cracked shear modulus respectively.
Poisson’s ratio and the modulus of elasticity of concrete are equal to zero after cracking has
occurred in the direction perpendicular to the cracked plane.

3. Finite Element Formulation
The eight-node isoperimetric plane-stress element (quadratic element) is used in the present
study. Standard Serendipity shape function with two degrees of freedom at each node is
adopted. The formulation of this element is mentioned elsewhere [23,26,27].

An embedded bar representation is implemented for steel reinforcement. This approach is
similar to that adopted by Ranjbaran

[28]. The reinforcing bar is -

represented by an axial element %
embedded anywhere within the A
element as shown in Fig. (5). The ! :
failure mode of corbels is often shear < %
failure, shear reinforcement is closed
stirups and for this type of . £ )
reinforcement, the influence of slip
between the concrete and
reinforcement steel bar is limited. In

addition, many investigators P .
[8,9,29,30,31] assume perfect bond

between concrete and steel Parent Element Master Element
reinforcement for various types of Fig. 5 Embedding reinforcement in reinforced
structures. Therefore, perfect bond is concrete element [28].

assumed between the reinforcement
and surrounding concrete.

4. Numerical Examples

4.1 Description of Test Specimens

HSSFRC corbels were investigated experimentally by Campione et al. [7]. Corbel
No.1,v,=0.5% and Corbel No.2,v,=1.0% specimens were chosen to carry out the finite

element analysis and check the validity of the present material models. The material
properties of these corbels are summarized in Table (1), and the dimensions as well as the
primary and secondary (stirrups) reinforcement are shown in Fig. (6).

P, 8 *kj/ Cylindrical joint
[
vl',i‘ir,ii,i»’:

4 $10 columnreinf :
Steel plate P
$6 @100mm ties @6 stirrups 0
| i ‘ - T *%
i | | 160
| ) H #“’ |
suppo&ﬁ; H _i 2 #10 main bars I ‘ ‘ 190
‘ ‘ A 190 | 1gp | 190
P/2 P/2 S
(a) (h)

Fig. 6. Test specimen [7]: (a) Loading arrangement; and (b) Dimensions and reinforcement details.
8
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Table 1. Details of corbels [7]

Corbel No.1 Corbel No.2

Concrete
Shear Span (a) (mm) 110 110
Width (b) (mm) 160 160
Effective Depth (d) (mm) 140 140
Compressive Strength (fer) (MPa) 82.0 86.0
Tensile Strength (fir) (MPa) 7.44 8.66
Modulus of Elasticity* (E.) ( MPa) 35180 36500
Main Reinforcement
Bar Diameter (&) (mm) 2910 2910
Yield Stress (f,) (MPa) 488 488
Modulus of Elasticity (Es) ( MPa) 200000 200000
Secondary Reinforcement
Bar Diameter (&) (mm) 4 P 6 4 D6
Yield Stress (f,) (MPa) 445 445
Modulus of Elasticity (Es) ( MPa) 200000 200000
Steel Fibre
Average Tensile Strength (MPa) 1115 1115
Volume Fraction of Fibre (V;) (%) 0.5 1.0
Aspect Ratio (It / df) 60 60

* From equation (31)

4.2 Finite Element Idealization
A computer program coded in FORTRAN 90 was implemented for nonlinear analysis of
HSSFRC corbels using finite element modelling,
material constitutive relationships were described in
. ; ¢
the previous sections. Due to symmetry, one-half of
the corbel was modelled using 12 eight-node Reaction
elements, two of these elements were idealized as P Steel Plate
steel, representing the steel plates as shown in Fig.
(7). The simulation of the support has a significant
effect on the behaviour of reinforced concrete
members[30], therefore, the support was simulated
by three points with the outer points carrying some
fraction of total reaction (R) (each outer points
carrying 0.175 R).
The numerical analysis have been generally carried
out using strain hardening model for fibrous
concrete in compression and reduced integration
(2*2 Gauss points) rule.
4.2 Finite Element ldealization
A computer program coded in FORTRAN 90 was
implemented for nonlinear analysis of HSSFRC
corbels using finite element modelling, material
constitutive relationships were described in the Fig. 7. Finite element mesh
previous sections. Due to symmetry, one-half of the and boundary conditions.
9
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corbel was modelled using 12 eight-node elements, two of these elements were idealized as
steel, representing the steel plates as shown in Fig. (7). The simulation of the support has a
significant effect on the behaviour of reinforced concrete members[30], therefore, the support
was simulated by three points with the outer points carrying some fraction of total reaction
(R) (each outer points carrying 0.175 R).

The numerical analysis have been generally carried out using strain hardening model for
fibrous concrete in compression and reduced integration (2*2 Gauss points) rule.

4.3 Analysis of Results

The experimental and numerical load—deflection curves for Corbel No.1 and Corbel No.2 are
shown in Fig.(8). This figure shows good agreement for the finite element solution and the
proposed constitutive relationships compared with the experimental results. The stiff results
at the initial of the load—deflection curve maybe due to the developed models having no
concern with the influence of creep. The computed failure loads for all corbels are close to
the corresponding experimental collapse load as listed in Table (2).

Crack patterns at ultimate load are shown in Fig.(9), and can be compared with the
experimentally observed crack pattern shown in Fig.(10). A good agreement can be observed
between the numerical and experimental patterns.

Table 2. Experimental and numerical failure load of corbels

Corbel No.1 Corbel No.2

Experimental Ultimate Load (kN) [7] 431.5 475.3
Numerical Ultimate Load (kN)(Present Study) 448.8 481.3
Numerical / Experimental 1.04 1.01

250 250 1

200 200
° g
< 15 = 190 ]
3 >
& 100 T 100 |
T —EXP[7] 3 —EXP[7]
S w —Present Study %01 —Present Study

0 t ; ‘ f ; { 0 : : : : :
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Deflection (mm) Deflection (mm)
()
Fig. 8. Load-deflection curves: (a) Corbel No.1, V¢=0.5; (b) Corbel No.2,

V¢=1.0.
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N
N LY
* I~
X \
\ \
Abeafi Vi
\
Fig. 9. Numerical crack pattern Fig. 10. Experimental Crack pattern[7].

at ultimate load.

5. Conclusions

Based on the results presented in this study, the following conclusions can be drawn:

1. Many material constitutive relationships for HSSFRC (which contains any type of
steel fibres) are adopted. All proposed models showed good agreement with tests data.

2. The developed models proved to give good results for the analysis of HSSFRC
corbels subjected to the incremental loading up to failure.

3. The load—deflection curves and crack pattern (location and direction) obtained from
the numerical analysis are found to be in a good agreement with the experimental results.
4. The ultimate load of HSSFRC corbels which is obtained from present study are in

good agreement with the experimental results.
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Abstract
Creep and shrinkage of concrete are considered to be the most important factors that affect
the long term behaviour of reinforced and prestressed concrete members.
In this study a nonlinear time dependent finite element analysis of reinforced concrete
concrete beams and columns is presented. Plane frame element with composite layer
system is used to represent the concrete and the reinforcing steel with an additional axial
degree of freedom used at the mid length of the frame element to model the strain
variation across the element length. An incremental — iterative scheme based on Newton —
Raphson’s method is used to solve the nonlinear equations of equilibrium depending on the
displacement criterion to check the convergence of the solution.
The nonlinear behaviour of concrete in compression, cracking, yielding of steel and
geometric nonlinearity were taken into account. Time dependent effects (creep and
shrinkage) of concrete were calculated using empirical equations that depends on the
creep and shrinkage calculated from ACI Committee (209) recommendations for ordinary
concrete. The predicted time dependent deflection using the adopted numerical procedure
together with the materials constitutive relationships, showed good agreement with the
experimental results of beams and columns made with low, medium and high strength
concrete.
Keywords: Beam, column, creep, deflection, finite element, shrinkage.
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Introduction

The present trend towards using higher strength concrete, reinforcing steel and the strength

design method since the early sixties of the last century resulted in shallower sections of

reinforced concrete members. For this reason, the problem of predicting and controlling

deflections of reinforced concrete flexural members during the service conditions has become

increasingly important since then. Excessive deflection can cause either aesthetic or functional

problems, may results in damage of either structural or non-structural elements and may cause

discomfort to occupants where dynamics effects occur due to insufficient stiffness [1]. However,

long term deflection is more important than the short term one and in most cases it is much more

than the short term deflection [2,3].

Concrete is one of the materials whose properties change with time like the compressive

strength, tensile strength and elastic modulus. Other important properties which are also time-

dependent are shrinkage and creep. These changing properties affect the internal strain and stress

distribution and lead to a redistribution of the internal forces that results in values different from

those induced at the initial time of loading. The effect of creep and shrinkage on reinforced and

prestressed concrete members can be summarized as follow [2]:

1- The shrinkage strains usually create tensile stresses in concrete leading to cracking,

2- In flexural members, the deflection and the stresses in the compression steel increase with
time,

3-In columns the relaxation of concrete stresses cause an increase in the longitudinal
compressive steel stresses,

4- Redistribution of forces in highly stressed regions and

5-In prestressed members, the prestressing force decreases with time and thus reducing the
effectiveness of prestressing.

Predicting short and long term deflections was the concern of engineers and researchers long
time ago. For more than four decades, the American and Australian codes [4,5] have used

Branson’s equation to determine an effective second moment of area | for the span which is

then used to estimate the short term deflections. Bischoff [6] proposed a modified version of
Branson’s equation that provide a better prediction of immediate deflection. Gilbert and
Kilpatrick [7] proposed a simple empirical equations for predicting long term deflections of
flexural members using the age-adjusted effective modulus method. The method takes into
account the long-term creep and shrinkage- induced changes in curvature of reinforced concrete
members. The predicted long term deflections correlate well with measured deflections of beams
and one-way slabs.

Since the late seventies of the last century, nonlinear time-dependent finite element analysis is
used also to predict the long term behavior of reinforced concrete columns, arches, plain frames
and shells taking into account the shrinkage and creep of concrete [8-10].

The object of this study is to develop a time-dependent nonlinear finite element analysis of
reinforced concrete beams and columns and to validate the accuracy of the proposed method by
comparing the numerical results with published experimental deflection — time relationships for
beams made with low and high strength concrete and columns made with medium strength
concrete.
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Materials Constitutive Relationships

Concrete in compression
The equation proposed by Carreira and Chu for plain concrete in uniaxial compression [11] is
used in this investigation:

k Blec /&)

= 1
fe ﬁ—1+(5c/50)ﬂ @

where f.is the stress at strain e, , fc' is the cylinder compressive strength of concrete, &, is the

strain at peak stress and proportional to the compressive strength and usually taken equal to
0.002 and g is a variable that depends on the concrete strength as given in Equation (2):

e 3
[;’_(32_4) +1.55 2

Concrete in tension
In this investigation the following equation which was developed for reinforced concrete in
uniaxial tension by Carreira and Chu, [12] is used in this investigation:

f Blale)

- = . 3)
fo  B-1+(e/ &)

where fiis the stress at strain &;, g is the variable defined in Eq. (2) , ft' is the tensile strength

and gt' is the corresponding strain and ranges between 100-130 ps. In the absence of test data ft'
for normal strength concrete, can be taken as [4]:
f{ =0.5, ¢ 4)

For high strength concrete, the tensile strength of concrete can be taken as follow [13]:
f{ =0.58,/ f¢ (5)

Elastic modulus of concrete
The equation recommended by the ACI Committee [4] for normal weight concrete is used in this
investigation:

Ec = 4730,/ f (6)
For high strength concrete, the following equation which was proposed by Carraquillo et al. [14]
is used:

E. =3320,/f{ +6900 @)
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Time dependent strains

The ACI Committee 209 recommendations [15] are used for predicting the shrinkage and creep
strains with the corresponding correction factors for mixes with properties other than the
following values; the relative humidity (< 40%), thickness of the member (< 150 mm), slump (<
130 mm), fine aggregate percentage by weight (40-60%), cement content (279 — 445 kg/m®), air
content (< 6%) and age when the member is loaded (7 days) for moist cured concrete. The
ultimate shrinkage strain is taken equal to 780 ps and the ultimate creep coefficient equal to 2.35.

Finite Element Formulation

Since the shear deformation is not dominant in reinforced concrete members with the usual
dimensions, a plane frame element with a composite layer system is used to represent the
analyzed beams and columns in this study. At each node there are three degrees of freedom (two
translations and one rotation). An additional mid-length axial degree of freedom is imposed to
simulate the variation of strain along the element length making the element stiffness matrix
(7x7). This additional degree of freedom is eliminated latter on using static condensation leaving
the size of the stiffness matrix of the element (6x6). The additional mid-length axial degree of
freedom is calculated then using the original stiffness (7x7) matrix and the displacements at the
external nodes of the element. The derivation of the shape function, stiffness matrix and the
solution procedure is mentioned elsewhere [16-18]. An iterative scheme based on Newton-
Raphson’s method is employed for the nonlinear solution algorithm. A displacement criterion is
used to check the convergence of the nonlinear solution. The average modified absolute value is
used as follow:

1N Ari

>
N iz

<Tol. (8)

fi ref .

N=total degrees of freedom of the member, Ar;= change in the degree of freedom (i) between the

previous and the current iteration,

i ref. = reference displacement which represent the largest value of a certain displacement
component and

Tol. = a prescribed value for the tolerance which varied in this study between (0.8-2.5%)
depending on the required accuracy [17].

The time interval used in the analysis depend on the problem, but in general an interval of 5 days
is used in the early ages due to the relatively rapid increase of shrinkage and creep strains and
increased latter on to 25 days after the first 100 days. However for the high strength concrete
beams of example 2 below, the time interval in the early ages was 3 days.

RESULTS AND DISCUSSION

EXAMPLE 1

Washa and Fluck [19] have tested a series of reinforced concrete beams under sustained
uniformly distributed load. The beam B3 which was simply supported on an effective span of
6.096 m and uniformly loaded with a sustained load of 1.561 kN/m (at the age of 14 Days) is
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chosen in this study for the analysis. The beam has the following properties: b = 152.4 mm, h =
203 mm, d = 157mm, A, = 396 mm?, fC' =23.6 MPa, f, =324MPa and Es = 22972 MPa. The
properties of the concrete mix and other relevant data are given in Table (1).

Table (1) Mix properties of concrete for Example 1 [19]

to Relative Slump Air Content | Thickness Cement Fines
(Days) Humidity (mm) (%) (mm) Content (%)
(%) (kg/m’)
7 47.5 152 4 203.2 333.3 37

The span is divided into 48 elements and each element into 24 layers besides the steel layers. The
variations of the measured and numerical values of the deflection with time are shown in Figure
(1) and it may be seen that very good agreement is obtained. The Figure shows also that the long
term deflection due to creep and shrinkage increase with time at a reduced rate similar to the
increase in creep and shrinkage strains of concrete.

70
€
£ 60
c
2
B 50
2
3
= 40
& —#—  Experimental [19]
2 30
= —®—  Present Study

20 I I I I I I j

0 50 100 150 200 250 300 350 400

Time (days)
Figure (1) Variation of the deflection with time, beam B3 [19]

EXAMPLE 2

A series of high strength concrete beams with and without steel fibres were tested by Ashour et
al. [20] under long term loading, the beams without steel fibres were chosen for the analysis in
this study. Figure (2) and Table (2) show the geometry and the reinforcing detail. The beams
were divided into six elements in the shear spans and four elements in the constant bending
moment region (a total of 16 elements) and each element was divided into 12 layers in addition
to the steel layers. The beams were loaded by 6 kN (2x3 kN) which is about 50% of the ultimate
load. The loads were sustained for a period of 180 Days. The correction factors for the concrete
mix and other parameters are shown in Table (3). The creep coefficient is taken as 60% of the
value for normal strength concrete, since the creep in high strength concrete is about (50-75%) of
that for normal strength concrete as mentioned by Ngab et al. [21].
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Figures (3-5) show the variation of the deflection with time for the three beams whose details
are shown in Tables (2-3). The good agreement between the numerical and the measured
deflection is clear from the three Figures. It is well known that the compression steel reduce the
long term deflection due to creep and shrinkage. Figure (6) show that when the compression steel
equal to 50 and 100% of the tension steel the total long term deflection at the age of 180 days
reduced by 19 and 28% respectively relative to that of the singly reinforced beams.

— P=3kN

P=3 kN

A3 v

A

1160 mm

»500mm |

=

1160 mm

1
1
|
—>

2820

\ 4

A

(@) Longitudinal section

100 mm

e As o

A

150 mm

.As [ J
A 4

(_b_) Section A-A

Figure (2): Geometry and reinforcement details of Beams (BS), (a) Longitudinal
section, (b) Section A-A [20]

Table (2) Details of the beams tested by Ashour’s et al. [20]

125 mm

Beam Designation Longitudinal Reinforcement f¢
Tension Compression (MPa)
BS-0.0 o 80.19
BS-0.5 2010 1610 80.19
BS-1.0 2010 2010 80.19
Table (3) Properties of the Concrete mix for Example (2)
to Relative Humidity | Slump | Air Content | Thickness Cement Fines
(Days) (%) (mm) (%) (mm) Content (kg/m®) (%)
3 80 45 * 150 548 *
* Not specified and the correction factor assumed = 1.0
18
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Figure (3) Variation of the deflection with time for beam BS-0.0 (A J/As = 0)
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Figure (4) Variation of the deflection with time for beam BS-0.5 (A y/As=0.5)
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Figure (5) Variation of the deflection with time for beam BS-1.0 (A JAs=1.0)
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Figure (6) Influence of the compression ggel on the calculated long term deflection
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EXAMPLE 3
A series of columns have been tested by Behan and Connor [22] as shown in Figure (7) with an
initial crookedness (deflection y,) under short and long term loading. The initial deflection is
represented in this study by a parabolic relationship as shown in the following equation:
yzélﬁ.x—éli.x2 €)]
I 12
Where y, = initial deflection at the mid height of the column.
Two columns (L110 and L111) with 1220 mm long each have been tested under long term
loading are chosen for the analysis. The columns were reinforced with two layers of steel (3 #
4.04) and the distance between the two layers is 28 mm. The cross-section and the reinforcement
detail are shown in Figure (7) and Table (4). The yield strength of the bars = 231 MPa and the
elastic modulus = 206 GPa. Due to symmetry, half of the column was analyzed. Half of the
column is represented by 10 finite elements and each element with 18 layers in addition to the
steel layers. The two columns were subjected to the sustained loads given in Table (4).

° ° ol + £
£
6 #4.04 mm ®
° ° o y 2
b=76 mm >
Section A-A
Figure (7) Column centerline and cross-section of Example 3 [22]
Table (4) Details of the columns of example 3 [22]

Column Column Slenderness | Initial Central | Sustained axial fe
Number | Height (mm) | Ratio (I’h) | Deflection (mm) | load (kN) (MPa)
L 110 1220.0 32 2.591 32.04 42.1
L111 1220.0 32 2.057 26.7 41.9

The variation of the measured and calculated deflections with time for the two columns is shown
in Figures (8-9), a good agreement can be noticed between the two variations with time.

A relationship is drawn between the age and the sustained loads for the two columns (having the
same slenderness ratio), the load that can be sustained at the age of 10000 Days (27.4 years) is
found from this relationship and called the creep capacity [22]. A good agreement can be
noticed in Table (5) and Figure (10) between the experimental and predicted values of the
column lives and creep capacities of the two columns. Table (5) show that the creep capacity of
the analyzed reinforced concrete columns inversely proportional with the eccentricity and
applied sustained load.
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Table (5) Experimental and predicted column life and creep capacity for columns L110 and L111

Column Column life (Days) Creep Capacity at 10000 Days (kN)
number Experimental Present Study | Experimental [22] Present Study
L 110 16 13
20915 19.384
L111 277 288
18

Mid Height Deflection (mm)

Mid Height Deflection (mm)

—— Column (L110) (Experimental [22])
—e— Column (L110) (Present Study)

10

100

Time (days) (log scale)
Figure (8) Variation of the deflection with time for column L110 [22]
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Column (L 111) (Experimental [22])
—e— Column (L 111) (Present Study)

T
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100 1000

Time (days) (log scale)
Figure (9) Variation of the deflection with time for column L111[22]
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Figure (10) Variation of the Axial Load with time for columns L110, L111[22]

Conclusions

1-

The chosen plane frame element with the composed layer system, the solution strategy and
the adopted materials constitutive relationships is capable of tracing the time dependent
behaviour of normal, medium and high strength reinforced concrete beams and columns.

The compression steel reduces the long term deflection by as much as 28% relative to that of
the singly reinforced beams.

The time dependent behaviour of reinforced concrete columns like the column life and creep
capacity is also predicted reasonably good using the adopted type of the finite element
together with the materials constitutive relationships.

The creep capacity of the reinforced concrete columns inversely proportional with the
eccentricity and applied sustained load.

The long term behaviour should be taken into account during the design of reinforced
concrete members and the proposed procedure for calculating the column life and creep
capacity can be used as a design guide.
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Abstaract

This paper represents the applicability, ability and accuracy of a modified hypoelasticty
model in simulating the concrete behavior under three dimensional loading state. The model
is based on orthotropic approach and the concept of equivalent uniaxial strain. The model
was adopted for the nonlinear analysis of reinforced concrete box beams under combined
torsion and bending loading. The 8-node isoparametric brick elements are used to model the
concrete, while the reinforcing bars are idealized by 3D truss axial members connected to the
nodes of concrete element assuming perfect bond between the concrete and steel bars. The
principal stress axes are assumed to be parallel to the material orthotropic axes. Cracking of
concrete was modeled by smeared cracks model with fixed orientation. Tension stiffening
model are used to represent the post-cracking behavior of concrete. The validity of the
concrete material model and the accuracy of the developed computer program for the
nonlinear analysis of box beams under combined torsion and flexural loadings are checked by
comparing the predicted results with that of the experimentally tested beams. The predicted
results showed good agreement with the published experimental results.

Keywords: Box beams, Finite Element, Hypoelasticity, Reinforced concrete.
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1. Introduction

Concrete is a non-homogeneous, anisotropic material with nonlinear response even under
small stress levels. Furthermore, concrete exhibits a different behavior under tension and
compression stresses. In compression, the response hardens up to a peak stress value that
depends on the level of lateral confinement. The post peak behavior depends in general on the
level of lateral confinement, while under low confinement; the post-peak response is brittle
softening. By increasing confinement stresses, the response of concrete changes to ductile
hardening [1, 2]. Under tensile stresses concrete cracks and eventually loses its strength in the
direction of crack. The complex nonlinear behavior of concrete makes it difficult material to
model. In spite of the widespread interest in modeling of concrete under three-dimensional
states of stresses, few models are available for immediate and simple numerical
implementation in finite element method. Models developed to date range from very
sophisticated laws based on plasticity theory that rely on the definition of a plastic flow rule
and on the separation of the deformation into plastic and elastic components, to a simpler
models based on phenomenological rules [3]. Concrete model should be able to simulate the
most important characteristics of the monotonic and cyclic response of concrete under triaxial
state of stresses, while maintaining a certain computational simplicity to allow analyses of
structural elements with reasonable computational efforts.Predicting the nonlinear response
of reinforced concrete box beams under combined action of torsion and bending is one of
complex 3D problems which required a reliable material model.

2. Research Significance

The main emphases of the present study are to develop and check the accuracy of the
hypoelastic orthotropic model which is used to simulate the concrete behavior under
combined action of stresses, and to check it's applicability in the nonlinear analysis of
reinforced concrete box beams.

3. Finite Element Formulation

In this study, concrete is modeled by using isoparametric 8-node brick element which is
shown in Fig. (1), each node of this element has three transitional degrees of freedom, full
details of both theory and performance of the brick element are given in references [4, 5].

A

(a) Local (natural) coordinate (b) Global coordinate
2

Fiaure (1) 8-node isonarametric brick element (4)
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In the present study the discrete bar elements (three dimensional space truss elements) are
used to model the reinforcing bars. This element has two nodes with three degrees of freedom
(translations) at each node.

4. Three Dimensional Concrete Model
4.1 Hypoelasticity Based Model with Orthotropic Approach

The hypoelasticity approach is based on nonlinear elasticity in which the orthotropic
concept is employed to predict the concrete behavior. A hypoelastic models have the ability
to capture shear dilatation, non-proportional loading and cyclic response of concrete [1]. The
developed hypoelastic model is based on the concept of equivalent uniaxial strain [6]. The
principal stress axes are assumed to coincide with the material orthotropic axes.

4.1.1 Triaxial Stress-Strain Relations

It is commonly accepted that concrete was considered as an initially isotropic material
that exhibits deformational anisotropy during loading [7, 8, 9]. Consequently, in structures
where the stress state at every point is defined by three principal stresses, concrete can be
characterized during loading as a nonlinear orthotropic medium with the directions of
orthotropy coincident with the principal stress directions [8]. The incremental stress-stain
relation of concrete with respect to the orthotropic axes (1, 2, and 3) can be written as,

{do} = [CHde} L €))

Where do and de are the vectors of stress and strain increments respectively and C. is the
material matrix which has the following form [8].

[E; (1= p52)  E1E;(uaspizy + t12)  E1E3(aziizz + iy3) 0 0 0 |
1 E,(1 - /1%3) &, EyE3(py2t13 + 32) 0 0 0
[Co] =— Es(1 - ufy) 0 0 o ... (2)
¢ G2 0 0
symmetrical G50 0
Gz

in which,

E; :isthe secant modulus of elasticity,(i = 1,2,3).
G;;: is the shear modulus,(i,j = 1,2,3).

wij - is the equivalent Poisson's ratio, (i, j = 1,2,3) , which is evaluated from the relationships.
Uiz = V105

U3y = VapVpz e 3)
Uiz = v13V34

v;; . is the Poisson's ratio of concrete material, (i, j = 1,2,3).

¢=1—pi, —u —ufs — 232145, andp >0 L (4)
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1 )
G2 = E [E1 + E; — 2y, vV EiE; — (E1lg3 + \/E_zll13 )2]

~~

1
Gz = y” [Ey + E3 — 2p13y/E1 E3 — (Eutizs + y/E3ts2)?]

1
Gy = 20 |E2 + Es — 24123 /E2E3 — (VEza3 + \/E_S:“12 )Z]J

In the finite element implementation, incremental stress-strain relation with respect to
the orthotropic axes must be rotated into the global reference system. This is done by using
the transformation matrix[T], which contains the direction cosines of the orthotropic axes
with respect to the global reference system [10, 11]:

o] = [T [Col T (6)

[D.]:is the material matrix in the global reference system.

4.1.2 Equivalent Uniaxial Strain

The equivalent uniaxial strain is a fictitious strain with no physical meaning except in
uniaxial loading case. It is used to trace the deformation history and determine the hysteric
behavior of concrete, similar to the effective strain concept that was used in the plasticity
theory. It is used to de-couple the three dimensional material law into three equivalent
uniaxial constitutive laws. This concept has been first developed by Darwin and Pecknold
[8]. For a given principal stresses g,,;, the equivalent uniaxial strains &,;are the strains that
would induce the same stresses on the equivalent uniaxial stress-strain curves. The material
parameters that define the equivalent uniaxial stress-strain curves depend on the current stress
ratio. The equivalent uniaxial strains ¢,,; are typically derived from the following incremental
law.

do,;
dey; = E” ...... (7)
where,
doy,: is the increment of the principal stresses.

E; :isthe secant modulus.

The total equivalent uniaxial strain is defined as the sum of the incremental strains de,;

£ = f dey; ~ Z dey, @)

They are fictitious strains defined in the current principal stress directions and
accumulated in the principal stress directions. This does not mean accumulation about fixed
direction but about continuously changing principal stress directions [3].
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4.1.3 Incremental Secant Modulus,E;

In the tensile field, a linear elastic model prior to cracking is used, after cracking the tension-
stiffening model based on exponential function is used as shown in Fig. (2), reference [7]

o; “
Rai [~ 7
} 0; = Reilexp[—(ey — €.) /1]
o, |/ T |
| E
L Ep
0| \
- \ | —
T &y
Eci Eui

Figure (2) Tensile stress-strain relationship

In the compression field, the proposed expression for the incremental secant modulus is
modified from an equation developed byElwi and Murray [8].

