9. FL Based Software Development and Applications

Chapter 9

FL BASED SOFTWARE DEVELOPMENT AND APPLICATIONS

9.1  GENERAL REMARKS

Many real life problem solving methodology exploits the ready made available information
about problem domain, processes the information using the knowledge acquired form the
subject experts which is based on some thumb rules and assumptions and makes the decision
which is specific to the problem. Thus in the process of decision making one has to use
thumb rules, assumptions and certain vague information and knowledge base. Fuzzy Logic
assists the decision making process in such vague environment. In the fuzzy logic based
optimization methodology the crisp data is converted in to fuzzy data which is then processed
by fuzzy arithmetic and the fuzzy output thus obtained is defuzzified to get the realistic
answer. Therefore the software based on the fuzzy logic requires some spécialized
subroutines for fuzzification of problem data, fuzzy arithmetic and defuzzification process.
The software also requires the graphical display of the fuzzified data depicting fuzzification.
The software must also provide the freedom to choose various fuzzification and
defuzzification methods. The programming language selected for developing such program

must have all such facilities.

In traditional designs, the optimization problem is stated in precise mathematical terms.
However, in many real-world problems, the design data, objective function, and constraints
are stated in vague and linguistic terms. As design of RCC structures involves a large
amount of uncertainty and as fuzzy logic is good in dealing with fuzzy data, the main aim of
the present chapter is to explore the possibility of using the concept of fuzzy logic in one of
the important areas of Structural Engineering i.e. the design of various R.C.C structures. The
search for optimum solution is made without violating norms laid by IS code for limit state

method of design.

This chapter is devoted to the software module developed based on fuzzy logic to deal with
optimum design of R.C.C. structures. The software is developed in Visual Basic on Windows
platform with menu driven input and graphical output facilities and its uses are demonstrated

with the help of examples of different structures.
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9.2 COMPUTER IMPLEMENTATION

The essential part of fuzzy system design is the application of fuzzy sets and fuzzy logic to a
solution, or to a method of solution, provided in the conventional, nonfuzzy form. The
computer implementation of the optimization algorithm by alpha-cut method is covered in
this section. Visual Basic-6.0 is selected for development of software based on fuzzy logic.

Virtually all-nontrivial computer programs involve following three major tasks.

1) Entering input data (supplying information to be processed)
2) Computing the desired results (processing the input data)
3) Displaying the results (displaying the results of the computation)

Each step may be complex; its implementation may therefore require considerable time and
effort. In VB, the first and last steps (data input and data output) are accomplished through
the user interface. In many applications, the design of the user interface is the most
complicated part of the entire program development process; though the controls built into
VB simplify this process considerably. The seéond step (computation) is usually carried out
by a series of VB instructions embedded in one or more independent event procedures. The
selection and order of these VB instructions are determined by an appropriate algorithm i.e., a
logical and orderly computational strategy for transferring the given data into the desired

output data. These three major tasks are carried out by developing following three modules.

9.2.1 Pre-Processor Module
The pre-processor is developed to facilitate menu driven input of data. It provides graphical
user interface to supply the structural data, which has following advantages over numerical

data input,

> Faster than numeric input interface.

> Less chance of making mistake in supplying input data.

» The input data can be checked at a glance by getting view of drawn geometry.
> Easy editing and change in the input.

The pre-processor comprises of various forms, picture boxes, menus, toolboxes, and various
command buttons. As the pre-processor module is different for each application, it is
discussed in detail for each application separately. Pre-processor prompts user to supply the

initial design data and dimensions of structural component based on which preliminary
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design is carried out. It then asks user to supply input data related to fuzzy logic required for
alpha-cut method. The data supplied by the user is then checked for its correctness.

9.2.2 Main-Processor Module

The prime requirement of the main-processor is that it should be compact and should require
least computational time. The developed software comprises various subroutines for
optimization of several structures such as plane frame, grid, combined footing and RCC

slabs. These subroutines can be grouped into following three categories;

9.2.2.1 Analysis subroutines

» A subroutine to carry out the analysis of different types of slabs using coefficients
method as per L. S. code [83].

>  An analysis subroutine for combined footing calculates maximum bending moments
and shear forces for various load cases.

»  Analysis subroutine for Plane frame and Grid problems based on Stiffness Member

Approach [92] which involves various subroutines as describe below:

Subroutine SDATA: 1t reads the structural data, like joint co-ordinates, member

indices, area of cross-section, moment of inertia, support restraints, etc.

=  Subroutine STIFF: It constructs the member stiffness matrix and overall stiffness

matrix.

*  Subroutine LOADS: 1t reads joint loads, member loads and constructs overall load
vector (Ac = Aj + Ae)

»  Subroutine BANFAC and BANSOL: These subroutines are developed for
factorization and solution of the matrix based on Choleskey’s square root method [92]

respecti"\)ely.

Subroutine RESULTS: This subroutine evaluates the analysis results - Joint

displacements, Member forces, and Support reactions.

9.2.2.2 Fuzzy logic based subroutines
In the developed software package, following two subroutines are developed to perform the
optimization based on fuzzy logic concept. These subroutines are common to all applications

problems.
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> Subroutine INPUT FUZZY SETS: For the construction of input fuzzy set, it is
necessary to compute the values of input parameter at each o-cut depending upon their
minimum and maximum values. This subroutine computes these values; stores in list box
and plot the fuzzy set using graphical features of VB.

» Subroutine FUZZY OPT: In order to find out optimum solution, the next step is the
superimposition of performance and induced fuzzy sets to get intersection point. For this
the values of performance parameter and induced parameter are computed at each ¢-cut
and stored in the list box. These values are used for the construction of the performance

and induced fuzzy sets.

The software finds out o-cut giving minimum difference between performance parameter
and induced parameter. After this the software determines the values of input parameters
at this o-cut and these input parameters are considered to give optimum solutions. The
whole process of obtaining the optimum solution is very tedious and time consuming
when the o-cut is very small, but the features of VB (i.e. list box, graphics) makes it easy.
The flow chart for a-cut method is shown in Fig. 9.1.

9.2.2.3 Design subroutines
The design subroutines developed to carry out design of different R.C.C. structures using
limit state method of design and Indian standard code of practice IS: 456-2000 [17] are

discussed in detail for each application separately.

9.2.3 Post-Processor Module

The post- processor gives design results, reinforcement detailing and optimum cost. As the
post-processor module is different for each application, it is discussed in detail for each

application separately.
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Fig. 9.1 Flowchart Showing FL Based Alpha Cut Method
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9.3 OPTIMUM DESIGN OF VARIOUS TYPES OF SLABS

9.3.1 Design Parameters

Design parameters are classified as pre-assigned parameters, input parameters, induced fuzzy
set parameters, and performance parameters. The performance parameter is subjected to some
functional requirements. The term functional requirement refers to a value, range of values,

or fuzzy number.

In design of slab, pre-assigned parameters are span of slab, wall thickness or beam width,
loadings-live load and floor finish, grade of concrete and grade of steel. In order to design the
slab, one has to decide the depth of slab. Hence the depth of slab is selected as input
parameter. The design of slab is made to satisfy both serviceability and strength
requirements. Generally the depth of slab is governed by deflection requirement than the
requirement of strength. The serviceability requirement for deflection is controlled by shorter
effective span to effective depth ratio (Ix/d). The actual (Ix/d) ratio should be less than
permissible (1x/d) ratio. So (I1x/d)ye is considered as performance parameter and (Ix/d)a. is

considered as induced fuzzy set parameter.

9.3.2 Design Constraints
<+ Geometry constraints
Geometry constraints are the restriction on thickness of the slab and percentage of

reinforcement in the slab. They are as follows:

1. Dmin =80 mm 2. Dmax =250 mm 3. pe2012% .. (9.1

< Behavior constraints

Main behavior constraint is the deflection of slab. As discussed earlier, the deflection is

controlled by (1x/d), so following constraint is imposed,

(1x/d)zet — (1%/d)per < O .. (9.2)

where Ix = Effective span in shorter direction, Dmin = Minimum depth of slab, Dmax =

Maximum depth of slab, p; = Percentage steel and d = Effective depth of slab.
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9.3.3 Fuzzification of Input Parameters

For fuzzification of input variable first of all minimum, maximum and most acceptable values
of input variable are decided based on the design experience. These values are then used to
develop the fuzzy set known as input fuzzy set. The available constraints help in deciding
these values of input parameter.
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Fig. 9.2 Fuzzification of Input Parameter

In design of slab, depth of slab is the main input parameter. The triangular fuzzy set D
expresses different values of input parameter depending upon preferences. The constraints D
> 80 mm and D < 250 mm decide minimum and maximum values for depth. The minimum
and maximum possible values are assigned membership value equal to zero while the average
value of minimum (Dmin) and maximum (Dmax) values is considered as most acceptable
value and is assigned membership value equal to one (Refer Fig. 9.2). This gives linear

triangular fuzzy set for D.

9.3.4 Development of Performance Fuzzy Set

As discussed earlier, the permissible effective span to effective depth ratio is considered as
performance parameter. For developing performance fuzzy set it is necessary to decide the
value of o-cut which is the small interval at which the value of performance parameter (i.e.
(Ix/d)per) is to be found. When «-cuts are applied to input fuzzy set each o-cut will give two
crossover points (i.e. D1 and D2) from input fuzzy set. At each o-cut, for each value of
crossover point, (Ix/d)er is calculated as shown below and plotted against its membership

function to have graph of performance fuzzy set (Fig. 9.3.)
Wu =(DL+LL+FF)*1.5 ..(9.3)
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Mu =(Wu*Ilx*1x)/8 . (9.4)
Pt =50 * (fol/fy) * {1 (1 - (4.6 * Mu/ (fek * b *d*))"2} . (9.5)
MF.  =1/{0.225+0.00322 * fs — 0.625 * logio(1/pt) } ... (9.6)
(x/d)per =20 * M.F. . (9.7)

where DL =Dead load, LL. = Live load, FF = Floor finish, Wu = Total factored design load
per unit area, Mu = Maximum factored span moment, Pt = Percentage of steel, fck =
Characteristic strength of concrete, M.F. = Modification factor, fs = Service stress in steel =

0.58 * fy and fy = characteristic strength in steel.

9.3.5 Development of induced fuzzy set

For developing induced fuzzy set, at each o~cut the output parameter (1x/d) is calculated for
each value of crossover point and plotted against its membership function to have graph of

induced fuzzy set, which is shown in Fig. 9.4.
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Fig. 9.3 Performance Fuzzy Fig. 9.4 Induced Fuzzy Set

9.3.6 Superimposition of Performance and Induced Fuzzy Sets

After developing performance and induced fuzzy sets, next step is the superimposition of two
plots so as to have match point. This point gives value of (Ix/d) i.e. SO which satisfies the
functional requirement and at the same time has the highest performance and its appropriate

membership grade MO as shown in Fig. 9.5 which finally decides the most acceptable value
of depth.
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Fig. 9.5 Superimposition of Two Plots

9.3.7 Fuzzy Legic Based Processors

Three processors are developed in Visual Basic. A Pre-processor is developed to facilitate
menu driven input of data, graphical display of the fuzzy set and input data editing facility
before running the design program. A Main-processor is developed to find the final set of
design variables according to max-min procedure of FL and to perform the design as per IS
code provision [83]. A Post-processor is developed to provide reinforcement detailing.
Provision is made in the software for graphical representation of induced fuzzy set and
performance fuzzy set. The software is developed with menu driven input and graphical
output facilities and its uses are demonstrated with the help of following four types of slab

examples:

(1) Simply supported one-way slab
(2) Continuous one-way slab
(3) Simply supported two-way slab
(4) Continuous two-way slab

9.3.8 A Simply Supported One — Way Slab Example

< Input data: Longer span of slab = 10.00 m, Shorter span of slab = 4.00 m, Wall
thickness = 0.23 m, Live load = 2.50 kN/m2, Floor finish = 1.00 kN/m2, Grade of
concrete = M15 and Grade of steel = Fe415.

Figure 9.6 shows the main form for FL based structural design which is used to select the
type of structure to be designed. The geometrical data of slab such as span of longer side,
span of shorter side, wall thickness or beam width, etc. are provided using geometry form as
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it appears in Fig. 9.7(a). For inserting the material properties such as grade of concrete and
grade of steel the form depicted in Fig. 9.7(b) is to be used. Figure 9.7(c) shows the form that
is used to enter the live load and floor finish load. Designer can enter his preferences for
values of input parameter through a form shown in Fig. 9.7(d). The software creates the

geometry of slab based on supplied data, which is shown in the Fig. 9.8.

Input fuzzy set developed by main processor for depth of slab at an interval of 0.01 o-cut is
shown in the Fig. 9.9. A menu is developed to take values from the input fuzzy set menu and
to calculate (Ix/d) at each o-cut. Table 9.1 shows values of induced fuzzy set and
performance parameter for two crossover points at 0.20 o~cut. These values are plotted
against their relative membership function to get induced and performance fuzzy sets. The
superimposition of two plots as shown in Fig. 9.9 gives a match point. The corresponding

membership grade is used to find the optimum input value from input fuzzy set.

