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Discrete Optimum Design of Steel Frames


Discrete Optimum Design of Steel Frames by Genetic Algorithm
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Abstract. This paper presents genetic based algorithm for the optimum design of multistorey steel frames with sidesway subjected to multiple loading cases.  The design method obtains a frame with the least weight by selecting appropriate sections for beams and columns from the British standard for universal beam and column sections.  The member grouping is allowed so that the same section can be adopted for each group.  The serviceability design constraints include the drift limit of overall height of the frame / 300 and interstorey drift limit of storey height / 300 as specified by BS 5950.  The combined strength constraints are considered for beam-columns which are subjected to axial force and bending moments which take into consideration the lateral torsional buckling of frame members.  The effective lengths for columns are obtained from the solution of nonlinear equation, which is used to produce Jackson and Moreland nomographs.  The use of BS 5950 also necessitates to find out the classification of each universal beam or column section selected for frame members.  The design algorithm carries out this process automatically following the steps given in BS 5950 before it computes the design capacities of each frame member.  The design examples considered have shown that genetic algorithm provides an efficient tool for the practicing designers in designing tall steel frames.

Keywords: Genetic algorithm, Steel frame, BS 5950, Optimum design, Minimum weight.

Introduction

The design of tall steel frames require the selection of steel sections for their columns and beams from  standard steel section tables in such a way that the frame satisfies the serviceability and strength requirements specified by the code of practice while the economy is observed in the overall or the material cost of the frame.

The mathematical modeling of this design problem turns out to be a discrete structural optimization problem. The available mathematical programming techniques such as integer programming algorithm [1], sequential linear programming technique coupled with branch and bound method [2] and others [3] are complex and not very efficient in obtaining the solution of discrete optimum design problems particularly for 

large size structures.  On the other hand, the genetic algorithms which are new addition to the numerical optimization procedures, are simple and effective in obtaining the optimum solutions when the design variables in structural optimization problem are discrete in nature [4-9].

A genetic algorithm is a numerical search method, which is based on the principles of the survival of the fittest and adaptation.  Genetic algorithm initiates the search for finding the optimum in a discrete space by first selecting number of individuals randomly and collecting them together to constitute the initial population.  Each individual is a potential solution to the design problem, which is represented by binary or any other type of numbers.  The algorithm then decodes decision variables and evaluates the fitness of each solution.  Depending on the selected fitness criteria, the fit individuals are allowed to survive while the remaining in the old population are left to die.  The ones survived are collected in a mating pool and coupled randomly for the reproduction operation, which results in new offsprings.  The crossover operator swaps the genetic information between the mating pairs of individuals.  There are several types of crossover operators such as fixed, flexible and uniform crossover.  The mutation operation introduces random changes in the solution population.  In a general algorithm the mutation operation can be beneficial in reintroducing diversity in a population.


Design of Steel Frames to BS 5950

Modern steel frame design requires the designer to arrange and select the appropriate standard sections for the members of a frame such that sufficient safety and economical construction are provided.  Modern design codes such as BS 5950 [10] ensures this by considering ultimate limit states and serviceability limit states in the design of such frames, which renders the structure unfit for its intended use.

Ultimate limit state

Ultimate limit state of strength requires checking the strength and stability of a frame under the factored loads.  These factored loads are combined to produce the most unfavorable state of loading in the design of a structure.  Generally, three loading conditions given below are sufficient to obtain the unfavorable condition for the design of frame members in the case where the earthquake loads are not present [10].  These are 

i)
1.4 DL + 1.6 IL

ii)
1.0 DL + 1.4 WL
 (1)

iii) 1.2 DL + 1.2 IL + 1.2 WL

where DL is the dead load, IL is the imposed load and WL is the wind load.  Each member is checked under the most unfavorable condition that is obtained in one of the above conditions.

BS 5950 necessitates the determination of their classification of the cross section of the sections selected for the frame members from Table 7 of the code [10] prior to computation of their load capacity.  There are different expressions for the load capacity of a member depending upon whether its cross section is plastic or compact or semi-compact or slender.

Design of members in bending is given in clause 4.2 in the code [10].  The section selected for a beam element in the frame should have sufficient moment capacity Mcx about its major axis to resist the applied moment Mx determined at the critical region.


Mx ( Mcx

 (2)

Mcx is obtained from clause 4.2.5 or 4.2.6 of the code.  It is worthwhile to mention that due to existence of slabs in the steel frames the beams are considered to be laterally supported.

Design of compression members with moments is given in clause 4.8.3 of BS 5950 [10].  Two checks are required for such members.  The first one is the local capacity check, which insures that at the points of greatest bending moment and axial load, yielding or local buckling does not take place
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 (3) 

where F is the applied axial load in the member and Mx is the applied moment about the major axis at the critical region.  Ag is the gross cross sectional area,  py is the design strength of the steel.  Mcx is the moment capacity about the major axis.

The second one is the overall buckling check, which can be carried out by using either the simplified or more exact approach.  For the simplified approach the following should be satisfied
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where m is the equivalent uniform factor given in Table 18 of BS 5950.  Mb is the buckling resistance moment capacity about its major axis computed from clause 4.3.7. pc is the compression strength obtained from the solution of quadratic Perry-Robertson formula given in Appendix C.1 of BS 5950.  It is apparent that computation of compression strength of a compression member requires its effective length.  It is interesting to notice that even some of the powerful computer software packages available today for the design of steel frames such as STAAD-III makes the user to input the effective length as a parameter.  In this study computation of the effective length of a compression member is automated and included in the algorithm developed.  This is achieved by solving the nonlinear equation given in  Eq. (5), which is used to produce Jackson and Moreland nomograph for frame buckling [11].
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where k is the effective length factor and (1 and (2 are relative stiffness ratio for the compression member, which are given as 
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The subscripts c and b refer to the compressed and restraining members respectively, and the subscripts 1 and 2 refer to the two ends of the compression member under investigation.  Solution of the nonlinear equation (5) for k results in the effective length factor for the member.

Serviceability limit state

BS 5950 limits the deflection of beams under the unfactored imposed load to span / 360 if they carry plaster or other brittle finish.  The horizontal deflection of columns due to unfactored imposed and wind loads is restricted to height of column / 300 in each storey of a building with more than one storey. Similarly, the overall drift of the frame should not exceed total height of the building /300.

Optimum Design of Unbraced Steel Frames

The discrete optimum design problem of unbraced steel frames where the minimum weight is taken as the objective function and the constraints are implemented from BS 5950 has the following form.

Minimize
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Subjected to
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where Eq. (7a) defines the weight of frame. mr is the unit weight of steel section to be adopted for group r from the standard steel section table.  tr is the total number of members in group r and ng is the total number of groups in the frame.  (s  is the length of member s.

Eq.(7b) represents the interstorey drift limitation of the multistorey frame.  (j and (j-1 are the lateral deflections of two adjacent storey levels and hj is the storey height.  ns is the total number of storey in the frame.  Eq.(7c) defines the displacement restrictions that may be required to include other than drift constraints such as deflections in beams.  rd is the total number of restricted displacements in the frame.

Eqs.(7d) and (7e) define the local capacity and overall buckling checks for beam-columns.  nc is the total number of such members in the structure.  The last constraint, Eq. (7f), is required to be written for each beam, which represents the moment capacity check for the laterally supported beams.  It is assumed that slabs in the steel building provide sufficient lateral restraint for the beams. nb is the total number of beams in the frame.

Eq. (7g) is included in the design problem to ensure that the flange width of the beam section at each beam-column connection of storey  s  should be less than or equal to the flange width of column section.

Eqs. (7h) and (7i) are required to be included to make sure that the depth and the mass per meter of the column section at storey  s  at each beam-column connection are less than or equal to the width and mass of the column section at the lower storey  s-1.  nu is the total number of these constraints.

It is common practice to use universal beam (UB) and universal column (UC) sections for beams and columns of steel frames.  The universal beam sections vary from  914 ( 419 ( 388 UB to 254 ( 102 ( 28 UB while the universal column sections vary from 356 ( 406 ( 634 UC to 152 ( 152 ( 23 UC as given in [12]. The first and second number in these designations represents the depth and width of the section in unit of mm. The last number is mass per meter in kg. The solution of the optimum design problem given in Eqs. (7a) to (7f) requires the selection of appropriate UB sections for beams and UC sections for columns of the frame from this standard list such that the weight of frame becomes minimum while the constraints are satisfied.  Hence the design problem turns out to be a discrete programming problem.  The solution techniques available in mathematical programming for obtaining the solution of such problems are somewhat cumbersome.  On the other hand, the genetic algorithm is simple and can effectively be used in obtaining the solution of discrete optimum design problem.