E-
E, = (i=123 . 9)
() v (=) ro ()

Eci Eci Eci

However, in place of the “equivalent uniaxial strain”, the incremental secant modulus
E; is expressed as a function of a strain indicator eg; proposed by Tho, etal. [12].

Eo
E; = - (=123 . (10)

1 () 48 () 4 ()

Eci Eci Eci

where, E- is the initial elastic modulus and the coefficients (4;, B;and(;) are evaluated as
follows:

Ai = Ci + Ki - 2
C_K (Ko.l_l)_i ......
' ' (Ksi - 1)2 Ksi}
eci\
K; = E-—=
' Rci
Efi
Ke=—+ L (12)
Cl
R .;
Ksi = R_Cl
fi

29



Development of 3D Hypoelasticty Model for Combined Loading Analysis of Box Beams

Eqg. (12) needs the values at two control points to be defined. These are the stress and
corresponding strain at failure(R.;, £;), and an arbitrary point on the descending branch of
the stress-strain curve, (Ry;, &;) as shown in Fig. (3) [8], and the determination of the stresses

and the corresponding strains at failure (R.;, &) are discussed following sub-sections. The
value of the control point (Rg;, &;) is taken to be(0.25R;, 4.0 &;) [2,7,8,9].

g;

Rci 7777777777

|
|
|
|
|
|
|
|
|
Ry |[f——— B

Eei Eri

Eui
Fiaure (3) Concrete Compressive stress-strain relationship

4.1.4 Determination of Strain Indicator,&g;

The strain indicator in Eqg. (10) defines the extent to which the concrete is loaded in
each principal direction. Since principal stresses act independent of each other, the stress-
equivalent strain relationship in each direction [8] may be expressed as a function of & as

follows:
()
, = . cL ( =1,2, ) ......
7= 1+4; (%) + B, (E—Sf)z + (8—)3 I )

Eci Eci Eci

where (4;, B;and(;) : are coefficients defined in Eq. (11).

After substituting the values of the principal stresses for the current load state into Eq.
(13), strain indicator &g can be evaluated by solving the equation for each direction of
orthotropy. Because of the non-linearity of Eqg. (13), a numerical solution based on the
Newton-Raphson method is adopted to determine ; [12]. Since the selection of an initial
approximation is critical to the rate of convergence of the solution, an initial approximation
of & is suggested as follows [12]:

2 g; (14)
E OIS e
St Ey+Eg
: - . Rei
where, Ej is the initial elastic modulus and E,. = 8—”
ci

4.2 Ultimate Surfaces
To calculate the incremental secant modulus in Eq. (10), it is necessary to determine the
stresses and the corresponding strains at failure (R.;, &;;) -
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4.2.1 Failure Strength Surface

A new unified five-parameter failure surface which is depicted in Fig. (4) has been presented
by Seow and Swaddiwudhipong[13], to be used for normal strength (NC), high strength
(HSC), and steel fiber-reinforced (SFRC) concrete under biaxial and triaxial loading.

Due to the six-fold symmetry of the surface, Egs. (15) to (17) describepy, p., and p(¢, 8), are
sufficient to define the entire failure surface:

¢ Pt |, (Pt)
—=a, (=)' +ay|\=—+a L 15
R AV (15)
$ Pe Pc
—=b(=—)?+b (—>+bc ...... 16
T R HOAE, (16)
1
D(.0) = 2pc(pc? = pe?) cos 6 + p.(2pe — pI[4(pc® — p?)cos?6 + 5p,.% — 4pep.l2 a7
' 4(pc? — p*)cos?0 + (p. — 2p)* 7
201 —0>—
where, cos6 = (631\/5#:3) foro, 20,205 L. (18)
o, + 0, + 03
Ooct =——3 (Octahedral normal stress) . (19)
1
Toct = 5\/(01 —03)% + (0, — 03)% + (05 — 07)? (Octahedral shear stress) ... (20)
0;(i = 1 to 3) is the principal normal stress in the i*" direction, tension is positive.
§=V30,c (21)
p=V3Toe (22)

where,

fewsis the uniaxial compressive strength of concrete cube.
a-, a4, a, : coefficients of tensile meridian.
b, by, b, :coefficients of compression meridian.

The determination of tensile and compressive meridians,p;,p. in Egs.(15), (16) respectively
depends on the constant values (a-, aq,a,, b, by, b;) . The coefficients a. and b. are the
point of intersection of the tensile and compressive meridians with the hydrostatic axis. At
this point, concrete is subjected to equal triaxial tension(f;). Due to the difficulty in
conducting triaxial tension experiments, there exists only few conclusive experimental
findings available for predicting f;;;. Some studies showed that taking f;;.to be equal to f;’
(wheref," = 0.1f.") , results in a closer fit to the experimental data for normal concrete (NC)
and high strength concrete (HSC). Thus, a- and b. are defined by

_ V3free
Cfe

The values of the remaining coefficients, a,, a,, b; and b,, are determined through
regression analysis conducted by Seow and Swaddiwudhipong [13] on (296) experimental
data points of NC and HSC cubes and cylinders for concrete strengths ranging from (20 -
132) MPa, subjected to triaxial loads and failing on p; and p,. .

a. = b =01732 (23)

—-0.1597 ,a,
—0.1746 , b,

—1.455}

a;
b, —0.778
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£ =300 —03

Compressive
meridian, p.

/
/Tensile

meridian, p, | € —o4

(a) General view of failure surface (b) Deviatoric view of failure surface

Figure (4) Unified Failure Surface [13]

4.2.2Ultimate Strain Surface

Unlike the stresses at failure, it is difficult to accurately measure and predict the actual
strains in the vicinity of the failure stresses of concrete [14]. A set of modified equations are
used in the constitutive model to predict the compressive strains in concrete under multi-axial
compression [6].

Rci 3 Rci 2 Rci ] Rci
g = e |[1.6 & —225 & —-035 = | when |- <10 L. (25)
“ 0 fcu fcu fcu fcu
R, R,
£ = —|£0|[3.0 f—“ —2.0] when |-2%|>10 . (26)
cu cu
where,

&, . is the strain at peak compressive stress of concrete.
feu - 1S the uniaxial compressive strength of concrete cube.

In case of tensile strain, the prediction of ultimate strain €; is based on linear relation
shown in Fig. (4), between the ultimate stress R.; and the initial modulus of concrete E, as
follows [19]:

ci

Eci = TS (27)
Eq
4.3 Modeling of Ordinary Steel Reinforcement

The elastic perfectly plastic model is introduced by assigning a zero value for the elasto-
plastic Young's modulus(E,,).

5. Model Verification
5.1Karayannis and Chalioris Beam (Ra)

A series of (12) plain concrete beams with rectangular, non-rectangular, L and T cross-
section were tested under a pure torsion by Karayannis and Chalioris[15]. The selected beam
(Ra) is a plain concrete beam with rectangular cross-section of (100 x 200 mm) and (1.6 m)
length which is divided into three parts: two reinforced end parts and one plain concrete
middle part. The beam is mounted on two roller supports to ensure that the tested beam was
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free to rotate and elongate longitudinally at both ends. The load was applied at the ends of
two steel arms, fixed at the end parts of the beam, through a steel spreader as shown in Fig.
(5). The effective length of the tested beam under pure torsion is (0.6m) as described in the
experimental test.

Experimental testing procedure and applying loads and supporting conditions allow
making use of symmetry, therefore, only one half of the beam is idealized by (48) brick
elements as shown in Fig. (6), the boundary conditions are described in Fig. (7), the material
properties of the beam are given in Table (1).

‘/ load cell

steel spreader beam

steel arm 0.6m

tested beam
(plainconcrete)

roller support

Figure (5) Experimental test setup of beam (Ra)

Figure (6) Finite elements mesh of beam (Ra)
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0.6P for each vertical force

- 4

b All free

T/ T 7 Allfixed
r ‘

t Ay, A, fixed
1

0._5P for each > 7 > 7
horizontal force

e ol ol o e @ G

Y

(a) Atfreeend (b) At mid-section

Figure (7) Boundary conditions and the applied nodal forces of beam (Ra)

Table (1) Material properties of beam (Ra)

Concrete
Compressive strength, f, 20.96 MPa
Young's modulus, E, 21518 MPa”
Poisson's ratio, v 02"
Tensile strength, f; 2.89 MPa

"E, = 4700,/f; [28], "Assumed value

The torque-twist angle curve shows a good agreement with the experimental results as
demonstrated in Fig. (8). The predicted results at failure in terms of ultimate torque and angle
of twist from finite element method are equal to (2.02 kN.m) and (0.00873 rad/m),
respectively; while the ultimate torque and angle of twist from the experimental work were
equal to (1.93 kN.m) and (0.00834 rad/m), respectively, which indicate a good matching
between the two results.

25 71

1.5 +

Torque, KN.m

Exp. [15]
05 | — Present Study
0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Angle of twist, Rad/m

Figure (8) Torque-twist aggle curves for the beam (Ra)
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5.2 Onsongo Beam (TBO3) 5 12.8 © 70mm o/
Onsongo[16] tested three series of beams 80 mm =

under a wide range of (T/M) ratios. All tested I ] 50128
beams were subjected to a uniform bending | I coos
moment and torque along their lengths, and 2samm| | )

were tested to failure. The selected beam L | -7-0 25.5
(TBO3) is of rectangular hollow cross-section R e e —————

as illustrated in Fig. (9), with (2.286 m) tested 76 minf%zgg i ——— 76 mm

span length and loaded with a torque to
moment ratio equal to (0.7).

Figure (9) Cross-section details of (TBO)
A schematic representation of testing rig is
shown in Fig. (10), the steel extension beams were connected to the ends of the concrete
specimens and the torsion arms were clamped to the specimen. The tested beam was

supported at the ends of the steel extension beams.

support

Jack

load, P

support

test region

adjustable steel lever
arms

Figure (10) Schematic representation of testing rig

Making advantage of symmetry, only one-half of the beam is idealized with (1968) brick
elements as shown in Fig. (11). To apply the torque and moment loads steadily and to avoid
local failure and also to satisfy the boundary conditions, a subsidiary concrete brick elements
with stiff elastic material properties were added to both ends of the beam.

The tested beam (TBO3) subjected to constant moment and torque along their length.
To obtain the constant moment, the nodal loads were applied to determine a uniform
compressive stress in the top flange and a uniform tensile stress in the bottom flange. The
nodal loads for torque were applied in two opposite directions having the same value. The
boundary conditions are described in Fig. (12), and the material properties of the beam are
given in Table (2).
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Stiff elements

y
z Pr : Torque force parallel to z axis.
Pg : Bending force parallel to x axis.
Some concrete element has been deleted to show steel bars
Figure (11) Finite elements mesh and the applied nodal forces of
v heam TB®3
A A
) D G G G G G ¢
D D D D
\
\ S S S S
Dl D Gl G G ¢
|- \ |-
\ » 7 \ VZ
Ay, A, fixed Al A, A, fixed
(a) At left end (b) At mid-section
Fiaure (12) Boundarv conditions of beam TBO3
Table (2) Material properties of beam (TBO3)
Concrete
Compressive strength, f, 19.1 MPa
Young's modulus, E. 20541 MPa
Poisson's ratio, ve 027
Tensile strength, f; 1.44 MPa
Steel
Bar dia. Area Yield stress f,
9.5 mm 71.0 mm* 401.0 MPa
12.8 mm 129.0 mm* 393.0 MPa
25.5 mm 510.0 mm* 436.0 MPa
Young's modulus, E 200000.0 MPa™
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"E, = 4700,/f/[28], " Assumed value

The experimental results [16], numerical results of present study and numerical results of
Ref. [17] in terms of torque-twist angle curves of beam (TBO3) are given in Fig. (13). This
figure indicates a good agreement between the predicted results with the experimental results
and also indicate a good matching that given by Ref. [30]. The predicted ultimate torque and
corresponding angle of twist from present study are equal to (143.27 kN.m) and (0.016954
rad/m), respectively; while the ultimate torque and angle of twist from the experimental work
were equal to (144.4 kN.m) and (0.017926 rad/m) respectively which are in very good
matching with the predicted values.

160

140 + %

120 +

100 +

£
Zz 80
X
)
§. 60 +
2 | Exp. [16]
Present Study
20 g Ref. [17]
o ¥ . ‘
0 0.005 0.01 0.015 0.02

Angle of twist, Rad/m

Figure (13) Torque-twist angle curves for the beam (TBO3)

6.Conclusions

From the present numerical investigation of reinforced concrete box beams, the following
conclusions can be drawn:

The hypoelastic model with orthotropic approach adopted in the present work is suitable to
predict the behavior of plain and reinforced concrete members subjected to different types of
loading.
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Dr. Ayad A. Abdul-Razzak Nuha H. Al-Jubory

Assist. Professor Lecturer
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Abstract

In the present work, the finite element method is utilized to investigate the
behavior of fiber reinforced concrete slabs, at pre and post-cracking levels up to
ultimate load. The slabs are partially fiber reinforced at tension zone and other zone are
normal reinforced concrete. A tension stiffening model has been suggested using a
regression analysis of the experimental results, with index of determination (90.61%).
Assumed strain and Heterosis elements are employed in the analysis. A layered
approach is adopted to discretize the concrete through the thickness. Two shear modulii
of cracked fiber concrete are used and it is concluded that the shear crack approach G2
gives better results than G1 approach as compared to experimental results. Several
examples of published experimental results are analyzed using the proposed models, the
outcome results showed good agreement with experimental results.

Keywords: Assumed Strain Element, Finite Element Method, Heterosis Element,
Partial Steel Fiber Reinforced Concrete, Slab, Tension Stiffening Model.
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Notations

ds Equivalent diameter of fiber.
Ec Concrete elastic modulus.
Ect Modulus of elasticity of SFRC.

Ei Initial modulus of elasticity of concrete.

Es ,Es' Initial and second modulus of elasticity for steel.

f Yield function.

f'emax Maximum compressive strength in the direction parallel to the crack.
fe' Uniaxial compressive strength of plain concrete.

fer Uniaxial compressive strength of SFRC.

f Uniaxial tensile strength of matrix.

fis Uniaxial tensile strength of composite.

fu Average tensile stress of fibers crossing the cracked section.
Gy Fracture energy of SFRC.

h Characteristic length of Guass points.

It Length of fiber.

N¢ Effective number of fibers per unit cross section area
Vs Volume fraction of fiber.

(13,0, Strain in principal direction 1 and 2 respectively.
Ceut Ultimate crushing strain of SFRC.

Om Limiting tensile strain normal to the crack.

et Compressive strain at peak stress of SFRC.

[t Tensile strain at peak stress of matrix.

(i Tensile strain at peak stress of composite.

(o Equivalent effective stress.

! Tensile stress

Oy Average characteristic bond strength.

0 Poisson's ratio.

Introduction

Heterosis elements are a 9-node quadrilateral which employs serendipity shape
function for the transverse displacement, and Lagrange shape function for the rotations[1].

The principal reason for incorporating fibers into a cement matrix is to increase the
toughness and tensile strength and improve the cracking and deformation characteristics of
the composite. The fibers appear to has two important roles in reinforced concrete:[2]

e Fibers may permit the post-cracking (or residual) strength of the fiber reinforced concrete to
be used in design, since the fiber reinforced matrix can continue to carry a considerable
amount of load after cracking has occurred, over a wide range of deflection (unlike plain
concrete).

¢ Fibers enhance the bond between the matrix and the reinforcing steel, by inhibiting crack
growth emanating from the bar deformations.

Huang [3] used an artificial method for the elimination of shear locking by interpolating
new shear strain fields from the strain values at the sampling points which are appropriately
located in individual elements.

Proper constitutive models were introduced to simulate the nonlinear behaviors of
reinforced concrete and FRP. The finite element program ABAQUS was used to perform the
nonlinear failure analysis of the discussed problems. The validity of proposed material
models was verified with experimental data and some strengthening schemes were discussed
in detail for engineering applications. It had been shown that the use of fiber-reinforced
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plastics can significantly increase the stiffness as well as the ultimate strengths of reinforced
concrete slabs[4].

Finite element simulation was used to analyze the normal reinforced concrete and
steel fiber reinforced concrete slab due to different percentage of volume fraction with
1%,1.5%,2%,2.5% and 3%.through this simulation. The results of the analysis indicated that,
by using and adding steel fiber into the conventional reinforced concrete, it will influence the
ductility, toughness, energy absorption and strength of concrete [5].

New constitutive models for High Strength Steel Fiber Reinforced Concrete
(HSSFRC) had been formulated by means of a regression analysis of many experimental data
(from literature) by using SPSS-statistical program. The proposed constitutive models had
been employed for formulating the material finite element models to study the behavior of
HSSFRC corbels [6]. These models are used to analyze (HSSFRC) corbels [7] and showed
good agreement with experimental results.

Behavior of Fibrous Concrete in Uniaxial Compression

The addition of fiber to the concrete increased the compressive strength and the strain at
peak stress as defined below [8]:

. Vi,
f,="1 +3.6 1)
df
Vflf
&y =0.0021+0.0007— (2)

f

where f_, f are the compression strength of standard cylinder for plain and fibrous

c? "¢
reinforced concrete (MPa).
V: s fiber by volume.
I,,d; isfiber length and diameter.

The modulus of elasticity of fiber reinforced concrete calculated using the following
equation [9]:

E, =0.43EV, + E,(1-V,) ©)

Es, Ec are modulus of elasticity of fibers and concrete respectively.
The ultimate strain in compression calculated using the following equation [10]:

Eeuf =3011 +2295V¢ (4, ) (4)

The Behavior of Fibrous Concrete in Uniaxial Tension

a. The ascending part:

A simple expression is used for defining uniaxial tensile stress-strain curve up to the
peak stress value of plain concrete [11]. This model takes the effect of fiber reinforced
concrete parameters [12]. The comparison between experimental [13] and numerical model is
shown in Fig.(1):

o =1, 1—(1—iJ ®)
£ 41
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o, . Tensile stress at tensile strain ¢ . ]
fe = f, (1+0.016N}"® +0.057 d I, N/) (6)

where N¢ is the number of fibers crossing a unit z

area =1 ?
2 )

N =1.64 Vi / [ d (7) = s

Experimental[13]
8tf
A = Ei - (8) 05 —— Present study
f
( E; ): initial tangent modulus. 0 s 1w 1 2
Strain x 10E-6
Fig.(1) The ascending part of
tension model

tf Vi=0.5%, f/df=62.5

b. The descending part:

Using regression analysis of the experimental results of references [14 and 15], the
following model is adopted to express the relationship between post-peak stress and strain,
the comparison between experimental and numerical model is shown in Fig.(2), (with index
of determination=90.61%):

R
—fyf S(i—lj
fe "

O. =
t tf (9)
Sand R : constants depend on fiber volume fraction V, and aspect ratio L
f
where
If If i
S =0.66875—0.48842| V, It 0.1125V, T (10)
f f

| -0.50327
R= 6.2651?{ f j (11)

f 'df

After crack initation the elastic modulus and Poisson's ratio are reduced to zero in the
direction perpendicular to the crack and a reduced shear modulus is employed to simulate
aggregate interlock. Two different approaches are used to calculate the reduced shear
modulus:
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25

Experimental[15]
27 " __m Present study

Vi=2.0%, /df=52.6
151

Stress (MPa)

0.5 A

0 05 1 15 2
Strain *10°®

Fig.(2) Descending part of tension model

(i) Approach designated G1: This approach was initially proposed by Al-Mahaidi [16] and
modified by many investigators [17 and 18]. The shear modulus of cracked concrete G can be
calculated as follows:

- 04G
G =
(gl/gt)

(ii) Approach designated G2: This approach was initially proposed by Abdul-Razzak [10]
According to this approach, for concrete cracked in direction 1:

(12)

2
G,, = o.2se{m} for g <e&,
Etf —E€m
=0 for & > & (13)

where:

3G, (14)
En =T + Ey

h.f,
G, = 0.04592Vf|f (15)

f

7, =2.62 —0.0036N ; (17)
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Material modeling of Plain Concrete:
Based on the flow theory of plasticity, the nonlinear compressive behavior of concrete is
modeled. Adopting Kupfer's results [19] the yield condition for the plate can be written in

terms of the stress components as:

f(c) ={L.355 [(o” +0' -0,0,)+3 (r +72 +7, 2)]+0.355 o (0, +0 )}1/220'0

(18)

where (o) is the equivalent effective stress taken as compressive strength ( fc')
which is obtained from uniaxial test. This model is used in many investigations [20 - 23].

Both perfect plastic and strain hardening plasticity approaches are employed which

are illustrated in Fig. (3).

The crushing type of concrete is a strain-controlled phenomenon. A simple way is by
converting the yield criterion directly in terms of the strain; thus the crushing condition can
be expressed in terms of the total strain components as:

2
1.355 [(&? +6‘§ -¢&,£,)+0.75 (7X2y +72 +7§Z)]+0.355 &,(e,+¢,)=¢,

When equation (19) is
satisfied, the strain (gu) reaches the

crushing surface, and the concrete is
assumed to lose all its characteristics
of strength and stiffness.

The response of concrete in
tension is assumed to be linearly
elastic until the fracture surface is
reached. Cracks are assumed to form
in planes perpendicular to the
direction of maximum principal
tensile stress if the maximum stress
reaches the specified concrete tensile
strength. After cracking has occurred,
a gradual release of concrete stress
component normal to cracked plane is
adopted according to a tension
stiffening diagram illustrated in Fig.
(4). The process of loading and
unloading of cracked concrete is also
shown in Fig.(4). A reduced shear
modulus taken as a function of the
current tensile strain is used to
simulate aggregate interlock and dowel
action.

The tensile cracks produce
damage to concrete with the transverse
strain having a degrading effect not

(19)

stress
f .4 Crushing
. -
. /
1 - Perfect plastic
1 == Work-hardening
1 - -+ Tension stiffening
0.3f, 11 Loading-
/1 Unloading
17
— LL > strain
4 ' gCU
cracking ft
Fig.(3) Uniaxial representation of
the concrete constitutive model
G A
f,
o o,
O
[ I-o—aalﬁé/‘-/_;—"_ '
jl(oadmg:
18 !
& & e, €

ﬁ@.@) Tension stiffening model for plain

44 concrete after cracking



2013 /11/21-19 (e 55580 Juagall daals — duigh 2181 Ll Juygall Y auigh jaial

only on the compressive strength but also on the compressive stiffness, so that the concrete in
the case becomes softer and weaker than that in a standard cylinder test. In the present study
the relationship suggested by Belarbi and Hsu [24] is adopted.

0.9f,

\J1+400&

where (fcl ) is the concrete cylinder compressive strength and (&) is the average
principal tensile strain of concrete in direction (1).

(20)

fcmax=

Numerical Application
Example 1.

A simply supported square slab was tested by Swamy and Ali [25]. The test specimen
is (1800*1800)mm with (125)mm thickness and an effective depth of (100)mm to steel
reinforcement. The fibers are distributed at the center of slab on a distance of 450 mm in both
sides. The material properties of the tested slab are summarized in Tables (1) and (2). Due to
the symmetry of the slab, only are quarter of the slab is analyzed. The slab is modeled using
four elements, four steel layers are used to represent the reinforcement and eight concrete
layers are found to be enough for the analysis. All dimensions and details of the slab are

shown in Fig.(5 ), and the
| 9‘
(']

finite element mesh is shown in Fig.(6).

2-6mm Column Ties

7-8mm_Comp.Rein. Each
Direction.

4-I0mm_ Column Reinforce

12-KOmm Ten. Rein. Each
/Dircdion.

-

|‘ 24) | 241 '
< v w v
Y R A
Uﬁ__:enmhcovcr ——OO- o 00*— | 1x14]
.
1800

. a

[125]

v
A A

Lo
9

Fig.(5) Dimensions and details of slabs No.(S-5) and (S-6)

CL. - Ppointload
21 22 23 24 25,
‘ﬁ y - _{\. T -
16 17 18 19 20
ARN mm [ ] [ ] [ ] [ J [ )
® P @ FrC
845 mm
11 12 13 14 15
] 7 9 10
205 mm » [ ] ® [ ] [ ]
@ ec @ e
v 1 2 /|‘ [
+— 395 —Ple—— sn —>
-«
PC = Plain Concrete 845

FRC = Fiber Reinforced Concrete

Fig.(6) Finite element mesh used for slabs No.(S-5) and (S-6)




Load (kN)
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Table (1) Details of fibrous concrete of slab (S-5) [25].

204000

Ve =0.15., *Crimped steel fiber 0.5%50 mm

Table (2) Details of plain concrete of the slab (S-5) [25].

Fig. (7) shows a comparison between two models of cracked shear modulus G1 and G2.
These two models give good agreement compared with experimental results. However, G1 model
give ultimate load less than G2 model for both the assumed and heterosis elements. Both of G models
give ductile results as compared to experimental results.

300 300
250 250 A
200 A - 200 A
Z
X
150 1 ; 150 -
—— Experimental [25] § — Experimental 5]
100 A 100 1
—— (1 model % Clmodel
50 —&— G2 model 50 i G2 model
0w T T T T 0 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Deflection (mm) Deflection (mm)
a. Assumed strain elements b. Heterosis elements

Fig.(7) Effect of G1 and G2 model on load deflection curves.

Fig.(8) shows a comparison between the assumed strain element and 9-node Lagrangian
degenerate elements. The use of 9-node Lagrangian degenerate element shows stiff results and higher
in ultimate load, this is due to shear locking that happened in 9-node Lagrangian degenerate element.

Fig.(9) shows a comparison between the assumed strain element and heterosis element. The
use of two elements shows good response compared with experimental results.

Fig.(10) shows the relation between stress and strain in steel reinforcement in tension
and compression zones using assumed strain and heterosis elements. It is clear from this figure
that the numerical results have good agreement with the experimental values especially when
heterosis element is used.
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- 300
250 250 1
200 200 T
z z
g x
3 ] = 150 A
S ———  Experimental [25] E
o
_I 4
100 1 —=a—  Assumed strain elements 100
50 —4&—  9-node lagrangian elements 50
04 . . . . . . . . 0
0 5 10 15 20 25 30 35 40 45 50
Deflection (mm)

Fig.(8) Comparison between assumed
and Lagrangian element on load
deflection curves of G1 model.

———  Experimental [25]

—a—  Hetrosis element

—i—  Assumed strain element

20 30 40 50

Deflection (mm)
Fig.(9) Comparison between assumed
strain and heterosis elements on load
deflection curves of G1 model.

300 300
250 250 -
200 200 A
z
=3
g 1501 150
3 —  Experimental [25] —  Experimental [25]
1001 —=a—  Hetrosis element 100 1 — a  Hetrosis element
50 —ik—  Assumed strain element 50 4 4 A d strain el t
: "
0 T T T T (6] n T T T T
0 5 10 15 20 25 -1 (0] 1 2 3 4 5
) Strain -
Strain ~ *10°
a. In tension zone b. In compression zone
Fig. (10) Strains of steel reinforcement in Example 1 boint
21 25 23 24 CL. :/ load
y A * ¢ -~
Example 2. 1 cL
A simply supported square 16 17 hg 19 2
slab (S-6 tested by Ali [26]. The test 4225 ¢ i ? * ?
. . . mm
specimen is (1800*1800)mm with © O)
(125)mm thickness and an effective  gas mm 14 2 B 1“4 15
depth  of (100)mm to  steel
reinforcement. The slab included 0225 | lg 7 B 9 10
steel fiber 60 mm from the total mm | T y ! ¢ !
thickness measured from tension @ ] @4 s
face. The material properties of A v . .
tested slab are summarized in Tables 425mm " " 4225mm
(1) and (2). The slab is modeled by — s5mm ——>

four elements. Due to the symmetry

Fig. (11) Finite element mesh used
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of the slab, only are quarter of the slab is analyzed. Four steel layers are used to represent the
reinforcement and eight concrete layers are found to be enough for the analysis. All
dimensions and details of the slab shown in Fig.(5), and finite element mesh shown in
Fig.(12).

Fig. (12) shows a comparison between the two models of cracked shear modulus G1 and G2
models. These two models give good agreement compared with experimental results. However, G1
model gives ultimate load less than G2 model for both the assumed and heterosis elements. Both of G
models give ductile results compared to experimental results.

300 300
250 1 250 1
200 200 1
= z
z
2150 < 150
o °
S —— Experimental [26] g
100 4 P - = 100 ——  Experimental [26]
—#—  Glmodel —8— 1 model
50 50
—&— G2 model —i&— G2 model
0 T T T T 0
0 10 20 30 40 50 0 10 20 30 40 50
Deflection (mm) Deflection (mm)
a. Assumed strain element b. Heterosis elements

Fig.(12) Effect of G1 and G2 models on load deflection curves.

300

Fig.(13) shows a comparison between 250
the assumed strain element and 9-node
Lagrangian degenerate element. The
use of 9-node Lagrangian degenerate
element shows stiff results and higher
in ultimate load. This is because of 100
shear locking that happened in 9-node
Lagrangian degenerate element.

200
—— Experimental [26]

150
—&—  G1 model

Load (kN)

—&— G2 model

50 —4— 9-node Lagrangian elements

Fig.(14) shows a comparison 0 ° T

between the assumed strain element Fiq.(13) Com aDreige(})CHoBé?v%en assumed and
and heterosis element. The use of two 9.(13) P u

elements show good agreement with Lagrangian element on load deflection curves of
experimental results. G1 model.

Fig.(15) shows the relations between stress and strain in steel reinforcement in tension
and compression zones near mid span for the experimental and numerical results, using
assumed strain and heterosis elements. It is clear from Fig.(15-a) that the numerical results
have good agreement with the experimental values especially in the cracking stage load. Fig.
(15-b) shows compression steel stresses-strain curves, it is shown that below a load level of
about 200 kN, the strain is compression after that the neutral surface is rising up and the steel
becomes in the tension zone. A fair agreement is found between numerical and experimental
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results.

300

250 A

200 A

g
= 150 1 Experimental [26]
B
S 100 A —a—  Hetrosis element
50 ' A d strain el
0 T T T
0 10 20 30 40

Deflection (mm)

Fig.(14) Comparison between assumed strain and heterosis elements on load
deflection curves of G1 model.

250 250

200 4 200 ~

150 A 150 1

Load (kN)

i — Experimental [26]
100 p 100 4

Load (kIN)

—  Experimental [26]
—=a—  Hetrosis element
50 4 . : —a—  Hetrosis element
—&—  Assumed strain element 30 4

—&—  Assumed strain element

0 25 5 15 10 125 15 0 : . » ‘
03 02 0.1 0 0.1 02 03 04
Strain x 10E-3 .
Strain x 10E-3

a. In tension zoon b. In compression zone

Fig. (15) Strain of steel bars for Example 2

Conclusions

1. The strain hardening plasticity and tension stiffening developed models of the
fiber concrete proved to give satisfactory results for the analysis of reinforced
concrete slabs subjected to incremental loading up to failure.

2. Two shear moduli of cracked fiber concrete are used and it is concluded that the
shear crack approach G2 gives better results than G1 approach as compared to
experimental results.

3. The assumed strain and heterosis elements proved to be efficient for nonlinear
analysis of fibrous reinforced concrete slabs, and no locking was detected in those
types of elements.
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Abstract

This research was carried out to study the dynamic characteristics of a new GFRP
pultruded beam. As a part of the project, the natural frequency behavior of such fiber
composite beam has been investigated by experimental tests and numerical simulation.
The GFRP composite beam was developed for civil engineering applications. This beam
was used in several applications such as; beams, pedestrian bridge, bridge decks,
girders, and piles. The GFRP beam is made from multi-layers glass fiber with resin.
This beam was manufactured in automated pultrusion machine. The experimental
analysis was conducted to find the GFRP beam natural frequency behavior under
simply supported condition. The experimental results were then compared with the
Finite Element (FE) numerical analysis. In addition, the experimental results were
compared with the existing analytical equation. It was found that the FE analysis
showed a good agreement with the existing experimental results.

Keywords: beam; composite; GFRP; finite element; natural frequency.
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1. Introduction

FRP composite pultrusions are now been considered by the structural engineers as a most
attractive application. Glass fiber (GFRP) is well known today in the markets and represents
the most versatile industry materials. The available glass fiber is made from compositions
containing silica. Glass fiber has some benefits such as; high tensile strength, fire resistance,
chemical resistance, hardness, moisture resistance [1, 2] and low cost compared to carbon
fiber [3]. The FRP pultrusion might be used in the sport stadiums, clubs, shopping centers,
offices and houses. Highway bridge girder and deck represent the well-known composite
pultrusion applications because it solves several problems related to the decking system [4,
5]. In addition, there are many applications for pultrusions in the constructions of columns
and piles [6].

An Australian manufacturer has fabricated a new structural GFRP pultrusion for civil
engineering applications such as beams, girder bridge, piles, cross ties, and bridge deck [7] as
shown in Fig. a-1. The pultrusion is made from E-CR glass fiber with 9-plies in 0° and +45°
orientations as shown in Fig. b-1. This product has a density equal to 1970 kg/m®. The GFRP
pultrusion beam offers many benefits such as; ability to carry high flexural load, high
strength to weight ratio, moisture resistance and termite resistance [8]. The properties of the
GFRP pultrusion beam are shown in Table 1 as it is given by manufacturer.

Most current design studies are concerned in avoiding structural failure and excessive
vibration problems [9]. Many design formulae do not consider the frequency of the load as a
design parameter. However, many researchers believe that the natural frequency is important
to control the human-induced vibration. Murphy [10] presented a numerical formula to find
the natural frequency of a simply supported beam. This formula showed a good agreement
with the analytical solution. Murphy equation is shown below:

EIL .
o5 (1)

f2=2.467%

where f is the frequency, E is the elastic modulus, | is the moment of inertial, L is the total
length, S is the span and p is the density.

The analysis of a free vibration of fiber composite beam is more complicated than the normal
homogenous beam section. The fiber composite beam is usually made from many layers in
different orientations. The behavior of the fiber composite material is more complicated due
to anisotropic composition. Nilsson and Nilsson [11] used the six order differential equation
to simulate the free vibration of the sandwich beam depending on the Hamilton’s principle.
The conclusion was made that shear effect is dominant in the lightweight composite
sandwich beam. Zak et al [12] studied the free vibration of multi-layered beam with
delamination effects. Their work showed that the natural frequency decreased with the
delamination length. Epaarachchi [13] studied the vibration behavior of FRP composite beam
under the effect of fatigue and fracture. It was found that the fundamental frequencies of the
beam have been changed significantly due to fatigue cycling.
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This product was used in the fabrication of 9 m girder bridge [14] as shown in Fig. 2. This
girder was used in the replacement of degraded timber girder. Therefore, understanding the
behavior of this kind of product is more essential.

A +45°
(OO L djo® |
R R
DO
] -4 57
OO o g o

%

a. Square pultrusion b. Section plies configuration
Figure 1 GFRP pultrusion

25 mm

87562 53 mm “

125*125*3 mm/{

273 mm

25 mm

|

300 mm

Figure 2 GFRP girder bridge

Table 1 Mechanical property by manufacturer

Property Longitudinal Transfers
Density (kg/m°) 1970
Tensile strength (MPa) 650 41
Compression strength (MPa) 550 104
Shear strength (MPa) 84 84
Modulus of Elasticity (MPa) 35400 12900
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2. Experimental Test

The fiber composite beam was prepared by cutting a sample of 1500 mm in length and clear
span is equal to 1400 mm. The beam cross section dimensions were 100 x 100 x 5.25 mm.
Simple supported hollow beam was tested as shown in Fig. 3. The experimental test was done
by using the LMS Test-lab instrument. The experimental model is shown in Fig. 3. Two-
channel data reading was used; one for the sensor and the second for the impact hammer as
shown in Fig. 4. Sensor was fixed in three positions; mid-span, quarter span and 1/6 of the
beam span to pick-up three different modes.

LMS | |
° 8 <t ;‘\
Hammer
Sensor
Beam
A
Figure 3. Experimental model Figure 4 Experimental setup
e T T T A CTHRA Tl [F=oss 30900
s by ) '
a-First mode b-Second mode
]

Io] (xE4)

AL

400 600 800 1000 1200
Traces: 1/1 Frequency [Hz]

c-Third mode
Figure 5 Experimental free vibration results
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The results of the free vibration test are shown in Fig. 5. The first, second, and three modes are
111.7 Hz, 461.0 Hz, and 739 Hz respectively. The sensor was fixed in the mid-span to pick-up
the first natural frequency. The frequency spectrum is shown in Fig. a-5, and the peak gives
the first natural frequency value which is equal to 111.7 Hz. The frequencies spectrums for the
second and third modes are shown in Figs. b-5 and c-5 respectively.

3. Analytical Solution

There are few existing formulae suggested for the calculation of the natural frequency of
homogenous beams section. Most of these equations depend on the section rigidity, mass and
the span of the beam. The Euler-Bernoulli beam model represents one of the analytical
solutions for the free vibration analysis of beams. The Euler-Bernoulli beam model can be
applied for different type of boundary conditions. The general equation of Euler-Bernoulli
beam is described below [15].

an 2 El 2
w = (T) * |5 @
where, A is the cross section area and a, is the boundary conditions parameters. The
analytical values of the present FRP sandwich beam are calculated by using equations 2 are
listed in Table 2.

It can be seen that the results of the Euler-Bernoulli equation gives a higher estimation than
the experimental results, especially for the third mode. This is mainly attributed to the effect of
shear deformation, which is not included in Euler-Bernoulli equation.

4. FE Simulation

The FE simulation is formulated for the analysis fiber composite pultrusion beam and
conducted using ABAQUS commercial software. FE method is regarded as efficient method
to predict the natural frequency of sandwich structures [16]. The beam wall was formulated
using a C3D20R (20- node quadratic brick element, reduced integration) as shown in Fig, a-6.
Composite plies were modeled as well as shown in Fig. b-6. First order shear deformation
theory (FSDT) is used for the formulation of the 3D solid element used in the simulation. The
formulation of FSDT needs only C, continuity and it is the most common in FE analysis. The
FE analysis results are shown in Table 2, with the predicted mode shape. FE method shows a
better prediction than the analytical equation.

Table 2 Analytical, FE, and experimental results

> it fy fa
2 | Analytical |131.36 131.36 11822
[«B]
=1 i FE 126.23 469.7 758.0
2 Frequency | 111.7 461.0
LL

(Hz)

mode

Mode Shape
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5. GFRP Beam Damping

Damping is very important in the structural design. The damping properties of the structure
effect on the long fatigue life of the structure. Structure with high damping might have longer
life than the structure with low damping ratio. Fiber glass usually has low damping ratio with
less than 2% [17]. A half power method was used to calculate the damping ratio of fiber
composite beam. The damping ratio (¢) is calculated from the equation below and the
explanation of this method is shown in Fig. 7.

Wy =W,

§=—F— @)

2w,

where, w; is the resonance frequency. w; and h..-ﬂ

w, are the left and right frequencies at 3dB 4 ____S_dB__"""
below the resonance amplitude as shown in
Fig. 7 (dBis decibel). | T

The damping ratio for the simply supported
beam is calculated and shown in Table 3.

-

w1 O w2 frequency
Table 3 Damping ratio calculation Figure 7 Half power (3dB) method for
SESS(T“ Wy W1 w, | Damping damping estimation
0
type (Hz) | (Hz) | (H2) 0
SImply | 1917 1108 | 1122 1.2
supported

6. Results Discussion

The results of the above three sections show the prediction of natural frequency of the glass
fiber composite pultrusion. The first three natural frequencies are calculated by experimental,
analytical and numerical approaches for the composite pultrusion. The results show that there
are differences between the numerical, analytical and experimental results. These differences
due to the effect of shear deformation. The FE results are more accurate than the analytical
results, because the shear deformation is considered in the simulation. However, the FE
method is overestimates the results because the FSDT gives over-estimation for the transfers
shear stiffness. The damping ratio of the GFRP composite beam was calculated and it is equal
to 1.2 %. The damping ratio is much lower than the damping ratio of other materials such as
steel (damping ratio 2 - 5%) and concrete (damping ratio 3 - 6%).

7.Conclusions

An experimental investigation of the natural frequency of a GFRP composite beam was
carried out for three modes. The experimental results were compared with the FE method and
it showed a good agreement. The analytical equation required a correction factor to consider
the shear deformation effect. Damping ratio was calculated from the experimental test and it
showed a low value compared to traditional materials.
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Abstract

Flexural analysis of fibrous concrete rectangular slabs with or without skeletal steel
reinforcement was carried out in this study. The analysis depends on simple calculation
steps for deriving moment— curvature relationship utilizing the idealized stress-strain
relations in compression and in tension for the constitutive slab materials. The load-
deflection relationship is then calculated based on the classical plate theory results for the
case of orthotropic simply supported rectangular slab. Comparison of the calculated and
the experimental load-deflection curves showed good agreement.

Keywords: Curvature, Deflection, Moment, Slab, Steel fibres.
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Introduction

Fibrous concrete is greatly applied in the area of slabs, bridge decks, airport pavements, parking
locations and erosion environments. In bridge decks, wearing surfaces have been the most
common application. For seven bridge deck rehabilitation projects in USA latex-modified fiber
reinforced concrete was used successfully. Steel fiber reinforced concrete slab-on-grade project
was an experimental highway overlay project in Green County, lowa, USA and it is considered
as the most well mentioned one. Due to its improved flexural properties, steel fiber reinforced
concrete is often used in aircraft pavements and warehouse floors. Twenty- three airports using
slabs and four experimental test slabs for aircraft type loading have been reported [1].

With regard the fibrous concrete slab analysis and design Saib [2] studied the applicability of the
yield line theory for predicting the ultimate load through testing nine square slabs having
960%960x33 mm dimensions, simply supported on four columns at corners and exposed to a
central concentrated load. The main variables tested were the aspect ratio, fiber volume and
fiber orientation. A relationship between ultimate moment and fiber volume was obtained via a
relationship which combines the influences of aspect ratio fiber volume and fiber orientation
with the ultimate moment. The results indicate that fibrous concrete slabs can be analyzed
accurately by using the yield line theory.

Ghalib[3] used an analytical approach based on experimental results to determine the cracking
moment and ultimate capacity of small fibrous concrete slabs. From a cracking load the cracking
moment was calculated and by applying the simple elastic bending formula the cracking stress
was determined.

Extensive experimental works were carried out by Agha [4] in order to test the applicability of
yield line theory for fibrous concrete slab analysis. The research contains test results on a total of
thirty four square slabs having dimensions of 800x800%x30mm. In addition to plain concrete a
fiber volume of 0.75 percent was used, but six fiber aspect ratios have been tested. The ratio of
test / theoretical load using yield line theory was found to vary from 1.01 to 1.28.

The finite element method was used by Abdul-Razzak and Al-Jubory [5] for the nonlinear
analysis of square and circular fibrous reinforcced concrete slabs. Assumed strain and heterosis
elements are used to represent the slabs and a layered approach is used to discretize the concrete
through the thickness. The nonlinear behaviour in compression, tension and the shear retension
of the fibrous concrete were taken into account. The numerical results showed good agreement
with published experimental test results.

In this research an attempt was made to calculate the complete load- deflection relationship for
fibrous concrete slabs with or without steel bars in which the material nonlinear behavior was
included in the analysis. The analysis is based on deriving moment- curvature relationship and
using the deflection equation of elastic slab for calculating the complete load- deflection
relationship. Based on the proposed model for analysis a stress distribution for the ultimate load
capacity can be drawn for fibrous concrete slab with or without sketetal steel reinforcement.
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Materials Behaviour and ldealization

Behaviour of Fibre Concrete in Compression

Although the equations derived below are limited to steel fiber concrete, they can also be used
for other types of fibers but with some modifications by using appropriate fiber-concrete
parameters. The model presented by Soroshian and Lee [6] for the compressive stress- strain
relationship shown in Figure (1) consists of a parabolic ascending part followed by a bilinear
descending one is adopted in the present analysis. The parabolic ascending portion of the
relationship is given by the following expression:

fo=fg ——(2-—2) for &<epy (1)
Spf Epf

Where f. is the compressive stress, f(;f is peak compressive stress, ¢ is the compressive strain,
and gpr IS compressive strain at peak compressive stress. A bilinear descending portion is given
by the fllowing equation [6]:

fo=z+(e—epf)+fg 2T )
In the absence of the experimental test for f' it can be calculated from the following relationship
[6]:

fg = fo+3.6Vils /dg 3)

where fc' is the compressive strength of plain concrete, Vs, lf and d; are the fibers volume
fraction, length and diameter respectively and ¢y is the strain at peak stress of fibrous concrete
and it is given by [6]:

epf =0.0021+0.0007V¢ ¢ /d 4)

The slope of the descending portion z and the residual stress f, are respectively given by the
following two equations [6]:

z=-343f,(1-0.66 V¢ I+ /d) (5)

fo =012fs +14.8V¢ls /d; (6)

Behaviour of Fibre Concrete in Tension

Among many proposed stress strain relationships in tension which are available in literature the
simplified relationship proposed by Lim, Paramasivam, and Lee [7] is adopted. Figure (1) shows
this idealized tensile stress— strain relationship of steel fiber concrete. The value of the modulus
of elasticity for fibrous concrete in tension is given by

Ect =Emt@—V¢)+mmoEsVy (7
where En¢ and E; are the elastic moduli of concrete in tension and fibers respectively. En; can be
calculated by the equation given by ACI 318M-11 [8] as follows:

Emt = 4700JTC' (8)
The cracking strain, &, is calculated as follows:
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Eor =MoMVt (Epf —Emp) + Emp ©)
where &, is cracking strain of the matrix = modulus of rupture divided by the elastic modulus
of concrete in tension and & ¢ is strain at proportionality limit.

Sef

fod -

Compressive Stress, fo

Tensile Strain, E¢ Eer

zl

0 .
Ctu Compressive Strain. E¢

Tensile Stress, fi

Figure (1) Idealized fibrous concrete stress- strain relationship [6]

The residual strength at the onset of matrix cracking, oy, can be calculated using the general
relationship given by Swamy and Al-Ta'an [9] based on pullout manner at failure:

ow =2tnemmpV sl 1d¢ (10)
1, is the orientation factor, 7, is the length efficiency factor and z4, >1.0 is the bond efficiency

factor that depends on the surface roughness of the fibres. A constant value for the product of
nom Which is 0.41 is used in this study was proposed by Patton and Whittaker [10] based on

experimental tests carried out to study the stiffness of fibrous concrete. The value of the dynamic
bond stress 7 ,can be taken from experimental tests. In this study z = 3.5 MPa recommended by
Lok and Pei [11] is used.

Behaviour of Steel Bars under Compression and Tension
The stress — strain relationship of steel reinforcement in both compression and tension can be
represented by the idealized elastic fully plastic relationship.

Further Assumptions
The analytical model adopted in the present investigation is based on fundamental assumptions
that are commonly used in the theories of shallow reinforced concrete members:
a- Plane section before bending remains plane after bending so that the strain distribution
across the thickness of the slab is always linear even at ultimate stage of loading,
b- Time dependent effects of shrinkage and creep are neglected and
c- The steel bars and the surrounding concrete are perfectly bonded together so that no
bond slip occurs.
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Moment- Curvature Relationship of Reinforced Fibrous Slabs

In the present analysis, a procedure is followed to derive the moment-curvature relationship for a
reinforced fibrous concrete slab section for the pre and post cracked stages [12]. Effects of
concrete cover, d', and compression steel area A's are taken into account in such derivation. The
concrete cover in the two orthogonal directions of the slab is taken to be one-sixth of the slab
thickness which is an approximate value range in full scale slabs. The resulting expressions of
the moment — curvature relationship differ from those derived by Lim, Paramasivam and Lee [7]
who neglected the effect of concrete cover, d', and restricted their derivation to singly reinforced
concrete beams.

Behaviour of Slabs under Loading

Elastic Uncracked Stage

A slab strip of unit width reinforced with top and bottom reinforcement is shown in Figure (2).
The stress and strain distribution in the elastic pre-cracked stage, caused by pure bending, are as
illustrated in Figure (2a). The location of the neutral axis will be defined by:

p=hyIh (11)
where h; and h, represent the depth of tensile and compressive zones, respectively. Taking d' as
one sixth of the slab thickness, p can be obtained by setting equilibrium of forces acting on the
slab section which gives:

al,u3 + azyz +agu+ag =0 (12a)
where
a =Ey.h?/2+Eqh(BA + A)/6 (12b)
ay = Egq.h?/2+Eqh(BA — A) /2 (12c)
a3 =—fe h?/epf +Egh(As —3A)/2 (12d)
a4 = Eq.n%gp I(3e5¢ ) — fog h? 1 e — Eg.h(As +5A)/6 (12)

where @, is the curvature in the elastic stage, f's and ey are given by Egs. (3 and 4),
respectively. E¢ can be calculated from Eq. (7). Es is the modulus of elasticity of steel and taken
as 200 kN/mm? and h is the overall depth of the slab strip. The above equations are applicable
till the limiting case is reached when the extreme fiber of the tension zone cracks. The
corresponding value of the curvature then becomes:

dor = £ (L+ 1) I(4eh) (13)

The flexural moment is given by the following Equation:

0 f 2 53 he . . .
Me= |~ (24082 - %% )dp f o A28+ To -0 ) T s~ )

_h, €pf € pf (14)
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in which Ts and T's are the forces in the tension and compression reinforcement, respectively.

Substituting the values of Tg, TS', h. and hy in Eq. (14) and integrating the tensile and
compressive stresses, the following Equation is obtained:

| fg 34, h

Mo =20 fa sy ey g P
uh hoo h h.o
E. gD ELENRLYYN
G -2 A )P A]

Cracking Stage (1)
The stress and strain distributions for this stage are illustrated in Figure (2b). Equilibrium of
forces lead to an equation similar to Eq. (12). Constants a;, a;, az and a4 are given by:

8y = o1y Gor 1 95 —oruh/ ¢ —Esh(BA + AS) 16— Eq £§ [(245) (162)
ay =301y | 92 — 204y 1 ¢ — Eg (A —3A,) 12— 3Eq e 1(242) (16b)
ag = ff % epr +30.6cr | 8¢ — ol g + Esh(BA — A) 12~ 3Eq.£& 1(247) (16c)

a4 = T h?/epf + 0w .ecr | 98 — o Tt N° I(3e s ) + Esh(5AS + A) 16— Egy.eg [(24F)  (16d)

The above equations are applicable until the tension reinforcement yields. The corresponding
value of the curvature is given by:

1 =6.65y 1+ 1) [(h(544 1)) (17)
During this stage the flexural moment is given by the following Equation:
0 fy 2 ¢¢p° " 2 o 2
Me= | — 288 ———)dB+ | ¢c.Eq. BB+ [ ($c-Eet B — Oy . B)dB +
~hg &pf & pf 0 hy
To(h —d)+Ts(he —d) (18)

Substituting the values of T, TS:, h. and h; in Eg. (18) and integrating the tensile and
compressive stresses, the following Equation is obtained:

2 | f! 2 2 3 3
My = @c-h cf (2_h+ @c.h )+O'tu.,u (1+u)(1_/12)+Ect-h-/1 A

- @+ ,u)3 epf 3 Aepr (I1+p) 2¢¢ 3 (19)

M Py o Dy
Es el — ) A () A
where A is given by
A=hy Iy =&cr A+ ) [(Pe-p1.0) (20)
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Cracking Stage (2)

This stage starts, at the yielding of the tension reinforcement , and continues until the strain, ¢, at
the extreme fiber of the compression zone reaches the limiting value, &y, given by Eq. (4). The
stress and strain distribution during this stage are shown in Figure (2c). Equilibrium of forces
lead to an equations similar to Eq. (12). The constants a;, a,, as and a4 are given by:

8y = oy .£cr [ fe — o h— Ag.fy —Eqr .6 124 ) — As.Es.d 16 (21a)
ay =3oy.£¢r | b —201,.h—3As. Ty —3Eq.e4 (24 ) + As.Esghl2 (21b)
a3 =30y &cr [ fe — o h—3Ag. Ty —3Eq.e5 /(2 ) +3As.Esde.h/ 2+ fg g h? ey (21c)
a4 = oy sor [ de — As- Ty — Ecr65 (24 )+ As.Es.he 16+

. 5 (21d)
(for Pe-h™ 1 &ps JIL— e .N1(Bepr )]

The above equation terminates when & becomes equal to &y, and when this limit is reached the
corresponding curvature becomes:

b2 =ept A+ u)/h (22)
The flexural moment for this stage is given by the following equation:
0 fy 2 53 he h
Moo = [~ h 2 ~2L)0p + | 4o Eq 8205~ [ (4 B2~ o B)AB+
—hg & pf € pf 0 hy
To(h —d)+Ts(he —d) (23)
Or
, = fcf¢c-h3 2 @c.h ] ggr (Ect-gcr_o'tu +0'tu.,uz.h2+
2 =
ot M+ p)® 3 AeprUrp)” g¢ - 3 27 20+u)°
1 ' 2, 1 )
Ag.fuh (=) + AgEgho h2(—— -2 24
Ty~ At (=) (24)
Cracking Stage (3)

This stage covers all values of compressive strain g; between gpf and g1, the later is the ultimate
strain at which the descending branch of the compressive — strain relationship terminated as
shown in Figure (1). Strain and stress distribution during this stage is shown in Figure (2d).
Equilibrium of forces lead to the following relationship for calculating p:

app+ayut+as=0 (25)
where

8y = oy -bor [ 9o — o h—Eq e 200 ) — fos 2pr 13c) + 265 N(24) -

. (26a)
de-NEsAs 16— A T
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ay =20y &cr [ e +(fclf —ow)h-Eq -5gr I ¢ _ch'f £pf 1(3¢c) + Z'gsf [ —
2 NEg.Ag13-2As.fy — 2.6 /h
ag = oy -er [ fe + f(‘:f N—Eq -Ec?r (24 ) - f(‘:f £pf 1(3¢c) + Z-Ef,f 1(2¢.)

+5¢c N.Eg. A 16— Ag.fy +2h(g.h/2—ep)

(26h)

(26¢)

The above equation is usefull for all . smaller than &;. It should be noted that €; is usually larger
than 0.003 recommended by ACI318M-11 [8] as ultimate compressive strain. The corresponding
curvature related to strain equal to &; is given by:

b3 =[epr + (o — for )/ 21(L+ )/ (27)
The flexural moment during this stage is given by the following equation:
0 fg 2 38 he
Mes = [~ (2082 - 2Ly dp e [ (1 B 20087~ 260 0P+
—h, €pf € pf —he
h, , hy ) L .
| §c-Ect 7dB— | (fc-Ect B” — oy B)dB+Ts(hy —d )+ Ts(he —d ) (28)
0 hy
or
f. 2 3 3
MC3 — ¢Ch23 i 2_h+ ¢Ch )+ GtU/uz (1+,U)(1—ﬂ~2)+ ECthﬂ’ H ]+
A+p)° €pt 3 Aepr (L+p) 2 3 (29)
#h o hio h  ho,
E S ———=)A
S¢C[(l+,u 6) As +(1+,U 6) s]

For the case when the compression reinforcement exists there is an additional cracking stage
starting from ¢ = ¢; and terminating at the limit when the compression reinforcement begins to
yield. This stage is, however, not important because slab sections are usually singly reinforced.

Load — Deflection Relationship for Reinforced Fibrous Concrete Slab

In deriving the load — deflection relationship a single function is determined to be employed in
both the elastic and plastic stages since the value of such function can simplify the problem
drastically. The deflection surface w(x,y) can be expressed by a double sine series, which
satisfies the boundary conditions for a simply supported plate without in-plane restraints [13] as
follows:

[ee] o0
wxy)= Y 3 216q sin WX gjn D7 (30)
m=13,..n=13,..7°.m.n.D Ly I—y

For orthotropically reinforced concrete slabs the value of D can be found as follows [13]:
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D tmd 2 DyDy z°m?n? Dyz*n
T 2,2 R (31)
Ly LxLy Ly
where Dy is flexural rigidity in x-direction and Dy the flexural rigidity in y-direction. Ly and Ly
is the slab length in the x and y directions respectively. The curvature in x-direction can be
obtained by differenting Eq. (30) two times:

D

. max . nay
6q = msin i smT
Dx=—— 2 2 4 : 22y 4 (32)
77 Lx° m=13,..n=13,..  Dxm 2+/DxDym“n Dyn
n 4 + 21 2 4)
Lx Lx“Ly Ly
The curvature in y-direction is related to that in x-direction by the following equation:
Py = Ry (33)
where
o0 o0
> > n.sinn:ZXsinr:zy/(m.D.Lf,)
R = m=13,.n=13,.. X y (34)

(e 0] o0
> > m.sin m—ﬂxsinn—ﬂy/(nDL?()
m=13,.n=13,.. X Ly
The method of analysis is based on an incremental procedure in which the curvature in the x-
direction is incremented in steps. The procedure for obtaining the total lateral load g and the
deflection w for a given curvature @, is as follows:
a- for agiven curvature @, find value of x by trial and error using the corresponding stress
- strain relatioships and the equilibrium equation,
b- calculate the moment My and divide by @ to obtain the flexural rigidity in x-direction (i.e.
Dx),
c- assume @&, and compute x and My as above, and then find Dy,
d- compute the value of R from Eq. (34) and a new value of @,
e- repeat the steps of c and d until the value of @&, converges,
f- having the last value of Dy, compute the load using Eq. (32).
g- compute the deflection using Eqg. (30) and
h- return to step a for another increment of &, value.

Validity of the Analysis

A series of fibrous concrete square slabs reinforced with or without steel reinforcement was
tested under uniformly distributed load by Agha [4]. From the slab properties, load —deflection
relationship was calculated based on the analysis procedure presented in the previous sections.
Results of load-deflection for two slabs are taken in order to make a comparison with predicted
load-deflection relationship.

The first slab designated as S32, has a dimensions of 800x800 mm and 30 mm thick, reinforced
by 0.25 % steel wires and 0.75 % volume of fiber having the aspect ratio of 62.5. The analysis
was extended to the deflection value reached by testing slab S32 which is about 0.6 times the
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slab thickness. Figure (3) shows the test and theoretical load —deflection relationship for slab
S32. It is shown that both the load-deflection relationship and the ultimate load predicted by the
theoretical analysis are in good agreement with that of tested slab S32. The test ultimate load for
this slab is 37.19 kN and the corresponding deflection is about 18 mm. At the later value of
deflection the predicted load is 34 kN, while at the terminating point of the cracking stage (2)
such value of load becomes 36.6 kN. It should be noted that the theoretical load predicted by
applying yield line theory is 31.82 kN. Therefore the predicted ultimate load using the present
approach offer better results compared with that predicted by yield line theory.

Those fibrous concrete slabs which are free from steel reinforcement slab ( S14 ) have been
chosen and the load-deflection relationship for this slab is shown in  Fig.4. The load-deflection
relationship based on the analysis is also shown in the same figure for comparison sake. It is
shown that for the range where the test load-deflection relationship exists a good agreement
between the two curves was obtained. The test ultimate load is 29.5 kN while the theoretical one
is 26.7 KN and these two values is close to each other. Calculating the theoretical ultimate load
using yield line theory was not tackled by Agha [4].
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Fig.3 Theoretical and test load- deflection relationship of reinforced fibrous slab S32 [4]
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Fig.4 Theoretical and test load- deflection relationship of reinforced fibrous slab S14 [4]
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Conclusions

From the present work on the analysis of reinforced fibrous concrete slabs, the following

conclusions can be drawn:

1. The adopted materials consititutive relationships together with the method of nonlinear
analysis of fibrous concrete slabs with or without top and bottom reinforcement presented in
this study can be followed as a design guide for fibrous reinforced concrete slabs.

2. The calculated ultimate load capacity of reinforced fibrous concrete slab was found to be
more accurate than that obtained using the yield line theory.

3. The change in stress distribution with the load across the depth can be traced easily.

4. Slabs with other boundary conditions can be analysed by modifying the governing equations
controlling the bounary conditions.
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Abstract

This study illustrates the application of the artificial neural networks to build model
for predicting the nonlinear response of plates with uniformly distributed load and
different ductile material properties, plate size and boundary conditions. The data were
collected using 2240 runs of nonlinear finite element analysis with Huber-Mises failure
criterion. The input data for the model were: Load, thickness of plate, breadth of plate,
aspect ratio (length /breadth), elastic modulus, plastic modulus, yield stress and
boundary condition, while the output of the model was central deflection response,
which consists of eight deflection values. The Levenberg-Marquardt (LM) techniques
built in MATLAB used to construct the neural network model. The results show that
artificial neural network has strong potential as a feasible tool for predicting the
structural properties of plate within the range of input parameters considered.

Keywords: Artificial neural networks, Nonlinear finite elements, Plates, Modelling
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Introduction

Traditional research efforts in structural analysis and design that have evolved in the
literature during the past few decades generally aimed at developing mathematical models to
predict structure behaviour under different loading conditions. These mathematical models,
however, focused generally upon determining the behaviour of individual structural elements,
which could not be generalized to describe the behaviour of other elements. Also, the models
require the calculation of several equations to arrive at predictions for more than one
parameter. The structural behaviour of plates is affected by many factors such as material
properties, geometric properties, load and boundary conditions. Mathematical models have
been used to describe aspects of this behaviour, but they fall short in considering a large
number of variables simultaneously. This paper investigates the use of Artificial Neural
Networks (ANN) as a preliminary alternative to mathematical modelling or experimental
testing for quick prediction of the nonlinear response of elasto-plastic plates. Such predictions
could be utilized by a structural engineer on a preliminary basis to determine the initial
suitability of a particular plate analysis and design. The present study explore the use of ANN
modelling of the elasto-plastic plates in conjugation with finite element method (FEM). The
model is constructed through the use of the neural network design (NND) toolbox in
MATLAB from the MathWorks[1,2].

Neural network [3,4]

Neural networks are an information processing techniques based on the way biological
nervous systems, such as the brain, process information. The fundamental concept of neural
networks is the structure of the information processing system. Composed of a large number
of highly interconnected processing elements or neurons, a neural network system uses the
human-like technique of learning by example to solve problems. The neural network is
configured for a specific application, such as data classification or pattern recognition,
through a learning process called training. Just as in biological systems, learning involves
adjustments to the synaptic connections that exist between the neurons. Neural networks can
differ on the way their neurons are connected; the specific kinds of computations their
neurons do; the way they transmit patterns of activity throughout the network; and the way
they learn including their learning fate. Neural networks are being applied to an increasing
large number of real world problems. Their primary advantage is that they can solve
problems that are too complex for conventional technologies; problems that do not have an
algorithmic solution or for which an algorithmic solution is too complex to be defined. The
multi-layer perceptron is the most widely used type of neural network. It is both simple and
based on solid mathematical grounds. Input quantities are processed through successive
layers of ‘‘neurons’’. There is always an input layer, with a number of neurons equal to the
number of variables of the problem, and an output layer, where the perceptron response is
made available, with a number of neurons equal to the desired number of quantities computed
from the inputs. The layers in between are called ‘‘hidden’’ layers. Each neuron of a layer
other than the input layer computes first a linear combination of the outputs of the neurons of
the previous layer, plus a bias. The coefficients of the linear combinations plus the biases are
called the weights. Neurons in the hidden layer then compute a non-linear function of their
input. Generally, the non-linear function is the sigmoid function. Once the networks are
considered to be trained, testing data are presented to it and outputs are compared with the
experimental or observed results. In this study, a multi-layer feed-forward neural network is
used. In a multi-layer feed-forward neural network, the artificial neurons are arranged in
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layers, and all the neurons in each layer

have connections to aI.I the neurons in the | %///2'\ ou
next layer. Associated with each —> \\V?’/Z N
connection  between  these artificial 2
neurons, a weight value is defined to 'Ir‘IDut

ayer

represent the connection weight. Fig.(1)
shows architecture of a multi-layer feed-
forward neural network with an input layer,
an output layer, and one hidden layer. The
operation of the network consists of a
forward pass through the network. A
number of learning rules are available. The
back propagation learning algorithm is
used in this study.

Hidden layer

Figure 1 Architectural graph of multilayer
perceptron with one hidden layer

Neural network design and training

Rectangular plates with different parameters and uniform distributed loads were used to

generate the 2240 set of finite element Table 1. The range of input data

outputs [5]. variables used in the ANN NMimrmom T Viaximom
models are given in Table 1. The boundary Thickness mm 10 200
supports were clamped or simple. To train Length(a) m 05 2
the ANN models, first the entire training Breadth(b) m 05 5
data file was randomly divided into training | Ejastic modulus MPa | 150000 | 220000
and testing data sets. 2130 sets were used to Plastic modulus MPa | 7000 12000
train the different network architectures. The Yielding stress MPa 300 505
remaining 110 patterns were used for testing b/a 1 5

to verify the prediction ability of each
trained ANN model. The multi-layer feed
forward back-propagation technique is implemented to develop and train the neural network
of current research where the sigmoid transform function [2] is adopted. The connection
weights are modified during the training until the ANN vyields a force response that
satisfactorily agrees with the correct FE simulation results. The term back propagation refers
to the training algorithm, where the observed difference in the force output, ANN vs FE, is
used to modify the connection weights. The term “ANN prediction” is reserved for ANN
response for cases that were not used in the pre-training stages. This is used in order to
examine the ANN’s ability to associate and generalize a true physical response that has not
been previously “seen.” A good prediction for these cases is the ultimate verification test for
the ANN models. These tests have to be applied for (input and output) response within the
domain of training. Pre-processing of data by scaling was carried out to improve the training
of the neural network. To avoid the slow rate of learning near the end points specifically of
the output range due to the property of the sigmoid function, the input and output data were
scaled between the interval 0.1 and 0.9. The scaling of the training data sets was carried out
using the following equation:

y =(0.8/A)x+(0.9-0.8X,,, /A)
Where A =X, — Xuin
It should be noted that any new input data should be scaled before being presented to the

network and the corresponding predicted values should be un-scaled before use. The back-
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propagation learning algorithm was employed for learning in the MATLAB program [2].
Each training “epoch” of the network consisted of one pass over the entire 2130 training data
sets. The 110 testing data sets were used to monitor the training progress.

Training stage of neural network

Different training functions available in MATLAB [2] were experimented for the current
application. The Levenberg-Marquardt (LM) techniques built in MATLAB [1] proved to be
efficient training functions, and therefore, is used to construct the NN model. This training
function is one of the conjugate gradient algorithms that start training by searching in the
steepest descent direction (negative of the gradient) on the first iteration. The LM algorithm
is known to be significantly faster than the more traditional gradient descent type algorithms
for training neural networks. It is, in fact, mentioned as the fastest method for training
moderately sized feed-forward neural network [2]. While each iteration of the LM algorithm
tends to take longer than each iteration of the gradient descent algorithm used previously, the
LM algorithm yields far better results using far less iteration, leading to a net saving in
computer processor time over the previous method. One concern, however, is that it may over
fit the data. The network should be trained to recognize general characteristics rather than
variations specific to the data set used for training.

Neural network model

The network architecture or topology is obtained by identifying the number of hidden
layers and the number of neurons in each hidden layer. There is no specific rule to determine
the number of hidden layers or the number of neurons in each hidden layer. The network
learns by comparing its output for each pattern with a target output for that pattern, then
calculating the error and propagating an error function backward through the neural network.
The capacity of the network to learn the patterns on the training set is called convergence and
the capacity to respond correctly to new patterns is known as generalization. The process of
defining the network architecture is a compromise between generalization and convergence
[6, 7, and 8]. To use the trained neural network, new values for the input parameters are
presented to the network. The network then calculates the neuron outputs using the existing
weight values developed in the training process.

The training of the neural network is carried out using the training data set. Testing and
monitoring of the developed neural network during the training stage is performed by
computing the mean squared error over all training data sets. After each training iteration, the
obtained weights are used to predict the corresponding output to the input parameters of the
training data sets. The mean squared error was calculated for each pattern as the difference
between the outputs obtained from the trained neural network and the corresponding target.

Every stage of any ANN project requires a number of trial and error to establish a
suitable and stable network for that project. Trial and error may be extended to build several
networks, stopping and testing the network at different stages of learning and initializing the
network with different random weights. Each network must be tested, analysed and the most
appropriate network must be chosen for a particular project. The choice hidden layer size is
mainly problem specific and to some extent depends on the number and the quality of
training patterns. The number of neurons in a neural network must be sufficient for the
correct modelling of the problem, but it should be sufficiently low to ensure generalization
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[2]. Table 2 shows the properties Taple 2 Properties of forward problem model
(architectures and parameters) of model Architecture 8-18-18-18-8

re_latgd to rectangular plates under uniform Activation Function | Log sigmoid
fiaibute load. 2130 sl of e 2| “Loaming Agoritm | LM
forward models. The output of the model Number of Epachs S00
was central deflection response, which
consists of eight deflection values
corresponding to the following increment
of the load [0.3750, 0.5625, 0.6250, 0.6875, 0.7875, 0.8625, 0.9375and 1.0000].
110 sets of unseen data were used to exam the trained models

Figure 2 shows load-deflection relation of plate. It can be seen that at the beginning of
load increment (linear part of relations) the ANN predicted values are matching to that of
FEM values with less errors, the major differences appear at final incremental loads
(nonlinear part of relations), the largest difference is at maximum loading, hence the
percentage errors for incremental 1 and 0.375 of loads for all 110 sets were plotted in Figures
3-6. The Figures show that most of the predicted results have error less than 10%, this is clear
from Figure 4 and 6 which indicate that 71% and 98% of predicted result has error less than
10% for incremental 1 and 0.375 of maximum loads respectively. On the other hand Figure 7
shows that the correlation coefficient (r) of 89% of the results is more than 0.998 and only
2% are less than 0.98. Depending upon these results, it can be said that the ANN approach
shows good agreements with elasto-plastic nonlinear finite element results in predicting the
nonlinear response of uniformly loaded rectangular plates. Because the weight of the BPNN
cannot be easily understood in the form of a numeric matrix, they may be transformed into
coding values in the form of a percentage by dividing the weights by the sum for all the input
parameters, which gives the relative importance for each input parameter to output parameter.
The relative importance for various input parameters are shown in Figure 8. As the figure
indicates, the material properties ( E (2.58%), Es (0.68%) and fy (3.4%) ) has less importance
than other properties of plate, while the geometry (t (14.5%), b (31.25%) and a/b (13.88%))
has significant importance on predicting the response of plates, on other hand the load record
importance of 19.62% which is more than boundary importance (14.10%). These results
agree with the formula citation by Timoshenko[9]

Mean Squared Error

(MSE) for scaled data | 0000206

pb*
defl ., =a— 2
e =0 @
where o factors depend upon the aspect ratio a/b and the boundary conditions and
B
12(1-v)

This formula shows that the maximum deflection in uniformly loaded rectangular plates is
depending mainly on the breadth of plate, while other factors are less importance.

Conclusions

The study conducted in this paper shows the feasibility of using the artificial neural
networks in building the models for predicting the nonlinear response of plates with uniform
distributed load and different ductile material properties, plate size and boundary conditions.
The data were collected using 2240 runs of nonlinear finite element analysis with Huber-
Mises failure criterion. The model was used successfully for predicting the response of plate.
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The test of the model by un-used data within the range of input parameters, shows that the

correlation coefficient (r) of 89%
of the results is more than 0.998
and only 2% are less than 0.98.
The parametric study shows that
the material properties has less
importance than other properties of
plate, while the geometry has
significant importance on
predicting the response of plates,
These results agree with the
formula citation by Timoshenko.

The neural network approach
was adopted in an attempt to
overcome significant limitations
with traditional analytical methods
such as FEM. Compared to similar
works using the FEM, the neural
network approach does not require
a new model to be developed for
each new problem.
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Figure 2 Central load-deflection response for
Nonlinear finite elements and ANN results.
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Figure 3 Percentage errors of maximum deflections at load increment 1 with pattern number.
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Less than 1.0% = 8%

More than 10.0%= 29%

(9.0-10.0)% = 31%

Figure 4. Pie chart of percentage errors of
maximum deflections at load increment 1.
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Figure 5 Percentage errors of deflections at 0.375 of
maximum loads with pattern number.
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hore than 100 %= 2% Lessthan08= < 1%
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Figure 6 Pie chart of _Percentage errors at Figure 7 Pie chart of correlation coefficients.
0.375 of maximum loads.
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Abstract

This study explains the ability of using Artificial Neural Networks to predict the
shear strength of reinforced concrete beams, In the present study the results of (385)
tested beams have been taken from previous studies, these results have been used to
create the shear prediction model. The studycrarameters are beam width, beam depth,
compressive strength of concrete, shear distance/beam depth ratio, longitudinal
reinforcement ratio.

The results showed the validity of using the Artificial Neural Networks as a
depended method for predicting shear strength of beam.

Relative importance analysis was used to determine the relative importance of
various inputs into predicting the shear strength value of beams without shear
reinforcement. The longitudinal reinforcement ratio and shear distance / beam depth
ratio have the most importantly. The effectiveness study on beams shear strength that
doesn’t included shear reinforcement showing that the increasing value is little or nearly
vanished on the shear strength at the high longitudinal reinforcement ratio. Increasin
the effectiveness of beam depth in shear strength when increasing the longitudina
reinforcement ratio and the study also showed that the effectiveness of increase when
beam width decrease.

Keywords: Reinforcked concrete beams, Shear strength Modeling and Artificial neural
networks.
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Abstract

This paper outlines tests on six reinforced concrete corbels subjected to preloading
then strengthened with CFRP sheets externally bonded to the corbel. Test results
indicate that high strength reinforced concrete corbels subjected to moderate and
severe cracking can be repaired for a load capacity higher than that of control corbel.
Results also indicate that corbel steel and CFRP materials suffer from high
deformations before collapse. Strengthening compression zone of the corbel with steel
plate was found to be not useful for more load enhancement.

Keywords: Corbel, Cracking, Preloading, Repairing, Strengthening.
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1- Introduction

Reinforced concrete corbels likewise other structural members may subject to cracking
as a result of many reasons. Any cracked corbels must be strengthened or repaired before that
the full collapse of the component takes place. For different types of structural members,
different strengthening techniques and materials were used. Different types of fiber reinforced
polymers as an alternative of steel were used for strengthening. Such new materials have a
promised future due to their high efficiency and ease of application.

With regard the reinforced concrete corbels different methods for strengthening were
followed and test results in this context can be found in the literature. Test results on
strengthening reinforced concrete corbels using steel plate were reported by Heidayet et al.[1].
Strengthening reinforced concrete corbels using prestressing bars were done by Nagrodzka-
Godycka[2]. Other tests were carried out by Campione et al.[3] on corbels made from normal
strength concrete and wrapped completely with CFRP at side faces. They found that the
overall behavior of the corbels was quite similar in terms of maximum load and mode of
failure. It is also observed that the compressive rupture was consequent to the failure of CFRP
wraps in tension.

More recently, tests were carried out by Mohammed and Hassan[4] to check the
suitability of strengthening or repairing reinforced concrete corbels made from normal
strength concrete using CFRP sheets. Test results indicated that the efficiency of
strengthening reinforced concrete corbels made from normal strength concrete using CFRP
sheets is low. Using the best strengthening configuration, load enhancement did not exceeded
14.6%. They also found that there is a good chance to repair fully damaged corbels using
CFRP sheets, in which the ultimate load capacity was found to be 83.4% of that of concrete
corbel. Other research work by Mohammed and Hassan[5] on the behavior of high strength
concrete corbels, strengthened with CFRP sheets, indicated that using best strengthening
configuration, load enhancement did not exceeded 28.3%. Results also indicated that
strengthening is useful for those corbels lightly reinforced with flexure or shear
reinforcements.

In the present research the efficiency of strengthening pre-cracked corbels, sufficiently
reinforced for flexure, made from high strength concrete was studied through casting and
testing six corbels. Such study is important to know the efficiency of CFRP sheets for
repairing damaged corbels occurred by cracking, to avoid the complete collapse of the
structure.

2- Experimental Work

2-1 Materials

The cement used in this investigation was ordinary Portland cement (Type | ASTM ).
The fine aggregate used was clean river rounded shape. For the fine aggregate used, apparent
specific gravity was equal to 2.61 and fineness modulus equal to 2.28. Natural gravel used as
coarse aggregate of rounded shape river gravel and maximum size equal to 14 mm. For the
natural gravel used, apparent specific gravity was found to be 2.7. Test results indicated that
compacted dry density of the natural gravel is equal to 1680 kg/m®. A high range water
reducer (super plasticizer) of Glenum type (GLENUM ACE 30) of constant dosage (by
weight of cement) equal to 1.1% was used in high strength concrete mix. Deformed bar of 12
mm diameters was used for the main tension reinforcement in corbels and as longitudinal
reinforcement in the column. It is also used as cross bars to anchor the main steel at the ends
of the corbels. Three specimens for each bar were tested in tension. Deformed bars of
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diameter 10 mm were used for shear reinforcement in the corbel, and as tie in the column and
used as framing bars to support the stirrups. Test results of steel reinforcements properties are
shown in Table 1.

Laminates of CFRP of Sikawrap-230c type were used as strengthening materials. The
laminates consist of fibers arranged in one direction (main direction) [i.e. unidirectional
laminate] bonded together in a shape of woven fabric. CFRP laminate was of 600 mm width
and 1 mm thickness per layer was supplied in rolls of 50 m length. Based on the manufacturer
report elastic modulus in tension for CFRP material was found to be 238000 MPa, tensile
strength was 4300 MPa, ultimate elongation was 1.8% and density was 1.76 gm/cm®. The
epoxy resin used for bonding the laminates to the concrete was of Sikadur-330 type consisting
of two components of resin and hardener (A:B) ratio of 1:4. Elastic modulus in tension for
epoxy was found to be 3800 MPa and tensile strength was 30 MPa.

2-2 Mix Details And Mixing

Mix proportion for production of high-strength concrete requires more quality control
compared with normal strength concrete. The mix proportion selected from suitable
ingredients of concrete with relative quantities in order to have a concrete of high
compressive strength with suitable workability. Different mix proportions were used as trial
mixes. The mix of higher compressive strength at 28 days was chosen for casting high
strength concrete corbels. The mix proportion was found to be 1 : 1.25 : 1.75 (cement: fine
aggregate: coarse aggregate) by weight. For mixing procedure, a rotary mixer of 0.25 m?
capacity was used. The interior surface of the mixer was moistened before placing the
materials. First, the fine and coarse aggregates were poured in the mixer, followed by 25% of
the mixing water to wet them and then left to mix for a period of two minutes. Afterwards, the
cement was added and finally, the remaining 75% of the mixing water was added gradually to
the mixture, and the mixing operation continued for another three minutes until homogenous
concrete was obtained.

2-3 Corbel dimensions and reinforcement details

Fig.1 shows details of corbel dimensions and reinforcement cage. The corbel width is
constant for all corbels and equal to 180 mm. Fig.2 shows the position of corbel at testing and
strain gage position in steel reinforcement and CFRP sheet for strain measurements.

Table (1): Properties of steel reinforcement

Nominal Yield stress | Ultimate tensile | Elongation Location of using
diameter (N/mm?) | stress (N/mm?) (%)
(mm)
10 518.5 617.3 21.2 Shear reinforcement,
ties and framing bar
12 449.6 530.0 22.3 Flexural and column
reinforcements
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2-4 Corbel Strengthening Configuration

Different CFRP strengthening configuration was followed for repairing the pre-cracked
corbels. Details of strengthening configuration for corbels can be found in Table 2 and also in
Figs.3 and 4. Before strengthening, the surfaces of the concrete corbel were cleaned by
airbrushing to remove dust or debris and fine particles and to obtain a uniform surface. Later,
a uniform 2 mm thin layer of the mixture of epoxy resin was applied by palette knife to the
surface of the concrete corbel thoroughly.

The CFRP strips were then placed in the given location according to the configuration
shown in Figs.3 and 4 on the concrete surface and pressed on the epoxy to ensure a good bond
with concrete. A uniform pressure was applied along the entire length of the strips. A CFRP
strips were placed with the direction of fibers perpendicular to the expected cracking pattern.
In order to ensure that failure does not occur in the column the upper portion of the column (
150 mm height ) was confined with one layer of CFRP for the strengthened corbels. For
Corbels C4 and C6 steel plate of 2 mm thickness and 180 mm width ( equal to width of the
corbel ) was provided to the compression face of the corbel bonded with epoxy to the corbel
and the wrapped with CFRP sheets. The aim of this procedure is to control slippage of the
outer cracked portion of the corbel and to improve the strength of the compression zone.

Table (2): Corbels reinforcement and strengthening configuration

Corbel Flexural Shear Strengthening Configuration
Reinforcement | Reinforcement

Cl 4012 mm 3010 mm -

C2 4012 mm 3010 mm -

C3* 4012 mm 3010 mm One horizontal strip of 10mm width for flexure
and fully wrapped with diagonal strips.

c4” 4012 mm 3010 mm One horizontal strip of 10mm width for flexure,
compression strut strengthened with steel plate
and fully wrapped with diagonal strips.

(ol 4012 mm 3010 mm Similar to corbel C3

C6° 4@12 mm 3010 mm Similar to corbel C4
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a Subjected to 60% preloading
b Corbel C2 tested and then repaired
¢ Corbel C1 tested and then repaired

A O | CF

100mm / :
’ ///}///%. \\\ NN \
. A \\@
)\
1l

One layer < =
Sted

B o4

Fig.(3): Strengthening configuration of Fig.(4): Strengthening configuration of
corbels C3 and C5 corbels C4 and C6

3-Results And Discussion

Measurements for cube compressive strength of each corbel concrete material were made,
from which the cylinder compressive strength was calculated and the test results are given in
Table 3. Ultimate load capacity of tested corbels and the load percentages are given in the
same table. Fig.5 shows load- deflection relationship of tested corbels. Results of Table 3
indicate that the load capacity of all strengthened corbels is higher than that of control corbels.
Such experimental observation indicates that any reinforced concrete corbels suffered from
damages of moderate and severe cracking can be reasonably repaired using CFRP sheets,
following the strengthening configuration shown in Fig.3 or Fig.4. Load percentage of corbel
C4 is higher than that of corbel C3 as shown from results of Table 3. This observation

Table (3): Results of concrete compressive o0 ‘
strength and ultimate load capacity of corbels
Corbel | Concrete Ultimate | Ultimate 00 - = pggiem ool |
compressive | load load £ — |
strength capacity | percentage | |- **] i ‘
(MPa)® | (kN) : |
ClL  |61.28 4780 [ 100 8| |
C2 59.44 462.8 100 - . 1
C3* [62.56 581.85 | 123.69" - 7 e e |
C4&  [60.27 602.75 | 128.14° e |
C5 59.44 606.85 | 131.13 F/ .o
C6 | 61.28 554.75 | 116.06 w| G =5
a Subjected to 60% preloading . : : ; g
b Based on the average of ultimate load capacity Central Deflection ( mm )
of control corbels. Fig. (5): Load- deflection relationship

of tested corbels
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indicates that using steel plate with CFRP sheets is better for those corbels moderately
damaged by cracking ( subjected to 60% preloading ). For those corbels subjected to full
damage of cracking using steel plate beside CFRP sheets is not helpful to obtain more load
enhancement.