Post-processor depicts final result in a tabular form as in Fig. 9.10, in addition to

reinforcement detailing of the slab as it appears in Fig. 9.11.
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Fig. 9.6 Option Form
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(c) Loading form (d) Preference form

Fig. 9.7 Input Forms

lz 023 M Th wall

Fig. 9.8 Geometry of Slab
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Table 9.1 Intermediate Calculation Sheet

Act. (1/d1)
50.00
44.44
40.00
36.36
33.33

30.77

Act. (I/d2)  Per. (1/d1)

22.22 19.40
23.53 21.00
25.00 122.60
26.67 24.00
28.57 25.20
30.77 26.60

Per. (1/d2)
33.00
31.80
30.40
29.20
28.00
26.60

Fig. 9.9 Induced and Performance Fuzzy Sets

Fig. 9.10 Design Results
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Fig. 9.11 Reinforcement Details of Slab

For validity check, the results obtained from the software are compared with those available
in literature [85] and are depicted in Table 9.2.

Table 9.2 Comparison of Results

Span of slab 400 m
| Live load 250 kN/m2
[ Floor finish 100 KN/m2
Grade of concrete M15
| Grade of steel Fedl5
Cost of concrete Rs. 2000/- per m3
Cost of steel - Rs. 30/- perKg
RESULTS
REFERENCE [85] | SOFTWARE
Depth of slab 180 mm 160 mm
Quantity of concrete 0.761 m3 0.677 m3
Quantity of steel 24 Kg 2250 Kg
Total cost (per mt. width) Rs. 2240/~ Rs. 2040/-
% Reduction in cost 892 %
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9.3.9 A Continuous One-Way Slab Example

Input data are supplied through input forms as shown in Fig. 9.12. Geometry is depicted in
Fig. 9.13. The input fuzzy, induced fuzzy and performance fuzzy sets are depicted in Fig.
9.14. Provision is made in software to calculate span and support moments as per LS. code
[83] and visualize the moments. Maximum shorter span moment is considered in calculation

for performance parameter.

The span and support moments are displayed in the geometry of slab as shown in Fig. 9.15.
The design results are shown in Fig 9.16 and detailing of reinforcement as carried out by
post-processor is depicted in Fig 9.17. Table 9.3 shows the comparison of results and

indicates that the present software results in reduction in cost of slab.
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&) SPAN DATA, .

Cancel |

(c) Loading Form (d) Preference Form

Fig. 9.12 Input Menus
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9> DESIGN OF CONTINUOUS ONE WAY SLAB oCcor®

Input data Optimization Analysis Design Cost opt.

Fig. 9.13 Geometry of Slab
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function

Depth of slab (mm)

INPUT FUZZY SET

I HIEXT ||

Membership BACK
function

INDUCED AND PERFORMANCE FUZZY SETS

Fig. 9.14 Input, Induced, Performance Fuzzy Sets
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Fig. 9.16 Design Results
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Fig. 9.17 Reinforcement Details of Slab

Table 9.3 Comparison of Results

No. of spans

Length of longer span
Length of shorter span
Beam width

Live load

Floor finish

Grade of concrete
Grade of steel

Cost of concrete

Cost of steel

Depth of slab

Quantity of concrete
Quantity of steel

Total cost (per mt. width)

% Reduction in cost

DATA

RESULTS

REFERENCE [85]

120 mm
1.678 m3

89 Kg
Rs. 6020/-

5
6.50
2.75

0.23
4.00

1.00

M15
Fe415

nos.

kN/m?
KkN/m?

Rs. 2000/- per m3
Rs. 30/-  per Kg

SOFTWARE

90 mm
1.256 m3

90 Kg
Rs. 5210/-
13.45 %
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9.3.10 A Simply Supported Two-Way Slab Example
Input data: Effective longer span = 5.65 m, Effective shorter span = 4.15 m, Wall
thickness = 0.15 m. Grade of concrete = MI5, Grade of steel = Fe 415, Live load = 4.00
kN/nr and Floor finish = 1.00 kKN/nr.

The input menus are same as those depicted in Fig. 9.7. Also the procedure to use the
software is same as outlined above. Fig.9.18 shows input fuzzy, induced and performance
fuzzy sets. A reinforcement detail of slab as carried out by the software is shown in Fig. 9.19.

The Comparison of results with available solution [96] is given in Table 9.4.

0.8

Membership 06

function n.
0.2
0 50 100 150 200 250 PLOT
Depth of slab (mm)
BACK. NEXT
INPUT FUZZY SET
—Idlp —Idla
08 —Ild2p —Id2a
Membership 06
function n.
0.2
0 o 10 20 30 40 50 60 70 80 80 100

(L/d)
INDUCED AND PERFORMANCE FUZZY SETS

Fig. 9.18 Fuzzy Sets
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REINFORCEMENT DETAILS OF SIMPLY SUPPORTED TWO WAY SLAB

| It @200 mm c/c

-+H50

415
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—8 « 0180 mm c/c

SECTION A-A

END

Fig. 9.19 Reinforcement Details of Slab

Table 9.4 Comparison of Results

Length of longer span

Length of shorter span

Beam width

Live load

Floor finish
Grade of concrete
Grade of steel
Cost of concrete

Cost of steel

Depth of slab
Quantity of concrete
Quantity of steel
Total cost

,% Reduction in cost

DATA

RESULTS

565 m
415 m
0.15 m
4.00 kN/m?
1.00 kN/m2
M15
Fe415

Rs. 2000/- per m3
Rs. 30/- per Kg

REFERENCE [96] SOFTWARE

120 mm
3.00 m3

289 Kg
Rs. 14650/-

170 mm
4.24 m3

178 Kg
Rs. 13820/-
5.66 %
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9.3.11 A Continuous Two-Way Slab Example

-,
*»*

Input data: Nos. of span in longer direction = 4, Nos. of span in shorter direction = 4,
Legr of each span in longer side = 8.00 m, Leg of each span in shorter side = 6.00 m, Beam
width=0.25m, Grade of Concrete = M15, Grade of steel = Fe 415, Live load = 4.00
kN/m? and Floor finish = 1.00 kN/m®.

After supplying geometry data through input form, geometry of slab is automatically created
as shown in Fig. 9.20. Provisions are made in the software for design of continuous two-way
slabs with various boundary conditions recognized automatically from geometry form. The
moment coefficients for slab based on boundary conditions are shown in Fig. 9.21. The Input,
Induced and Performance fuzzy sets are shown in Fig. 9.22. After optimum value of input
parameter is obtained, analysis is carried out using coefficient method. The final moments
and area of steel required are shown in tabular form in Fig. 9.23 (a) and (b) and same are

displayed in graphical form as in Fig. 9.24 (a) and (b).

Design results for all slabs are depicted in tabular form as shown in Fig. 9.25 whereas
reinforcement details are shown in Fig. 9.26. A comparison of results with the known

conventional solution is presented in Table 9.5.

i 8002 . 8000 ; 8000 g 8000 1

iDdlete

PLAN

Fig. 9.20 Geometry of Slab
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35 MOMENT COFFICIENTS [_ DX

slab Case No (Alpha)xn (Alpha)xp lusaaiuMms
S1 4 0.067 0 05 0.047 0.0351

S2 3 0.059 0.045 0.037 0 028

S3 3 0 059 0.045 0.037 0 028

S4 4 0.067 0 05 0.047 0 035

S5 2 0 052 0.04 0.037 0.028

se 1 0 048 0 037 0.032 0024 |

S7 1 0.048 0 037 0.032 0 024

S8 2 0 052 0.04 0.037 0.028

S3 2 0.052 0.04 0.037 0.028

Fig. 9.21 Moment Coefficients
fla77Y SIS O@ E
(D)opt 1Qjfl mm
Membership
Mellon
cLoT
RACK  NFXT |
Oeptt or slob
INPUI FUZZY SLI

Membership

Mclion

m)
INDUCED AND PERFORMANCE FUZZY SETS

Fig. 9.22 Input, Induced and Performance Fuzzy Sets

O ANALYSIS RESULTS

(+ iFinal moments (kKN_m) r “Mx1
A-Myl
+My My2 |
Area of steel required (Sq.mm.) *+Mx
L Mx2 |
slab -Mx1 +Mx -Mx2 My1 *My -My2 a
S1 0 26.581 30.255 0 18.553 21 336
S2 0 23.656 27 116 21 336 12.559 18.482
S3 0 23 656 27 116 18 482 12 559 21 336
S4 0 26 581 30 255 21 336 18.553 0
S5 30 255 17 84 25974 0 14 521 17 411
S6 27 116 16 912 23 976 17 411 11 274 15 984
S7 27.116 16.912 23.976 15.984 11.274 17 411
in 9RR 17 Ri 9R 171 17 111 11 R91 n Vv
Show Ok

Fig. 9.23(a) Final Moments
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Fig. 9.24(a) Form for Final Moments (kN.m)
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i 8000 , 8000
I T

8000 ! 8000 ]

PLAN

Fig. 9.24(b) Form for Area of Steel (mmzlm)

Depth of slab 170mm ||
Main steel parallel to shorter side [a & b) 10#i@2140c/c
Main steel parallel to longer side [c & d) 108@190c/c

Extra top parallel to shornter side [e) 8it@130c/c
Extra top parallel to longer side [f) stt@180c/c||
Tortion steel {t1) 8it@120cic

Torsion steel (i} 6#@130c/c||
S B

020Lx 0.20Lx  020Lx

Fig. 9.25 Design Results
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# DESIGN OF CONTINUOUS TWO WAY SLAB [CONTINUOUS TWO WAY SLAB] Q|S)(S<
S'- Gsanetry Material Loads Coffic«nU Optmu’sinn  Analyss C«ign Cost opt. - S X
250
[l JJJ ™ W00 8000

Fig. 9.26 Reinforcement Details of Slab

Table 9.5 Comparison of Results

DATA

No. of spans in longer direction 4 nos.

No. of spans in shorter direction 4 nos.

Leff of each span in longer side 800 m

Leff of each span in shorter side 6.00 m

Beam width 025 m

Live load 4,00 kN/m2
Floor finish 1.00 kN/m2
Grade of concrete M15

Grade of steel Fe415

Cost of concrete Rs. 2000/- per m3
Cost of steel Rs. 30/-  per Kg

RESULTS
REFERENCE [97] SOFTWARE

Depth of slab 200 mm 170 mm
Quantity of concrete 156.413 m3 132.951 m3
Quantity of steel 5646 Kg 6014 Kg

Total cost Rs. 482200/- Rs. 446320/-
["% Reduction in cost 7.45 %
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9.4 OPTIMUM DESIGN OF RCC PLANE FRAMES

Plane frames are made of beam elements and column elements and are meant to support the
slabs and transfer the load to the foundation. The developed software contains a module for
optimum design of plane frame members. It analyses the frame with direct stiffness method
to calculate the member forces. The optimum dimensions of the members are then
determined for the calculated forces satisfying all the design constraints using fuzzy logic.

The design parameters, constraints and objective function are discussed below in brief.

9.4.1 Design Parameters

The pre-assigned parameters are spans of beams, heights of columns, loading on members
and joints, support conditions and grades of materials (concrete and steel). In the optimum
design of frame, optimum cross sectional dimensions of the constituent members are worked
out and therefore width (b) and depth (d) of the beam and column members are input
parameters in this case. Total number of input parameters is twice the total number of
columns and beams. For the cross sectional dimensions chosen by FL based optimization, the
members are designed to satisfy strength and serviceability criteria. The actual compressive
stress in the concrete is taken as the induced fuzzy set parameter and permissible stress is

taken as the performance fuzzy set parameter.

9.4.2 Design Constraints
Since the design philosophy for beams and columns is different, the constraints for them are
different and are given below.

<+ For Beams

(1) Aqy 2 02x(bxd)/100 (geometry constraint) ... (9.8)

2) At £ Astmax (geometry constraint) ..(9.9)

Bt £ Tomax (behavior constraint) .. (9.10)
%+ For columns

(1) Ay = 0.8 (DxxxDyy)/100 (geometry constraint) .. (9.11)

2) Agx £ 6.0 (DxxxDyy)/100 (geometry constraint) ..(9.12)

where Ay = Area of steel reinforcement, Agumax = Maximum area of steel reinforcement, T, =
Average actual shear stress, Temax = Maximum permissible shear stress of the beam section

and Dxx and Dyy = Dimensions of the column member.
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9.4.3 Fuzzification of input parameters
Here triangular fuzzy sets are used for simplicity. Figure 9.27 shows fuzzy sets for depth and

width of one of the columns and beams. The average of maximum and minimum values

supplied by the user is assigned membership grade of 1.

A A
g g
5 3
=]
: 2
3 2
£
E 5
=0 : p = 0 :
WCmin WCmax DCmin DCmax
a) Width of Column (mm) b) Depth of Column (mm)
A o~
g1 g1
5 B
g £
B B
< 3
2 2
B §
Z 9 b= 0
WBmin WBmax DBmin . DBmax
¢) Width of Beam (mm) d) Dépth of Beam (imm)

Fig. 9.27 Input Fuzzy Sets for Dimensions of Beam and Column

9.4.4 Development of Performance Fuzzy Set

The performance parameter for this case is compressive stress in concrete. The permissible
compressive stress in concrete depends on its grade as indicated in Table 9.6. The variation of
the performance parameter is considered linear between o4 and o.p as shown in Fig. 9.28.
O.p is maximum permissible value and o.4 is 10 percent higher value. The maximum value is
assigned zero membership grade and all the values lower by 10 percent or more are assigned
the membership grade of 1. The maximum permissible compressive stress depends on the

grade of concrete. The performance fuzzy set is actually the set of all the feasible solutions.
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Table 9.6 Permissible Compressive Stress S
S
GRADE OF PERMISSIBLE E
CONCRETE COMPRESSIVE STRESS IN o
CONCRETE (N/mm2) =
M15 6. 690 2
M20 8. 920 £
M25 11. 150 =
M30 13.380 ®cA
M35 15.610 Compressive stress in concrete
M40 17.840 Fig. 9.28 Performance Fuzzy Set

9.4.5 Development of Induced Fuzzy Set

For development of induced fuzzy set, appropriate values of a-cuts, preferably
equispaced (0.05, 0.1, 0.15, etc) are selected and crossover points at each a-cut are
determined for every input parameter. Sets of combination of input parameters are formed at
each a-cut. 2n combinations are generated where n is number of input variables (n=2
for this case). For every set of width and depth of frame member the actual compressive is
calculated and plotted against the corresponding membership grade to get induced fuzzy set

for that member.

9.4.6 Superimposition of Induced and Performance Fuzzy Set

The induced and performance fuzzy sets are superimposed for every member to get the
membership value of the match point. This point gives value of stress (S’), which satisfies the
functional requirement, and at the same time have the highest performance and its appropriate
membership grade (p’) as shown in Fig. 9.29. The combination of the input variables
corresponding to this membership value is obtained, which is the final solution. This process

is explained in Fig. 9.29.

Induced fuzzy set
(For min stress value)

Performance fuzzy set

Induced fuzzy set
(For max stress value)

Membership function

Compressive stress in concrete (N/mm2)

Fig. 9.29 Superimposition of the Fuzzy Sets
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94.7 Developed Processors

The preprocessor facilitates the entry of input data such as geometry data, support data, load
data and material data. Provision is made in the preprocessor to display joint numbers, joint
co-ordinates, member numbers, member connectivities, support conditions, joint loads,

member loads, and combinations used for induced fuzzy sets.

The main processor develops various fuzzy sets, finds the optimum dimensions and carries
out the design process. The various subroutines developed under this processor includes
Analysis subroutines, Preliminary design subroutine, Fuzzy logic based subroutines such as
Subroutine INPUT FUZZY SETS, Subroutine FUZZY OPT and Design subroutines such
as Subroutine BEAM DESIGN, Subroutine SHEAR REIN DESIGN, Subroutine
UNIAXIAL_COL_DESIGN etc.

The post processor provides the analysis results (i.e. joint displacements, member forces,
support reactions) in tabular form. In addition to this it has facility to display member force
diagrams. The value of these forces can also be obtained at any point within the span. The
processor also provides the analysis results and design results of beam and column elements
in the report form, the print out of which can be directly taken. It also provides optimum cost
results and reinforcement details. ’It allows the designer to select the diameter of reinforcing

bar for required area of steel. For selected diameter the software displays the number of bars.

9.4.8 Two - Bays, Two - Storey Frame Example

Figure 9.30 shows the geometry of a two bay, two-storey frame problem with support
conditions and loadings, which is taken for size optimization. The structural (geometry) data
of plane frame such as number of bays, number of stories, bay widths, storey heights, etc. are
to be supplied using the developed form. The frame with joint and member number is
automatically drawn for given structural data, which is shown in Fig. 9.31 along with the
dialog box for assigning support conditions. Member loads like point load, UDL, and
concentrated moment can be applied using form for member loads, which is shown in Fig.
9.32. Direct stiffness method based analysis of the frame requires the initial section
properties, which is assigned by the section properties dialog box as shown in Fig. 9.33.
Preliminary design is done based on the initial analysis results. Figure 9.34 shows the
analysis results whereas Fig. 9.35 shows internal force diagram for one of the members which

is produced by the software.
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Fig. 9.30 Geometry of Plane Frame

The software displays the preliminary design results in the tabular form on clicking the
preliminary menu which are used for selecting the lower and upper bounds values for the
input fuzzy sets. These values can be supplied through the preference menu as shown in Fig.
9.36, which are used to develop fuzzy sets. The developed fuzzy sets for these values are
shown in Fig. 9.37 for width and depth of particular member in graphical form. On the same
form fuzzy set of performance parameter is superimposed on output fuzzy set. The software
finds the combination of B-D, which gives maximum stress within permissible limit out of all
combination and that will be optimum width and depth for a particular member. This whole
process is performed for each member. The optimum design results and reinforcement details
in tabular form are depicted in Figs. 9.38 and 9.39. Figure 9.40 gives the optimum cost
obtained based on fuzzy logic. Final design reports are shown in Fig. 9.41(a) and (b). The
cost of structure based on FL is found as Rs. 10196/- whereas based on GA it is Rs. 9750.0/-.
From the comparison it is clear that fuzzy logic gives economical design taking in to
consideration fuzziness and uncertainty in the design whereas GA gives near optimal solution

(more economical design) without worrying about uncertainty.

251

o



9. FL Based Software Development and Applications
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Fig. 9.32 Menu for Member Loads
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Fig. 9.34 Display of Analysis Results
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Fig. 9.35 Display of Axial - Shear Force and Bending Moment Diagrams

INPUT PARAMETERS

For Horizontal For Vertical

Members Members
Minimum value of Width (mm) 150 150
Maximum value of Width (mm) 300 450
Acceptable value of Width (mm) 225 300
Minimum value of Depth (mm) 150 150
Maximum value of Depth (mm) 500 450
Acceptable value of Depth (mm) 325 300
Acceptable value of Compressive 75 75
stress in Concrete (N/mm-~2) ' '

Cancel Pfik

Fig. 9.36 Preference Menu
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Fig. 9.37 Input Fuzzy Sets and Superimposition of Fuzzy Sets

Fig. 9.38 Display of Design Results
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Beam Numkjer
Bottorn steel (AsY) [78

Top steel (Asc}v

| Column Number

“Main-steel

Fig. 9.40 Calculation of Optimum Cost
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'

i

BEAMNO

1 ’ M20 Fed15
Width 188 Depth 238 Lenmh: 4000 Cover 25mm
Flange v.(imh 0 Flangé depth 0
REIHFrllRI!EHEHTb SUHHARY
Section AtJ-end: At Mid: Atkend:
Bottom steel 2-108 2-12% 2-128
Top steel 2-10% 2-101 3-168
Design stirrups 8 @156c/e
Wniﬁluﬁ stirrups S8 ®400c/c
BEAMING - 2 20 Fed15
With 191 Depth 246 Lengt: 4000 Cover 25mm
Flange width 0 ‘Flange depth 0
REINFORCEHENT SUHMARY
Section Atd-end AtMid AtK-end:
Bottom steel 2" 0% 2-108 1-108

| COLUMNNO & r20 Fed15
Wiiith 208 Depth 208 Length 3000 Cover 25mm
REINFERCEMENT SUHHARY
Klain steel 4-12%
Ties 8% @192cic
COLUNMN NO ] 20 Fe415
Wifth 207 Depth 207 Length 3000 Cover 25mm
REINFORCEHENT SUHHARY
Kain steel 4-12%
Ties 8# @192cic
COLUMNNO 7 2o Fed15
Width 246 Depth 246 Length 3000 Cover 28mm

10—

REINFGRECEHENT SUMMNASRY

Fig. 9.41 (b) Column Design Report
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9.5 OpTIMUM DESIGN OF GRID STRUCTURES

The approach to design for torsion accompanied by bending is followed as per IS: 456 [83S]
for the design of grid members. In this approach bending moment and shear force are couplecil
with twisting moment to get equivalent moment and equivalent shear respectively. Theﬁ
longitudinal reinforcement and transverse stirrups are designed respectively for equivalent

bending moment and shear force.

The objective of FL based design in such problems is to minimize the cost of the grid
structure subject to various design constraints such as maximum stress in the grid member:
Similar to the optimum design of plane frames, in grid structures also the optimization is
carried out member wise, which minimizes the cost (as objective function) of each member

separately and thus finally for the complete structure.

9.5.1 Design Parameters
% Constant parameters
o Geometry: This entails the number of bays in X-direction and Z-direction, bay wid,ths,;

member connectivity conditions and support conditions.

e Loads: These include dead load due to slabs, partition walls and nonstructurali
elements. It does not include the weight of beams since these are the function oﬁi‘

design variables.

e Material properties: These include the grade of concrete, grade of steel, and modulus

of elasticity.

% Input parameters
Two design variables describing the cross-sectional dimensions of rectangular beams;

namely, width B and depth D are considered here as input parameters.

% Performance and induced fuzzy set parameters
Here the permissible and actual compressive stress in concrete are considered as performance|

and induced fuzzy set parameters respectively for beams.
9.5.2 Design Constraints

< For Beams

(].) Ast 2 0.2 X (b X d) /100 (2) As( g Astmax (3) Tve S Tcmax
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where Ay = area of reinforcement of the section, b and d = breadth and depth of a beanr;x
section respectively, Agmax = maximum permissible area of tension steel, 1. = equivalent

shear stress at the section and T = maximum shear stress.

9.5.3 Objective Function
For the RCC structure as unit costs of both steel and concrete are different, cost is considered

as the objective function here which is given by
O(x) = Vc Cc+ Ws Cs + Af Cf ... (9.13)

where O(x) = objective function which is total cost of an element, V, = volume of concrete,
W, = weight of steel, A¢ = area of formwork, and C., C,, Cy = unit cost of concrete, steel and

formwork respectively.
This objective is achieved indirectly by maximizing the design constraint such as stress.

954 o-Cut Procedure

Here width B and depth D of beams are considered as input parameters. These parameters are
fuzzified by assigning the maximum and minimum values a membership grade 0 and the
average of these a membership grade of 1. Here permissible compressive stress in concrete is%
considered as performance parameter. Its value depends upon the grade of concrete. The
actual compressive stress in concrete is considered as induced fuzzy set parameter. In this
problem 0.01 is selected as value of a-cut. At each a-cut, 2*2 i.e. four crossover points and
total 2% i.e. four combinations are generated as discussed earlier. The value of induced fuzzy;
set parameter for each is computed by expression (Mpax / Z). Where My, is maxnnum
moment in particular member, and Z is the modulus of section for the same member. The%
induced fuzzy set is superimposed on performance fuzzy set to find the match point and

corresponding S’ and p’ values. The respective combination of input parameters gives the

optimum solution. The grid members are then designed for these dimensions.

9.5.5 Seven Member Grid Example

The structural geometry, support conditions, loadings are displayed in Fig. 9.42. Concrete of
grade M20 and steel of grade Fe415 are considered. Solution of the problem using the
graphical user interface developed in the software is explained here in detail. The joint co-

ordinates and member connectivity can be supplied using geometry menu of the main form of
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the program, which invokes the form shown in Fig. 9.43. Upon supplying the geometry data
through this form, the sketch shown in Fig. 9.44 is displayed.

Fig. 9.42 Geometry of Grid

The support conditions and loadings can be given by clicking Supports and Loading menu

|

from the same form. Section properties can be assigned to grid members using C/S Propertie.f
menu, which is depicted in Fig. 9.44. Figure 9.45 indicates the analysis results obtained by

the software and Fig. 9.46 shows internal force diagrams.

The input parameters are supplied through preference menu as shown in Fig. 9.47. The
developed fuzzy sets for these values are shown in Fig. 9.48. The optimum design results anci
reinforcement details are depicted in Fig. 9.49 and Fig. 9.50 respectively. Figure 9.51 gives
the optimum cost obtained based on fuzzy logic. The report showing design results is
depicted in Fig. 9.52 whereas Table 9.7 shows the final results.

e e R R R e e o Sl

B} MEMBER INFORMATION:

4 Joint N

Fig. 9.43 Joint Co-ordinates and Member Connectivity
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Fig. 9.44 Geometry and Section Properties

Fig. 9.45 Analysis Results
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Interndi force dinarzms
3 e

Minimum value of Width fmm])

Maximum value of Width [mm}

Acceptable value of Width {mm])

Minimum value of Depth [mm}

Maximum value of Depth [(mm}

Acceptable value of Depth [mm)

Acceptable value of Compressive
stress in Concrete [N/mm”™2)

Fig. 9.47 Preference Menu
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INPUT FUZZY SETS DO®

Member Numbel |1 T] Opt. Width \xO~ Opt Depth 272
Membership
Function Function
Width of Hori. Member (mm) Depth of Hon. Member (mm)

INPUT FUZZY SETS

Membership
Function

Compressive stress in concrete (N/mm'2)

INDUCED AND PERFORMANCE FUZZY SETS

Fig. 9.48 Fuzzy Sets

Fig. 9.49 Design Results
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Fig. 9.51 Optimum Cost
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BEMNG 1

120

Fed 15

.ﬁ.

Fig. 9.52 Design Reports

Table 9.7 Results Based on FL

DATA

Widmh M8 Bepth 308 Lemph 8608 Cowr Wmm
REINFUERCEREHY SDHUART
Section At Jened 24 ki AtK.erd
Botton stael 2108 2.428 2.0
Top stasl . 168 2. 908 2162
Side reinfocement 8-08
Declgn stiruys
Tlinfoe stitsups §4@1Z0 el
BEAMNG 2 Hi20 fad1s
Wilth 182 Depth 225 Length 5000 Cover  35mm
REIHFORCEEERY SUHMORY
Section A derd o300 AbH-erdd
Bottorn steel 2-40¥ 2.48% 2-908

Nos. of bays in X-direction

Nos. of bays in Z-direction

Length of each bay in X-direction

Length of each bay in Z-direction

Grade of concrete

1
2
500 m
200 m
E

M20

Grade of steel Fe4l5
Cost of formwork Rs. 20 /- perm?
Cost of concrete Rs. 2000/- per m®
Cost of steel Rs. 35/- perKg
0 RESULTS
|  Member number 1 | 2 ]3| 4] 5|6 |7
Width of member 218 | 182 | 218 | 202 | 202 | 202 | 202
Depth of member 309 | 225 | 309 | 272 | 272 | 272 | 272
Total cost (Rs.) 1924 | 2176 | 1924 | 845 | 757 | 757 | 673
Overall cost (Rs.)
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9.6 OPTIMUM DESIGN OF RETAINING WALL

In case of cantilever retaining wall both stem and base slab act as individual cantilever slabs‘r.
So for optimum design of retaining wall it is necessary to design each componen[t
individually. The software finds out the optimum dimensions and reinforcement areas usinég
FL based optimization module taking in to account the latest IS code provisions. The results
obtained for stem and base dimensions along with the cost of retaining wall are compared

with those based on conventional design.

9.6.1 Design Parameters

In cantilever retaining wall design, pre-assigned parameters are height of backfill, density and
angle of repose of backfill, co-efficient of friction between wall and material, grade of
concrete and grade of steel. When top surface of backfill is not horizontal then angle of
repose is also to be provided in advance. When backfill is subjected to extra surcharge then
intensity of surcharge is also considered as pre assigned parameter. In design of base slab,
thickness of base and percentage steel required in base are input parameters. In design oif
stem, thickness of stem and percentage steel required are main input parameters. The tensile
stress in steel should be less than the permissible tensile stress in steel, so actual tensile stress
in steel is considered as output parameter and permissible tensile stress in steel is taken as

|
performance parameter.

9.6.2 Constraints
¢ Geometry Constraints

Geometry constraints are the restriction imposed over the geometry of the structure.

1. 0.15m < db £0.5m 2. 020m s ds <dp+0.25m

3. 0.12% <pth <1% 4 012% <pts <1% - (0.14)

+» Behavior Constraints

Behavior constraints are the restriction imposed over the performance of the structure.

1. (F.O.S)sliding = 1.55 2. (F.0.S) overturning = 1.55
3. Pmax = LW + M < SBC 4. Pmin=XW - XM 20 .. (9.15)
Az A Z |

where dy, = Thickness of base, ds = Thickness of stem, d, = Preliminary available depth of
stem, pg, = Percentage reinforcement in base, pis = Percentage reinforcement in stem, Ppay =
Maximum base pressure on the soil, Py, = Minimum base pressure on soil, £ W = Total
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vertical force to which the base is subjected, ¥ M = Moment about the center line of the baseE,

A = Area of base, Z = Section modulus and SBC = Soil bearing capacity.

9.6.3 Fuzzification of Input Parameters
In optimization of retaining wall, optimum RC section of base slab and stem are determined.

In each case thickness and percentage steel are input parameters and corresponding input

fuzzy sets are shown in Fig. 9.53 (a) and (b).

o A A 4 4

£ 1 1 Lf-mmmmes 1

g

=

o

ke

3

£, 0 0

>0 . > > : >
015 05 012 1 0.2 dp+0.25 012 1
Thickness of base (dp) Percentage steel (py)| Thickness of Stem (ds) Percentage steel (pis)|

(a) Base (b) Stem
Fig. 9.53 Input parameters

9.6.4 Development of Performance Fuzzy Set
Here the performance parameter is tensile stress in steel, which depends upon grade of steel:
The membership function for performance parameter is considered to be of trapezoidal shape

as shown in Fig. 9.54. The same performance fuzzy set is used for both design of stem and

base.

Membership Function

Membership Function

Tensile stress in steel Tensile stress in steel

Fig. 9.54 Performance fuzzy set Fig. 9.55 Induced fuzzy set
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|
|
i

9.6.5 Development of Induced Fuzzy Set
For developing induced fuzzy set it is necessary to decide the value of o —cut. Here 0.01 ifs
selected as value of o - cut. At each a - cut there will be 2 * 2 i.e. four crossover points dy, dé,
pw and p. At each a - cut, output values are calculated for all four combinations and plotte(?l
against their membership value to have induced fuzzy set graph. Figures 9.55 shows induced

fuzzy set for base and stem for only two combinations.

< For Base: For optimum design of base, first of all it optimizes the heel and finds the most
acceptable combination of depth of base and percentage steel. For the same depth, the
required percentage of steel for toe portion is calculated. After having net pressures on the
heel, it is possible to calculate total shear and moment acting on the heel. If heel is subjected
to shear force v, and bending moment myy, then with combination of dy-pup at any o-cut the

actual tensile stress is given by

Gtact b= (Mg * 1000000) / (agsy * j * dp) . (9.16)
where 640t p = actual tensile stress in steel in base, my, = factored bending moment for the
heel and agp, = pup * 1000 * dyp/100.

e For Stem: Stem is subjected to moment due to backfill. Maximum moment occurs at

the base of stem. If m,, is moment at the base of stem then for any combination of dxs-pes,
Otact_s = (s * 1000000) / (ags * j * dys) (9.17);

| — | |
where Giact s = actual tensile stress in steel in stem, mys = factored moment acting at base of
stem, and ay™ pus ¥ 1000 * dy/100.

9.6.6 Superimposition of Induced and Performance Fuzzy Sets |
On superimposition it is possible to have intersecting point. This point gives value of stressl
(So), which satisfies the functional requirement at the same time has the highest performemceE

|
and its appropriate membership grade (Mo) as shown in Fig. 9.56. l
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Member ship Function

Tensile Stressin Steel ~ °

Fig. 9.56 Superimposition of Two Fuzzy Sets

9.6.7 FL Based Processors

Preprocessor: The form developed under this processor accepts the data such as height of
backfill, density and angle of internal friction of material, angle of repose, intensity of
surcharge, the grade of concrete and grade of steel.

Main Processor: This module gives optimum thickness and steel for base as well as fm?'
stem. After fuzzification of input parameters, at each a-cut four stress values are obtaine(i
corresponding to four combinations and graphs are displayed on the screen corresponding to
maximum and minimum stress. On the same graph fuzzy set of performance parameter is
superimposed. Then the software finds the optimum combination of d-pt, which gives
maximum stress within permissible limit out of all combinations which corresponds to the
optimum thickness and percentage steel for base. Similarly the software finds the optimum
thickness of stem at base and percentage steel required in stem.

Post Processor: The post processor shows the detailing of all components. Using the
optimum percentage of steel and the depth, the total area of steel for toe, heel and stem aré

calculated and are displayed on the screen.

l

|
9.6.8 Example of a Cantilever Retaining Wall !
Following data [85] is considered for the design of retaining wall: Height of retain = 4 m,:
Density of backfill and foundation material = 17 kKN / m®, Angle of internal friction fori
backfill and foundation material = 30 degree, Co-efficient of friction between base andj
material = 0.55, Intensity of surcharge = 0, Angle of repose = 30, Grade of concrete = M15i

and Grade of steel = Fe 415.
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|
\
The data is supplied through the form depicted in Fig. 9.57. The lower and upper bound

values of the input fuzzy sets are supplied through one of the forms developed under thié
software. Using these fuzzy sets, induced fuzzy sets are developed and are superimposed OIil
performance fuzzy set to get the final results. Figure 9.58 shows the screen shot of
superimposed fuzzy sets for stem and base. The reinforcement detail for the same is

displayed in Fig. 9.59.

Input Data

- Backfill Material Properties
Density {kNfm3)
angle of Internal Friction T "ewthnf wall
' Inclination of Top Surface’ o ] Bl
Intensity of Uniform Surcharge v
- Foundation Material Properties
Density (kNfm3}

Angle of Internal Friction (degree)

Soil Bearing Capacity

Co-efficient of
Friction Between
Wall and Base

Concrete Grade

0.55
[:] Reinforcement Grade ,

Fig. 9.57 Form for Supply of Input
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Fig. 9.58 Superimposed Fuzzy Sets for Stem and Base
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Fig. 9.59 Reinforcement Detailing for Cantilever Retaining Wall

Comparison of results with the available solution (Table 9.8) indicates reduction in cost by
about 8 %.

Table 9.8 Comparison of Results

RESULTS REFERENCED] SOFTWARE
Width of Base 2.7 m 25 m
Thickness of Base 350 mm 290 mm
Thickness of Stem at Base 350 mm 260 mm
Cost 59970/- 55195/-

9.7 Cost Optimization of Isolated Footing

9.7.1 Design Parameters

In the case of isolated footing the pre-assigned parameters are soil bearing capacity, size of
column, total axial load, total moments in both direction, horizontal force acting in x and y
direction, grade of concrete for column, grade of concrete for footing and grade of steel. In

the design of isolated footing, width of footing, length of footing and depth of footing are
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main input parameters. As the design is mostly governed by two-way shear, it is considerec}
as the output parameter and the performance parameter is two-way shear strength of concrete;

which depends on the grade of concrete.

9.7.2 Design Constraints
% Geometry constraints:
1. bmin £ b < bmax 2. Lmin £ L £ Lmax 3. (b-bc)=(L-Lc)
2. 04m<d<15m 5. 0.2% < pt ... (9.18)

where, L = length of footing, b = width of footing, Lc = length of column, bc = width of
column, Lmin = lower bound value of length, Lmax = upper bound value of length, bmin =
lower bound value of width, bmax = upper bound value of width and d = depth of footing at

the face of column.

+» Behavior Constraints: ,
1. pmax=(P/A)+(M/Z) < SB.C. 2. Ppmin=F®/A)-(M/Z)=20

3. 1y < 1. for one-way shear 4. 1, £ K. 1 for two-way shear (9.19)1

where pmax = maximum pressure developed below footing, pmin = minimum pressuref
developed below footing, P = total axial load on the column, M = total moment on thfi:
column, A = area of footing, Z = section modulus of the footing area, T, = shear stress
developed for one way and two way shear check at a suitable section in both cases, 1, = shear
strength of concrete which depends upon the grade of concrete, K = (0.5 + B.) but not greater
than 1 with B being the ratio of short side to long side of the column.

9.73 a - Cut Procedure | :
In footing design problem, width of footing and depth of footing at the face of column are the
main input parameters. The triangular fuzzy set for each input parameter is taken in which
lower and upper bound values are assigned membership grade of 0, and average of them
takes the membership grade of 1. The performance parameter is two way shear strength o:i'
concrete, which depends upon the grade of concrete. The critical section for two-way shear is

at d/2 from the face of the column where d is effective depth at the face of column. The

design shear stress is taken as k . 1. where k; and 7. are as defined above. The values k; . 1¢
and lower are assigned membership grade 1 and 10 % higher value is assigned membership

grade 0. Thus performance fuzzy set is considered to be of trapezoidal shape.
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|
At each a - cut (o = 0.01) four crossover points by, by, d; and d, are available with which totaﬂ

four combinations (b-d;, bj-da, by-dy, by-dy) are generated. For each combination the value OEf
output parameter is calculated as follows. If Vp is maximum shear force for two way shear

stress at a distance d/2 from column then
Vu=15*V,and 1,=V,/bd .. (9.20)

where V,, = maximum shear force, V, = maximum factored shear force, 1, = actual shear
stress, b = width of footing and d = depth of footing at the face of column. If all four
combinations are generated at all a - cut and plotted against their membership grade then the
available graph is the output fuzzy set.

Superimposition of two plots gives an intersection point having value of stress (Sp), which

satisfies the functional requirement and at the same time has the highest performance and its

appropriate membership grade (Mo) as shown in Fig. 9.60. This membership grade will giv]e

|

all corresponding crossover points and selected stress will decide most acceptabl?

combination. |

Member ship Function

Two-way Shear Stress

Fig. 9.60 Superimposition of fuzzy sets

9.7.4 Developed Processors

Preprocessor facilitates interactive data entry of soil data, column and load data and materia%
data. The load data supplied is displayed in a graphical form to confirm the data entry. The
software also provides the form for entering the lower and upper bound values for the input
parameters. The main processor starts with the display of the form showing the triangulaxgﬂ
input fuzzy sets developed based on the values supplied by the user. The processor then takeg

the input values from the input fuzzy set and calculates two-way shear stress at each o cut.
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]
|

It generates four combinations and all corresponding output values are plotted against their
membership grade to get output fuzzy sets. This fuzzy set is then superimposed 01%1
performance fuzzy set to get the optimum solution. After having the optimum width anéi
depth of the foundation, the software calculates pressure distribution below the foundation,
calculates the moments at the face of column and designs the foundation. The post processof
shows the superimposition of two fuzzy plots. It also provides the graphical display of thé

pressure diagram and final output in tabular and graphical form.

9.7.5 Example of Isolated Footing
To facilitate comparison with the available solution, following data is considered.
(1) Soil Bearing Capacity = 220 kN / m* (2) Size of Column = 230 x 600 mm
(3) Moment about its major axis = 100 kNm  (4) Axial Load = 600kN
(5) Grade of concrete for column = M30 (6) Depth of Footing = 1.6 m
(7) Grade of concrete for footing = M15 (8) Grade of Steel = Fe 415.

|
l
Figures 9.61 to 9.63 show the forms for supplying respectively soil data, column data an(‘i

lower and upper bounds for footing. The graphical display of the column data is produced bfr

the program to confirm the correct data entry and is reproduced in Fig. 9.64. The input ﬁzzz;ll

sets produced depending on the data supplied is indicated in Fig. 9.65. Figure 9.66 depicts ttha
superimposition plot produced by the program. Pressure diagram plotted by the postprocessoxj'

for optimum dimensions is displayed in Fig. 9.67.

Type of Soil !Mf:dium sand compact and dry i

Soil Bearing Capacity

Fig. 9.61 Soil Data Form

274



9. FL Based Software Development and Application;s.

{ Geometn,f

* Min Length in X-Dir {(Lmin)

* Max Length in X-Dir {Lmaz)
4

* Min Width in ¥Y-Dir {(Bmin)

* Max Width in Y-Dir (Bmax)

* pDepth of Footing below G.L. 1.6

&) Lasding

+P= GODKN +P=GORKM

SHY= DEMN
MY 10OKNM St MR DK
, -~ : »
FHE= OKN o o B e ’
= &
_____-_..:“35...-‘53:-
‘.,_»"- . ’,,.’
v'" = i
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- / -
E F
e =
. v

Load and Moment on the column

Fig. 9.64 Display of Loading on Column
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1
0.8
8.6
:Iell:%ership 0.4
unction
0.2
L] 0.5 1 1.8 2 2.5 3
width of Foundation (M) MF=
! n 2R
Membership % 82 (73 B3
Function 0.6 T
: ox:
ot oz
0.z
8 g 0.5 1 1.5 2 -2.5

Depht of»'Fuundtiqn‘ {M)}
INPUT FUZZY SETS

Fig. 9.65 Display of Input Fuzzy Sets

1

0.8

Membership 0.6
Functien 0.4

8.2

8 g 8z 04 08 08 1 12
Value of Shear Strenght nf‘»(:oncrete__ {N/mm2)

Fig. 9.66 Superimposed Fuzzy Sets Depicted by the Software

The final output results are shown in tabular and graphical forms as in Figures 9.68 and 9.69.
A comparison of results, given in Table 9.9 indicates that the design based on the fuzzy logic
leads to an economical design. A reduction of 22% in the cost of foundation is found for the

example undertaken in the present work.

PA=
PB= [75.18 ]
PC= f75a5 |

Po-
pabs
Pho= 1T
Pot=
pda=

Fig. 9.67 Pressure Diagram for Final Dimensions
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" RESULT TABLE
GEOMETRY OUTPOT
Tewoth | E3 | Wit | 1557 TDenth T
[=21

E _su"hE :

Corner A 100,37 [Corner 0] 7505 lCnrm;rcl 75,15 | Toraer B | 100.47

REINFORGEMENT OUTPUT -
BANATLED R SIDE v )
ATTop Bia —T""Tios o[ Spacing ()
REGodony “Dia 2| Nes 19 — Bpating 03
T PARALEL TO SHOWIER SIDE SN
At tap 31 - NG [ m;: [
At Gottam (CoRter| — Dla 12 Nes . [ 22 | Spoding | 10
DowolBor | Dia Z5 Fos 7 Tongth | 1775

i Dou&eé ﬁar.@
o o
Joog-25mme, 600

3
H

22 no-12 mm#

2328

Fig. 9.69 Reinforcement Details

Table 9.9 Comparison of Results

Length of footing 2.7m 2.328 m
Width of footing 1.7m 1.957m
Depth of footing at face of column 520 mm 574 mm
Depth of footing at edge 520 mm 150 mm
Steel parallel to longer side 1670 mm? 2150 mm?*
Steel parallel to shorter side 2580 mm? 2490 mm?
Cost 5865/- 4530/-
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9.8 COST OPTIMIZATION OF COMBINED FOOTING

Here optimum design of combined footing, and strap footing for given geometry restriction
of plan dimensions, soil data, and loads based on fuzzy logic concept is considered. Th:e
optimum design of combined footing involves optimization of thickness and that of strap

footing involves optimization of plan dimensions and thickness and depth of strap beam.

9.8.1 Design Parameters

Pre—aséigned parameters are, (i) Geometry data which includes the distance of columns from
restraint edge, c/c distance between the columns, size of columns, and length or width of
footing, (ii) Soil data which includes type of soil, soil bearing capacity, unit weight of soil
and angle of repose, (iii) Load data which entails total axial load, total moments in both
directions, horizontal force acting in X and Y direction and (iv) Material data which includes

grade of concrete for column, grade of concrete for footing and grade of steel.

'

i

Here, design of rectangular combined footing is considered as constant thickness pad footingj.
So thickness of footing is considered as main input parameter. The design of strap fooﬁné
involves design of footing and strap beam. For design of footing, width and thickness o}f
footing are considered as input parameters. In design of strap beam, the depth of beam 1s

considered as input parameter.

In design of rectangular combined footing, thickness of footing is determined considering
that the shear is resisted without shear reinforcement. Hence, the shear strength of concrete is
considered as performance parameter and shear stress developed for one-way shear is
considered as induced fuzzy set parameter. In case of strap footing, the performance and

induced fuzzy set parameters are same as discussed above for design of footing. For design o1f

strap beam the permissible and actual compressive stress in concrete is considered as

performance and induced fuzzy set parameters respectively.

9.8.2 Design Constraints

% Geometry constraints |
Following are the main geometry constraints.
1. 020m<d<2.00m 2. pt>020%. .. (921)
where d = depth of footing and pt = percentage of steel.
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¢ Behavior constraints
l. pmax=(P/A)+M/Z)<8S.B.C. 3. 1v<1c for one-way shear
2. pmin=P/A)-M/Z)>0 4. v <ksX1c for two-way shear ... (9.22)

where pmax = maximum pressure developed below footing, pmin = minimum pressure
developed below footing, P = Total axial load on the column, M = Total moment on the
column, A = Area of footing, Z = Section modulus of the footing area, Tv = Shear stress
induced at a critical section due to one-way and two-way shear, tc = Shear strength of
concrete which depends upon the grade of concrete and ks = (0.5 + Bc) but not greatef

than 1, Bc being the ratio of short side to long side of the column.

9.8.3 Fuzzification of Input Parameter

For rectangular combined footing, thickness of footing is considered as input parameter.
Given input parameter df take values in a set Df that is usually an interval of real numbers.E
The triangular fuzzy set FDf express different values of input parameter depend on the
preferences. The minimum (Df)min and maximum (Df)max values are assigned membership
value equal to zero. The average value (Df)avg of minimum and maximum values may be?

considered as most acceptable value and is assigned membership value equal to one.

The strap footing involves design of footings and design of strap beam. In design of footings,‘
width and thickness of footing are considered as input parameters. The depth of strap beam is
considered as input parameter in case of design of strap beam. The procedure to develop

fuzzy sets is same as outlined above.

9.8.4 Development of Performance Fuzzy Set

In case of rectangular combined footing, the shear strength of concrete is taken as
performance parameter which depends upon the grade of concrete and minimum percentage
steel. This value is the most acceptable value and is assigned membership grade value equal
to one. The value 10 % larger than the permissible value takes membership grade value equal

to zero with trapezoidal variation of performance parameter with its membership grade. Table

9.10 shows the values of shear strength for different grade of concrete at 0.25 % steel. It also!

shows the permissible stress values for different grades of concrete.
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Table 9.10 Strength of Concrete (N/mm?)

GRADE OF CONCRETE

Mi15s |M20 |M25 |M30

Shear Strength at|o 35 [0.36 (0.36 |0.37
0.25 % Steel

| Permissible 6.69 |8. 11.15 {13.38
| Comprossive Stress | _|

In case of strap footing, the shear strength of concrete is considered as performance
parameter in design of footings. The procedure to develop performance fuzzy set is same as

discussed above.

In design of strap beam, the permissible compressive stress in concrete is considered as the
performance parameter. Its value depends upon the grade of concrete. Here also preferences
for different values are expressed by the linear variation having the variation of performancé

i

parameter trapezoidal with its membership grade.

9.8.5 Induced Fuzzy Sets
In rectangular combined footing, 0.01 is selected as value of o~cut. At each o-cut there willl
be two crossover points dfl and df2. Thus there will be two values of induced fuzzy set
parameter at each o-cut. If at all a-cuts 1T, values are plotted against their membership value
then available graph is considered as induced fuzzy sets. If ¥ is maximum shear force for
one-way shear stress at a distance d from column face then

1.5xV o 23)%

ty= — (9.

b xde i

where tv = Actual shear stress, V = Maximum shear force, b = Width of footing and de =

Effective depth of footing at the face of column.

In optimum design of strap footing, shear stress for one-way shear for footing and actual1

compressive stress in concrete for strap beam is considered as induced fuzzy set parameters.

In case of footing, at each o-cut there will be 2*2 i.e. four crossover points, b1, b2, dfl, and
df2. For each o~cut the value of induced fuzzy set parameter is calculated as outlined above

and plotted against respective membership value.
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In case of strap beam, the actual compressive stress in concrete is considered as inducec\l

fuzzy set parameter. At each o-cut there will be two crossover points, dbl and db2. For eacﬁ

crossover point the value of induced fuzzy set parameter is computed by expression (Mmax /

Z), where Mmax is maximum moment in the strap beam and Z is the modulus of section of

strap beam.

9.8.6 Superimposition of Two Plots

The two fuzzy sets are superimposed to obtain the match point which gives value of stress

(8°) and its membership grade (1°) as shown in Fig. 9.70. The input parameters combination

corresponding to W’ is considered as the most acceptable combination.

A

3

g Induced fuzzy set

(Fox min stress value)
Performance fuzzv set

Induced fuzzy set
(For max stress value)

R R I T~

=g 1.0
)
o
31
=
&
=)
=
w
S
-g u’
5
=
0

\ 4

2

Value of stress (N/mm?)

Fig. 9.70 Superimposition of Performance and Induced Fuzzy Sets

9.8.7 Processors Developed

< Pre-processor: Various menus developed in the pre-processor for the supply of input are:

(1) Geometry menu, (ii) Soil data menu, (iii) Material menu and (iv) Load data menu. On

clicking these menus respective forms will open through which the related data can be

supplied. The software provides data entry for strap footing as well as combined footing.

% Main Processor: The analysis is carried out for following three loading conditions:
(1) C1-DL+LL and C2-DL+LL
(2) Ci-DL and C2-DL+LL
(3) C1-DL+LL and C2-~DL
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i
i
i

The maximum values of axial loads, moments and horizontal shear obtained from variou%
combinations are considered for design. The software shows the analysis results also. Fﬂ
based optimum design is carried out by clicking on optimization menu which calculates thef:
optimum depth of footing and then design of the footing is carried as per codal provisions
[83].

The optimum design of strap footing involves optimization of footing dimensions anq
optimization of depth of strap beam. For the optimization of footing, the width and thickﬁess
of footing are considered as input parameters. The software develops the induced and
performance fuzzy sets and superimposes them. Finally it gives the optimum value of width
of footing and thickness of footing. After having the dimensions of footing, the analysis is

carried out.

In case of strap beam, the depth of beam is considered as input parameter. The performance}
fuzzy set is developed by the program for the permissible compressive stress values which

|

depends on the grade of concrete. The maximum moment is considered for computing

1
induced fuzzy set parameter which is actual compressive stress in concrete. Upon
superimposing the two sets the software gives the geometry of strap footing with optimum

dimensions. The software then performs the design as per the code [83].

¢ Post-processor: The post-processor is developed to give the design results in the tabular

form and to provide reinforcement detailing of footing in graphical form.

9.8.8 A Rectangular Combined Footing Example
Data: C/C distance between columns = 3.00 m, Size of column C1 = 0.30 x 0.30 m, Size of)'
column C2 = 0.30 x 0.30 m, Grade of concrete for columns= M20, Grade of steel for
columns = Fe 415, Dead load on column C1 = 480 kN, Dead load on column C2 = 610 kN,
Live load on colummn C1 = 170 kN, Live load on column C2= 190 kN, Restricted width of
footing= 2.00 m, Grade of concrete for footing = M15, Grade of steel for footing = Fe415
and S.B.C. of soil = 175 KN/m?.

The restraint condition of geometry is given by clicking restraint conditions menu. It shows
form for geometry data of selected restraint conditions (Fig. 9.71). The data such as c/c

distance between columns, size of columns, distance of columns from restraint edges and
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length or width of footing is supplied through this form. The soil data are supplied using the
soil data form shown in Fig. 9.72. This form provides different type of soil options with their
approximate bearing capacity as per IS: 1904-1978 [98]. The material data are suppliec%
through the form as depicted in Fig. 9.73. The load data such as axial loads, moments anci
horizontal shear on columns C1 and C2 are given using the form of Fig, 9.74. Figure 9.75

shows analysis results for given geometry and loading in graphical form.

Fig. 9.72 Soil Data Form Fig. 9.73 Material Data Form
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(S AXIAL LOADS (P)

I MOMENTS ABOUT X (Mx)

I MOMENTS ABOUT Y (MV)

I HORIZ. SHEAR ALONG X (Hx)

I HORIZ SHEAR ALONG Y (Hy)

9. FL Based Software Development and Applications

AXIAL LOADS (P)

Column number Col - CI Col.-C2
Dead axial (kN) 480 610
Live axial (kN) 170 190
Wind axial (kN) 0 0

Fig. 9.74 Load Data

Fig. 9.75 Analysis Results
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The lower and upper bound values are given through the form of Fig. 9.76. The input fuzzy
sets for this values and induced fuzzy sets for all the combinations are generated and
superimposed on performance fuzzy set as shown in Fig. 9.77. This form also shows the
optimum depth obtained through this process. Figures 9.78 and 9.79 show the final

dimensions and reinforcement details in tabular and graphical form.

The results obtained from the software are compared with the available literature [85] and

depicted in Table 9.11. It indicates about 8.1 % cost optimization.