Frame Optimization with Genetic Algorithm

Genetic algorithms belong to class of techniques known as evolutionary. These techniques are developed by imitating living beings. The structure of the genetic algorithm is based on the principle of survival of the fittest computation [4, 13]. Genetic algorithms work on population of individuals instead of single solutions.  The population is obtained at the beginning of the computations by collecting the individuals randomly.  The genetic algorithm then selects those individuals from the population who are fit for recombination.  The fitness of individuals is calculated from the fitness criteria.  In order to establish fitness criteria, it is necessary to transform the constrained design problem Eq. (7), into an unconstrained one.  This is achieved by using a penalty function, which generates a penalty to the objective function whenever the constraints are violated.  There are different types of penalty functions used in conjunction with genetic algorithms such as linear double segment, linear multiple segment and quadratic penalty functions [13].

In this study the transformation is based on the violation of normalized constraints as suggested in [14].

The normalized form of the design constraints given in Eq. (7) are expressed as follows:
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The unconstrained function P is then constructed as



[image: image13.wmf]÷

÷

ø

ö

ç

ç

è

æ

å

=

+

=

m

1

s

s

v

ν

ν

C

1

W

P


(9)

where W is the objective function given in Eq. (7a), C is a constant to be selected. Selection of C depends on the design problem. After number of trials on the design examples considered in this study, the value of 10 is found suitable for constant C.  (s is a violation coefficient computed as in the following
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(10)
where s varies from 1 to m which is the total number of constraints.

Selection

The genetic algorithm obtains the minimum of the function given in Eq. (9) by first carrying out selection among the individuals.  The selection is based on the fitness value of the individual.  The expression for fitness is selected as 
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where Fs is the fitness of the individuals  s, Pmax and Pmin are the maximum and minimum values of the unconstrained function of Eq. (9) for the entire population.  Ps is the value of the same function for the individual s  only.  The fitness factor for each  individual   is   then   calculated  from  Fs / Fav  where Fav = ( Fs / n in which n is the total number individuals in the population.  After the evaluation of each individual fitness in a population, they are sorted in ascending order and rounded off to their corresponding integer values.  This makes sure that good individuals do have at least a single copy in the mating pool, where as the bad ones have a zero copy.  Because, the population size is kept the same in subsequent generations, the actual counts of fitness factor are adjusted in such a way that only fit individuals have copies and even if the actual count of a bad individual comes out to be 1, it is forced to be 0.

Crossover

After the mating pool constructed through the selection, individuals are coupled randomly and crossover applied.  Crossover is a genetic algorithm operation, which switches information between the mating couples.  There are many ways to implement the crossover operator such as fixed, flexible and uniform crossover [13,15].  In this study fixed crossover scheme is adopted.  This is applied by first selecting a fixed number of crossover points randomly at positions along the individual length and then the string characters between the crossover positions are swapped between the mating pair.  This results in new individuals with a different genetic information.  These new individuals replace the old ones resulting in a new generation.

Mutation

Mutation is another genetic algorithm operator, which is based on a change of single gene.  For each gene of an individual, a randomly generated number is compared against a mutation probability.  If the random number is less than the mutation probability, the value of the gene at that position is changed from 0 to 1 or from 1 to 0.  Otherwise procedure is repeated at the next gene.  Mutation plays an important role in the search by transferring the search into regions of the design space that may have not been searched.

Optimum Design Algorithm

The optimum design algorithm developed for steel frames and based genetic algorithm consists of the following steps.

1.
Initial population of individual designs is constructed randomly.

2.
For each individual, the binary codes for all design variables are converted into a base-10 sequence number that identifies the corresponding available sections.  The frame is analyzed for these sections and its response is obtained under the applied loads.

3.
Using Eqs. (7), (8) and (9) the value of the unconstrained function P is calculated for each individual, and the maximum and minimum values Pmax and Pmin of this function are obtained.

4.
Using Eq. (11), the fitness value for each individual is calculated.  The average fitness Fav is found and the fitness factor is calculated for each individual.

5.
Depending on their fitness factors, individuals are copied into the mating pool.

6.
The individuals are coupled randomly and the reproduction operator is applied.  Using two point cross-sites, two off-springs are generated and the new population is obtained.  The value of 0.8 is used for the probability of crossover.

7.
Mutation is applied to the new population with a probability value of 0.001.

8.
The new population replaces the initial population and steps 1 to 7 are repeated until the same individual fittest “design” constitutes 80 % of the new population.  This individual represents the optimum solution.


In order to insure that best individual of each generation is not destroyed from one design cycle to another, “elitist” strategy is followed in the design algorithm.  At each generation, among the individuals, which satisfy all the design constraints, the one with minimum weight is stored and compared with the similar individual of the next generation.  If the new one is heavier than the old one, then there is a loss of good genetic material.  This situation is rectified by replacing the individual having the lowest fitness of the current generation with the previous individual.  In this way the loss of good individuals during the generations is prevented.

Design Examples

Two frames were designed by the algorithm developed.  The modulus of elasticity was 200 kN/mm2 in both examples.  The design constraints are implemented as they are imposed by BS 5950.

Example 1:
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The design of two-bay, six-storey steel frame shown in Fig.1 is considered.  The frame consists of thirty members, which are collected, in six groups as shown in the figure.  The allowable interstorey drift was 1.17 cm while the lateral displacement of the top storey was limited to 7.17 cm .

The design algorithm has started the search with the initial population of 50 and obtained the optimum solution after 200 generations.  The design history of the frame is shown in Fig.2.  The weights are plotted at every five generations.  It is clear from the figure that the optimum design was obtained after 60 generations.  The rest of the computations were carried out to satisfy the convergence criteria. The steel sections adopted for each group are given in Table 1.

Table 1.  Design details of the two-bay six-storey steel frame (Example 1)

	Group no.
	Member type
	Section designations

(Proposed method)
	Section designations

(STAAD III)

	1
	Column
	254x254x73 UC
	254x254x73 UC

	2
	Column
	203x203x46 UC
	203x203x46 UC

	3
	Column
	305x305x97 UC
	305x305x97 UC

	4
	Column
	254X254X73  UC
	203x203x60  UC

	5
	Beam
	457x152x52 UB
	457x191x67 UB

	6
	Beam
	356x171x45 UB
	305x165x46 UB

	Minimum weight (kg)
	7168.3 Kg
	7677.16 kg 


The minimum weight of the frame was 7168.3 kg. It was noticed that in the optimum frame, the drift constraint for the second storey was at its upper bound.  Among the strength constraints, the overall buckling constraint of the middle column in the ground floor was 0.81 closest to 1.  This indicates that the drift constraints under the lateral loading considered dominate the design. The same frame was also designed by STAAD III which makes use of traditional approach of fully stressed design method. The steel section designations obtained are also given in Table 1. The weight of the frame is 7677.16 kg. The lateral drift of the top storey of the frame is 9.18cm, which is more than the allowable limit of 7.17. This design does not satisfy the serviceability requirements, as is the case in traditional approaches.

Example 2:

The tall frame shown in Fig.3 consists of 168 members, which are organized in twenty groups as given in the figure.  The frame is designed under the loading shown in Fig.3.  These loads consist of W = 25.63 kN, w1 = 4.37 kN/m, w2 = 6.36 kN/m, w3 = 6.91 kN/m and w4 = 5.92 kN/m.  The allowable interstorey drift was 1.22 cm while the sway of the top storey was restricted to 29.28 cm.

The size of the initial population was kept as 50.  The frame with the minimum weight was obtained after 600 generations.  The history of the design is shown in Fig.4 where the weight of the frame is plotted at every 10 generations.  The minimum weight of the frame was obtained as 115024.3 kg. The steel sections adopted for each group by the genetic algorithm are given in Table 2.  It was noticed that the interstorey drift constraints between the first storey to the sixth storey were at their bounds.  The sway of 
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Table 2.  Design details of the three-bay twenty-four storey steel frame

(Example 2)

	Group No.
	Member type
	Section designations

(proposed method)
	Section designations

(STAAD III)

	1
	Beam
	305 ( 102 ( 25  UB
	610x229x101 UB

	2
	Beam
	305 ( 102 ( 25  UB
	 178x102x19 UB

	3
	Beam
	838 ( 292 ( 194 UB
	 610x305x149 UB

	4
	Beam
	457 ( 171 ( 82  UB
	533x210x82 UB

	5
	Column
	152 ( 152 ( 23  UC
	203x203x46 UC

	6
	Column
	254 ( 254 ( 89  UC
	152x152x30 UC

	7
	Column
	305 ( 305 ( 118 UC
	203x203x60 UC

	8
	Column
	203 ( 203 ( 60  UC
	203x203x46 UC

	9
	Column
	203 ( 203 ( 71  UC
	254x254x73 UC

	10
	Column
	356 ( 368 ( 153 UC
	203x203x71 UC

	11
	Column
	305 ( 305 ( 97  UC
	254x254x89 UC

	12
	Column
	356 ( 368 ( 129 UC
	254x254x73 UC

	13
	Column
	356 ( 368 ( 129 UC
	305x305x97 UC

	14
	Column
	356 ( 368 ( 129 UC
	254x254x89 UC

	15
	Column
	305 ( 305 ( 97  UC
	305x305x118 UC

	16
	Column
	356 ( 368 ( 202 UC
	305x305x118 UC

	17
	Column
	356 ( 368 ( 129 UC
	305x305x118 UC

	18
	Column
	356 ( 305 ( 198 UC
	305x305x118 UC

	19
	Column
	305 ( 305 ( 198 UC
	357x368x177 UC 

	20
	Column
	305 ( 305 ( 137 UC
	357x368x153 UC

	Minimum weight (kg)
	115024.3 kg
	90715.6 kg


the top storey was 23.41 cm on the contrary to drift constraints and the strength requirements for beams and columns were not dominant in the design problem.  They were all less than 1.  The normalized overall buckling constraints for the outer columns from ground floor to eight floor had the largest value among the all which varied between 0.47 to 0.49 . The same frame was also designed by traditional approach using STAAD III software. The section designations obtained for each group is shown in Table 2.  Once more the lateral drift of the top storey is 76.4 cm which is much more than  the allowable limit of 29.28cm which makes the design infeasible and not acceptable. This is due to the fact that traditional approaches do not have the capability of considering  displacement restrictions in the design process other than by trial and error.

It is interesting to notice that, in both design examples, interstorey drift constraints were dominant in the design process. They were the deciding factor in selecting the steel sections for columns.

Conclusion

An optimum design technique based on genetic algorithm is presented for tall steel frames where members are to be selected from a discrete set of steel sections.  It is shown that genetic algorithm can successfully be incorporated in an optimum design procedure in which structural members are required to be adopted from the available standard steel sections while the design is to satisfy BS 5950 requirements.  It is demonstrated that genetic algorithm provides mathematically less complex structural optimization methods which can be utilized by everyday practicing designer with advantage.  It is also noticed from the design examples considered that the interstorey drift constraints were dominant in the design problem under the applied loading considered.  However, it is anticipated that when the wind loading not earthquake is considered together with dead and imposed load, the strength constraints for the lower floor columns also become critical in the design.
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التصميم المتميز و الأمثل للهياكل الفولاذية بواسطة طريقة رياضية جينية
دكتورة / عصمت صالح كمشكي
قسم الهندسة المدنية و المعمارية، جامعة البحرين، ص.ب : 32038،

مدينة عيسى، مملكة البحرين
 ( قدم للنشر في 16/04/2001م،وقبل للنشر في 15/04/2002م )
ملخص البحث. تقدم هذه الورقة طريقة رياضية جينية لإيجاد التصميم الأمثل للهياكل الفولاذية  متعددة الطوابق مع وجود الانحراف الجانبي تحت تأثير حالات مختلفة من التحميل. آلية التصميم المذكورة انتجت هيكلاً بأقل وزن ممكن وذلك باختيار قطاعات العوارض (UB) و الأعمدة (UC) طبقاً للمقاييس البريطانية رقم BS5950 كما تسمح بتصنيف هذه العناصر في مجموعات، مما يجعل من السهل تبني القطاع لكل مجموعة. و تشمل القيود اللازمة لتحقيق متطلبات التشغيل التحكم في مقدار الانحراف الجانبي الكلي و النسبي طبقا للمواصفة البريطانية رقم BS5950 . أما القيود المفروضة على المقاومة القصوى فتأخذ في الاعتبار أثر وجود القوة المحورية مع عزوم الثني مجتمعة مع الأخذ في الاعتبار وجود الانبعاج الالتوائي الجانبي لعناصر الهيكل. وبالنسبة للأطوال الفعالة للأعمدة فقد أمكن الحصول عليها بحل المعادلة اللاخطية التي استخدمت لرسم المخطط البياني المعتمد من قبل كل من Jackson and Moreland وتم تصنيف كل عنصر في الهيكل من العوارض و الأعمدة وفق المقاييس البريطانية رقم BS5950 وعلاوة على ذلك فإن طريقة التصميم هذه تنفذ آليا باتباع الخطوات المسموح بها وفق نفس المقاييس السابقة وذلك قبل حساب قوة تحمل كل عنصر في الهيكل. وقد تبين من الأمثلة المصممة بالطريقة المذكورة في الورقة أن الطريقة الرياضية الجينية تزود مهندس التصميم الإنشائي بأداة ذات كفاءة عالية لتصميم المباني الفولاذية الشاهقة.
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Fig. 1. The two-bay six-storey steel frame of Example 1.
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Fig. 3. The three-bay twenty-four storey frame of Example 2.
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Fig. 2. Design history of the 2-bay 6-storey frame of Example 1.
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Fig. 4. Design history of the three-bay twenty-four storey frame of Example 2.
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