According to the measured load- deflection relationship given in Fig.5 the maximum
deflection is larger in strengthened corbels compared with control corbels. The role of
preloading is not important on such behavior. Such behavior can be considered to be useful
because the corbel after strengthening will fail in larger deflection value and providing more
ductile behavior before collapse. Previous test data[5] on high strength reinforced concrete
corbels also indicate that strengthened corbels suffered from high steel and CFRP materials
deformation before collapse.

Fig.6 shows load- tensile strain relationship for flexural steel reinforcement of corbel
C1. From the results of dividing yield stress by elastic modulus the strain at yield is 2248
microns. The actual strain of the corbel steel reinforcement is larger than this value indicating
that the corbel failed in tensile yielding following by concrete compression strut failure. Fig.7
shows cracking pattern of corbel C1.

600

500
g >
g /&".”7
8 300
§' 200

100 -

(2]
o 2000 4000 6000 8000 10000
Strain in main steel (Micron)

Fig. (6): Load- steel tensile strain relationship for corbel C1

E

8
k"

:
|

per corbel (kN)
8

/ i , i
| f |

0 2000 4000 6000 8000 10000 12000 14000 16000
Strain in CFRP (Micron)

Load
g B

(=]

Fig. (8): Load CFRP strain relationship
Fig.(7): Cracking pattern of corbel C1 of corbel C3
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Fig. (8): Shows load- CFRP
strain relationship of corbel C3.
Measurements of tensile strain of
CFRP- epoxy composite indicate
that for one layer the strain at
fracture is equal to 3505 microns.
The actual strain is larger than the
strain at fracture, therefore there is
a strong bond between the CFRP
sheet and concrete surface, and
the corbel suffers from large
materials deformations  before S I O (Wioron)
collapse. Fig.9 shows cracking
pattern of corbel C3 after testing.
Indeed the corbel suffer from
sever cracking but not visible because of the cover of CFRP sheet. Warping and fracture of
CFRP sheet in flexural zone can be observed in the figure.

]

f -

2000 4000 6000 8000 10000 12000

Load per corbel (kN)
- 88 888 8 8

@

Fig.(9): Cracking pattern of corbel C3

Fig.10 shows load- CFRP strain relationship of corbel C4. The behavior of this corbel is
similar to that of corbel C3. Therefore the role of providing steel plate to compression zone on
the CFRP deformation is not important. Fig.11 shows cracking pattern of the corbel after
testing. Cracking behavior of this corbel is not differ widely from that of corbel C3.
Therefore, the role of steel plate on cracking behavior of the strengthened corbel is not
important.

Fig. (10): Load- CFRP strain relationship Fig. (11): Cracking pattern of corbel C4
of corbel C4

Fig.12 shows load- CFRP strain relationship of corbel C5. The behavior of this corbel is
similar to that of other corbels indicating that the extension and propagation of cracks has less
importance on the deformation of flexural steel reinforcement of repaired corbel using CFRP
sheets. Fig.13 shows cracking pattern of corbel C5 after testing. Cracking behavior of this
corbel is not differ widely from that of other strengthened corbels.

Deformation and cracking pattern of corbel C6 were found to be similar to corbel C5
indicating that the role of providing steel plate to the full damaged corbels in companion with
CFRP wraps is not important.
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700T
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Fig. (12): Load - CFRP strain relationship of Fig. (13): Cracking pattern of corbel C5
corbel C5

4- Conclusions
From the experimental test results presented in this paper the following conclusions can
be drawn

a- Reinforced high strength concrete corbels subjected to moderate and full cracking can
be repaired for a load capacity of 116.06% to 128.14% of control corbel. Therefore
damaged corbels can be repaired successfully using CFRP sheets.

b- For cracked corbels strengthened with CFRP sheets, corbel materials suffer from high
deformations and maximum deflection of repaired corbel is higher than that of control
corbel.

c- Using externally bonded steel plate for strengthening compression zone of the damaged
corbel was found to be not useful for more load enhancement of repaired corbel.
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Behavior Of Reinforced Concrete Beams with Openings in Shear
Zone Strength and rehabilitated with CFRP under Repeated

Loading
Dr. Bayar J. Al-Sulayfani / professor Fahad Akram Al-Hamdani

Abstract

This research work aims at studying the structural behavior of reinforced concrete

strengthened and rehabilitated beams with openings at the middle of shear zone under
repeated loads. The experimental program of the current study includes testing a
reinforced beams (200x350x2400mm) divided into 3 groups. The 1st one consists of 3
beams with circular openings at the middle of shear zone having a diameter
(150mm),while the 2nd group consisted of 3 reinforced beams with a square openings of
(133x133mm).the 3rd group consisted of beams with rectangular openings of
(200x88mm).When the results were analyzed , it was noticed that the presence of
openings in the beams caused a reduction in the R.C beams strength a mounting to a
ratio between (14-50)%,When the effect of shape was studied , it was found that the
beams with rectangular openings had a higher strength than the ones with square
openings by(20.4)% and (38.77)% than those of circular openings.
It was also found that when the carbon fiber strengthened beams of the circular
openings were tested they showed an increase of shear strength between (51-62%) and
an increase of (15-23.6 %) for the strengthened beams with square openings , while the
increase was (8.6-16.7 %) for the strengthened beams with rectangular openings .
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Group (KN/mm) Beams
Groupl BOC150R( Control) 28 L
(circle) BOC150SRR(1) 44 57
BOC150SUR(2) 43 53.5
Group2 BOS133*133R ( Control) 3t
(square) BOS133*133SRR(1) 35 3
BOS133*133SUR(2) 33 6.5
Group3 BOR200*88R( Control) 26 | L
(Rectangular) BOR200*88SRR(1) 29 11.5
BOR200*88SUR(2) 31 19
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Beams Toughness %Increasing in

Group (KN.mm) | Toughness with Respect

to Control Beams(kN.mm)
Groupl BOC150R( Control) 557 | Ll
(circle) BOCI150SRR 685 23
BOC150SUR 928 66.6
Group2 BOS133*133R (Control) 1026 | L.
(square) BOS133*133SRR 1498 46
BOS133*133SUR 1526 48.7
Group3 BOR200*88R (Control) 1831 | L
(Rectangular) BOR200*88SRR 2150 17
BOR200*88SUR 3812 108
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Behavior of concrete shear transfer strength at high temperature
Dr. A.H. Ahmad (prof.) Ban Najeeb Mikha

Civil Engineering Dept. / College of Engineering / University of Mosul

Abstract

In this research study, the effect of high temperature on the behavior of the shear
transfer stresses of ordinary hardened concrete was investigated. Push-off samples
(500x300x158mm.) were casted and reinforced with (8.0mm) diameter shear
reinforcement (single, double and triple two legs ties). The samples also reinforced in the
vertical direction with (4¢12mm) reinforcement to provide the compressive strength.

A cylindrical concrete samples (150x300mm.) were used to study the effect of high
temperature on compressive strength, splitting strength and modulus of elasticity.

The samples exposed to different high temperature (20,200,400,600°C) for a period
of (1 hr.) in an electrical oven at the age of (28 days) then tested at room temperature
(20°C) after (24 hrs.) at room temperature.

From the results of the shear transfer stresses in the concrete models at different
high temperature, and measuring the slips and crack widths. It is found that the shear
transfer strength varied with the variation of temperature. For specimen without shear
reinforcement the shear strength reduced by (9.1, 16.6 , 51.7 %) at temperatures of
(200,400,600°C), and for single, double and triple ties the shear strength reduced as (3.8,
8.3,18.7%),(3.1,4.7,125%)and (5.4, 11.7, 23.2 %) respectively, the relative to shear
strength at (20°C) for each condition of reinforcement . A very small slip found in the
unreinforced samples due to sudden shear failure, for reinforced samples the slip ranged
between 0.096mm. at 20°C with single stirrup to 2.062mm. at 600°C with three stirrups.

These results point out that the shear reinforcements have a valuable effect to
reduce the effect of high temperature on shear strength.

Key word: Concrete, Shear transfer strength, High Temperature, Concrete.
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Lgbo Ala Al sl cail ia glia i yomt] oy il QWS oy () (s 9 Ailis L) A1) 5 Jalizal) ia sl it yua
il Al 0 de il
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GLIYL dalid) ol Alle Al Al 4 glie 4 )2 [14] 05040 s (Ridha) Laalll i (2012) ole
O e Al and o Aglaal) sl all 3 ¢ Al s dlee Al o) jalh @l g ¢ puilaall Gl 5 s 4,3Y Gl
ALY sl LIV (e e 55 Jlanind a3 s iliall Gadll (5 8 s Y al) GHLIVL Aaluall oo Al Al )
pid sl 2 5ol S Ll 9% (0.5, 1.0, 1.5, 2.0) Gl o gas s CuilS 5 ¢ llgil) 4 ghnall 5 dasiional)
o gl 5 ARl gy 5 Caa ) 13 gd A laal) il e slaie Yl g ¢ yuiilaal) adl) G glie sy Aalae GBla)
apa dalie s (F) Gl Jebes cul€ Aalaally Ladlaie ) o3 3l & il | (40-107)MPa o ¢ s) S Jaleazal
LY aas 3305 of caaiind Cus o(fe) Al Al Llacail) 4 flia s (pufy) ol adaia o (53 sanll il
Jaall a5 Saall Jal yall 8 43 sanll dal 3V (e Jly 2,3V 4l

~daddicial) 3) gall g Land) geall sl
- Jadilg ¢ Aplaad) A Al & daadiciall 3 gal) -1
(e sl) alie) S5 e aadisd) CiienY) (]
L) Ll ele (@
aall e adl aa g ad sl Jolail o) ya) e ¢ (UieS) 6 ed Jasp aaiiusdl dall 1 (Ja ) aclill A8 (7
Jsaall ¢ (2.196) Aitks 3 5o dousi 5 (3.196) A s23 Jabaars ¢ (B.S 882:1992) [15] Auilday sl diaal sall olal
(2) S (3 nin o Jaiall a5 s (1)

(B.S.882:1992)[15] &l al) clinal sall 3 50a pa prdisall Jal il Julaill (1) Jgosl

daaaiall 5 jlall 4 giall Al JAlal) (ulia
z o8l ghlic 3 gaa B )Lall Al Al 3 gasl) (mm)
Facl M Lo 5 C s paaall Ja )l
- - - 100 100-89 4.75
100-80 100-65 100-60 84 100-60 2.36
100-70 100-45 90-30 68 100-30 1.18
100-55 80-25 54-15 24 100-15 0.6
70-5 48-5 40-5 9 70-5 0.3
- - - 5 15-0 0.15
120 -
100 -
80 -
g 60 -
T}
£ 40 4
a —— Max. limit
é_u 20 - —&—sand used
—A—min. limit
0 - . . . .

0 1 2 3 4 5
Sieve size (mm)

ex:l_ﬂ\ e\S‘)ﬂ ‘_A;_\.d\ Jalasll - (2) A

Aty ) ddal sall 3illae (rounded aggregate) 3 se Sl 53 (s ant (anll) GBS N (2
(10 mm) (MLA.S) oS )1l aai¥l) il 5 [15] (B.S 882 :1992)
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-1 4kl Al AN 22

¢ (130mm) Jska 5 (35MPa) 2 saa; halaail da glia o J gmandl Al pall Adalall 6 ol sall ot LA o
Al Al A RlalA b5l (o ill [16] (D.O.E) ity pll A&y plall (o & L aaa i
A sl Al (it Al ye JS1 3 220 (150X 300mm) Al il shand s 235 (1:2.52:1.65/0.52) (o
UalA 182 73503 16 G i LS (g Uada¥l adll da slie slagY (5 a0 il shan) GOy A5 yall Jalaa g Lalaaiyl
Dlie ) ey @l ) @l sl aal (3) JSE ¢(300% 158 X 500mm) st Halall il JUES) asdy
Oliils (1-@8mm saal g ddla (lila () 50y) el i )l aladinl o Cua (adll dikie A plul) Ao 2
Gl 3 o)l (A (gl pand zilai s i) skl ) 3l (g o 23 LS (3-@8mm il &3 5 2-¢8mm
.’SJ\);“:\;JJ MLMY\:\A}\AAGSM\ dj.\;“u.qh% . (2) eé)djdﬂ\eﬁ@ayusumfa)\);

Gl el 5 z3laill Gae 5 Jias (2) pB) J g2

3l sl cila s el el Hlad g 2o (fch zsalll o8,
(°C) =il LalecaiV da glaa
(MPa)

20 38.33 NAO
20 1- 8mm 38.33 NA1l
20 2-¢ 8mm 38.33 NA2
20 3-¢ 8mm 38.33 NA3
200 | e 37.38 NBO
200 1-¢ 8mm 37.38 NB1
200 2-¢ 8mm 37.38 NB2
200 3-¢p 8mm 37.38 NB3
400 | e 33.62 NCO
400 1- 8mm 33.62 NC1
400 2-¢ 8mm 33.62 NC2
400 3-¢ 8mm 33.62 NC3
600 | - 27.18 NDO
600 1- 8mm 27.18 ND1
600 2-¢ 8mm 27.18 ND2
600 3-¢ 8mm 27.18 ND3

—dadlaal) 48y jh g Al Al 7 iladl) diygs -3
2V A) sl Jalal) (e ) gl any @lla 5 pilaall (il andy dalall Cll il Caplas o caall dulee ol jal J8
Y (Bmm) sl lalay (el b LS 5 Ul JAls 23 gaill aadl) bl dpas aua g & ll 58l (e oz 3Lalll
C"“ o) WAL ?‘ \'\'?“\1.\ ‘_53)_‘:1\ o\A_EYL} CJ}.A.\X\ C.:\;L.u ?3 LS . (U’_ﬁsl; S ¢ u\.\sl; 3 Bh\}z\ﬂ; ¢ sl u}m) WA
Slgal maia s (3) o) saadl Bl (5 8 5l 73 sall Jd axe Glaal ¢llb g (3) JSall 8 LS (12mm) kd
2aa1 (spacers) Sl adad aladin) ady L) 5 (63 ganll maliill dpaad AT LY 5 250 Ak glia g & guiadll
ALalall 45 Sall o) gall a3l 22y (Concrete Cover) gubl) aps Glad (25)mm. (Sla Al sLaall
Jshagll laie e 2l 2y o Suall a5 Ly jas oLl adlial 5 W A8l o seal) A8laaly Adalial) alasiuly Al Al)
I8l Jaks Al Al Cia g aany 5 (120-140) mMm G 23l % Jshaedl Hlade GlS 5 J shagll da g jaa Jleainly
g Ay g a8 g Aailatia g 8aua B guan AL AN (g Cle ) 7 5 A Glaa el 3 ) ) sacaiall Cuardiul
Baal 5 jaitina 3 ) s slall (il gl 8 dalladd) oy o) sl i ad laaay yidall L delu 24 5aal S 55 ) g8l
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Sl i sy sl (8 LS il a0 (27) e G bl paliiall Leidaat g Leal AL &3 laany g 0 0 (14)
A slhaall ) jadl Aa jal AL eI ¢ 8l o 52 (28) em i J8 (204 2°C)

a2l il yia il g (3) Js2all

(Elongation) 4Uaiuy) ¢ sadl) L&) da glBa £ yail) Jga) feldl) Bas b
(fu)(MPa) (fy)(MPa) (mm)
10.5% 710 614 8
11.05% 591 691 12
=
S —
012mm =
E g @8mm & ;@
i 1
A A |
08mm =] —_— 304
/ﬂ (A-A) gl
@12mm ]
| | ol £ 3l (il sl (3) JS)
(mm) = gyl
300
/
N -t Al Al il s -4
r“:‘““ O B2l Al gl ) Al A 230l i s o5
@l Gacd 55 yan 53 eS¢y Jleniali s ) yall s
. s LFiLAS(GOOOC)GJ\d‘}.‘aﬂ\ﬁ)\ﬁ&;‘)ddmﬁ'é\}@_‘a
® Al all da o g ()5l 73 saill gy a3 ¢(4) IS
. T sl 73 pail) @y dayall 0 J am gl (s slladl)
cﬂ)_'\:}\.hd.uca_\Jm‘SJ\JAﬂZAJJ‘EUJﬂ\dA\JZLLm
24 52 Al sl i g o) Gl e ¢y 58l Jaks 73 sl
Cpdell ardioal) u-'l-ueﬁ\ QAN (4) Jsad) Ll s oy llh ey ) 5l s day dela
- uaﬂ.“ E..}LA_I' 2-.\,)@-"1 -5

e deall a5 Glawal J LA Adab g 73 il e Jraadl Jadidi 5S je e 73 gail) 3 g0 2 9o daaai g ) 3 5l
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Aady zdgaill Caiy (358 (25MM) o Auia miliam pia g A wilatie s guay paaidll oL #3 5 il
(16) &5 o5l (5 simse Ik (e dlaall (il Labaial &S Aalose J31 e Lonl i (150*158mm)
AV ol (5 sie o 3 sae zla ) Jadad il S5 Cua (sl 2 3laill Al a5y (5) JSA 5 panill 23 50
Cofla (Transducers) Jhesiads Iy (il a3y pailll (g sine o gl GY 31 Jl aill g sia el s Jiul
Jlex Jeaie (Data logger) Jlbes plasinly Jalicall Jeaadl Jal jal (3Y 339 jlada 3ol 58 oty crla ) Jiakad
i J gt Gaadl) oLl aayy JGdl J gomn A je () Jreall dmg 5l 800 51 ge 3531 Jay (215 sl
a5 LS il Jad af (pa s BY W) ey aad) s AiDlall a1 (ExCe) el o) sl
O A i 5 Jaal) 30 5 e 488Y) 5 403 gand) dn) 3Y) (bl il (5 sine Caatia 4 (Strain gauge Rosette)
vie by Gadll (g siue SIS GaIN (e Gy SR Jean 43 jaa (S 1Y) A Y1 A8 jaa (e g8 J gaan

Al Al 2l Jladil laie ge GRS (m e 3305

oaadll 7 ilalll Aigs 4l zeida gy (5) JSA)

- @Gﬂ\ -6

s blaall Jaall Jal e 28] 383l (a je ae 4E8Y) A HY)

DU cpila g Baal g ddlay ¢ pald s () 1) pbudll GV AT (Aa) Y -Jaall) o 483 Jiad (9-6) JIS&YI
. Jla¥l 3345 ae (20,200,400,600°C) il Jal e gaanl s (il

350 -

"='=- e e en as a» e e ©
sudden failure

e NAO
— NAL

NA2
e NA3

. . . . .
0.1 0.3 0.4 0.5

0.2
Slip (mm)

20 5 Aol Lalie ) Llu Al @a1 Y Jaall) didle (6) Js
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300 -
2
=
° ——NBO
o
S ——NB1
NB2
-0.1 0 0.1 o.i, 0. 0.4 0.5 0.6
Slip (mm

200 31a Aol Lalie ) Al ALl (Aa) Y Jaall) dBdle (7) Je&

laod (kN)

/
NC2
-0.1 0.1 0.3 0. 11 13 1.5

> Slip ?%m) o

400 31 s da Al Apatie ) Alu AL (A1) - Jaall) &bl (8) Jei

laod (kN)

250 -
200 |~
—
15 7
100%- ——NDO
50 ND2
r O T T T T T T
0.2 0.3 1.8 23 2.8

600°C 3_1ua da Al Lalie ) Ala Al (Aa)JY) - Jaall) ABe (9) Jsi
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Al A1) pailiad il ALl 5 ) jall a3 s Coa 3l 5 il gl 8 sl 2305 (4) Jaa)

(fv/ ,) % ft fC’ JY}N\ Jldia oalll ) LJ&A 5 ladl a.%‘)-i G..JJA.'J\ @5‘)
fe (MPa) (MPa) (mm) (MPa) (f,) (°C)
15.5 3.92 38.33 0.069 5.96 20 NAO
14.5 35 37.38 0.057 5.42 200 NBO
14.78 2.92 33.62 0.047 4.97 400 NCO
9.27 1.35 27.18 0.028 2.52 600 NDO
16.17 | 3.92 38.33 0.096 6.2 20 NA1
15.94 35 37.38 0.151 5.96 200 NB1
16.92 2.92 33.62 0.366 5.69 400 NC1
18.54 1.35 27.18 0.466 5.04 600 ND1
17.74 3.92 38.33 0.407 6.8 20 NA2
17.63 35 37.38 0.426 6.59 200 NB2
19.27 2.92 33.62 0.904 6.48 400 NC2
21.89 1.35 27.18 1.241 5.95 600 ND2
2181 | 3.92 38.33 0.488 8.36 20 NA3
21.16 35 37.38 0.522 7.91 200 NB3
21.98 2.92 33.62 1.036 7.39 400 NC3
23.62 1.35 27.18 2.062 6.42 600 ND3

s je () deall gl (i) J8) A5V dal el (8 (Bleail) Gl Jlaiil @llia of o3ke) JISEY) (e zoaly
C Qi Jpemn Al e ) Gl (g g (2 GY V) A e lade o 5V 330 Gugos

il A jo N Il i) (pe Jlaii¥) JUEH 5 (il bt e AN 23 el 3 ilad Jb cllia o Jaadl LS
a5 3 3l Jy s Gail) spas das A 3l 213y (el Jaad) of Laa Dl (Ul gl 3 93 5) 5 AV YA L]
Jiadi 3L 30 o3a o s | 3yl yall

) o Lae bl dpany Aaliadl e g 3aill 551 jall il 5o 2o 5l adliy 3Y 53V e Of a5y (4) Jsaal)
3ol e o 33l Y YT lake 48 ala (3 Bl 3 ¢ (Brittle) adual il i ) Aile A J s
s A glaa ® bl o Allad L) jady Lo bl A 30l ) ae Waala 3 ) ddlia) adl) apasy dabial) & 3Ll
ol cla o

Of G dille 35 a s jal A prall Dlujall 8 el il yas aladia) dpal (5) dsaadl (e Jas3lg
clic ddle s)lha clajal et die galll o8 Jaad e Adle Ao 28 dalaall e Aalu Al
Coill 038 4 i ) gl & M) e (200,400,600C°) ,0uall cila s xie (9.1, 16.6, 57.7 %)
2 gasall (8 el daglie (M) A i) o ma gy (5) dsaadl 5 Aadie Dls Al (S5 Ledie gl 5 JS
20C% 5 ) yall A 50 ie aluall

20°C &) sadl da jo (M dsai b)) jall Gl )3 sl ae Gl (5 8 (8 Glatil] 5 33l 3 4 giall 4l (5) Jsanll
@Al Zasall* bl g2

)l all cla o 73 salll
600 400 200 20
-57.7 -16.6 -9.1 B bl Q19
p=0.0
-15.4 -4.53 0.00 +4.0 P=0.289%5 1s) 3 ddlay raleail)
-0.16 +8.72 +10.57 +14.09 bl ol
p=0.578%

+7.72 +24.0 +32.72 +40.27 POB6T0x Al by bt
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Gla ) alidal Galll b dpa Aol xa adll JUESH A glie lade 8 sl G A8l (aw (10) a8 JSA)
B Aaal 5835 585 2e (600°C) AoV 5l pall cila pa vie 58T 05S il a5 53 Ol ey ¢ 51 jal)
il JU e gl yusk s A e o3 5 ¢ (11) by IS b ") el 5 skl 13 5 5 ,A 9T 51 jall o
J13] Lo s (A it all CulS g b ) 923 z il Bl jall Gila j3 S aa

o Bl el 5 20-600C° o 51 55 s lia o ie. il a gl e sl ) Alsladl 1) 5
0.0-0.867% ¢ =dll b 4 5 27-38 MPa

» = -0.10-2.65*10*T+3.167* p+0.144*f'c R?=0.90
P
10 -
©
o
S 87
=
-
&
5 6
=]
& —e—20°C
[J]
a 4 1 —e—200°C
S —A—400°C
} . 2 n °
i —8—600°C
L
(7]
0 T T T T 1
0 0.2 0.4 0.6 0.8 1
Shear Reinforcement ratio %

5l a3 il il ) e slie o ool waal A siall dud L35 (10) JSE

9 -

8 -

%_ '\

a ﬂ\.

E -

—

%D_

@ Reference [13]

‘f 7 —— without reinforcement

8 1 —a&— one stirrup

i - —&— two stirrup

. —&—three stirrup

0 T T T T T T 1
0 100 200 300 400 500 600 700

Temperature(°C)

WIS 3 ) jall Gl o il s Lol VI s A 8 Gl JUl 4 slia s (11) a8 JSil)
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JSall 8 LaS s ) pall cila o caliaal LleaiV) cilabgal 5 adll culalgal Hlaie (43 ydblie 48le 3 sa g praly LS
3 sl sy aie Ll iVl A slie (e (159%) ) s—n Jiad (il A slie A of Gaa (12) o)

10~ a o
600°C 400°C 200°C 20°C
9 T
E -
T 7]
: .|
-
6 s -
=
v o4
' —— without stirrup
.,_g 37 —h— one stirrup
E 27 —&—two stirrups
17 —4—three stirrups
m
-;:.: I:I T T T T T T 1
25 27 29 3l 33 35 37 39
Compressive Strength at different temp. [MPa)

e LS dalll ye =Ml 8 (600°C) 5l ds o & (9.3%) s A Ja Al o2a 5 (20,200,400°C)
Gl aae e lalaic) (23%) jpa| (16%) o s 5 Ll Caa C_\Lu.d\ s iy ol s 5« (4) Jsaall =
Al d3lu Al 8 Gadll Gilalgal) da glia 3ab ) e ae by il Lhu\dbuac_u.\m bl

5lall cila a Caliaal (Blail) e e - Gail) Ji e lie) Ale ; (12) JSa

10 -
9 -
o &
-
=
W 6 - -
5 0.867%
- 5 1 = U
&  =0578% °
[ ™= _4 -
5 p. = 0.289% :
"lca 5 = —+—20°C
© —e—200°C
e
5 p,=0 —&—400°C
£ i —m-500°C
w I:I T T T T T 1
0 05 1 15 2 25 3
Slip (mm)

GY Y1 lake of (13,14) Sl (e a3l yall il ja 58l Gl da i g BY 5V laie G AR Ll
u\A(p 00)C_\Lm.mJAJ;JPJF‘;JGM\A@SJM\CAM\&)JJBJ\)AJ\%JJJ\J&ALAGo)ul.mc‘)‘,.aAJJA.\:u
(0.028mm) ) (0.069mMm) c GY 3V Hlaie & o) i g (il Cilalga) 4l 23S fas 12 530 6 BY RV lade
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dgagddls LAY _%4‘@\,; Jiad (adll da glaa * 334 &« (600°C) ) (20°C) (e 3 pall s ja pas e
DA el dnas ST et bl das A 98 ) jad) il 53 aba b al 5 JSG 3l 35 sl 0da (8 il das
4ilal (20°C) 5,1l A 2 2ie (0.096mMM) Y FY) laie OS5 51 all s s Jest 8 ST 4 50 g3 gaill
o gl A 50l 5 Lel) 5 il 30 el 5 (6007C) 8,1 al) a2 e (2.062Mm) ) ded ol (pa 82015

(8) Ul g cmn sa LS 947,71 s (ol

Aalidae 3 )l s il Aalie V) Al Al (Y 3V - (i) U A slie) A8Me 1(13) Jal)

2.5 ~
—&—o0ne stirrup
2 —B—two stirrups .
—i—three stirrups
‘gl.S .
E
2
w1 -
0.5 - &
O — T T T T T T 1
0 100 200 300 400 500 600 700
Temperature(°C)

el Ay il 5 2L 5 ) jall il ya s ae Y 1 ST e i (14) JSal)

- clatiiay -7

—r Al iy ) O s sl) Sy 5 siall il e ol

G ¢ prual g S 53 ) all e jo plai )l il el QD) 4 glie e (e 5 dilu jall aibad o (]
z )8 Aaludll e milall (adll daglie Gl aa s ¢ Bl al) Cila gl J8 Gall) JlE) da i o
CO daliall il G5 ¢ (20-600)°C o 301 Al A ys jus vie (5.96-2.52 MPa) o al
. (8.36-6.42 MPa) st ol 038 in 5) 53 il mals il

O ua sl all cla il A il Cilalea) & dalall vl LIS 3 bl s aaly 2
(il M) (il plud paa Ayt ie (5.96, 6.2, 6.8, 8.36) <uilS (il JUiil da slia o
600°C 5/~ 4a 3 die 3 20°C 3)) s Aa )y (& M sill Je (Uadll malid (g daal g Aals oliala
(Ol lila )G il gl yas A i Nie (252, 5.04, 5.95, 6.42) il ol i
(sl e (padl) b ¢ sy cdaal 5 dila

A3 Gall) Slaleal Ao o Gua Aol Al hlicaiV) G glia g (el Cilaleal c b bl A dlia 3
028 = 5l i Laiw ¢ daludll ye #3aill 8 (9.3%) I (15%) O gl 5 zaludl) das G S 30
el S L aad g e ol s dalual) 23l 3 (23%) ) (16%) O el

3 A s byl all sy iy gl g UK (5 sl (il JliI Ao glie die GY V) laie il 4
dsagAlls o Ll ¢ an 8 BY 0 oy poalie JS5 Jadll G oK dalud) e Dl A s bl
DS ol spas (5588 @lla g 5 ) jall Gl gl s zalul) dans 2o 3l GY Y1 lake ol 8 bt
O zbeall e B2a) 5 Adlaly (20°C) 3 all Ax o die @Y 3V it o) ua Al Al (e Ae glas
il M bl 5 (600°C) 5 yall da 2 2ie (2.062mMm) S daadd (0.096mm) )iy
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Influence of Mix Proportions on the Abrasion Resistance
of High Strength Concrete

Ali Hussain Ali Mohammed Hazim Yasin
Assistant Professor M.Sc. Student
Technical College / Mosul Technical College / Mosul
Abstract

Trial laboratory batches were used to study the effect of mix proportions on the
compressive strength and abrasion resistance of high strength concrete. A series of twelve
different concrete mixtures including: normal concrete mixture (C1) as a reference mix,
four concrete mixtures (C2, C3, C4, C5) prepared with different amounts of
superplasticizers used as a percentage of cement content, four concrete mixtures (C6 , C7 ,
C8, C9) prepared by reducing and fixing (w/c) ratios and using silica fume and different
amount of superplasticizers (as a percentage of cement content), and three concrete
mixtures (C10, C11, C12) prepared by similar amount of super- plasticizers and using
different (w/c) ratios. Results show that Mixture C11, prepared with (1.50%) addition of
super plasticizers and (15%) addition of silica fume resulted in (90.3%) increase in the
compressive strength and records a significant improvement in the abrasion resistance by
(205.2%) as compared with the reference mix. All of the mix proportions, with super-
plasticizers and silica fume additions leads to an increase in both compressive strength and
abrasion resistance.

Keywords: Concrete Mix Proportions, Abrasion Resistance, Compressive Strength,
Superplasticizers, Depth of Wear, High Strength Concrete (HSC).
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1. Introduction:

1.1. Scope:

Abrasive wear is known to occur in pavements, floors, or other surfaces upon which
friction forces are applied due to relative motion between the surfaces and moving objects. The
resistance of concrete to abrasion is influenced by variables such as strength, aggregate
properties, surface finish, and type of hardeners or toppings. It is well established that concrete
abrasion resistance increases with increasing compressive strength[1]. The factors that affect
concrete strength can also influence abrasion resistance.

In general, hardened cement paste possesses low resistance to abrasion. In order to develop
concrete with high abrasion resistance, it is desirable to use hard surface material, aggregate, and
paste having low porosity and high strength[1,2,3].

The parameters such as cementitious materials content, water to cementitious materials
ratio, air content, type of finish, and curing are known to affect the characteristics of the concrete
surface layer including abrasion resistance. The abrasion resistance of concrete is of importance
in various types of concrete construction. For example, in pavements, floors and hydraulic
structures such as tunnels and dam spillways, the concrete should withstand destructive wearing
forces, which may include abrasion and impact[2]. The abrasive wear of concrete is described
with the change in mass decrement or the depth of the cavity in function of its material qualities
(as compressive strength)[3].

1.2. Literature Review:

Data on the abrasion resistance of concrete is needed to determine appropriate mixture
proportions in order to manufacture abrasion resistant concrete, limited amount of published
work is available on abrasion resistance of concrete.

Several investigators[4,5] have substantiated that compressive strength is the most
important factor governing the abrasion resistance of concrete. Witte and Backstrom[6] reported
that for equal strengths, abrasion resistance of air-entrained concrete is similar to that of non-air-
entrained concrete. Abrasion resistance of concrete is mainly dependent upon abrasion resistance
of its constituent materials, coarse aggregates and mortar[7].

Researches used many types of surface finishing techniques and curing practices to have a
strong influence on abrasion resistance of concrete[6-13].

Nanni[13] indicated that, compressive strength is a poor parameter to evaluate abrasion
because of the influence of surface finishing and curing conditions. In general, proper finishing
and curing practices are one of considerable factor to enhance the abrasion resistance of concrete
considerably.

1.3. Aim of the research:

In this investigation, the abrasion resistance of concrete incorporating with chemical and
mineral admixture will be discussed.
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2. Experimental investigation:
The experimental work of this investigation included two categories:
2.1. Manufacturing the apparatus:

The apparatus, which was used in measuring the abrasion resistance, was manufactured
with all its accessories in accordance to the requirement of ASTM C 944[14] at the Technical
College of Mosul. This apparatus consists of a series of dressing wheels mounted on a rod that is
attached to a press drill. This press drill is used to apply a constant force on the surface of the
specimen and to rotate a cutter at 200 revolution / minute; this test determines the abrasion
resistance by measuring the amount of concrete abraded of a surface by a rotating cutter in a
given period at time. Figure (2.1) shows the apparatus with its dressing wheels

Fia. (2.1); Rotatina-cutter oress drill with dressina

*A set of dressing wheels replaced periodically (for each concrete mixture).

2.2. Practical Work:

This part of the investigation includes preparation of all the concrete mixes as well as the
tests performed on the concrete specimens.

2.2.1. Materials:
2.2.1.1. Cement:

Sulfate—resistance cement obtained from Hammam-Al-Alil was used. Physical and
chemical properties of the used cement were carried out in accordance to Iraqi specifications
No0.5/1984[15], test results are given in Tables (2.1 and 2.2).
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Table (2.1): Physical properties of Sulfate—resistance cement

Physical properties

Test results of Sulfate-
resistance cement

Iraqi specifications
No. 5/1984[15]

Specific surface area by > 230
Blain method, m#kg 280
Initial setting time > 45 minute
(hrs : min) 1:30
Final setting time
(hrs: min) 3:18 <10 hours
Compressive strength, MPa
3 days 21 >15
7 days 29 > 23

Table (2.2): Chemical compositions of Sulfate—resistance cement

Chemical analysis

Test results of Sulfate-

Iraqi specifications

Oxides and compounds resistance cement No. 5/1984
(%) (% by weight)[15]
MgO 1.9 <5.0
SO; 2.3 <25
CaO 62.92 -
SiO, 20.3 -
Fe,O3 5.4 -
Loss on Ignition 1.1 <40
Insoluble Residue 0.85 <15
CsA 2.3 <35
CsS 58.9 -
C,S 13.6 -

2.2.1.2. Coarse aggregate:
Coarse aggregate of maximum aggregate size of (10) mm., obtained from Mosul city was
used. Its sieve analysis is shown in Table (2.3).

Table (2.3): Sieve analysis of the used coarse aggregate

Sieve size Cumulative passing Iraqi specification
(mm) (%) No0.45/1984[16]
14 100 100
10 94.6 85-100
5 4.8 0-25
2.36 0 0-5
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2.2.1.3. Fine aggregate:

Fine aggregate (sand) obtained from Mosul city was used. Its sieve analysis is shown in

Table (2.4).

Table (2.4): Sieve analysis of the used fine aggregate

Sieve size Cumulative passing | Limits of Iraqgi specification

(mm) (%) No0.45/1984[16]

4.75 98.4 90-100

2.36 94.6 85-100

1.18 92 75-100

0.60 66 60-79

0.30 40 12-40

0.15 10 0-10

Main properties of the used coarse and fine aggregates are shown in Table (2.5).

Table (2.5): Main properties of coarse and fine aggregates[16]

Property Coarse aggregate | Fine aggregate
Dry sp. Gravity 2.63 2.59
S.S.D. sp. Gravity 2.64 2.65
App. sp. Gravity 2.66 2.79
Absorption capacity (%) 0.5 2.9
Rodded unit weight (kg/m°) 1716 1765
Fineness modulus 6.55 2.61

2.2.1.4. Chemical admixtures:

Sika Visco Crete-5930, is a third generation of superplasticizers for concrete and mortar,
was used. It meets the requirements for superplasticizers according to ASTM C 494 Types G
and F[17].

2.2.1.5. Water:
Tap water was used in preparing all concrete mixtures.

2.2.1.6. Silica fume:
Silica fume is specified under ASTM C1240. Physical and chemical properties of the used
silica fumes are given in Table (2.6 and 2.7).

Table (2.6): Typical properties of silica fumes

Form Powder
Colour Grey
Bulk density 550 Kg/m3
Chloride content <0.1%
Dosage 15 % by weight of cement.
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Table (2.7): Chemical properties of silica fume.

Chemical composition Percentages (by weight)
MgO 1.47
K.0 0.9
CaO 0.5
SiO, 90.7
Al,O3 0.68
Fe,O3 2.2
Na,O 0.86
L.O.L 2.5

2.2.2. Mix design of normal-strength concrete (NSC):
Mix proportions used in this investigation were obtained using three methods (ACI, British,
and Road Note No. 4) methods [18], as shown in Table (2.8).

Table (2.8): Mix proportions

Mix desigh method Mix proportions (A/C) Ratio
ACI 1:2.245:2.012,w/c =0.61 4.257
British 1:1.861:1.861,w/c=0.5 3.722
Road Note No. 4 1:1.957:2.419,w/c =0.45 4.376

Since all methods of concrete mix design shown in Table (2.8) give the same compressive
strength 25 MPa, therefore, the mix proportions obtained by the (Road Note No.4) was chosen
because it gives (A/C) ratio higher than the other two methods and this will be the best mix
design method from economical as point of view.

2.2.3 Mix design of high-strength concrete (HSC):
Mix proportions were selected from a number of trial laboratory batches to obtain HSC as
follows:

2.2.3.1. By fixing (w/c) ratio and using different amount of super plasticizers as a percentage of
cement content, as shown in Table (2.9).

Table (2.9): Mix proportions for trial mixes

Mix Mix Cement | Silica Super- Fine Coarse (wic) 28-day
Code Proportions content | fume | plasticizers | aggregate | aggregate | ratio | Compressive

(kg) (kg) (kg) (kg) (kg) strength

(MPa)
C1 1:1.957:2.419 420 0 0.00 822 1016 0.45 331
Cc2 1:1.957:2.419 420 0 1.05 822 1016 0.45 333
C3 1:1.957:2.419 420 0 2.10 822 1016 0.45 35
C4 1:1.957:2.419 420 0 3.15 822 1016 0.45 36.6
C5 1:1.957:2.419 420 0 4.20 822 1016 0.45 39.6
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2.2.3.2. By using silica fume and different amount of superplasticizers as a percentage of
cement content as shown in Table (2.10).

Table (2.10): Mix proportions for trial mixes

Mix Mix Cement Silica Super- Fine Coarse (w/c) | 28-day Compressive
Code Proportions content fume plasticizers | aggregate aggregate ratio strength (MPa)
(kg) (kg) (kg) (kg) (kg)
Cé6 1:1.957:2.419 357 63 5.25 822 1016 0.30 53.7
c7 1:1.957:2.419 357 63 6.30 822 1016 0.30 57.4
C8 1:1.957:2.419 357 63 7.35 822 1016 0.30 55.8
C9 1:1.957:2.419 357 63 8.40 822 1016 0.30 53.2

2.2.3.3. By fixing amount of superplasticizers and using different (w/c) ratios as shown in Table
(2.11).

Table (2.11): Mix proportions for trial mixes

Mix Mix Cement Silica Super- Fine Coarse (w/c) 28-day
Code Proportions content fume plasticizers | aggregate aggregate ratio | Compressive
(kg) (kg) (kg) (kg) (kg) strength
(MPa)
C10 1:1.957:2419 357 63 6.3 822 1016 0.40 52.6
Cl1 1:1.957:2.419 357 63 6.3 822 1016 0.29 62.9
C12 1:1.957:2419 357 63 6.3 822 1016 0.27 49.9

2.2.4. Preparation and casting of specimens:

All batches of concrete were cast in the laboratory using a drum mixer. Mixing, casting,

and curing was conformed to ASTM C192[19]. Each batch was used to cast 6 (100*100*100)

mm cubes, and 6(150*75)mm cylinders. to perform both the compressive strength and abrasion

resistance tests. The mixing procedures were performed according to the following sequences:

(@) The fine and coarse aggregates were placed in the mixer, and mixed for two minutes.

(b) The cement was added to the mixed aggregate, and mixed for another two minutes also.

(c) Two-third of the mixing water was mixed with half the quantity of the superplasticizers and

added to the mixer, for another two minutes.

(d) The rest quantity of water and superplasticizers were added to the mixer and the mixing
continue till there are no dry balls of cement and the mixture have a slump of (120 -
180mm)[20].

(e) Molds were oiled and placed on the vibration table while the concrete was poured. The
cylinder specimens were cast in three layers and each layers compacted by the vibrator until
no further air bubbles appeared on its surface, while the cubes specimens were casted in two
layers and compacted as the same manner.

(f) After completing the compaction operation, the top of the specimen was smooth finished by a
trowel.

(9) The specimens were demolded after (24 * 2) hrs, and subjected to the standard moist curing
by immersing them in the curing tank water at (23°C) till testing time at 28 days.
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2.2.5. Specimens tests:
2.2.5.1. Compressive strength test:

The cube specimens were taken out from the curing tank, and the compressive strength of
the specimens was determined in accordance with BS 1881: Part 116 : 2003[21].

2.2.5.2. Abrasion resistance test:

The cylindrical specimens were taken out from the curing tank, and the abrasion resistance

of concrete was measured in compliance with ASTM C 944,

Readings were taken every two minutes for 12 minutes or 1.0 mm. depth wear, whichever
occurred first.
The testing procedure of the abrasion resistance was carried out as follows:

(a) Determine the mass of the specimen to the nearest 0.1 gram.

(b) Fasten the specimen securely in the abrasion device by put piece of wood around the
specimen to restrict the specimen and then fasten the piece of wood by bolt, so that the bottom
face of the concrete cylinder is placed upwards and normal to the press drill shaft.

(c) Mount the special rotating cutter device (dressing wheels) in the press drill shaft.

(d) Start the motor and lower the rotating cutter shaft slowly until just in contact with the surface
of the concrete cylinder.

(e) Continue abrasion operation with applying a normal load of (10 kg) on the surface of the
specimen for two minutes after contact between the press drill cutter and the surface. At the
end of each two-minute abrasion period, remove the test specimen from the device and clean
surfaces with compressed air. Determine the specimen mass after test to the nearest 0.1 gram.

(f) The depth of wear shall be checked up with the average thickness loss of specimen obtained
by the following equation:

(Wi —-WoVy

where:
t = loss in thickness, mm.,
W, = initial mass of the specimen, gm,
W, = final mass of the abraded specimen, gm,
V; = initial volume of the specimen, mm?®*
A = surface area of the specimen, mm?.
*All of the dimensions of specimens measured by digital vernea.

3. Results and Discussions:
Results of the existing investigation were tabulated in Table (3.1), and illustrated in Figures
(3.1t0 3.7).
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Comnressive strenath

Loss on abrasion (am)

Table (3.1): Test results of compressive strength and abrasion resistance

écC1
mc1n

Mixture Type of 28-day Percentage Depth of Abraded | Percentage
Code Concrete | Compressive | increasein abrasion materials | increase in
strength compressive ® (gm) abrasion
(MPa) strength (mm) resistance
(%) (%)
Cl _ 33.06 _ 0.355 14.80 _
(Reference)
C2 NSC 33.34 0.85 0.311 13.38 10.61
C3 NSC 34.97 5.78 0.305 13.12 12.80
C4 NSC 36.61 10.74 0.299 12.85 15.17
C5 NSC 39.62 19.84 0.264 11.35 30.39
C6 HSC 53.66 62.32 0.178 7.65 93.46
C7 HSC 57.36 73.50 0.142 6.12 141.83
C8 HSC 55.76 68.67 0.168 7.23 104.70
C9 HSC 53.23 61.01 0.181 7.80 89.74
C10 HSC 52.64 59.21 0.195 8.40 72.72
Cl1 HSC 62.91 90.29 0.113 4.85 205.15
C12 HSC 49.90 50.92 0.210 9.00 64.44
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Fig.(3.6): Cylinder specimens after abrasion test.

The following parameters may be discussed, as follows:

3.1. Effect of mix proportions on the compressive strength of concrete:

It was clear from Table (3.1) and Figure (3.1) that, the maximum compressive strength
value was 62.91 MPa (90.3% increase), is recorded for Mixture C11 (HSC) with (1.5%) super
plasticizers and (15%)silica fume, whilst the minimum compressive strength value is 33.34 MPa
(0.85% increase), which is obtained with the (0.25%) super plasticizers in Mixture C2 (NSC).

3.2. Effect of mix proportions on the abrasion resistance of concrete:

It is clear from Table (3.1) that, the addition of (0.25%) of superplasticizers leads to an
increasing in the abrasion resistance by (10.61%) for Mixture C2 (NSC), while the increasing in
the abrasion resistance is (205.15%) with the addition of (1.5%) superplasticizers and (15%) of
silica fume for Mixture C11 (HSC).
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On the other hand, figures (3.2 and 3.3) show that the compressive strength is an important
factor affecting the abrasion resistance of concrete mixture. Loss on abrasion decreased linearly
as compressive strength increased.
Figure (3.4) show that, the loss on abrasion of concrete mixtures decreased with time.
However, all mixtures with and without admixture exhibited high resistance to abrasion
under the actions of applied abrasive forces (i.e., much less than 1.0 mm. depth of wear).

4., Conclusions:

The data collected in this investigation led to the following conclusions:

1. Compressive strength increases for all dosage of chemical and mineral admixture than normal
concrete. The high early age strength achieved with the addition of micro-silica may be
attributed to its finer particle size, resulting in an increased hydration rate. This is due to
confinement provided by admixture bonding characteristics of concrete increases and
improving the interfacial zone, reducing the potential stress concentration between the
aggregate and the cement paste. Such an increase achieved by reducing the water-to-cement
ratio.

2. The compressive strength for NSC and HSC mixtures at 28 days vary according to admixture.
The highest compressive strength is achieved by mixture C11 followed by mixtures C7 and C8
for both seven and 28 days.

3. The28-day compressive strengths for mixture C12 are considerably lower than the compressive
strength for mixture C11,where the wi/c ratio for mixtures C12, and C11 are (0.27, and 0.29)
respectively, we expect that, reducing in w/c ratio with high percentage in super plasticizers
may cause in complete in hydration.

4. All mixtures exhibited substantially higher rates of abrasion resistance gain as compared with

the reference mixture C1.

. All mixtures with and without admixture show a high abrasion resistance .

6. Concrete abrasion resistance was proportional to compressive strength, i.e, abrasion resistance
increase with the increasing in the compressive strength.

7. The effect admixtures on hardened concrete properties were significant.

o1

Recommendation for future work:
In this study sulfate resistance cement (Type V) was used, the effect of other types of
Portland cement with other additives may be also studied.
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Abstract:

This research aims to find a solution to the problem of seepage occurring in oil
interchange facilities and tunnels. Recently, real instances of the problem occurred at
Al-Anbar province of Irag. The impact of this phenomenon seriously erodes the
concrete and thus reduces the life span of affected structures.

The presented work investigates the effect adding the admixture plastocrete-N to
concrete as a partial replacement of cement weight in order to reduce seepage and
improve the strength of concrete. Plastocrete-N was added by (0.25, 0.5, 0.75,and 1) %
of cement weight. Five mixes were selected, four of them contained plastocrete-N and
one reference concrete sample was left without any admixtures for the ages 7, 14 and 28
days. Compressive strength, flexural strength and porosity as an empirical indicator of
permeability were tested. The test results indicated that the use of plastocrete-N led to
significant increase in concrete strength and decrease in porosity with the increase of
plastocrete-N. For example at 28 days, the compressive strength of reference concrete
(A) was 4496 MPa, while the compressive strength of (B,C,D,E) samples
containing (0.25, 0.5,0.75 and 1 )% plastocrete-N were ( 48.22 , 51.02 ,52.41 and 56.45
) MPa respectively. The modulus of rapture of reference concrete (A) was 5.8 MPa,
while the modulus of rapture of the (B,C,D,E) samples which contained (0.25, 0.5,0.75,
1 )% plastocrete-N were ( 6.44,7.38,8 and 8.37) MPa respectively. The porosity of
reference concrete (A) was 6.92% ,while that of the (B,C,D,E) samples which
contained (0.25, 0.5,0.75 and 1 )% plastocrete-N were ( 2.101 , 2, 0.862 , 0.182 ) %
respectively.

Keywords:Compressive strength , Flexural strength , Permeability , Porosity.
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1- Introduction:

Concrete can be a highly durable construction material as long as care and quality

control are enforced at all stages of the design, production and construction processes.
However, experience has demonstrated that its potential long-term durability is not always
achieved, leading to early failure of reinforced concrete structures. [1 ] It should be
recognized that concrete is intrinsically a porous material, despite the improvements on its
formulation and quality control to the best possible extent, it is not possible to prevent
completely the ingress of potentially harmful agents into it. Micro-cracks and macro-pores
will always exist on the concrete surface, providing a path for the transportation of aggressive
ions into the interior of concrete [2]. It is now accepted that the durability of the reinforced
concrete depends mainly on the composition and properties of the concrete surface layer [ 3]
This layer, sometimes with a thickness close to the cover of the reinforcement, is most of the
times the only responsible for the corrosion protection of the reinforcement. Surface
treatments act as a barrier between the environment and the concrete. They prevent or retard
the entry of harmful substances such as water, chlorides, etc.[4] Permeability is an important
property for durability of concrete. Improper mix proportioning may lead to permeable
concrete that tends to deteriorate in marine environment. This is due to the fact that the
hydration products of Portland cement becomes unstable in certain aggressive salt ion
component present in sea water. [5] Pedro M. Moreiral, José B. Aguiar2, Aires Camdes3 [6]
evaluate the influence of cement; two types of cement were used: Portland Type | 42.5R and
Type IV/IA (V) 32.5R. Crushed granite with a density of 2566 kg/m3, water absorption of
2.1% and a maximum size of 9.53 mm was used as a coarse aggregate, while crushed sand
with a density of 2477 kg/m3 and water absorption of 1.36 % was used as a fine aggregate in
the preparation of concrete specimens.

Concrete coatings were selected to represent the following three generic types:

i. Silicone varnish (S);

ii. Acrylic coatings (A);

iii. Epoxy resin coatings (E).

Cylinder concrete specimens 110 mm in diameter and 230 mm in eight (8110 x 230)

were cast to evaluate the absorption by capillarity of the selected concrete coatings. Cubic
concrete specimens 100x100x100 mm3 were cast to evaluate the absorption by immersion of
the selected concrete coatings. Disk concrete specimens 50 mm in diameter and 40 mm in

thickness (@50 x 40) were cast to

evaluate the permeability to oxygen, the

permeability to water and the porosity of

the selected concrete coatings.

The concrete specimens were

proportioned for an effective water-to-

cementations materials ratio of 0.60 and

a cement content of 320 kg/m®,

Permeability to water (1E-16 )

Figure ( 1) show that the use of the

selected  coatings  decreases  the ”

permeability to water, specially the 0o

Specimens

epoxy and acrylic resins. . e
Product B of epoxy resins proved to be Figure (1) Water permeability in the coated

impermeable to the penetration of and uncoated specimens
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water. Product A had a very good performance reducing the permeability to water in 99.5%
to the uncoated specimens with conventional cement and 99.7% to the uncoated specimens
with Type IV cement. In the test were used pressures of 5.5 to 5.8 bar in product B and 5.3 to
5.6 bar in product A.

The acrylic resins had the best performance next to the epoxy resins reducing, in the

case of product B, the permeability in 98.5% to the uncoated specimens with conventional
cement and 99.2% to the uncoated specimens with Type IV cement. In the test were used
pressures of 5.2 to 5.98 bar in product B and 4.6 to 5.4 bar in product A.

The varnishes of silicone had the worst results reducing (for product B) the permeability in
81.9% to the uncoated specimens with conventional cement and 89.5% to the uncoated
specimens with Type IV cement, which indicates that this material is still effective protecting
the concrete from water.

The uncoated specimens with Type IV cement had a permeability 42.4% bigger than

the uncoated specimens with conventional cement, due to its bigger porosity, despite having
the same cement content, the same water-to-cementitious materials ratio and addictions.

Md. Moinul Islam, Md.Saiful Islam, Bipul Chandra Mondal and Mohammad Rafiqul Islam
[7] investigate the performance of slag concrete exposed to artificially made seawater.
Concrete specimens of 100 mm cubical size were cast and cured for 30 days in water before
the exposure to different seawater environments. Physical aspects regarding the deterioration
of OPC and slag concrete of cement slag mix ratio 85:15, 70:30 and 55:45 have been studied
in plain water and seawater of salt concentration 1N, 3N and 5N over the periods of 1, 3, 6
and 12 months. The specimens were taken out periodically and subjected to compressive
strength and ultrasonic pulse velocity tests. From the investigation, it has been revealed that
slag concrete of cement slag mix ratio 70:30 has better resistance against strength
deterioration for all curing conditions and curing ages. It is primarily due to high fineness of
slag, which after hydration markedly reduce the permeability of concrete that restrict the
penetration of sea salt. Slag concrete of mix ratio 70:30 with water cementations ratio 0.4 and
30 days pre-curing is found to be the most effective in resisting the adverse effect of sea
water.

According to S.A. Barbhuiya, J.K. Gbagbo, M.I. Russell, P.A.M. Basheer [8] Figs. 2 and 3
show the air permeability and the sorptivity indices of the different mixes. From Fig. 2, it can
be seen that the air permeability of concrete containing hydrated lime and silica fume
decreased at 30% fly ash content and remained the same at 50% fly ash content when
compared to the fly ash concretes without the additions. The addition of hydrated lime and
silica fume also improved the sorptivity of fly ash concretes at both the replacement levels
(Fig. 3). As highlighted for the compressive strength, these improvements are considered to
be due to: (i) the early hydration of fly ash particles when the hydrated lime was added and
(i) the high pozzolanic reactivity and pore filling effects of the silica fume. For concrete
containing 20% fly ash, with the addition of hydrated lime a decrease in porosity was
observed by Mira et al.[9] . The authors attributed this to the acceleration of pozzolanic
activity in presence of hydrated lime. An additional explanation for the improved transport
properties in lime-activated fly ash systems is the formation of flocs inside the matrix due to
lime hydration. These flocs reduce the effective voids and, hence, the interconnectivity of the
pores, leading to a denser microstructure.
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Figure ( 3) Sorptivity of Concrete

2- Experimental Work :

2-1 Materials :

2-1-1 Cement :

Sulfate resistance Portland cement produced by Al-Rajhi cement plant was used throughout
this work . The physical and chemical test results of the used cement are given in Table (1)
and Table (2) . It conforms to Iraqi specification N0.5/1984 [10].

Table (1): Physical properties of cement.

Physical properties Test result Limits of Iraqi spec.
No.5/1984
Specific surface area 365 > 230 m“/kg

Blaine Method , m%/kg

Setting time, Vicats

method:

Initial setting (min.) 130 > 45 min.
Final setting hrs : min. 3:45 < 10 hours
Soundness 0.3% <0.8%

Compressive strength of
mortar, N/mm?:

3 —day 18 > 15 N/mm?®
7 — day 26 > 23 N/mm®
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Table (2): chemical properties of cement

Chemical components Percent(%o) Limits of Iraqgi spec. No.

5/1984
CaO 62 -
SiO, 22 -
Al,O3 4.5 -
Fe,O3 5.12 -

MgO 2.33 <5%

SO3 2.22 <2.5%

Loss of ignition 0.81 <4%

Insoluble residual 1.07 <1.5%

Lime saturation factor 0.83 0.66-1.02

CsS 42.84 -
C,S 30.36 -

CsA 2.56 <3.5%
C4,AF 15.41 -

2-1-2 Fine Aggregate :

Sand of 4.75mm maximum size was used in this investigation. The specific gravity,
absorption and sulfate content were ( 2.65 , 0.67 % , 0.15% ) respectively . The grading of
fine aggregate is given in Table (3).lt conforms to limits of Iraqgi specification No.45/1984
[11].

Table (3) : The grading of fine aggregate

Sieve size (mm) A cumulative passing Limits of Iraqi spec.

(%) N0.5/1984 for zone (3)
4.75 100 90-100
2.36 91.6 85-100
1.18 80.1 75-100
0.6 70.8 60-100
0.3 24 12-40
0.15 7.6 0-10

2-1-3 Coarse Aggregate:

The washed coarse aggregate used was 10 mm maximum size. The sieve analysis of this
aggregate is given in table (4). It conforms to Iraqi specification N0.45/1984 [11]. The
specific gravity, absorption and sulfate content were ( 2.68, 1.07% and 0.07%) respectively.

Table (4) : The grading of coarse aggregate

Sieve size (mm) A cumulative passing Limits of Iraqi spec.
(%) No0.5/1984
12.5 100 100
9.5 99 85-100
4.75 15 10-30
2.36 3 0-10
1.18 0 0-5
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2-1-4 Mixing Water:
Potable water was used for mixing and curing purposes.

2-1-5 Plastocrete — N :

Added liquid plasticizer highly efficient agent to reduce the permeability of concrete
conformity with the American specifications ASTM C 494 — 81 type A .

Color : Broun liquid .

Density : 1.09 Kg/L.

3- Types of Specimens:
Steel molds were used throughout this work . The control specimens used in all tests were as
follow:

1- For compressive strength and porosity cubes of (100*100*100) mm were used.

2- For flexural strength, prisms of (100*100*500) mm were used.

4 -Concrete mixture:
The details of the mixes used through this study are given in Table (5).

T able (5) : Details of the experimental program

Mix. Cement Sand Gravel WI/C Plastocrete
Designation | content | Content | Content | ratio% | — N (%)
Kg/m®* | Kg/m® | Kg/m?®
A 420 818 985 0.45 0
B 420 818 982 0.38 0.25
C 420 818 980 0.35 0.5
D 420 818 980 0.3 0.75
E 420 818 980 0.28 1

5- Mixing of Concrete:

A mechanical mixer of (0.1) m* capacity was used to mix concrete to obtain the required
homogeneity. The interior surface of the mixer was cleaned and moistened before place the
materials.

First the cement, coarse and fine aggregate were mixed. Then water with admixture
(Plastocrete-N) were added and the ingredients mixed and the mixing was continued for
suitable time (until the concrete becomes homogenous and consistency).

6- Casting, Compaction and Curing:

The molds were coated with mineral oil before use, according to ASTM C 192-88 [12],
concrete casting was carried out in different layer each layer of 50 mm. Each layer was
compacted by using a vibrating table for (15-30) second until no air bubbles emerged from
the surface of the concrete and the concrete is leveled smoothly to the top of molds. After that
the specimens marked and immersed in water until the age of test. The specimens were tested
at age of 7, 14 and 28 days.
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7- Testing of Hardened Concrete:
7-1 Compressive Strength:

The compressive strength was determined according to B.S.1881.part 4, 1970 [13]. The
average of compressive strength of three cubes was recorded for each testing age (7, 14 and
28) days.

7-2 Flexural Strength :

The flexural strength was determined according to ASTM C 192-88 (14). The average of
flexural strength of two prisms was recorded for each testing age (7, 14 and 28) days. The
ultimate flexural strength (modulus of rupture) was calculated using the following equation:

Fr = P*L / b*d? (1)

Where :

Fr : Modulus of rupture( MPa).

P : Maximum applied load ( N ).

L : Span length (mm).

b : Average width of specimen (mm).
d : Average depth of specimen (mm).

7-3 Porosity :

The vacuum equipment shown in fig (4) used in this test
where the specimens placed in oven with temperature (
105-110 )c for 24 hrs and they were weighted after
draying .After that they were placed in vacuum
equipment with water for 24 hrs and the saturated and
immersed  weight were measured . Porosity was
calculated from this equation :

Fig. (4) : Vacuum equipment

POFOSity % = (W saturated ~ Wdry/ W saturated = Wimmersed )*100 (2)

Where :

W saturated  -Saturated weight — wgry: dry weight  Wimmersed © immersed weight

This method was taken as indirect measure to test permeability because the permeability test
is not available.

8- Results and Discussion :

8-1 Compressive Strength:

Table (6 ) shows the results of compressive strength test of this study . Fig. ( 4 ) shows the
relationship between compressive strength and age . From this figure it can be seen that the
compressive strength increase with time. The compressive strength of specimens increases
with increasing of the percentage of Plastocrete — N . From the results, it can be noted that
the increasing of compressive strength of ( B,C,D,E) comparing with A at 28 days are equal
to ( 6.76,11.87,14.21,20.35)% for (B,C,D,E) respectively . From this figure it can be noticed
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that, adding of Plastocrete — N to concrete with these percentages leads to improve the
compressive strength of concrete . This may be due to the effect of the Plastocrete — N to
reduce wi/c ratio due to lesser-entrapped air voids and delay the unstable development of
micro cracking , as well as limitation the propagation of these micro-crack .

Table (6) : Average compressive strength results

Mix. Cement | Plastocrete — | Compressive | Compressive | Compressive
Design content N (%) Strength Strength Strength
Kg/m® (MPa) at 7 (MPa) at 14 | (MPa) at 28
days days days
A 420 0 23.22 38.98 44,96
B 420 0.25 28.33 41.6 48.22
C 420 0.5 38.24 44.56 51.02
D 420 0.75 40.22 44,73 52.41
E 420 1 40.6 46.27 56.45
300
compressive 250 -
strength 500 / o
(MPa)
- // —0.75
- 0.5
100 // —().25
0
7 14 28 Age days

Fig. (4) : Relationship between compressive strength and age .

8-2 Flexural strength:

Table ( 7 ) shows the results of flexural strength test of this study . Fig. ( 5 ) shows the
relationship between flexural strength and age . From this figure it can be seen that the
flexural strength increase with time. The flexural strength of specimens increases with
increasing of the percentage of Plastocrete — N . From the results, it can be noted that the
increasing of flexural strength of ( B,C,D,E) comparing with A at 28 days are equal to (
9.93,21.41,27.5,30.7)% for (B,C,D,E) respectively . It is appearing that adding of Plastocrete
— N with these percentages lead to good improve in flexural strength of concrete and and this
increasing relatively with an increasing in Plastocrete — N percentages . These increasing in
flexural strength might be due to the bridging the cracks , the development of bonding
property of Plastocrete — N on the surface of concrete and the interface with other material
which lead to an increase in the tensile strength of concrete and hence its flexural strength.
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Table (7) : Average flexural strength results

Mix. Cement Plastocrete — Flexural Flexural Flexural Strength
Design content N (%) Strength (MPa) | Strength (MPa) | (MPa) at 28 days
Kg/m® at 7 days at 14 days
A 420 0 4.53 5.2 5.8
B 420 0.25 5.9 6.77 6.44
C 420 0.5 6.91 7.14 7.38
D 420 0.75 7 7.35 8
E 420 1 7.22 7.69 8.37
9
8 —
= /
£ ~
% 6 —"9—
° 5
z 4 — —=0%
5 2 ~8-0.25%
= 5 0.50%
1 0.75%
O T T T
0 7day 14 day 28 day
Fig. (5) : Relationship between flexural strength and age .
8-3 Porosity:

Table ( 8 ) shows the results of porosity test of this study . Fig. ( 6 ) shows the relationship
between porosity and Plastocrete — N percentages. From this figure it can be seen that the
porosity decreased with Plastocrete — N percentage. The porosity of specimens decreases
with increasing of the percentage of Plastocrete — N. From the results, it can be noted that
the decreasing of porosity of ( B,C,D,E) comparing
with A at 28 days are equal to ( 69.63,71.1,87.54,97.36)% for (B,C,D,E) respectively. This
decreasing in porosity refers to fill the voids in concrete mixtures with admixture used
(Plastocrete — N) and this leads to increase in compressive and flexural strength.

Table (8) : Porosity results

Plastocrete — N percentage%

Porosity%

0 6.92
0.25 2.101
0.5 2
0.75 0.862

1 0.182
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Fig. (6) : Relationship between porosity and Plastocrete —N%.

9- Conclusions:

Depending on the results of this investigation , the following conclusions can be

drown:

1- The compressive strength of all specimens increases with time .

2- The compressive strength of all specimens increases with the percentage of
Plastocrete — N.

3- The flexural strength of all specimens increases with time .

4- The flexural strength of all specimens increases with the percentage of Plastocrete
—N.

5- The porosity decreases with increasing the percentage of Plastocrete — N.
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The effect of metakaolin on some properties of lite weight

concrete affected by external sulfate

Sheelan Al-Barazangi
College of Engineering / Anbar University
Abstract

The goal of this work is to investigate the effect of sulfate effect on some properties of
lightweight concrete and the chance to improve sulfate resistance of lightweight
concrete using pozalanic material like metakaolin. Tests were made on these mixes: 1.
Lightweight concrete curing in tap water (as reference mix) 2. Lightweight concrete
subjected to sulfate effect 3. Lightweight concrete contain metakaolin curing in tap
water (as reference mix) and 4. Lightweight concrete contain metakaolin subjected to
sulfate effect. Density, compressive strength and modulus of rupture ( flexural strength)
are studied. With comparison to reference mix the decrease in density of the lightweight
concrete subjected to sulfate effect are: -0.44% to -23.04% after 7 to 120 day from
subjected to sulfate effect. While the decrease in density of the one contain metakaolin
subjected to sulfate effect are: -0.32% to -20.52% after 7 to 120 day from subjected to
sulfate effect. The change in compressive strength of the lightweight concrete subjected
to sulfate effect are as compared to reference one are: 1.59% to 35.40% after 7 to 120
day from subjected to sulfate effect. While the change in compressive strength of the
one contain metakaolin are: -2.44% to -12.18%. And the change in modulus of rupture
of the lightweight concrete subjected to sulfate effect are as compared to reference one
are: -8.7% to 34.62% and -48.63% after 7 to 120 day. While the change in modulus of

153


mailto:drsheelan@yahoo.com

2013/11/21-19 ¢ 3 58U Jua gall daalay — dutigh 4088 a Xl Jo gull AU utigh) jaigal)

rupture of the one contain metakaolin are: - 2.22% to — 35.70% after 7 to 120 day from
subjected to sulfate effect.
dasiall
LS ¢ 31 5 A sha 53l 5allS el Jav s 3 ga 5 8 LagilisSa 5l ST ol (ol Je i e ll) i) g S
Lpapanaill ailival go Liiall 28 Gy A0 5l A AN @l el ae Lele il daii sl s 5l 3alall Sld) 4
Jonll 5 <) A Lgia ulea 28 cdibu Al JSU L 1) 550l JoalaBy) Jiluall o)), aaladind e G gl
Al #a) LS )l il G AS) o34 Caaly Lpualal) A5 3 siall IS 5 e livall Jsall & Al
o34 5 «ailu Al A0 s el e leLail) da JSTy U bl a8 S aala Al 2 O O o) g
cliial 345 5 aanad Lodie [1,2,3] daals c¥Wla & colinall JlesY Galds ¢ 531 L) Callss & ) slas Cagdlsill
MJA.}..\X\WUSM\LM@MA\;M\}¢ML»);“cd}au}&u\u.;.:c ds_muu);‘\
I QA ol o sl gl il WM\ DA Gaan o (Say 4l ALY asanaill cUadl e 13 (S0 dy lhadl)
Ol el e s dle maall s pliasl) dags Bl all dle L0 Jie daganll o il se Ll 05 o (S
clall 20030 #OY )5Sl Jlasina¥: JU dass (Ao Lgia aa Al oo Cag pdal (oa i o (S Al yall
e Al ANl S - Olel daalgn ASie 223 [2,3] &0 L A S ) dpcaaladl Lalu BU 1 el elal iyl
(o A alaia¥) 5 35 Y 5 bl 8N IR gl 5 Gfial) alaial <o U1 il 5l ALy JSLal)
Aale 3y guany | [4] alladl s dagall cliiall (e LS e A5 @l il jels ) ae Aala y pualall i )
Aadaill 5 48 gall olyall 830 g sl = DLaY) Lad 5 Al A} aales ) Ay S DU Gl 0 jauae @llia ()
Z Ll 8 ALRIA 3 sl Cpanm B3 s sl 2 DY 5, A Sl = SLVL o ymy e 138 5 Al Al Adagadll 4 31 6 )
Al o2a 5o Ll Lol [3] dalalall 23V oz Lo 138 5 cililiadll 5 elall 5 Criand) 5 aand) 5 Ja IS Al A)
Clan sl a8 sl Call Al 3 8 ) g el g il e 5B 3 ALl KU jallae YA (pe danal
A sall slaall s 481 jall Jla Ml 8 3 51 C)m‘y\m&usj\ l Jﬁ‘;u.u.d\ e s caall 3 3alall gl Al
Gl 8 Garigal) ) g Al (S aaf UUM,_,CAA\J\ ol Al A s ) ) [5] Sl eled) sl aa
Ot e s Al (8 L gt g L g LT 8 000 (o0 5 B sall Ablie s B padl A 55 (8 2a i 23N ) M
L a3 1 5 A LA 5 A laal iy 5l A A el ooV e Al ) A il 4l 5o (8 [6] ro )
iy sl jlall 8 0 %(2.5 - 0.5) O a5l 5 o s daa )l 05 G0 (2 JAalS (adall ) ddlia)
ek Y A Al il S A DA el a0 ae 2S5 Al 7 (e el 3 Suall Slae W1 8 jeday A0a0)
C3oSaall Slee 1 8 bl L s

$3h A il A

e Al AN e Baraia ) 53 e () Al A1) 2L Jis 8 dala oLl o) go L gl 1S5 8 Sl ) il (g0
G Al Al oda L) S5 5 Aalie V) Al Al 45 5lis (< 1800 kg/m?®) ALl 4868 il ¢ 5 daga Ail Al
Ob 3, ALy (el e DU s il 2y sale o) sl s alS I cld Ailu Al sl Caa BlS ) aladii Lgie Bagae
Lanl Ll ()5 dada ol A o) LS ¢ Ak W Al Al ae 45 laally A0S0 o Lay) 48lS Juli ) (505 Lgaladii)
Cagiad) Akl o jaall oAl A el 8 Janiod o8 5 ¢ palall 8 gl 830 peanll culiiall 83 08
T gl e i Lt oS Lpanl Lgd it 4 aly JiS 5] (8 a0 SIS 5 ¢ ) suanl 5 Aailal) 15091 5 2 580
o Aalat) Lelaas Lae (Linall 35S Jlaal Canat Y Cumy Leh 5488 ) Adlia) doalsie W) duiba jad) JiSIL 45 lia
e g sl 13 ailiad A 50l A el any Lae 2y il 5 480} e 3O 48U 8 Igias) (ha 0y 53 Ll Jlanina)
05 Adida dilu Jall (el 53 Al )3 Lgdasa (ge sl L 535 i (8 G3) el (8 Csanll Cans 5 [8,7] 0l A
sl 5l (e el allay 45050 Al ja L) (8 ) ) sd) it &S S il ) sl aladil | apda alS ) aladiuly
a3 0ol Ades culinl ) sall Dl & (e Grganll e 58Sl Alead) cliplaill dplie muall Lgial s o s agdl
il 8 Al AN (e g sl gl Alaall paa¥) (e a2 1 e s ¢ A all Slaalall (e paall & L) 5kl
DLl L e e Al il o2 gd 0¥ o shall bl ) (5 s ad G ganll o2 () W LY ¥l 85 ,0€
1aa & ookl s 8 Al Al o3 @lslu  (gal 52 4 jra 55 ) (e gl 1A o Al S Al il )
(> Al Al Sl il e pad vie ) )5l Adis dilu A sl e (5 a5 Jaall

154



oA il )l ) B A il ¢35l Al A ) (ol g Glany e OalihSial) i 2 i

waadll 3k g Aasdical) 3) gall

:M\-l

5(1) Jshan (A0 58l s LS Lagual & Ainall 5 3L it Jrare L) ¢ aall o gliall Cuiand) Jariiasl
- [9] 1984/5 &.3.p il sl iiandly Aalall 28 jall lial sall Aallas (25 (2)

potiall Culamdld duilasl) Gal &) ¢ (1) Jso

1984/5 £.G8.p 48l sl ddual gall 352a (Hasl) paadl) milid Apilgasl) L yal)
- 62.72 CaO
21.83 Sio2
5% (a8 2all) 2.22 MgO
2.8 (ad¥) 2al)) 2.18 S03
— 5.0 Fe203
- 3.70 AI203
4% (=8Y) 21y 2.0 L.O.l
4ul) s ) (Bogue's <¥alaa)
- 42.84 C3S
- 30.36 C2S
— 2.56 C3A
- 15.41 CAAF

pgiall ciiandld duily dl) el g3 ¢ (2) Jo2a

1984/5 £.G.0 48) all il gal) agaa | andl) guilds Ay 58l el i)
230 (A2 aall) 365 (Bp/p2S) da gaill
el Ga )
45 (52Y) =) 129 (A3d3) A deadll (4e
10 ((a8Y) 2ally 3.47 (Aelw) Al daaill (4a )
(S (Ka0) CriensV) 4 o ilinSa Tl e gl
15 (S aall) 17.4 a3 3
23 (&’3\1‘ aall ) 25.2 as 7

Al 112
Craa Ay oyl aty LYl Absilae 8 (35 5LS) alin o jrme aclill Al N Jaxivd 3(Ja ) ao il alS Hl1-1-2
ca (6) Jsia (5) dsia (b gmse 58 LaS 5 [10]1984/45 & .30 oS Aalll 48 sal) A 5l

il Sl el Aty 3l ol )

(Jal) pelll Al i) Jidadl) : (5) 2>

1984/45 £.3.a 48 ) dda) gal) 350 % sl dusd | (ala) Jidal) (pulda
% uadl L (Zone No. 1)
100 100 10
100-90 90 4.75
95-60 75 2.36
70-30 56 1.18
34-15 30 0.6
20-5 13 0.3
10-0 6 0.15

155



2013/11/21-19 ¢ 3 58U Jua gall daalay — dutigh 4088 a Xl Jo gull AU utigh) jaigal)

Sl dilassll g 4y 3l el 5301 1 (6) 2

FEAPATRTIN ganil) il adiical) Jajll Gal &
£.cB.a &2 2l
1984/45
- 2.5 S ol
- 2.2 uabaiay) 04
- 1600 (3p/pas ) Aa) A8ES)
0.5 (max.) 0.25 il Sl (s siaa (SO3)%

p(Cbila ) sall) OO il S 122
ddailae 3 (b - Ay 5l i s yiian 12.5 mall (ulia puSall cylidi ) sl jaall e cpdal) alS N Jasial
Jsia (7) Jsaa (B mmge 98 LS5 [11] (ASTM 330-05) 4 e ddeal sall Conen dn a5 dlay) iy V)

el ol ) sall jaad AaleSl 5 400 3l Gl sl a5 (9) Js2 5(8)

il sl S U AR Julatl  (7) Jyoo

ASTM C330-05 [11] 0 _lad) dsul Jaiall aaa (ala)
Yo xlad) A
100 100 125
80-100 83 9.5
5-40 36 475
0-20 10 2.36
0-10 0.7 1.18

Gl ) al) sl Ay udl) el 5 ¢ (8) dsa

Gl gall gl ol Al
ASTM C127-84 [12] 2.0316 =3 &)Y
ASTM C127-84 [12] 46.249 LabaiaY) 0

Culislesy gl et (Al Jilatl) 1 (9) Jg>

4 giall Auudll O e
71.15 Sio2
0.92 Fe203
3.2 Al203
7.31 TiO2
55 Ca0
0.16 MgO
0.08 SO3
9.65 L.O.I

Gl Waas a5 28 see dal Z3laill asen dallaad (sabe sl Al salie W) oyl sl Jarind sleall-3
(sbol Aaal g sall slall 5l elall el Julail s (10) Jsaad) o sall elal) 8 Lginllae culeSiud

156



oA il )l ) B A il ¢35l Al A ) (ol g Glany e OalihSial) i 2 i

@) Adgaad Asad) sla g cupddl plal dpilpassll (2l s) 1 (10) Jgo

uﬁjﬂ‘ slall ) gla gal Al
8.340 7.300 PH
4.980 0.003 Na+1%
0.017 0.008 Cl-1%
0.037 0.010 Ca+2%
0.045 0.008 Mg+2%
0.301 0.031 SO3%
0.003 0.0002 K+1%

Rl B e b el 1 *
1Ol gsUinall -4
(11) Osin ¢ 5amls el 234 700 0 iy (19 G m o 4l Jpmmal 5 il 38 3 il (3l Sl
PRI T

CalipStisal et Qaladll ¢ (11) Jg>

2 o % Y]
52.38 SiO,
37.31 ALO,
1.21 Fe,0;
1.68 CaO
0.3 MgO
0.44 K;O

W Halad) -5
O (12) dsaa ((F g o2 sl e oLall JBia ) Sikament —163 s» 4l all oda 8 aodicd) Gl alal)
dalall e ual A

Gl galal) (el gd ¢ (12) Jo

ha gl ual Al
s35a I Al 3 2l L) Ji Al
SJL;.“ ;\P\)” uﬁa:\ﬂ.c
Giandl 55 0= 0.6% — 2.5% ic jall
Jil el
FKD ol
Apas 1.2 = sl o5
10+1.0 PH 4.

Clm s 8 Creaiid Al & e e Jsmnll aLa (100%100%100) sads Futson () plasid o3
o a3 Al il e e sl ale (500X 100X 100) backs i 1 58 o1kl ¢ Jabincai¥) A glie
ol e m gad

sdadiiocall cillaldd) 7
(2 Gl el e aal g aaSa e Y Aaodiuall 2] g¥) 3 gall el Aaia gall g Al jAl) Sl Caerdil
_olial Jganll

157



2013/11/21-19 ¢ 3 58U Jua gall daalay — dutigh 4088 a Xl Jo gull AU utigh) jaigal)

dafg e sia U daadieal) 4008 3 gal) liaS; (13) Jya
3 Ha gl 29 S: (13)

4o glda SP wlc ilgadl)
Lo | (009 oA (3p/e25)
P28 o | SlandiOf) Sbdugs [ da | 0e %15) ol A
(Sl ) (Sdacd) O3 Culacd)
18.6 25 0.38 550 520 0 500 RIV [ ]
18.9 25 0.38 550 520 0 500 Ev_| 3
32.0 25 0.38 550 520 75 500 RIVM |
(C+MK) O
32.8 25 0.38 550 520 75 500 EIVM | £
(C+MK) 2

MK: o 58St w/c: cotandl/elall Ao SP: (33ldll alall

il Al ey g bl dules -8
ulée.m(:\s‘)ésdjﬂﬂ\&_}d&\}é\@ﬂﬁh\)e#q@hjﬂ\es.u(ﬂ.ksﬂ\;LA‘L)AS&LBM
T Al sl 0K 8 Aol i 8 s A e JA1 Al Al Lala Bdee ] o5 el
AL An] 5 AL J A Al 0551 i g cana s (0,07) a3 g pa) 4 bDA plaRly
Ais Cimibad s Rila a5 sl odn Ll o3 o8 (e A i) ALOAY 8 Lenmy el el (pall
LI el (a3 g 6yl sl s ApnSall ) 8 Al 2l i 5l 2y ) i) Anio ALl e ol
days s A YN ASl Caa J )58 7 a5 Al eS80 3 Adand g Ak US G o s il JS5 el gl

sdallaall -9
658 o5 a8 ¢ Lokt QL) (i yad el 24 5l il a6 LS 5 w3 Al Al il o Tlee oL 5
PR e T T N AR PO NN R

Gila adll-10

bty daglia (and 1-10

diaa) gall Uia sl o5 5 Jalaad) Ao slia (sl (55 5 5L€ 3000 das b3 (ELE) § 53 s 238 Calasiad
Sl A0 and o5 Cum o p 180 €90 €28 ¢7 il el iS5 [13 ] (B.S.1881, part (116): 1983)
e S

s (LY daglia) pusll pulaa gand 210

ASTM 4ieal sall ik Ganill o5y ol e gandl Gigh sLS 50 daw 3 (ELE) £ 55 and 28k Ciloniiad
Gosbalis yae JSI 0l 50 3335 (and a3 Cum a sy 180 <90 <28 7 oandll jleel cuilS s [14] ((192-88) )

Sl e pand] Jreail) ik

:ABUSY (and 3-10

45 ) 5 el el 5 £ LY 5 LalaaiV) A slie paand il (e 3 53 S () )5 ol Adals 59 Al Hall AES alay) o5
[15] ALK slas dans o5 (e g el (b5 (sl J o) sell 3 s

LiBlia 9 @Gﬂ‘

2obial (14) Usaa 8 Ao sall Ao sall il ) dos sill o5 alail) (and o) o) 2y shlinialy) Laglia-1

158



oA il )l ) B A il ¢35l Al A ) (ol g Glany e OalihSial) i 2 i

(Galie ) Al (e p gs 28 ) Al Al CUalill Jalaaiy) 4a glia ; (14) Joia

* (2 ale/(si ) Blaai) Laglia

_ RS Al Ad) Adalily
252 (120) | 252(90) | p52(56) | p2(28) | a2 (14) | AR (7) | 252 (0) | seistonse
25228
22.6 21.2 20.8 20.5 19.3 18.9 18.6 RIV
14.6 16.7 18.7 19.9 19.5 19.2 18.9 EIV
38.6 37.5 36.1 35.6 34.0 33.3 32.0 RIM
33.9 34.0 34.5 34.1 33.6 32.9 32.8 ElIM

Candll z 3l sl 8 5B J8Y1 e Jaxe Jiai oSke] el

:OlSle oy ool ASA Ll A o

a2 35 il Sl LA A el g dladl DaleiadV da sl Gl i (1) IS5 oDkel Jsandl (8 Ll Gandll &5
i Ly (Bl Jaliacai¥) A gl 1o Wes (p 52 56 sae 5T) o sadl elalls s jal a3 253 28 2l yesll ae
iy U Ayl Saill JaliaadV) e sliay i) A IS 5 53l 3 salall elall 3 Aallaal) 2 3Laill Aa e
—35.40% ¢- 21.23 % ¢ -10.10% ¢-2. 93 % ¢1.03 % ¢1.59 % ¢1.6% : =YL dna ) il aill 4o s
s 280 dwalic) Aallaa b 38 amy 053 120 590 <56 <28 <14 <7 «0_lee ™

s Ol o dygla 4888 Al A

e a3 iy Sl A peal) el bVl da slie gl 0 (1) JSa 5 o2he ] Jsandl (8 Ll (andl) &5
e slie et Ly By Jabiaiad¥l) A lia 1 Loy (o 64 ac (s1) (2oad) elalls s jad a3 a5 56 28] saal
Lt il o ) Ayl 3l Jaleacas¥) A sliag il A IS5 50 31 salall el 8 dallaall 3Ll
0D 12.18% ¢-9.33 % « -4.43% ¢-4.21 % ¢-1.18 % ¢-1.20% ¢-2.44% : SV daa jall zalaill
e 28J aliie) Aallas b 58 2 2 50 120 590 <56 <28 <14 <7

40 A
3 1 %43_—’—"/‘—’——‘
30 A
"'51 325
s‘é j ® /
7 j a ‘-—y__"-\;—\‘\.
j =15 A
q ~ —e—RIV
10 A —8—EIV
5 - —A— RIVM
—x—EIVM
0 T T T T T T 1
0 20 40 60 80 100 120 140

(p32) a3 28 2y e M)

) @.Lb...a.a' 23y daglae d83e (1) JS4

159




2013/11/21-19 ¢ 3 58U Jua gall daalay — dutigh 4088 a Xl Jo gull AU utigh) jaigal)

ol (15) Usdn o Ainaim sall il ) Jon sill o3 o LEYL 2301 and ) ya) 2y 16 LN A glia?