*. INPUT PARAMETER fZ((8]|x]
Minimum value of thickness  fiaT
Maximum value of thickness (800 mm

Acceptable value of thickness [475 mm

Clear

Fig. 9.76 Preference Menu

Membership
function

Thickness of footing

INPUT FUZZY SET

Membership
function

Shear strength of concrete (N/sq.mm)

INDUCED AND PERFORMANCE FUZZY SETS

Fig. 9.77 Fuzzy Sets and Superimposition
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DESIGN RESULTS

GEOMETRY OUTPUT

Depth of foundation TOO m
Width of footing 2 00 m
Length of footing 510 m
Thickness of fooling 0 62 m

REINFORCEMENT SUMMARY

(Ast)reqd Dia  Nos.

Longitudinal steel for 2296 16 zi 12
span moment sg.mm

Longitudinal steel for 2296 [16~T] 12
support moment sg.mn

Transverse steel 1127 50  [ie 29
(Top _Bottom) per sg.mm

mt.length

Fig. 9.78 Design Results

REINFORCEMENT DETAILING

SECTION X X |
rP-Grii6lt e 12 16# [

TOP PLAN
-12 168 m6-16 8

BOTTOM PLAN

Spacing

165 mm

165 mm

175 mm

|—830—|- -3000- 1210

1060-1
Fay

Fig. 9.79 Reinforcement Detailing

-16 8 &
175 clc

16 8 &
175 clc
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I

t Column number Cl1 C2

C/C distance. between columns 3.00m

I Size of column, 030%0.30m 0.30 X 0.30m

Il Grade of concrete M20 M20

Il Grade of steel’ Fedl5 Fedl5

{ Dead load 480 kN 610 KN

[ Liveload 170 kN 190 kKN

| FOOTING DATA | |

| Restricted width of footing 2.00m

|| Grade of concrete M15

‘Grade of steel Fe415

| OTHER DATA

[ SB.C. of soil 175 kKN / m2

| Cost of concrete 2000 Rs. / m3 _

l] Cost of steel 35Rs./Kg ;
RESULTS | |

REFERENCE [85] | SOFTWARE
Length of footing 5.10m 5.10m
Thickness of fodting 0.67m - 0.62 m
, EJ Total quantity of concrete 6.83 m3 6.32 m3

Total quantity of steel 460.4 Kg 421.0Kg

g} Total cost of concrete Rs. 13660 /- Rs. 12640 /-
Total cost of steel Rs. 16114 /- Rs. 14735 /-
Total Cost Rs. 29774 /- Rs. 27375 /-

| % Reduction in cost 8.10% |

. 9.8.9 A Strap Footing Example (
Data: C/C distance between columns = 5.70 m, Size of columin C1 = 0.23 X 0.50 m, Size of
column C2 = 0.23 x 0.50 m, Grade of concrete for columns= M20, Grade of steel for
. columns = Fe415, Characteristic load on column C1= 500 kN, Characteristic load on columnE
" C2 =610 kN, Width of strap beam = 0.60 m, Grade of concrete for footing = M15, Grade of‘
steel for footing = Fe415 and S.B.C. of soil =200 kN/m’.

| Figures 9.80 to 9.86 explain the complete procedure whereas Table 9.12 provides the
comparison of result.
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Fig. 9.80 Geometry Data

| & AYIAL LOADS (P)

© C MOMENTS ABOUT X (Mx)

~ MOMENTS ABOUT ¥ {MY)
 HORIZ. SHEAR ALONG X (Hx)

. " HORIZ. SHEAR ALONG Y {Hy)

g

AXIAL LOADS (P}

|
5

|

Calumn number

Col.~C1

Col.-C2

i
!

e
3

Dead axial (kN)

1 Live axial (kN)

| Wind svial (kN)

Fig. 9.81 Form for L.oad Data
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Fig. 9.82 Fuzzy Sets for Footing

function
Dopth
Depth of Beam (m) (Dopth)opt m
INPUT FUZZY SET oLoT NEXT
Cs1
Membership
function

Compressive stress in concrete (N/sq. mm)

INDUCED AND PERFORMANCE FUZZY SETS

9.83 Fuzzy Sets for Strap Beam
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DESIGN RESULTS

GEOMETRY OUTPUT

Depth of foundation

Width at loobnq

Length of footing under column Ct

Length of footing under column C2

Thickness of fmiling

Width of strop beam

Depth of strap beam

SLAB

BEAM

Fig. 9.84 Optimum Results

» REINFORCEMENT DETAILING

PLAN

SECTION C-C 1 (8) O

REINFORCEMENT SUMMARY

(Ast) Dia Nos Spacing

Main steel (per mt.) 702 sq.mm lo 3 9 110
Distribution stool 3/2sqmm lio b 210
(par mt)

Top steel 2106 sqg.mm |20 7

Bottom stool 800sqmm It 3 4

Side reinforcement 460 sq mm E 4

Stirrups 100 sg.mm 8 40 ISO

Fig. 9.85 Design Results

SECTION B-B

8 It 2 legged stinups @150 c/c throughout

SECTION A-A

Fig. 9.86 Reinforcement Detailing
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|

|| Column number

C1

C2

|| C/C distance between columns

570 m

l| Size of column

0.23 Xx0.50 m

0.23%0.50 m

1l Grade of concrete

M20

M20

Grade of steel

Fedl5

Fe4l5

{| Characteristic load

500 kN

600 kN

{ FOOTING DATA

Width of strap beam

0.60 m

il Grade of concrete

M15

Grade of steel

Fodl5

{ OTHER DATA

I SB.C. of soil

200 kN / m*

il Cost of concrete

2000 Rs. / m’

"Cost of steel

35Rs./Kg

| RESULTS

REFERENCE [85]

“SOFTWARE

Width of footing

2.00 m

1.96 m

Length of footing under col. C1

1.26m

1.27m

|| Length of footing under col. C2

1.82m

1.87m

Thickness of footing

0.40m

031m

Depth of strap beam

-1.00 m

1.055m

Total quantity of concrete

531m’

5.12m°

il Total quantity of steel

262.05Kg

249.02Kg

!l Total cost of concrete

Rs. 10620/-

Rs. 10240/-

Il Total cost of steel

Rs. 9172/-

Rs. 8716/-

|| Total Cost

Rs. 19792/-

Rs. 18956/-

i| % Reduction in cost

4.22% .f
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|

9.9  OPTIMUM DESIGN OF SILOS _

9.9.1 Design Parameters !
In silo design pre-assigned parameters are density of filling material, angle of repose o%
filling material, co-efficient of friction between wall and material, grade of concrete, grade oi’
steel and weight of material for which silo is to be designed. In this problem diameter of silo
and thickness of side wall are input parameters. The actual tensile stress in concrete is
considered as the output (induced) parameter and allowable tensile stress in steel is

performance parameter.

9.9.2 Constraints

The problem is subjected to following constraints.

1. 3m<d<10m 2. Im<h<30m

3. p>02% 4. h/d>17

5. 100 mm < Sp <300 mm 6. 6=0+15

7. 100 mm <t < 300 mm ..(9.249)

\
where d = diameter of silo, h = height of silo, p; = % of main steel required in side wall, 9 r}—
angle of hopper bottom made with bhorizontal, @ = Angle of repose, Sp = spacing ojf

reinforcement and t = thickness of sidewall. f

9.9.3 Fuzzification of Input Parameters
In this process input variables are expressed by appropriate fuzzy sets known as input fuzzy

sets. Triangular input fuzzy sets for d and t are shown in Fig. 9.87 (a) and (b) respectively.

=
S
5 A A A 4
g 1
:g‘ 1 1 1
5
=
g

0 > O > > .
= dmin dmax tmin tmax > 0 »

Diameter of Silo (m)  Thickness of wall (mm)  Tensile Stress Tensile Stress
(a)Input {b) Input (c) Performance (d) Output
Fig. 9.87 Fuzzy sets
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9.9.4 Development of Performance Fuzzy Set i
Depending upon functional requirement, the performance parameter takes the values. In th1§
problem performance parameter is tensile stress in concrete, which depends upon grade ozf
concrete. Here also preferences for different values are expressed by the linear variation aé

shown in Fig. 9.87(c).

9.9.5 Development of Induced Fuzzy Sets
For developing output fuzzy set the value of a-cut for this problem is selected as 0.01. For
two variables there will be total four combinations (d;-t;, di-tp, do-t;, da-t) at each a-cut.

Figure 9.87(d) shows the induced fuzzy set. Horizontal pressure (py) is calculated by

Janssen’s theory [87].
x = {(unh/R), pr=wR (1-exp (x)) / pt, F; =05 *p, *d ... (9.25),
Tensile stress in concrete = (Fi*1000)/ (A. + m Ag) (9.26)5

where, pp, = horizontal pressure acting on the side wall due to material in kN/ m?, F,= hoop
tension in cylindrical wall per meter height in kN, p = co-efficient of friction between wali
and material = tan (@), n = ratio of horizontal to vertical pressure intensity = (1-sin (@)) /
(1+sin (@), @ = angle of repose, h = height of wall in m, R = hydraulic mean radius =d / 4 in
m, d = diameter of silo in m, w = density of filling material in kN / m>, A, = area of concrete
in mm? = 1000 * t , t = thickness of side wall in mm, m = modular ratio and Ay = Area Olf

steel provided in side wall in mm?.

9.9.6 Superimposition of Two Plots
As mentioned earlier, superimposition of two plots gives match point and conespondiné
stress value (s’) and membership grade (u’) (Fig. 9.88). This membership grade gives al;l

corresponding crossover points and selected stress decides most acceptable combination.

1) Induced fuzzy set
§ 1.0l (For min stress value)
g Performance fuzzy set
&
£ Induced fuzzy set
= (For max stress value)
z U
2
E O
) S?
= Tensile stress in concrete (N/mmz)

Fig. 9.88 Superimposition of Two Plots
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l
9.9.7 Processors Developed

The software developed provides the design of cylindrical silos, which can store cement up to
40,000 kN. f

< Preprocessor: Provision is made in the software to design the silo with large variety of
storing materials like coal, cement, food grain, ash, ore etc. With the type of materiai
their density and angle of internal friction are also provided in software. The othe;r
inputs like weight of material for which silo is to be designed, grade of concrete and

grade of steel are also to be entered before starting optimization.

K2
°o

Main processor: In this processor complete optimization of given problem is carried
out to get the optimum height, diameter and thickness of silo. For this initially 1t
generates triangular fuzzy sets of diameter and thickness. At each a-cut it calculates
four crossover points and four combinations. These four combinations give four stress
values which are used to plot induced fuzzy sets. On these fuzzy sets performance ﬁlzzy
is superimposed to get the member ship grade at the match point. The combination ofé
and t w.r.t this match point is considered to be optimum diameter of silo and thickness
of side wall. For these dimensions design is carried out by Janssen’s Theory. At three or
four different levels, the hoop tension is calculated and corresponding steel is

calculated. ’

b
< Postprocessor: The post processor gives the optimum geometry and reinforcement

detail in tabular and graphical form.

9.9.8 Example of Cylindrical Silo

Data: (i) Volume of material to be stored = 620 m’, (ii) Weight of material = 5000 kN, (iii)
Co-efficient of friction = 0.444, (iv) Density of wheat = 8kN/m’, (v) Ratio of horizontal tcL
vertical pressure = 0.4, (vi) Angle of repose = 25°, (vii) Grade of concrete = M15 and (viiil)
Grade of steel = Fe 415.

The above input data are supplied through the form shown in Fig. 9.89. Based on the range 0%':'
input parameters suggested by the user, the software develops fuzzy sets and displays on th%
form as shown in Fig. 9.90. Figure 9.91 shows the superimposition process as displayed by
the software. The software also gives the final sketch of silo along with the optimum
dimensions as in Fig. 9.92. The final results after complete design process are displayed ox;

the form shown in Fig. 9.93. The form is also developed to show the cross section of the silo
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|

wall indicating the reinforcement detail (Fig. 9.94). The comparison of results is given in
Table 9.13. I

&
A

w3,
" A

Input Data

Density .| Angel of
(kN/M3) | . Internal

' Friction
' (Degree)

185 | . 25

-General data . :

Weight of Material (kN)
Grade of Concrete g

Grade of Steel

0.2

f A
/
0.8
Membership 0.6
Function 0.4

9 o9 3 2 3 4 5 6 7 8 9 1011 12
Diameter of Slio {m)

o VAN

S~ N
Membership 0.6 ™,
Function v \
0.4 /
0.2
yd N\

2 0 20 40 60 80 10D 120 §4D 160 16D 200 220 240 260260 300
Thickness of Wall {(mm)

Fig. 9.90 Input Fuzzy Set for Silo
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a8

Membership 06
Funttion ' i

04 ;

0.2 /

0 § 020405081 $2(416182 222426283
Yalue of Tensile Stress in Concrele (Nfmm3)

Fig. 9.91 Superimposition of Induced and Performance Fuzzy Sets for Silo

-4 7 Thitknasg =
’ 105 i

Hepht= ] -
I3%m | ST

ji]
1

=

Haightof happar
kollom = 3.48m

Dispyeler=9.83m

Fig. 9.92 Optimum Geometry of Silo

GEOMETRY OUTPUT
Namber | Diametar Heigth Dia of Outiet Heigth of happer bottom
i 5825 m 27,367 m 1.64 m T332 m
REINFORCEMENT CUTPUT
(1). In main cylinder in Hoerizontal In vertcol
' Height (m) 7 13 21 27
Liameter (mm) 10 12 12 | 12 : 8
NMumber &3 &3 77 73 93
spacing (mm) 1o 1ie 90 | 8o 333
(2).In Hopper bottom 1n Horizontal in Direction of slope
Diameter (mm) 8 8
Number ] 13 ] ] 53
Spacing (mm) 258 131
Fig. 9.93 Result Form
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« Form2

Fig. 9.94 Reinforcement Detail for Silo

9.9.9 Design graphs

Following are some of the graphs (Figures 9.95 to 9.97) which are depicted on screen by the
developed software. They are prepared with weight of material as a main function. With
different values of weight of cement to be stored, their corresponding optimum diameter,
height, thickness and optimum cost are calculated by this software and plotted. As results are
obtained by fuzzy logic there are chances of changing the values of variables from point to
point. Thus graph cannot give exact optimum solution at each point but it can explain
variation in value of different variables with increase in the size, their contribution to overall

result, their effect on value of other variables etc.
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Fig. 9.95 Diameter and Height of Silo
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Fig: 9.96 Thickness of Side Wall
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Fig. 9.97 Optimum Cost of Silo
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Table 9.13 Comparison of Results

SULT. | ‘REFERENCE[87) | SOFTWARE .
Diameter of silo 6m 7375 m
Depth of cylindrical portion 20 m 12.936 m
Thickness of side wall 150 mm 175 mm
Depth of hopper bottom 25m 2.724 m
Diameter of opening at hopper bottom Im 1.23m
Cost of silo 121740/- 115426/-

Figures 9.95 and 9.96 show that up to 22000 kN capacity the diameter and height both
increase and then the diameter becomes steady i.e. 10 m which is maximum limit with
minimum thickness of 100 mm up to 32000 kN. Then diameter reduces because of increasing

thickness. Beyond 37000 kN capacity there is tremendous increase in thickness.

9.10 OPTIMUM DESIGN OF FOLDED PLATES

9.10.1 Design parameters

In the design of folded plates, main pre-assigned parameter that governs the design is aree{
covered by roof. The other pre-assigned parameters are number of plates to be provided, the
value of live load, grade of concrete and grade of steel to be used. In order to fix the
geometry of the V — shaped folded plates fully, one has to decide about the thickness of platesi
and inclination of plates. Hence these two are selected as input parameters. The compressive
stress at any point should be less than the permissible compressive stress in concrete so thei
permissible stress in concrete is considered as performance parameter. Since the compressiveE

stress is maximum at mid span, it is considered as output parameter.

9.10.2 Constraints
++ Geometry constraints
1. 60mm <t <110 mm 2. 30<x <80 3. bnax =L /3

where t = thickness of folded plate, x = angle of inclination, by = maximum width of an

|

individual plate, L = span of the roof. Constraint bmax = L/3 indicates that the maximum
|
width of an individual plate should be one third of the span in order to eliminate two way

behavior and deep beam action and thus minimum three number of plates are necessary.
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¢ Behavior constraint

Main behavior constraint is the compressive stress in concrete. The compressive stress at anyt'
point should be less than the permissible compressive stress in concrete. Since the stress 1s
maximum at mid span the constraint imposed is 6 - 6 < 0 where ¢ is maximum compressive

stress at mid span and G, is permissible compressive stress in concrete.

9.10.3 a-Cut Procedure
Thickness of plate and inclination of plate are the main input parameters. The geometrj
constraints help in developing fuzzy sets for these inputs. These constraints indicate that input

values should be within the minimum and maximum possible values depending upon
provision of IS: 2210 code [88]. Adopted linear triangular fuzzy sets T for thickness and
X for angle are shown in Figs. 9.98(a) and (b) respectively.

The permissible compressive stress in concrete which depends on grade of concrete is
considered as performance parameter (Fig. 9.99). Figure 9.100 shows the induced fuzzy set iﬁ
which output parameters for only two combinations are plotted. For each combination the

value of output parameter is calculated. ’

i
I
t

Superimposition of two plots gives the match point. This point gives value of stress (S’)i
which satisfies the functional requirement and at the same time has the highest performancé
and its appropriate membership grade (p’) as shown in Fig. 9.101. This will give all

corresponding crossover points and selected stress will decide most acceptable combination.

A A

Membership Function
Membership Function

[ .
» »

tmin tmax Xmin KXmax

(a) Input Fuzzy Set T (b) Input Fuzzy Set X

Fig. 9.98 Input Fuzzy Sets
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Permissible compressive stress Actual compressive stress
Fig. 9.99 Performance Fuzzy Set Fig. 9.100 Induced Fuzzy Set
A
Induced fuzzy set
] 3 H . o s
g 1.0 For min stress value)
2 Performance fuzzy set
= ;
:, ;” Induced fuzzy set
= .1/ (For max stress value)
A
2 !
< {
E 0 - »
o S’
= Compressive stress in concrete (N/mm’
p

Fig. 9.101 Superimposition of Two Plots

9.10.4 Fuzzy Logic Based Processors

A Pre-processor is developed to facilitate menu driven input of data. Various forms are
developed under this processor to supply geometry data, loading data, and material data. A
Main-processor is developed to find optimum solution based on fuzzy logic. Under this
processor input fuzzy sets are developed for thickness of plate and inclination of plate.
Output parameter is then calculated for all the combinations at every « -cut. These values are
plotted against their relative membership function to get induced fuzzy sets. The program
provides the graphical display of the induced fuzzy set developed. When this induced fuzzy
set is superimposed on the trapezoidal performance fuzzy set it gives a match point
(intersection point) for optimum solution. Multiple match points may be some times obtained
when number of combinations is more than two. The match point corresponding to maximum
membership is considered to give optimum results. The input parameter values corresponding
to this match point are obtained and the design of the plate is carried out as per the standard
IS 2210 [88]. The final design results are then supplied to the Post-processor to depict results
in tabular form and reinforcement detailing. It also provides graphical representation of
induced fuzzy set, and superimposition of fuzzy sets. A separate form is developed to depict

superimposition of performance fuzzy set and induced fuzzy sets.
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9.10.5 Folded Plate Example ‘
Data: Span = 8 m, Length = 20 m, Number of Plates = 4, Live Load = 0.6 kN/m?, Grade of

i
concrete = M15 and Grade of Steel = Fe 415.

The geometry detail of folded plates such as length and width of the area to be covered and
number of plates required are provided using geometry form whereas to enter the live load
for which plates are to be designed and material details such as grade of concrete and grade
of steel the appropriate menus are to be used. The superimposition of the fuzzy sets carriedj
out by the program is displayed as shown in Fig. 9.102. Provision is made in the software to
design the folded plate and to depict complete reinforcement detailing as shown in Fig. 9.103.

Form is also developed to provide result in tabular form as shown in Fig. 9.104.

® Forml

) b"l(-!lr*nhership“‘6
Function ¢,

0.2 /rf

0 o as 1 1.5 2 25 32 3.5 4 45 35 55

Bending Compressive Stress (N /2 mi2)

Fig. 9.102 Superimposition of Induced and Performance Fuzzy Sets
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\\\\ SN ) : rd L] | 471
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Fig. 9.103 Form for Detailing of Folded Plate
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- GEOMETRY —— — : |
SPAN {m} g
LENGHT {m) ' 20
NUMBER OF PLATES a
‘'WIDTH OF PLATE {m) S 2
HEIGHT OF PLATE {(m) . 2.38
LENGHT OF PLATE {m) | 3100
' ANGLE OF INCLINATION 50
THICKNESS OF PLATE (mm) 80

Fig. 9.104 Result Form for Geometry Output

For this problem, a comparison of results given in Table 9.14 indicates that the design based

on the fuzzy logic leads to an economic design.

Table 9.14 Comparison of Results

RESULTS .-~ . _ . | REFERENCE[87] - :| FL SOFTWARE
Length of Plate 2.82m 3.109 m

Height of plate 2m 2.38m

Angle of Inclination 45 50

Thickness of Plate 100 80

Cost 94000/- 76000/-

9.11 OPTIMUM DESIGN OF HYPER SHELL
Hyperbolic paraboloid generally known as hyper shell is a doubly curved anticlastic shell of

|
translation. The hyper shells are of two types: Inverted Umbrella Type Shell and Tilte(‘l

Umbrella Type shell. Inverted umbrella type of roof consists of four hyper units joined‘,

together at the center where the main supporting column is provided. The structural

components of a typical inverted type umbrella roof are as follows: Central supporting
\
column, Edge beam, Sloping ribs connecting the column, and Shell surface. Tilted inverted

umbrella has same structure features as inverted umbrella. The main difference is that il"l
inverted umbrella all four edges are at same level whereas in tilted umbrella type roof all four
edges are at different levels. In both the cases edge members are in tension and interior

members are in compression.
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|

Inverted umbrella type shell is addressed here for optimum design, taking into account latest
IS code provisions. Pre- and post- processors are developed to facilitate the input and output
and are explained briefly with suitable application. The results obtained for dimensions of
shell surface, tie member and compression member and for the cost of shell are compared

with those based on conventional design.

In design of shell surface, the main variable is the thickness and percentage steel required in
surface. The overall thickness of a reinforced concrete shell should not be less then 50 mm
for singly curved shell and 40 mm for doubly curved shell [87]. Generally a minimum
reinforcement of 0.15 percent of the gross cross section area in the principle direction is
recommended for thin shell structures. Shell is subjected to small loading and in shell surface
all stresses are within the permissible limits even with minimum depth and minimum
percentage of reinforcement. So for shell surface there is no need to apply fuzzy logic and it
can be designed with minimum criteria. Main constraint is shear stress which should be

within the permissible range. If shear stress is large then depth is to be increased.

9.11.1 Design Parameters

In design of hyper shell, main pre-assigned parameter is area covered by roof. The other pre-
assigned parameters are the value of live load, value of weight of waterproofing, grade of
concrete and grade of steel. In case of Tilted Umbrella type hyper shell maximum and

minimum height of the two opposite ends are also to be provided before starting design.

In case of design of interior beams, the main input parameters are width of member, depth of
member and percentage of steel to be provided in the member. As the member is subjected to
compressive force, at any point the direct compressive stress should be less than the
permissible compressive stress in concrete. So value of permissible direct compressive sﬁesé
is considered as performance parameter. The actual compressive stress in concrete is outpuf
parameter. In case of design of edge beams, the main input parameters are width of membef
and depth of member. As the member is subjected to tensile force, the tensile stress m
concrete should be less than the permissible tensile stress in concrete at any point. So value of
permissible tensile stress is considered as performance parameter. The actual tensile stress m

concrete is output parameter.

304



9. FL Based Software Development and Application:s
l
|
|

9.11.2 Constraints

The problem is subjected to following constraints for rib and edge beam:

% Compression rib

1. 100<b.<1000mm 2. dm<d.<400mm 3. 02%<p:<3% ...(9.27)
¢ Edge beam

1. 150 <b. < 800 mm 2. 150 mm < d. < 400 mm ... (9.28)

where b, = width of compression rib, d. = depth of compression rib, dp, = ds + 130, d; =
thickness of shell surface, pt = percentage of steel provided in compression rib, b, = width of

edge beam, and d, = depth of edge beam.

9.11.3 Fuzzification of Input Parameters

In compression rib design, the fuzzy sets for the input parameters b, d; and p;, will take the
triangular shape as in Fig. 9.105 Similarly, for edge beam the triangular fuzzy sets for widtﬁ
be and D, are shown in Fig. 9.106 |

2 A 2 A = A
g g g
g 1 g1 g
& & &
B B 2
2 = g
g
Q @ O
=4 » Z > = >
100 1000 dm 400 0.2 3
Width of Compression Rib Depth of Compression Rib Percentage Steel

Fig. 9.105 Input Fuzzy Sets for Compression Rib

g A = A
21 £ 1
&

g =4

= =

=] o

7 2

3 3

g B
= > =0 : >

0 150 800 150 400
Width of beam Depth of beam

Fig. 9.106 Input Fuzzy Sets for Edge Beam
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9.11.4 Performance Fuzzy Sets

In case of design of compression member, the permissible direct compressive stress in

i
i
I
|
!
!
|

!
concrete is considered as performance parameter. In case of design of edge beam, the
permissible tensile stress in concrete is considered as performance parameter. The

performance fuzzy sets for these two parameters are shown in Fig. 9.107.

= A = A
=] ]

€ €

g 1 21
& &
L L
= =

@« »

Tt Sme

2 2

g g
= g =

0 Stressin Compression Rib 0 Tensile Stress in Edge Beam

Fig. 9.107 Performance Fuzzy Sets

9.11.5 Induced Fuzzy Sets |

< Interior beams: In case of compression rib, 0.01 is selected as value of o-cut. Af
each a-cut there will be 2*3 i.e. six crossover points which will lead to total eightf
combinations of b, d and pt. For each combination the value of output parameter is calculated
by, 6cc = (P * 1000 — 05 * Ag) / A where o, = direct compressive stress in concrete, P ={
maximum compressive force in rib, o5, = compressive stress in steel, Ay = area of steel in

compression and A, = area of concrete.

< Edge beams: In case of edge beam also, 0.01 is selected as value of a-cut. At each a-
cut there will be 2*2 crossover points with total four combinations of b and d. For each;
combination the value of output parameter is calculated by o, = P1 * 1000 / (A; + (m-1) *
E

Ag) where o, = tensile stress in concrete, P1 = maximum tensile force in tie member, Ac =

area of concrete, m = modular ratio and Ay = area of steel.

9.11.6 Superimposition of Two Plots ;
After having both performance and induced fuzzy sets, the next step is superimposition 01!”
two plots which gives an intersection point. This point gives value of stress, which satisfies
the functional requirement and at the same time has the highest performance and 1ts

corresponding membership gives optimum combination of design variables.
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9.11.7 Developed Processors é
Pre-processor is developed to facilitate menu driven input of data such as area to be covered,i
water proofing load, live load and grade of materials. Main-processor is developed to ﬁnd;
optimum solution using a-cut method. The software also displays the input, output and
performance fuzzy sets and superimposition of fuzzy sets. Post-processor is developed to

provide final optimum solution and reinforcement detailing.

9.11.8 Inverted Umbrella Type Hyper Shell Example
Data: Roof area = 12 x 12 m, Water proofing load = 0.22 kN/mZ, Live load = 0.5 kN/mZ,-
Grade of Concrete = M 20 and Grade of Steel = Fe 415.

Input data is supplied through various forms. FL based optimization is carried out for
compression rib and edge beam separately through the main processor which finds the match
point after superimposition of fuzzy sets as shown in Fig. 9.108 and Fig. 9.109. The final
results obtained are displayed along with the reinforcement detail. Figure 9.110 shows thé
reinforcement detail of the slab. Section through rib is displayed as in Fig. 9.111. The detail
of section crossing slab and tie beam is given in Fig. 9.112. Section cutting rib and slab 1§

i

depicted in Fig. 9.113. |

Membership 06

Function
// 0.4
rd 0.z
// |

8 ¢ 951 152 253 354 455 556

.\\\
\%\».‘__\_

N

v¥alue of Direct Compressive Strees -
SUPERIMPOSITION OF INDUCED AND PERFORMANCE FUZZY SETS

Fig. 9.108 Superimposition of Two Plots for Compression Rib

1 /]
0.8 / {

Membeship 0.6 if

s N

8 g 051 1.52 253 3.5

Tensile Stress in Concrete
SUPERIMPOSITION OF INDUCED AND PERFORMANCE FUZZY SETS

Fig. 9.109 Superimposition of Two Plots for Tie Members
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" Reinforcement Detail in Hyper Shell
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Fig. 9.112 Detail at Section B-B
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Fig. 9.113 Detail at Section C-C

9.11.9 Design graphs

Design graphs are prepared with different area to be covered as a main function and are
plotted for a fix assigned parameter using the developed software as shown in Figures 9.114
to 9.117. If problem consists of fix input parameter with only area as a variable then these
graphs can be calibrated. The graphs can be used for finding optimum values of variable
without using the software. As results are obtained by fuzzy logic, there are chances of
changing the values of variables from point to point. Thus final result will depend upon the
combination selected. Although these graphs cannot give exact optimum solution at each
point, they can explain variation in value of different variables with increase in size, their

[

contribution to overall result, their effect on value of other variables etc. '

3.5 COMPRESSION MEMBERS

2.5

1.5 4

Percentage Steel

0.5

0 5 10 15 20 25 30
Size of Hyper Shell (m)

Fig. 9.114 Variation of Percentage Steel with Size of Hyper Shell
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Fig. 9.115 Variation of Width and Depth of Rib with Size of Hyper Shell
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Fig. 9.116 Variation of Width and Depth of Tie Member
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Fig. 9.117 Variation of Overall Cost with Size of Hyper Shell

The comparison of the obtained results with those available is shown in Table 9.15 which

indicates that the design based on the fuzzy logic leads to an economic design.
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Table 9.15 Comparison of Results

rVxHelght 12m 12m !
Thickness of Slab 70 mm 70 mm

Width of Compression Rib 600 mm 240 mm

Depth of Compression Rib 200 mm 380 mm (
Percentage Steel in Compression Rib 1% 0.606 % :
Width of Tension Member 310 mm 320 mm

Depth of Tension Member 200 mm 220 mm

Cost 46698/- 41223/-

9.12 CosT OPTIMIZATION OF MACHINE FOUNDATION
Optimum dimensions of block foundation (i.e. Length, Width and Depth) are found usingt
amplitude as a performance parameter. The design giving maximum amplitude from thé
domain of feasible designs is considered to be the optimum due to the fact that the desigl}i
giving amplitude nearer to the permissible amplitude gives minimum possible dimensions

satisfying all the design constraints.

9.12.1 Design Parameters

The pre-assigned input data are machine data, data related to spring absorber, preliminary
dimensions of the machine foundation supplied by machine manufacturer, soil data and
material data. Length, width and depth of foundation are selected as the main mput
parameters, As the design of machine foundation is governed by the amplitude the actua}
value of the amplitude is taken as output parameter and permissible amplitude is considerefil

g
to be the performance parameter. As optimization of machine foundation is constraint

optimization problem, following two types of constraints are imposed during optimization.

!
9.12.2 Design Constraints [
|

< Geometrical constraints '
(a) Linin < L =< Linax (b) Bminf_ B =< Bmax (C) Diin < D < Dumax .. '(9~29):

where, Liin and Ly are lower and upper bound values of length, Biin and By are lower
and upper bound values of width and D, and Dyax are lower and upper bound values of
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depth. Designer is free to choose any value for upper and lower limit based on dimensions
}
outlined by the machine manufacturer. !

*,
°oe

Behaviour constraints
(a) Az, Ay, Atop, Arot < Permissible amplitude
(b) 1.4fm <fuz Sa1, fo2 < 0.5/ (constraint preventing resonance) [89] ...(9.30)

where A, is vertical amplitude, A4 is horizontal amplitude, Ao is net amplitude at the toﬁ;
of foundation, A,y is rotational amplitude, fy, is vertical natural frequency, fu is first
coupled natural frequency, f;» is second coupled natural frequency and fj, is operating

frequency of machine.

9.12.3 Fuzzification of Input Parameters
In the design of machine foundation length, width and depth of foundation are main input
parameters. Degree of inclusion of any given value of L, B or D can be expressed by a
membership function. The values supplied by machine manufacturer are assigned a
membership value of 1. Lower limit and upper limit of values are assigned a membershiﬁ’)
value of 0. Linear membership function is selected for all the variables in the present worlﬁ.
Figure 9.118 shows fuzzy sets for L, B, and D. Ly, Bnm and Dy, are dimensions provided
by machine manufacturer. In Fig. 9.118, L1-L2, B1-B2 and D1-D2 are cross over points for
‘

length, breadth and depth respectively. :

A A A
£
2
5 1 ! : ;
= ' {
) : |
g *:
5 :
20 > 0 » 0 ; >
Lmin me Lmax Brnin Bmm Bmax Dmin Dmm Drmax
(a) (b) (©)
Fig. 9.118 Input Fuzzy Sets for (a) Length (b) Width (c) Depth

9.12.4 Performance Fuzzy Set ;

Depending on the functional requirement performance fuzzy set is decided. A pennissibleza
value is considered to be the most favorable value which is assigned a member ship grade of
1. In FL based design a little constraint violation is tolerable to achieve economical design.

Nommally the tolerance of 10 to 20 % may be considered for structural design. In the present
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I

work the 10 % tolerance is chosen keeping in mind dynamic loading. Figure 9.119 show§

performance fuzzy set with A,r = most favorable amplitude and Ay = maximum tolerablé:

amplitude

9.12.5 Development of Output Fuzzy Set

For getting output fuzzy set, 0.01 is selected as value of o-cut. At each o-cut there will be
2*n i.e. six crossover points Ly, L, By, By, Dy and D,. After having cross over points, total
eight (2") combinations, (L;-Bi-D;, L1-Bi-Da, L1-B2-Di, L1-B2-Ds, 15-B1-Dy, 1,-B1-Da, Lo~
By-D;, 1,-B»-Dy) are generated. For each combination the value of output parameter is

calculated as follows.
a,=P,/m( 0}, ~0?) .- (931)

where a, = vertical amplitude, P, = vertical exciting force, m = mass of the machine
foundation system, ®,, = vertical natural frequency and o, = operating frequency of a

machine, ‘

|

!
All the above parameters are dependent on L, B and D of foundation. Figure 9.120 shows theia

|

plot of output values versus membership function for any two combinations. ;

.g L S g A
g B |
g1
g a
g J £ min max
20 ! > EO >
Amf Amt .
Amplitude—» Amplitude—»

|
Fig. 9.119 Performance Fuzzy set Fig. 9.120 Induced Fuzzy set i
I
|

9.12.6 Superimposition of Two Plots

To get optimum result, performance and induced fuzzy sets are superimposed as shown n}
Fig. 9.121. Intersecting point gives value of amplitude (A’), which satisfies the ﬁmctionagl
requirement at the same time has the highest performance. The corresponding membershi;%a
grade (M’) is also shown in the figure. The difference between induced and perfonnanccga
fuzzy set at each o-cut value is calculated. The values of L, B and D at M’ are obtained from

input fuzzy sets. These dimensions are considered to be optimum.
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A
ii Performance fuzzy set

8 1 Induced Fuzzy set for
g Infiqcefjl;fr?;:et fog [ maximum stress
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g M| mmmmmmm e e e D

= 0 >

Amplitude—
Fig. 9.121 Superimposition of Performance and Induced Fuzzy Set

9.12.7 The Developed Processors

% Pre-processor: The interactive data entry of various input values such as machine data,
spring data, material data and soil data is facilitated through various forms developed under
this processor. It provides interactive entry of limiting values of input parameters and giveé
immediate response to this data entry by displaying the fuzzy sets graphically on the same
form. The data supplied through the preprocessor are supplied to the main processor. !
|
% Main processor: Various subroutines and functions are developed under this processor%.
It calculates the crossover points for all input fuzzy sets and generates all the possible
combinations of input parameters at each o-cut value which is taken as 0.01. Subroutine
InputFuzz is used for this purpose. Subroutine Str Dynamics analyses the machine
foundation system for every combination of input values and calculates output value (i.e.
amplitude) to get induced fuzzy set. Using the given permissible value of amplitude a;
performance fuzzy set is obtained with the help of Performance subroutine. Subroutinei
Match finds the match point by superimposing induced and performance fuzzy sets and gets}
the a-cut (M’) value giving maximum performance. Subroutine Opt returns the dimensioné
of foundation corresponding to this M’ that are considered as optimum dimensions. Thei:

|
processor then calculates the bending moment at critical sections and finds out the}
|

reinforcement. ‘
|
|

% Post processor: Under this processor various forms are developed to display the output
results. These forms are invoked by clicking respective menus on the main form of this

processor named OUTPUT form. It includes the form for displaying superimposition of fuzzy
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sets and match point. One of these forms shows induced fuzzy set values for maximum and
minimum amplitudes and corresponding performance fuzzy set values and input values for al}
a-cut. It also highlights the values corresponding to match point indicating optimunii
dimensions. The software displays the reinforcement detail for the optimum dimensions upon

clicking reinforcement menu of the main form.

9.12.8 Example With Illustrated Output
Here an example of a block foundation for a Diesel Engine is solved and results are

compared wth the solution available in the literature [89]. The data considered is as follows:

@ Total weight of machine 16t

(i) Operating speed of machine (fp,) : 120 rpm
(iii) Vertical exciting force (P,) (1.5
@iv) Permissible amplitude at floor level :0.04 mm
) Nature of soil : stiff clay

(vi) Dimensions of Foundation (L. X B X D)
(vii)  Centre of gravity of machine parts:

:5.5X30X15m

Part W; (©) X; (m) Z; (m) |
Engine 4.0 3.5 2.55 !
Motor 2.0 1.5 2.25

Figure 9.122 shows the forms developed for data entry related to machine, soil, vibration
absorber and dimensions suggested by the machine manufacturer. The input fuzzy sets
considered are as shown in Fig. 9.123. The graph showing superimposition of output fuzz;%r
set and performance fuzzy set is given in Fig. 9.124. Finally, Figs. 9.125 and 9.126 show thefz
forms giving optimum dimensions and reinforcement details of machine foundatioﬂ
respectively. It should be noted that dimensions of foundation are so large that the maximum
bending moment is very less and therefore nominal reinforcement has been provided as per
the specifications given in the literature [89]. The dimensions suggested by machine
manufacturer are 5.5m X 3.0m x 1.5m., whereas fuzzy logic based software gives th(ée

i

dimensions of machine foundation as 4.8m x 2.3m x 0.8m.
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Fig. 9.124 Superimposition of Performance and Output Fuzzy Sets
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Fig. 9.125 Amplitudes and Optimum Dimensions of Foundation
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Fig. 9.126 Structural Details of Block Foundation
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|
9.13 CLOSING REMARKS |
In this chapter a software package was developed to facilitate optimum design of various
R.C.C. structures namely different types of slabs, plane frames, grids, isolated footings,
combined footings, retaining walls, silos, folded plates, hyper shells subjected to static
loading and machine foundation subjected to dynamic loading based on fuzzy logic concept.l
The graphical features of VB were effectively used to facilitate menu driven input and to
produce graphical output of the analysis and design results. Various subroutines such as
analysis subroutines, fuzzy logic based subroutines and design subroutines were developed in:
the software. The analysis of plane frame and grid problems was carried out using stiffness
matrix method. The software develops the input fuzzy sets, performance fuzzy sets and
induced fuzzy sets and performs optimization using fuzzy logic based subroutines. The
design of various structures was carried out as per IS code provisions for limit state method.
The results obtained were compared, wherever possible, with the results available in the
literature to validate the working of developed software.
|
In design formulation based on FL, the selection of performance and induced fuzzy set
parameters is very important and requires thorough knowledge of the problem in hand

Selection of range of input parameters for developing input fuzzy sets is also very important

because the optimum input parameters will take the values form this range. Also optimum
solution is likely to differ by changing this range. Though the min-max methodology adopted
here is simple it gives the competitive results when compared to conventional design

procedure.
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