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Optimization of Reinforced Steel Fibrous Concrete Beam
for the Objective Flexural Behavior
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ABSTRACT

The use of steel fibers in conventional reinforced concrete increases the strength and ductility
under various loading conditions. In order to examine the possibility of the use of these
combinationis achieving required strength and ductility of a reinforced concrete beam, a refined
optimization procedure based on nonlinear layered finite element method and nonlinear
programming technique is developed in this study. Six design variables-beam width and depth,
fiber volume fraction, amounts of tensile and compressive rebars, and stirrup spacing-are
considered. The developed model can be used as a tool in determining the economical use of
steel fibers in designing the reinforced steel fibrous concrete beam,

1. INTRODUCTION

The use of steel fibers in reinforced concrete has the following benefits in flexural behavior[1]:
(1) increases in the flexural strength, ductility, and stiffness, (2) improvements in crack control,
and (3) preserving integrity of the beam bevond the failure load of the normally reinforced
concrete beam. Since steel fibers also show several potential advantages when used 1o
supplement or replace vertical stirrups Recently, A.Samer Ezeldin and Cheng-Tzu Thomas Hsul7]
has developed the computer algorithm that evaluates the optimum use of steel fibers in achieving
the required flexural strength and shear strength. The method, however, is unable to predict
overall load-deflection behavior of the beam, which usually improves by the addition of steel
fibers.

In this study, in order to assess the beneficial effects of the use of SFRC over the plain
concrete, displacement controlled nonlinear layered finite element method is used. Six design
variables are considered, namely, beam dimensions (width and depth), fiber content, area of
tensile steels, area of compressive steels, and stirrup spacing. The search for the optimum
design is conducted with the Powell’s algorithm which, by iteratively generating the conjugate
directions in the design space, leads to the most economical geometry and amount of materials of
the beam that meets predefined structural performance of RSFCB in terms of flexural and shear
strength as well as flexural ductility.

2. DEVELOPMENT OF THE MODEL

2. 1. Flexural behavior - lavered finite element method ; In the layered finite element methods,
strain compatiblitiy is assumed and each cross section of a member is divided into N, layers,

some of which may represent the reinforcing bars in compression or tension. The column vectors
of forces{ F) and element displacements{ d) are: F = (Ni, Vi, Mi, Nj, Vj, M) Tand
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d = (ui,vi 0i,uj,vj,0)) T, where T denotes transpose of a corresponding vector, and
subscripts i and j represent the adjacent cross sections at the ends of element, respectively.
The meanings of nodal values in the components of F and d are shown in Fig. 1. In the
layered finite element method, [ K.] are constructed by integrating analytically and summing its
results over all layers ;

[K) = [ [B"-E.-(Bdv
- g[B]T-ES-[B]-bi-Ahi-L (1)

where ne, b, and A4k; stand for number of elements in an element, width of an i-th layer, and

depth of the i-th layer, respectively. In order to find solution, the direct iteration method is
used. The algorithm can be summarized as follows:

(1). Given small prescribed displacement increments 4w of conrolled displacement w;
(1.1) calculate new nodal displacements and corresponding strains at midpoints of all
layers in all nodal cross sections;
(1.2) update the secant modulus of elasticities in each layer;
(1.3) find new nodal displacements and strains; and

(1.4) repeat the above process until ﬁ [ %; otg — Ui el < tolerance, where
~

;o Uinew and N represent previous and new ith displacement components and
number of total degrees of freedom of the model, respectively.
(2). Calculate load P as the reaction at the point of prescribed displacement, w.
(3). Calculate internal forces for each finite element and the strains and stresses of all layers.
(4). Return to step (1) and start for the next step unless the fracture of tensile steels or the
concrete crushing at the extreme compressive fiber of the beam occurs.

2. 2. Constitutive models ; A few constitutive models are available for SFRC under compression
and tension. They are mostly empirical or semi-empirical models. The models adopted here
has been developed by the author[3]. In this study a more conservative strain values are taken
based on the study by Hassonun et.al[4] - linearly increasing maximum usable compressive

strain values for the extreme compression fiber in concrete( € ,,) as the fiber volume fractions
increase : if V; < 1.0%, then e,= 005 V/+0.003; and if 1.0% < V, < 2.0%, then &= 0.025
V+0.00325.

h ; The equations suggested by different researchers [5-8] were evaluated
statistically and the equation by Mansur et. al. [5] was chosen for this study :

Vo= (0.50 V7. + 176 p ) bd < 0.93F .bd @
Vo= Vo+ 6,4-b-d; and 0, = pullvout resistance‘

3. OPTIMIZATION TECHNIQUE

The objective function Z for beams subjected to bending and shear can be formulated as:

VARS Oconc * Cc(b ) + Ost * CsAs + P C.vAs + Op CfV/(b.h) + Cu(2h + b)
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+ o4 CA2h + b)/S (3
where
Oconer Psiy @nd  pg = densities of concrete, steel and fibers; C,, C, Cs, Cy C;, and C, = total
costs(i.e. sum of material and labor costs) for concrete, compressive steels, tensils steels,
steel fibers, forms and stirrups(see Table 2); A;,As,, and A, = areas of compressive steel,
tensile steel and stirrup; V; = volume fraction of fibers; and b and h = width and depth of
the beam.

