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Abstract 7 

This work presents a structural optimization framework for the seismic design of multi-storey 8 

composite buildings, which have steel HEB-columns fully encased in concrete, steel IPE-9 

beams and steel L-bracings. The objective function minimized is the total cost of materials 10 

(steel, concrete) used in the structure. Based on Eurocodes 3 and 4, capacity checks are 11 

specified for individual members. Seismic system behavior is controlled through lateral 12 

deflection and fundamental period constraints, which are evaluated using nonlinear pushover 13 

and eigenvalue analyses. The optimization problem is solved with a discrete Evolution 14 

Strategies algorithm, which delivers cost-effective solutions and reveals attributes of optimal 15 

structural designs. 16 
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1. Introduction 30 

Steel-concrete composite elements are intended to fill the gap between reinforced 31 

concrete elements and pure steel elements. The utilization of steel-concrete composite elements 32 

is not a new concept, since they have gradually gained popularity during the course of the 20th 33 

century mainly in North America, Japan and Europe, while early applications of such elements 34 

at the end of the 19th century have been recorded. Over the past few decades, numerous steel-35 

concrete composite structures have been erected worldwide. This form of construction is seen 36 

as an alternative mainly to constructing pure steel structures. The increasing preference in 37 

composite elements can be primarily attributed to the fact that concrete, a significantly less 38 

expensive material compared to steel, is utilized in an effort to cost-effectively replace a 39 

percentage of the required steel sections area. This way, overall material cost in a structure can 40 

be reduced and, at the same time, better lateral support and fire protection of the steel elements 41 

can be achieved, since concrete (which usually covers steel elements) offers a much better 42 

performance at high temperatures than structural steel. However, although the incorporation of 43 

steel-concrete composite elements in a structure is nowadays regarded as established design 44 

and construction practice, the investigations conducted on how such practice can be exploited 45 

in the most cost-effective way are rather limited. 46 

Structural optimization is widely recognized as a valuable computational tool that aids 47 

engineers in identifying cost-effective designs. Numerous seismic design optimization 48 

applications for steel structures (e.g. [1-12]) and reinforced concrete structures (e.g. [13-15]) 49 

are presented in the literature. For composite elements and structures, the available publications 50 

are much less and are mostly dealing with the design optimization of composite floors [16-18] 51 

and beams [19-22]. The publications on the design optimization of composite buildings are 52 

rather few [23-25] and do not fully and explicitly take into account the complete set of design 53 

requirements that should be normally specified for composite buildings. In fact, these works 54 

concentrate on achieving adequate system performance to lateral (wind or earthquake) loading 55 

and actually ignore member capacity checks. This way, however, requirements on withstanding 56 

vertical (gravitational) loads are neglected and especially the beams are most probably under-57 

designed. Moreover, in the aforementioned existing works, there is no control over the 58 

composite structures’ eigenperiods, which means that designs with unrealistic vibration 59 

properties are not excluded from being selected as feasible optimal solutions. Thus, a more 60 

complete design optimization framework for composite buildings is needed. 61 
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The present paper is concerned with the design optimization of earthquake-resistant 62 

multi-storey composite buildings with steel-concrete columns. In these buildings, the 63 

composite columns consist of steel members with standard I-shaped sections fully encased in 64 

concrete; steel beams with standard I-shaped sections and (optional) steel bracings with 65 

standard L-shaped sections are considered. The aim of the developed optimization procedure 66 

is to minimize the total materials cost in a composite building under explicit constraints 67 

imposed based on member capacity checks of formal design codes. In particular, individual 68 

composite and pure steel members of the building assessed are required to satisfy the provisions 69 

of respective Eurocodes. Overall seismic resistance is controlled through additional constraints 70 

on interstorey drifts and top-storey displacements, which are evaluated using nonlinear static 71 

pushover analyses. Moreover, an upper allowable limit for constraining the fundamental period 72 

of the building is specified. The optimization problem is solved with a discrete Evolution 73 

Strategies algorithm, which can effectively handle the standard options available in the market 74 

for steel members. The optimizer is linked with a powerful structural analysis software 75 

(OpenSees [26]) to automatically obtain the structural response results needed for the 76 

evaluation of constraints. Hence, the contribution of this work is that it comprehensively 77 

presents and assesses a complete and well-organized framework for seismic design 78 

optimization of composite buildings. In an effort to enrich the available knowledge on the 79 

behavior of composite structures and facilitate the cost-effective use of composite elements, 80 

the developed optimization procedure is exploited to identify attributes of optimally designed 81 

composite buildings. 82 

The remainder of this paper is organized as follows. Section 2 describes the structural 83 

design requirements specified for composite buildings in this work. Details on the structural 84 

configuration of the analyzed buildings, as well as on their numerical modeling and analysis, 85 

are given in section 3. The implemented design optimization procedure is explained in section 86 

4. Design optimization results for composite buildings are reported and discussed in section 5. 87 

Section 6 concludes the paper with some final remarks. 88 

2. Structural design requirements 89 

In the framework of the optimization procedure implemented in the present work, each 90 

solution evaluated as a candidate optimum design of a composite building needs to be checked 91 

with respect to pre-specified feasibility constraints. These constraints represent the design 92 
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requirements imposed by the adopted design codes, guidelines, etc. and include both individual 93 

member capacity checks and seismic system performance checks. 94 

The design of the structural members of the buildings considered is performed according 95 

to the provisions of Eurocode 4 (EN 1994-1-1 [27]) for composite column members with 96 

concrete-encased steel HEB sections and Eurocode 3 (EN 1993-1-1 [28]) for pure steel beam 97 

members with IPE sections. The capacities of columns are checked with respect to axial force 98 

(EN 1994-1-1, §6.7.3.5), shear force (EN 1993-1-1, §6.2.6), bending moment (EN 1994-1-1, 99 

§6.7.3.3), combined axial force and biaxial bending moment (EN 1994-1-1, §6.7.3.6 and 100 

§6.7.3.7) and the respective types of local and global buckling (EN 1994-1-1, §6.7.3). The 101 

capacities of beams are checked for shear force (EN 1993-1-1, §6.2.6), bending moment and 102 

interaction with shear force (EN 1993-1-1, §6.2.5 and §6.2.8), as well as the respective types 103 

of local and global buckling (EN 1993-1-1, §6.3). The bracings are not considered to participate 104 

in the transference of the gravitational loads to the foundation, so their pure steel L-sections 105 

are determined based on the structural system performance. 106 

The overall seismic resistance of a structure is controlled through lateral deflection 107 

constraints. Following the provisions of FEMA 440 [29] and ASCE/SEI 41-06 [30], the 108 

structure’s seismic capacity for the collapse prevention performance level can be assessed by 109 

performing a displacement-controlled nonlinear pushover analysis up to a pre-specified 110 

displacement. More specifically, a node at the roof level of the structural model is required to 111 

be able to reach a target displacement Δtarget, which is estimated as: 112 

2

2

3210g
π4

T
SCCCCