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Abstract: - This study proposes an iterative cost optimization methodology for reinforced concrete T-beams under
flexural and shear effects. In this research work the principle design objective is to minimize the total cost of beam after
full filling all the requirements according to IS 456:2000 and in other case of ductile detailing, additional requirements
according to IS 13920:1993 are used. To optimize, the overall cost of beam is used as objective function and the codal
requirements are used as design constraints. Gravitational search (GSA) algorithm is employed for the optimization
process and combined with the reinforced concrete design according to 1S 456:2000 - plain and reinforced concrete - code
of practice. Some design examples of RC T-beams and their parametric sensitivity have also been studied.
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. INTRODUCTION

Optimization is a process in which an objective function is maximized or minimized. In engineering design,
especially in civil engineering, the security measures and cost must be taken into account together. Thus, the
optimization is one of the vital issues in civil engineering. In several studies, the optimum cost design of the
reinforced concrete (RC) elements has been investigated. Coello et.al.optimized RC beams [1] using a search
technique employing genetic algorithm (GA). Also, genetic algorithm was employed to find the optimum design of
reinforced concrete biaxial columns [2]. The shape optimization of RC flexural members by using GA to optimize
the diameter and number of main reinforcement bars was studied by Rath et.al [3]. GA was used in order to find the
optimum cost of RC flexural frames [4]. Ferreira et.al. studied on the optimal design of T-shaped RC beams
according to various design codes [5]. The simulated annealing algorithm was also employed to find optimum
values of continuous steel reinforced beams [6]. Cost optimization of singly and doubly RC beams was investigated
by Barros et.al. [7].Govindaraj and Ramasamy studied on the detailed optimum design of RC continuous beams
using GA. Different groups of reinforcements were considered to find the solution with the optimum cost [8]. Also,
Govindaraj and Ramasamy studied on the optimization of RC frames using GA [9]. The optimum height and area of
the reinforcement bars was investigated for RC beams by Barros et. al. [10].In this study, T-shaped RC beam
elements under flexural and shear effect were optimized for the best cost. Genetic algorithm (GA) was employed for
the optimization process. Optimum design of the beam height and percentage of reinforcement steel both at
compressive and tensile sections were searched according to the modified methodology of GSA for RC design
procedure according to IS 456:2000 - plain and reinforced concrete - code of practice. [11].In the present study,
optimum design of reinforced concrete T-beam as per 1S 456:2000 has been attempted using GSA.

. OVERVIEW OF OPTIMIZATION TECHNIQUE

GSA was introduced by Rashedi et.al. in 2009 and is intended to solve complex optimization problems. The
population-based heuristic algorithm is based on the law of gravity and mass interactions. The algorithm is
comprised of collection of searcher agents that interact with each other through the gravity force. The agents are
considered as objects and their performance is measured by their masses. The gravity force causes a global
movement where all objects move towards other objects with heavier masses. The slow movement of heavier
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masses guarantees the exploitation step of the algorithm and corresponds to good solutions. The masses are actually
obeying the law of gravity as shown in Equation (1) and the law of motion in Equation (2).

F=G (MM, /Ry) (1)
&= FiN (2)

Based on Equation (1), F represents the magnitude of the gravitational force, G is gravitational constant, M; and M,
are the mass of the first and second objects and R is the distance between the two objects. Equation (1) shows that in
the Newton law of gravity, the gravitational force between two objects is directly proportional to the product of their
masses and inversely proportional to the square of the distance between the objects. While for Equation (2),
Newton’s second law shows that when a force, F, is applied to an object, its acceleration, a, depends on the force
and its mass M.

In GSA, the agent has four parameters which are position, inertial mass, active gravitational mass, and passive
gravitational mass [12]. The position of the mass represents the solution of the problem, where the gravitational and
inertial masses are determined using a fitness function. The algorithm is navigated by adjusting the gravitational and
inertia masses, whereas each mass presents a solution. Masses are attracted by the heaviest mass. Hence, the
heaviest mass presents an optimum solution in the search space. The steps of GSA are as follows:

Step 1: Agents initialization

The positions of the N number of agents are initialized randomly.

Xi=(xit,..xi% ..., xi", fori=12,..N. (3)
xi represents the positions of the i agent in the d™ dimension, while n is the space dimension.

Step 2: Fitness evolution and best fitness computation

For minimization or maximization problems, the fitness evolution is performed by evaluating the best and worst
fitness for all agents at each iteration.

Minimization problems:

best(t) = min fit;(t) je{l,...N} 4)

worst(t) = max fit;(t) je{l,...N} (5)
Maximization problems:

best(t) = max fit;(t) je{l,...N} (6)

worst(t) = min fit;(t) je{1,...N} @)

fitj (t) represents the fitness value of the j™ agent at iteration t, best(t) and worst(t) represents the best and worst
fitness at iteration t.

Step 3: Gravitational constant (G) computation:
Gravitational constant G is computed at iteration t.

G(t) = Goe™" (8)
Gy and a are initialized at the beginning and will be reduced with time to control the search accuracy. T is the total
number of iterations.
Step 4: Masses of the agents’ calculation:

Gravitational and inertia masses for each agent are calculated at iteration t.

Mai:Mpi:Mii:Mivi:IVZ"""N' (9)
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M0 = Fity{t)—Warst(t) (10)
Bost{t)—Warst{t)

(11)

Maiand My are the active and passive gravitational masses respectively, while M;; is the inertia mass of the i™ agent.
Step 5: Accelerations of agents’ calculation:

Acceleration of the i agents at iteration t is computed.

ai’(t) = Fi'(t) / Mii(t) (12)

Fi‘(t) is the total force acting on i agent calculated as:

F(t) =Erand,F§ (1) (13)
j e KBEST, j#i

Kbest is the set of first K agents with the best fitness value and biggest mass. Kbest will decrease linearly with time
and at the end there will be only one agent applying force to the others.

Fij’(t) is computed as the following equation:

Fil(t) = G(1).(Mui(t) X Mai(t) / Ry(t) + ) .04°(t) - x:“(1)) (14)
Fijd(t) is the force acting on agent i from agent j at d" dimension and t" iteration. Rij(t) is the Euclidian distance
between two agents i and j at iteration t. G(t) is the computed gravitational constant at the same iteration while ¢is a

small constant.

Step 6: Velocity and positions of agents:
Velocity and the position of the agents at next iteration (t+1) are computed based on the following equations:

vi(t+1) = rand; x vi*(t) + a%(t) (15)
x(t+1) = x(1) + vi(t+1) (16)

Step 7: Repeat steps 2 to 6

Steps 2 to 6 are repeated until the iterations reach their maximum limit. The best fitness value at the final iteration is

computed as the global fitness while the position of the corresponding agent at specified dimensions is computed as
the global solution of that particular problem. Fig. 1 shows the flowchart of GSA.
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Figure 1 Flow chart of GSA

I1. PROBLEM FORMULATION

The optimization techniques in general enable designers to find the best design for the structure under consideration.
In this particular case, the principal design objective is to minimize the total cost of structure, after full filling all the
requirements according to 1S456: 2000, and additional requirements according to 1S13920: 1993 in other case. The
resulting structure, should not only be marked with a low price but also comply with all strength and serviceability
requirements for a given level of applied load. The reinforced cement concrete flanged reinforced beam subjected to
dead load as well as an imposed load is taken in this present research work, the cost optimization and comparison
between [Ref 8] design is made for the structural element. All the design variables are taken as continuous variables.

Obijective function

The objective function is the total cost consisting of individual cost components due to concrete, steel and
formwork. The cost of any component is inclusive of material, fabrication, and labour. The objective function is
expressed mathematically as

C,,CsandC gare the unit cost of concrete, steel and formwork respectively. Ve, Wfs and .ﬂ.f are the volume of
concrete, weight of longitudinal plus transverse steel and area of formwork respectively.

Constant parameters

The parameters to be specified prior to the solution of the optimization problem are the structural geometry, loading
conditions, material properties, support conditions, width of support, unit cost of different components,
reinforcement bar spacing and cover details. However the value of dead load which includes the self-weight of the
beam is automatically updated based on the cross-sectional dimensions.

Design variables

The cross-sectional dimensions of the beam are considered as design variables. It is a general practice to provide
same width of beams in all spans. In this study design variables are depth of the beam and the percentage of steel
provided in the beam according to Indian Standard Code. It is also assumed that same width of support is provided.

Constraints

Constraints to be imposed are taken based on strength, serviceability, ductility and other side constraints. The
constraints regarding bar spacing and other bar detailing requirements are considered in the optimum detailing stage
itself. All the constraints are represented in the normalized form for the modeling.

Flexural constraints
The ultimate moment of resistance of any section should be greater than the maximum design moment arising out of
various loading combinations. Providing required area of steel at all critical sections implicitly satisfies this
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condition. The stress—strain profiles for both concrete and steel is adopted as per IS code provisions. The neutral axis
depth can be limited in order to ensure desired level of ductility.

While calculating the required area of steel, minimum area of steel to be provided is taken into account to ensure
availability of minimum flexural strength at all sections. As per IS code, the calculated area of bottom steel in each
span is modified such that 1/3rd and 1/4th of bottom steel areas at mid span is available at the discontinuous and
continuous ends of that beam.

Shear constraints

The minimum area of shear reinforcement, maximum and minimum spacing of stirrups are taken into account.
However, the nominal shear stress in concrete is limited to the maximum shear stress to avoid failure of concrete in
shear compression prior to yielding of stirrups.

Deflection constraints

The serviceability requirements for deflections are imposed in many codes of practice in the form of effective span
to effective depth ratios. According to IS 456:2000, maximum allowable span to effective depth ratio for simply
supported beam is 20, if span is less than 10 m.

V. SOLUTION OF OPTIMIZATION PROBLEM

Call Input Data

¥

‘ Create initial population according to GSA parameter ‘

¥

‘ Design the T- Beam for flexure, shear and deflection for each individual population ‘

*

‘ Check for constraint violation. Is there any violation? ‘

+

‘ Calculate the objective function (cost) for every individual in the population ‘

YES NO

L 4

[ Apply penalty function

‘ Sort population according to their fitness function value ‘

+
l Update the G, best and worst of the population ]

:

l Calculate m and a for each agent l

¥

[ Update velocity and position }

v

[ Are stopping criteria met? l

NO l

‘ Iterate through generations ‘

END, Display

results

Figure 2 Flow chart representing Design of T-Beam with Gravitational search algorithm

Flow chart in figure 2 represents the step by step procedure for optimum design solution of given T- beam using
GSA whose section is shown in figure 3. The constant parameters of GSA are Go, population size are N =50.
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Some simply supported beam examples are presented [Table 1] to demonstrate the effectiveness and efficiency of
designing RC beams using GSA. The fixed parameters for all design examples are fck = 25 MPa, fy = 400 MPa,
minimum percentage of tensile reinforcement = (1.4/fy), fixed width of beam = 240 mm, maximum sectional depth
to width ratio = 2, clear cover to main reinforcement = 70 mm, thick of flange (slab) = 120 mm, width of support =
280 mm, limiting neutral axis factor (xu/d) = 0.4 as given in Ref. [8]. The mid-span section experiencing sagging
moment is designed as a T-section with breadth of flange taken equal to 1500 mm. It is assumed that 50% of mid-
span steel is continued into the supports and the mid span bottom steel is curtailed at a distance of 0.1 | from the
centre of support. The present optimum results are compared with ref [8] for a simply supported T- beam taken from
Ref [8] [Table2]. The relative cost of concrete, steel and form work are taken as 1/m° 0.01515/kg and 0.42/m?
respectively as given in Ref. [8]. The depth of beam section and percentage of steel are considered as variable. The
optimum design is governed by the deflection limit state. The cost components are given in Table 1.

The above design examples are solved on on Pentium(R) Dual-Core CPU T4400 @ 2.20GH, and 2.00 GB RAM.
The time taken to optimize a T beam is 6 seconds.

Df—

Figure 3 Section of Reinforced Concrete T-Beam

Tablel. Design Examples of Reinforced Concrete T-Beams

Fixed parameters- > Ds = 120 mm, B,, =240 mm, C_¢,, = 70 mm, B; = 1500 mm

Input parameters Design parameters
Dead Live . Conventi
Example Span(m) load Load (FIEI/ fmm?) (Fﬁl;mmz) Depth(mm) OS/teeI gg;![mum onal Cost
(KN/m) | (KN/m) °
1 3 16 15 415 20 338 15 1.3646 1.3878
2 4 22 20 500 25 313 211 | 2.0696 2.1213
3 5 25 20 415 20 361 2.13 | 2.7109 2.9580
4 6 12 10 500 25 322 2.01 |3.3315 3.4287
5 4 18 14 415 20 303 2.06 | 1.9913 2.0232
Table2. Comparison of cost components of present study with existing study
Study Method Quantity Cost of components Total Reduction in
cost cost
Concrete Formwork Steel Concrete Form Steel
(m?) (m?) (kg) work
Ref [8] GA 0.224 2.829 46.251 0.224 1.188 0.701 2.1131
Present GSA 3301 3.994 33.848 .3301 1.18862 5128 2.0315 3.86%
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V. PARAMETRIC STUDY

The effect of some design parameters on optimum cost of T-beam has been studied in this section. The optimum
cost of T-beam has been computed for example 1 with varying loads, span, grade of steel, grade of concrete,
thickness of flange and concrete clear cover and variations of optimum cost are represented in following figures. It
has been seen from the figure 3 and figure 4 that cost of beam increases with increase of load and span. The
optimum cost decreases for higher grades of steel and concrete as shown in figure 5 and figure 6. The cost of beam
is optimized when thickness of flange is kept between 160 mm and 180 mm and clear cover of concrete is kept
between 30 mm to 35 mm for other fixed design parameters of examplel[figure 7 and figure 8].
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Figure 5 Cost Vs Grade of steel Figure 6 Cost Vs Grade of concrete
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VI. CONCLUSIONS
e A design methodology as per IS 456-2000 for optimizing reinforced concrete T-beam is presented which
utilized physical phenomenon of gravitational search. Gravitational search algorithm has very few
parameters and less time consuming as compared to genetic algorithm.
e A significant saving has been found while designing beam using gravitational search algorithm. A saving
of 4% has been observed as compared to optimum design of T beam done by genetic algorithm.
e  Optimum results are sensitive to thickness of flange and clear cover to concrete.
e There is significant decrease in cost for higher grades of steel and concrete.
e The different trends are observed for varying design parameters which supply the engineers more
applicable designs.
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