4aila Al Clalill cUEY) da glia ; (15) Jo

* (2 plo/figa) $UEN da glia
_ Al Al ddalsl
p5(120) | 22 (90) | p22(56) | r2(28) | e (14) | #RV(7) | 2 (0) | cun
aal Aallaa ay
2528
2.92 2.60 2.50 2.45 2.40 2.30 2.08 RIV
1.50 1.70 1.86 1.98 2.00 2.10 2.05 ElV
5.60 4.95 4.73 4.69 4.63 4.50 4.45 RIM
3.60 4.00 4.50 4.54 4.50 4.40 4.38 ElIM

oandll z3lail e 8 DB Y e Jane Jiad oDlel el il

:OalStise Qo (3ol ABdA Al A e

e 2235 iy Sl ) Ayl g 3laill fLEIY) da e ()l (i (2) JSE5 oDlel Jsandl & Al (andl) il
Lo slie yainst Laiyy Galliilly LY 4 lie o laday (a2 56 e f) osall slali s jee 22y ol 7 2a] el
L iy €l A el g 3laill L) de gliay sl A (LS 5 3L 51 saladl oLl 8 dadlaal) 2 3Laill
-48.63 %5 -34.62 % ¢ 25.60 %< % «-19.18 % ¢-16.67% ¢ -8.70% ¢-1.44% : SIS Luna yall z3laill
s 28J daliic) dallaa s yi ey 053 120 590 <56 <28 <14 7 <0 _lee 2

s Ol o dygla 4888 Al A

e a5 iy Sl A A el g alatl (LY da glia ()l 0 (2) JSE 5 oDlel Jsaad) 8 Al (andll il
A slia paindd Laiy (Bl oLE5Y) e glia lagi Wans (psm 64 ee sT) (asall slallh la jed a3 052 28 2a jaall
At Ol Sl A A el gz 3laill LY Ae iy yurl) A S5 5aly 3l galall oLl 8 Aallaa) 23l
—35.71% ¢-19.20 % ¢ -4.86% ¢-3.20 % ¢-2.80 % ¢-2.22% ¢-1.57% :SYL—S i sa yall z3_ il

.52 280 Aualsic) dallaa 555 32y a5 120 590 <56 28 <14 7 <0 _jluc D

6 -
9 5 . //‘
5\ — x
T4 \
P
7.
—~ /
j‘ o~ M - —e—RIV
ERVE
)j -\-—-\‘\l\. —=—EIvV
S ] —&—RIVM
——EIVM
0 T T T T T T 1
0 20 40 60 80 100 120 140
(p2) ps2 28 223 ()

Q,A_}l\ & (;\.’\53‘2{\ 3\.‘:‘9&4 ) _).mﬁ\ ﬁl}.ﬂ FEYTS (2) K

160



oA il )l ) B A il ¢35l Al A ) (ol g Glany e OalihSial) i 2 i

2oLl (16) Jsan (o8 (8 daa sall il ) Jo i) w3 ABUSH (mnd o ja) 2ay 14BUSY -3

Al Al cUaldll AU ¢ (16) Js

(3 plpas) A
_ Al Al ddatil)
252 (120) | 52 (90) | 22(56) | p2(28) | p2(14) | #RI(7) | 22 (0) s
aal Aallaa aay
as 28
1730 1680 1650 1636 1625 1600 1586 RIV
1508 1538 1596 1618 1608 1593 1588 ElV
2110 2086 1973 1930 1896 1888 1870 RIM
1677 1750 1882 1893 1886 1882 1872 ElIM

a1l = 3ladl Cle) j G5 JaY) Jara Jidi ol clel jali*
z BC

(Ol Sline o (3ol AddA ddlu A .

aal jenll e a3 3 i U ) A peall o 3lall AHES L (a (3) JSs odlel Jsandl b Aall sl il
elall & dallaall o 3lail) AUS et Loy (aBliilly AES 125 sy (a5 56 e sf) (Aoal) clalls b jee 2ey QLI 7
0.13% 1S dma jall z3laill dpasi iy 5 A A peall o Saill RS il A LS5 32l 3l galal)
3= 120 590 <56 28 <14 7 <0_l—c N -23.04 % 5 - 8.45 % ¢-3.27 % «-1.10% « -1.05% ¢-0.44%
-3 28d Anliic) dallas b 56 2ay

PO o s A LA
Al jead) ae ala 35 iy Sl A A prall 3l AES ()l (i (3) S5 odlel Jsaadl A L) (andl) il
b Aallaall z3lail Aol aiad Laty (aBliilly 43U 12 Ladas (a5 64 ee sT) (Asal) slalls o jae 23052 28
20.11% :(SYS Lpnan pall zilaill s iy €l ) G yrall 3Ll GBSyl s (IS 5 300 310 galad) el
252 120 590 <56 <28 <14 <7 «0_)we N —20.52% ¢-16.11 % ¢ -4.61% ¢-1.92 % ¢-0.74 % ¢-0.32% «

- ps2 280 Apdliic ) Aallaa 5 5 22y

2500 -
2000 -
% < .
o —t— %\.
\/{ 1500 -+
T —e—RIV
~ -
1000 EIV
RIVM
500 EIVM
O T T T T T T 1
0 20 40 60 80 100 120 140
(p2) ps2 28 223 ()

el ae ALY 4831 (3) JSi
161



2013/11/21-19 ¢ 3 58U Jua gall daalay — dutigh 4088 a Xl Jo gull AU utigh) jaigal)

B A LSSl ol 53 (e Ta8h Gasmy Y (0l 51Ul Jlaniasd Ly 2 o3lef EIEN cilm sadll il (e
e Al iy Sl A Lgia glia (e Cpuing Lol (1 (REESI 5 LY Ao sl Jalinai¥l) da slia) ()5l Ak
Liiza s 5 1Sl o (1 &) i)l AL 3L Jram Al L g oo s 0l SRRl 5 ccanns S
GYalaall 8 ain 9o o LaS i) dalal (o Il o ganallSl) 2S5 H08 ae Je Wil glSULll 383 g gall

e Al sy Sl AT e slie (e Gy UL 5 Ll (e I8y 5 Ailis )ad) A8US (e 2y 3y Law oL

Al,Si,05 (OH;) _z00-800°c  Al,03.2Si0, + 2H,O0  ......... (1)

Kaolin Metakaolin
AS, + 6CH + 9H » C4AH;3+2C3SHs ..., (2)
(AS,/CH=0.5) stratlingite
AS, + 5CH + 3H » C3AHg+2CsS,Hs ..., (3)
(AS, /CH =10.6) hydrogarnet
AS, + 3CH + 6H > C,ASHg+ CsSHs oo, (4)
(AS, /CH =1.0) stratlingite

Slalifiuy)

S b a3 ey e Al ) JSI ) (g0 iy iSO 80l 5 50 s Al jal) (myad ]
8 ) e LY g o) A gl ) s Ailus HAl)

s oAU el B lasumy SSI 05 (e Al Ll Sl Sl A 2

e A il Sl A0 L gl (e Gueng Liag) 5 A3lu il Gl s (e Gy Gl slSUL ddLal 3

Silua il

O3l Aasd Bl Al Gal A e Al by S LAl ]

RN i Sl ] A il ()51 Adda Bl A Gl i o Gl Sl i Al 2 2

oAU Ao el 05 5] Ada Bl A Gl 5 e La S A )3 5 o sl Jia (AT AT 0 3 e pladil 3
el R i,y

A sal)
M Lisal) Guila i) liial] o sl 5Y 58 JST U e LaSleal Liddl) Lplac al2siul ¢ ‘@uﬂycjju 1
2005 «(303 Anala, o)y 52 dn 5 bl
2- Neville A. M. “Properties of Concrete”, Long Man Group Limited, London, Fourth
Edition, 2005.
3- ACI Manual of concrete practice, ACI Standard 201, 2R-92, "Guide to durable concrete",
1993.
, 22002 A s i€l Analall yriiale Al 5 il ) 8 Lty i ~DlaY) Silid T s 3 oamg) ulie -4
1o
s bmall elid) Alae ALy ol jiiaall b ol 5S Lo i/ 8 D d D diaT - siie " dia, S el -5
(1-3) = Y Al 1) 2aal)
6- Al-Robayi, A. H. “Resistance of High Performance Concrete to External and Internal
Sulfate Effect”, M. Sc. Thesis University of Technology, Baghdad 2005 .pp.100-102.
7- "Economic design and construction with light weight aggregate Concrete",
EuvolightConc, Project Program of Brite 02- 1998.

162



oA il )l ) B A il ¢35l Al A ) (ol g Glany e OalihSial) i 2 i

8- David J , Floyd , Robert W. "Natural aggregate in structural light weight Concrete

Akers" , Proceedings of the Session’s Related to Structural Materials at Structures Congress

1989, P. 44-55.

ouill (5 38 pall Sleall ¢ (22000 poff Cria Y ¢ 1984 Al (5) a8, (1.0.S) 4B yall Al 4daal 5ol -9

,Q\;La8‘d\digea=\s}ﬂ\$)k:\d\}

"o lill g il jsd 6 ariisal) Laphal) jolicacd/ 515 )" ¢ 1984 il (45) A8 A8 all dpulidl) Adial 5l 410

10- ASTM: C330-05, "Standard Specification for Lightweight Aggregates for Structural

Concrete"”, Annual Book of ASTM: Standards, Vol. 04-02, 2005, pp. 187-189.

11- ASTM: C330-05, "Standard Specification for Lightweight Aggregates for Structural

Concrete"”, Annual Book of ASTM: Standards, Vol. 04-02, 2005, pp. 187-189.

12- ASTM: C127-84, "Standard Test Method for Specific Gravity and Absorption of Coarse

Aggregate”, Annual Book of ASTM: Standards, VVol.04-02, 1988, pp. 64-68.

13- B.S.1881, Part 116, "Method for Determination of Compressive Strength Concrete

Cubes", British Standard Institution, 1989, 3pp.

14- ASTM: C293-05, "Flexural Strength of Concrete (Using Simple Beam With Center—

Point Loading", American Society of Testing and Material International, 2005.

15- ASTM: C567-00, "Standard Test Method for Unit Weight of Structural Lightweight

Concrete"”, American Society of Testing and Material International, 2000.

163



2013/11/21-19 (a 8580 Juagall daals — duisigh LI a2 Jaagall B uigh jaipal
Suiay! Q\Jé‘ J\..\.Q "192\,'\3&\ Catany) ‘L'JAué\Ji

plad daxa Gl uigy $lpml 2 g3 0 Sl 0
4 ol il daalad) /i LY g s L) Aia and

-

AadAll
il dua 48 jall culan) Julra B Clilias claul) G 8 e G GURY) Y 7k ale JS B A
B bl (ST Lgi oS o ) cAgllad) Lgta gad capany Lgia Galial) g LRl curuay (Al g dill & glal) ) gall (e IO JSiy
o L el dlagy Gl a8 ) Lkl g culanadU A g¥) 3] gall S jal) (udl o (5 giad dua Culan) Jaleal 4aLadl
Cuiland A0 g¥1 3 gall cpa Al Al g il s g iy ol e Alle Gl e g gia) Gun Aiiand) delial
Al (R Jasial) 354l 9
GJs &e #3S ccement Kiln dust cuiaw) g3 JLe Sala Jla) 4ilsa) Ay Gad) 1 b
Al Gt Ul hddl aa silica fume Walad) JLe Jlaxiad ) ALal mortar 4gal) 8 Jarieal) Ciian)
by Gyl and LA a8 48 M L g Ailend) 3 gall A Clilial) o3 (e A Jlaniad 43ilSa) o Gl
Al e ddatiall g 4l uillal) 8 4G gall el i o cililial) oda il A Al Jalaaty) da glia g il
H3 O G Slanl) (55 (n %10 Pl Ay Culana) gieal Gl A S Jlariad) (S Adly guilill) ey
Laa caldd) 1 el e Jia LY g 99 3l ge ALl ) dalad) ate g Jarial) Agal) gal sd Ao Luda &lld
o el palatd) Baild b g o A0 Lali (pa g Adll 4 glal) CHAlAal) 038 (ha B S CilpaS (o QA (pa (Sa
R A

Properties of Cement Mortar Containing Cement Kilns Dust

Dr.B. S. Mahdi I.Younis H. M. Shehatha

Abstract

Each year, thousands of tons of cement kilns dust are extracted as by-products in
Iraqgi cement plants, where they accumulate in huge amounts of contaminated materials
to the environment, which are difficult to transport and disposal because of their high
smoothness. Although they constitute an economic loss to the cement plants because they
contain the same compounds of raw materials for cement. In spite of that, they are not
recycling to the cement industry because they contain high concentrations of alkalis and
sulfates, which are derived from the raw materials for cement and fuel used in burning.

This research studied the possibility of substituting cement Kkilns dust, as part of
the cement weight used in mortar, with or without addition of silica fumes, so as use
certain amount of this by-product with the cementitious materials. Accordingly, the
flow, soundness and compressive strength tests have been selected to study the effect of
these by-products on the fresh and hardened properties of mortar.

The results showed that the cement kilns dust can be used with 10% of the weight
of cement (as partial replacement) without negatively affecting the properties of mortar
used. No need to add pozzolanic materials such as silica fumes to the mixture, making it
possible to get rid of large quantities of these wastes contaminated the environment and
on the other hand provide economic benefit to the construction projects.
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Abstract

Urban development is a key consumer of energy, a structural system based on generic
services facilities is introduced by Al-Rifaie and prefabricated ferrocement cavity walls/
and roofs within the proposed system present a series of possibilities for the solution of
building construction at maximum reduction of the electrical energy.

The relation between the energy required to run the building using the proposed
ferrocement construction system and the use of traditional method of construction is
determined

Keywords: Cooling; Eco-Housing; Energy ; Ferrocement;; Heating
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Al-Rifaie: Thermal Performance Of Ferrocement Eco-housing System

Introduction

Urban development is a key consumer of energy, in other words, a basic product of
environmental pollution and therefore, the relationship between several elements such as
building materials of natural, and, manufactured building materials, and, renewable energy
sources and energy sources depleted should be determined.

The majority of homes in Iraq are built using traditional masonry construction for walls.
Now these days in Irag a large number of homes with their walls are built either by concrete
block or by stone constructions. Sixty years ago clay brick jack arching was the method of
slabs and/ or roofs construction and since then most of homes their slabs or roofs are
reinforced concrete constructions.

Ferrocement has been developed mainly during the past thirty years and yet has reached a
very advanced stage in technique and design. A considerable amount of laboratory testing
research and prototype constructions have been completed at the Building and Construction
Engineering Department of University of Technology, Iraq for the production of ferrocement
members that would be used in the roof /floor/wall of building/housing.

Building system must not only cope with strengths and flexibility requirements, but the
insulation value is of high importance. In summer heat must be kept outside as much as
possible. The great demands of electric power due to heating and air-conditioning systems
require control to make maximum reduction of the electrical energy.

The increasing demand to low energy houses has led to the introduction of so called green
houses. The basic idea of introducing green or eco-house concept is to improve the thermal
performance of the building envelope to a level where the heating and/ or cooling system can
be kept very simple. Green or eco-houses may then be built using the proposed ferrocement
system with a well insulated.

Ferrocement!?3* (10-50 mm thick) is a type of thin reinforced concrete with great potential,
made of cement—sand mortar and reinforced with layers of fine wire meshes with or without
skeletal reinforcement. Ferrocement is an excellent construction material due to its
mechanical properties, and low cost, and it is considered to possess high cracking strengths.
Cement mortar is a material used in construction of ferrocement which is a cement composite
material made up of Portland cement, sand, water and sometimes admixtures>*2,

It has been stated that by adjusting your home heating and cooling by just 3 degrees; turning
the heat down and the cooling up, can save over 1000 pounds of CO2 emissions each year.

A structural system based on generic services facilities is introduced by Al-Rifaie and
prefabricated ferrocement cavity walls and hollow roofs within the proposed system** present
a series of possibilities for the solution of building construction at maximum reduction of the
electrical energy and the modern system provide excellent thermal insulation.

Reducing the amount of energy required to run a building means reducing the emissions of
carbon dioxide. The emissions of carbon dioxide depends on the fuel source for KWh. If it is
wind, solar, hydroelectric or nuclear, then zero pounds of carbon dioxide are created. To
estimate CO2 emissions per kWh, the U.S. average in 2005 is adopted in the present work®>.
The average is approximately 1.31 pounds of CO2 per kWh generated.

The energy required to run a building using the proposed ferrocement structural system and
the use of traditional methods of construction is determined and the possibility of using the
renewable energy production rather than energy depleted is presented.
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The proposed modern method of eco-housing construction (ferrocement
system)

A structural system (Copyright © The University of Nottingham, U.K.) for ferrocement
construction based on generic services facilities is introduced.

The construction concepts as shown in Figure 1 lend themselves readily to rapid delivery and
assembly of flexible accommodation where designs can be adapted to meet local
requirements for both structural performance and thermal comfort as shown in the figure.

The structural part of the house consists of three basic components; the base, walls, and roof.
An integral framing concept allows for overall above-ground structural integrity which
considerably exceeds that of traditional methods and this minimizes the need for ground
works in all. The membrane construction also enables new concepts in passive downdraught
cooling to be explored where airways are incorporated within structural features as wall
cavities.

Figure (1) The proposed ferrocement system for house construction

Potential applications of the system include sustainable solutions for disaster relief and
secure accommodation. The major advantages of a ferrocement construction system over
current construction methods is mainly due to following perceived advantages:

Controlled manufacture, i.e., very high quality control.

Pre-Fabricated products and fast construction.

Reduced labour requirements and manpower can be easily trained at site.
Cost reduction, 15-50% cheaper than conventional techniques16.

Less maintenance and improved safety.

Reduction in dead weight, 50-75% lighter than conventional techniques16.
Reduced wastage.

Basic raw materials are available.

NGO~ wWdE
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9. Reduced energy use for heating and cooling.

10.  Ferrocement is very adequate to resist the impact, due to its higher ability of
absorbing impact energy as compared with the conventional reinforced concrete, and
the damage is localized at the impact zonel8.

11.  The ferrocement building components can withstand direct fire with a temperature
values up to 7560 C for a period of 2% hours with no segregation in the surface of the
elements facing the firel19.

12. Rehabilitations and strengthening of reinforced concrete elements by using ferrocement
technique is very effective in increasing the cracking and ultimate loads and
increasing the impact resistance®

Building system must not only cope with strengths and
flexibility requirements, but the insulation value is of
high importance. In summer heat must be kept outside
as much as possible. The structural system for
ferrocement construction based on generic services
facilities and insulating these structures involves the
application of insulation material by means of cavity
wall construction which consists of two leaves (sides)
of ferrocement separated by a wide space. Insulation
material is used through a cavity wall. Test was carried
out on a ferrocement cavity wall panel with insulation
panel placed between the two leaves of the wall panel
as shown in Plate (1). The obtained results as shown in
Figure (2) showed that cavity wall construction consists
of two leaves (sides) of ferrocement, separated by air
space and the insulation panel positioned as shown Plate (1)

gives a very good solution for insulation as shown in the

figure, air is still the actual insulator, consequently reducing the demand to electrical energy.

Front face 230.1°C Rear face 22°C
Figure 2(a) Heating measurements of cavity ferrocement panel representing walls.

Lower face 345.1°C

Upper face 28°C
Figure 2(b) Heating measurements of horizontal hollow ferrocement panel representing roofs.
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As stated earlier that the structural system for ferrocement construction based on generic
services facilities and insulating these structures involves the application of insulation
material by means of cavity wall construction which consists of two leaves (sides) of
ferrocement (30 mm each) separated by a wide space and insulation material is used through
a cavity wall. Test was carried out on a ferrocement cavity wall panel with insulation panel
placed between the two leaves of the wall panel as shown. The obtained results showed that
cavity wall construction consists of two leaves (sides) of ferrocement, separated by air space
and the insulation panel positioned as shown in the figure gives a very good solution for
insulation, (air is still the actual insulator), consequently reducing the demand to electrical
energy. Cavity wall insulation may also be used to reduce heating/or cooling losses.

Energy assessment

In home construction there are two main areas have to be in focus: energy efficiency and
construction efficiency. The present work concern with energy efficiency. In fact energy
performance is highly prioritised in the development of building systems and construction
productivity. The obtained results are compared with the proposed ferrocement construction
method. Five kinds of traditional construction methods are:

e Method 1; 200 mm concrete block walls and 150 mm reinforced concrete slab/ roof.

e Method 2; 250 mm clay brick walls (with cement mortar) and 150 mm reinforced
concrete slab/ roof.

e Method 3; 200 mm stone walls and 150 mm reinforced concrete slab/ roof.

e Method 4; 250 mm clay brick walls (with cement mortar) and 150 mm clay brick
arching slab/ roof.

e Method 5; ferrocement system as in Figure (1).

It may be noted that the materials used for outer and inner wall finishing considered through
the determination of heating and cooling loads are cement mortar and gypsum plastering
respectively. Also, 100 mm concrete lining and 50 mm tiles with cement mortar for ground
finishing and 150 mm soil and 40 mm tiles for roofing are considered in the determination of
heating and cooling loads..

Residential heating and cooling load calculation requirements:
For assessing the energy efficiency of a residential house, the design temperatures, minimum
and maximum, for use in performing load calculations considered in the present work are:

In winter: Indoor = 25 °C , Outdoor =0 °C

In summer: Indoor = 23 °C , Outdoor = 57 °C

To determine the annual heating and/ or cooling energy consumption of a residential home
using various traditional construction methods usually used in Irag and most of Middle East
Countries, the following formulas are used in the present investigation®*'.

1. Heating load:
Qp = Up Ag(ti — o) (1)

Where:
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Qp = Heat Loss from the panel, Watt

A, =Net Area (normal to heat flux direction), m?

t; = Indoor temperature(desired temp.), °C

t, = Outdoor temperature, °C

U, = Panel overall heat transfer coefficient , U, = VZZRth , Watt/ m*.°C.

R = Thermal resistance(for each layer of panel), m*.Co/Watt

Rin= L/IKA

L = Panel layer thickness. m

K = Thermal conductivity (for each layer according to the material used), Watt/m. °C
A = Area (normal to the heat flux). m?

2. Cooling load: (2)
q=UxAxCLTD

Where:
g = Heat gain (from walls and roofs), Watt
U = Wall overall heat transfer coefficient. Watt/ m?.°C
A = Area (normal to the heat flux direction), m?
CLTD (Cooling load temperature difference ) , °C

3. Heat gains from™ doors and windows (glasses)

q_
1= O x SHG), g, X (CLF) (3)

Where:
g/A: Heat gain per unit area of glass, Watt/ m?
SC : shading coefficient.
SHG: solar heat gain.
CLF: cooling load factor.

The values of the over all heat transfer coefficient of each of the structural panel considered
in the present investigation are given in Table (1).

Table (1) The determined values of heat transfer coefficient for the structural panels
considered in the present investigation.

Structural Panel system Up= Heat transfer
member coefficient*®!
Concrete block 5.485
Wall. Clay brick 4.835
as mentioned Stone 3.5
above Ferrocement cavity wall with insulation
panel positioned between the two 0.22
ferrocement leaves.
Roof Reinforced concrete 2.31
as mentioned Clay brick jack arching 2.1719
above Ferrocement channel like cross-section 0.1337
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Table (2) The calculating values of heating loads

Construction system Heating load
Wall Roof kW Ton
Concrete block Reinforced
concrete 25.17 7.157
Clay brick Reinforced
concrete 19.345 55
Stone Reinforced
concrete 16.45 4.677
Clay brick Clay brick jack
arching 22.75 6.47
Ferrocement cavity Ferrocement
wall with insulation | Channel like cross 9.328 2.653
panel positioned section
between the two
ferrocement leaves.

The 77 m? residential house shown in Figure (3) is chosen for comparison. Heating and
cooling loads can be determined using a whole house approach. Using expressions 1, 2, and
3, the heating and cooling loads are calculated as given in Tables (2 and 3).

]

— E—

Figure (3) The 77 m? residential house adopted in the present work
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Table (3) The calculating values of cooling loads

Construction system Cooling load
Wall Roof kW Ton
Concrete block Reinforced
concrete 23.257 6.613
Clay brick Reinforced
concrete 21.172 6.02
Stone Reinforced
concrete 18.147 5.237
Clay brick Clay brick jack
arching 20.94 5.954
Ferrocement cavity Ferrocement
wall with insulation | Channel like cross 8.012 2.278
panel positioned section
between the two
ferrocement leaves.

It may be noted that 1 Ton of refrigeration = 3.517 kW is used “for calculating the amount of
heating or cooling. It is assumed in the present work that a single home need to run 20 hours
of electricity per day to cover the need for heating and cooling as given in Tables (2 and 3).
To estimate carbon dioxide (CO2) emissions, the U.S. average of CO2 per kWh in 2005
which was approximately 1.31 pounds per kWh is adopted™ to determine the emissions of
CO2 per month as given in Tables (4 and 5).

Table (4) Comparison of heating load and the emission of carbon dioxide between different
method of construction

Method of Heating load Emission of
Construction CO2
kW | kWh/ month | Ib/month
Method 1 25.17 15102.87 17066.25
Method 2 22.98 13787.64 15580.03
Method 3 20.08 12049.19 13615.58
Method 4 22.75 13649.26 15423.67
Method 5 9.33 5597.29 6324.94

Table (5) Comparison of cooling load and the emission of carbon dioxide between different
method of construction

Method of Cooling load Emission of
Construction 0)
kKW | kWh/ month | Ib/month
Method 1 23.26 13954.58 15768.67
Method 2 21.17 12703.67 14355.15
Method 3 18.42 11050.24 12486.78
Method 4 20.94 12563.39 14196.63
Method 5 8.01 4807.25 5432.19
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It may be noted that there are some sources that generate heat inside the house have been
taken into consideration such as cooker, and frozen refrigerator and sources that have been
neglected such as house lighting.

Conclusions

1

High standards of energy efficient housing construction have been demonstrated in
the present work. It may be seen that the modern method (ferrocement housing
system) is able to produce very energy efficient dwellings. It is seen that with thermal
insulation installed as part of the cavity construction panels lend to achieving high
levels of thermal performance.

2 Using method 5 (ferrocement housing system), the reduction in energy consuming in
heating and cooling loads in comparison with traditional methods 1, 2, 3, 4, may be
summarized as: 63, 52, 44, 59% for heating and 66, 62, 56, 62% for cooling
respectively.

3 Upon to what have been stated in conclusion 2, the reduction in the emission of CO2
when method 5 is used for house construction may in comparison with the traditional
methods 1, 2, 3, 4 be summarized as: 63, 59, 53, 59% for heating and 65, 75, 65, 72%
respectively.
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