The constraints for the design variables are imposed based on the ACI code. The minimum
volume fraction( V ,,) is always set to zero. The maximum volume fraction( V) is
chosen to be 0.015, considering the practical applicability of SFRC in the construction field. Using
the nominal shear strength of steel fiber reinforced concrete, V., the shear force for stirrup and
stirrup spacing are obtained according to the ACI Building Code provisions.

The final objective function( F), thus, is formulated in order to minimize both the cost
function{ 2Z) defined above and the differences in required and calculated structural behaviors:

Minimize F = E + Z, (13)
where E = wp- ep’ + wp- ep’;

wp, wp = weights for flexural strength and ductility, respectively ;

. . . . (P oty veg = Pty cat)
ep = normalized differences in ultimate flexural strength = u—”‘*’g;_!, s call
ults req
: (D,,, — D)
B . ) i e o) .
ep = normalized differences in ductility = ——28——=%L - 44

D req

P,y and D = ultimate flexural strength and ductility, respectively. The subscripts
'req” and ‘cal’ represent the 'required’ and ‘calculated’, respectively.

|

The objective function, F, is minimized by the Powell’s nonlinear programming technique
and one dimensional search is done with the method of Golden Search technique. The Powell's
algorithm iteravely generates the conjugate vectors and in a finite number of iterations, local
minimum is reached[9].

4. RESULTS OF OPTIMIZATION

Table 1 summarizes the material, labor and total costs for concrete, rebar, forms and steel fibers.
The total costs which sum the material cost and the labor cost for each item are represented by

appropriate notations{ C., C;, C,’, C,, and Cp in table 1 and are entered in the objective function
Z in eq.(4).

4, 1. Regular beam ; Fig. 2 shows the geometry and loading conditions considered for the
optimization of the RSFCB in this study. Constraints for the beam geometry and material

quantities are given as 25em < width(b) < 50cm  ,40cm < depth(h) <90cm,
0 em® < A, (or AJ) < 40cm?, and 0.0 < V; < 1.5%. The cover thickness for the tension
steel and compression steel (if any) in a beam is given to be 50cm for all beams. The
compressive strength of concrete and yield strength of the steel rebars are taken as 270 kg/ om®
and 4000 kg/ cmz, respectively.  U-type of stirrup with yield strength of 4000 kg/ cem?® is used
throughout, with cross sectional area of one stirrup being as 0.71 em®x2=1.42. cm®. The
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objective was to find optimized values on beam width, depth, reinforcements for tension,
compression, and shear as well as volume fraction of steel fibers for the preassigned beam
ultimate flexural strength, P,= 20.0 ton, and different ductilities of 2.0 through 50. Table 2

shows the optimized values for these assigned values. The model can adequately obtain the
preassigned ultimate flexural strength‘and ductilities. Although steel fibers are known to increase
the flexural ductility of the beam, reinforcements by conventional rebars have shown to be more
cost saving solutions for the increase of ductility of the beam from 2.0 to 3.0. As ductility is
increased further from 3.0, the area of the compression reinforcement is increased while the area
of the tensile reinforcement decreases. For all cases, use of steel fibers in partial replacement of
conventional steel rebars is not found to be an economic choice.  Total cost for the beam with
increased ductility requires higher cost than those with lower ductility. Although the cost for
steel fibers is lowered to 950,000 Won/ton as shown in Table 1, assuming that steel fibers were
produced domestically and thus readily available, still the optimization process yielded very close
outcomes as those in Table 2. This implies that for the use of steel fibers to be realized in a
regular rectangular beam, much less expensive steel fibers are needed.

4. 2 Wide beam ; Rectangular beams having relatively large width with restrictions on depth are
considered. Depth of a beam is assumed as being restricted in the range between 60cm and
70cm. Except for the wider range of beam width and narrower range of beam depth, same
geometry and loading conditions as those of regular rectangular beam are used (Fig.2).
Constraints for the beam  geometry and  material quantities are given  as!

50cm < width(b) < 200cm, 60cm < depth(h) <T0cm, 0 cm® < A, (or A;) < 100cm?, and
0.0% < V< 1.5%. Same cover thicknesses and stirrups are assumed. For given two ultimate

flexural strength, P,= 90.0ton(W-series) and 120.0ton(WH-series), most economical wide beams

having different ductilities in the range of 3.0 through 55 are sought through the optimization
process.

Table 3 shows the selected design values for the optimized wide beams. Except for the
beams WH3,WH4 and WH5 upon which a large ductility requirements (D=45 through 55) are
assigned, steel fibers are rarely used as the partial alternative to-the conventional reinforcement.
The results for the beams WH3,WH4 and WH5 reveal that for some required structural
performance the use of steel fibers in increasing the flexural strength, ductility, and shear
capacity of the beam may be an economic alternative to the conventional RC beam by properly
reducing and increasing the rebar area and stirrup spacing. As in the regular rectangular beam,
higher cost is needed in general for more ductile beams.

Like the regular rectangular beam, the use of steel fibers of 950,000Won/ton in rectangular wide
beam did not alter the trends shown in Table 3. Table 4 presents the results for those wide
beams.

5. CONCLUSION
The following conclusions are derived from this study.

1. The optimization model developed by the nonlinear layered finite element method and
nonlinear programming technique can successfully find the optimum values for the beam sectional
dimensions and the amount of reinforcements for the given ultimate flexural strength and
ductility. y

2. Although there are beneficial effects from the use of steel ‘fibers on the increase in flexural
strength, ductility and shear capacity of the beam in addition to the improved serviceability, it
does not lead to an economical solution both in the regular rectangular beams and in most wide
rectangular beams for the given loading conditions and material properties considered in this
study.

3. For the wide beams having the required ultimate flexural strength of 120ton with relatively
high ductility ratio of 4.5 through 55, the amount of steel fibers close to 1.5% volume fraction is
needed to realize the economic construction of the beam. Incorporation of steel fihers reduced the
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area of rebars in tension and increased the spacing of stirrups. This could be a positive
indicative to the use of steel fibers for more general and popular structural components (such as
beam which is in special need of high ductility requirement).

4. The developed model can be also used for various structures governed mainly by flexure.
Further research seems to be needed for these structures using the developed model.
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Table 1 - Material, labor and total costs for concrete, rebar, forms and steel fibers.

items material costs labor costs | total costs
name notation (Won) (Won) (Won)
concrete / m3 Ce 38,990 82,668 121,658
rebar / ton | Cs, Cs',Cy 332,740 340,991 673,731
forms /m’ Crv 5,945 13,24 19,199
steel fibers/ ton o] 1,500,000 (KOR) 200,000 1,700,000
950,000 (USA) 200000 | 1,150,000

Table 2 - Optimized values for the regular rectangular beam.

load-diptacement curve optimized results
objective optimized bearn section reinforcements fiber | cost
beam| Py D Py D displ. width depth As A's S Vj won
(ton) (ton) em) | (em) | (em) | (em) | (em?) | (em) | (99 [(x1000)

Rl | 200 | 20 20.0 2.00 6.8 30.7 406 230 9.2 17.2 0.0 75.50
R2 | 200 | 3.0 20.0 305 58 250 60.2 16.4 0.0 210 0.0 80.75
R3 | 200 | 40 19.9 3954 7.1 205 61.0 14.4 32 274 0.0 82.85
R4 | 200 | 50 20.0 500 8.0 26.1 62.8 129 71 283 0.0 87.38
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Table 3 - Optimized values for the wide beam

load-diplacement curve optimized results

wide objective optimized beam section reinforcements fiber | cost
beam| Py D Py D displ. width depth As A's S Vi won

(ton) (ton) (cm) | (em) | (em) | (emd | (cmd | (em) | (%) |(x1000)
W1 | 90.0 3.0 90.0 3.00 57 81.1 62.8 69.5 15.2 20.0 0.07 2347
w2 | 900 4.0 90.0 4.00 6.4 885 69.0 54.5 9.6 18.3 0.14 263.1
W3 | 500 5.0 899 5.00 75 90.3 69.7 49.3 25.0 18.0 013 2739
WHI1 /| 120.0 3.0 120.1 3.00 5.1 104.2 69.6 81.8 55 15.6 0.05 | 3055
WH2| 1200 4.0 119.9 4.00 6.4 132.3 68.3 74.5 54.3 12.3 0.01 356.4
WH3! 1200 45 1194 447 7.6 93.1 69.6 59.2 21.7 17.4 1.40 | 3971
WH4{ 1200 5.0 117.9 4.94 84 73.1 679 60.2 52.8 222 147 | 3393
WH5[ 120.0 55 120.0 5.44 8.7 995 68.9 55.7 41.5 16.3 148 | 429.1 |

Table 4 - Optimized values for the wide beam

(WH series with 950,000Won/ton worth steel fibres)

Fig. 2. Loading Conditions and Layered Beam Section for Modeling
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load-diplacement curve optimized results
wide objective optimized beam section reinforcements fiber | cost
beam | Py D Py D displ. width depth As A’s S Vy won
(ton) (ton) (cm) | (em) (em) [ (cm?) | (em? | (em) | (%) |(x1000)
WHI1 | 1200 | 30 119.9 3.00 5.1 104.8 69.5 82.0 5.1 155 | 0.05 | 3052
WH2 [ 1200 | 40 120.0 4.00 6.4 131.6 63.4 74.7 5.6 12.3 0.02 | 355.1
WH3 | 1200 | 45 120.2 4.47 76 9.5 67.3 633 | 284 17.0 145 | 3614
WH4 | 1200 | 50 120.5 5.06 8.0 34.8 69.6 584 | 393 19.1 147 | 3424
WH5 | 120.0 | 55 120.0 5.50 8.8 92.7 69.5 549 | 495 175 149 | 3717
Yy
y J]
Nj = |
\/ z h
NJ M) Ir—r-l
Fig.1. Notations in the layered finite element
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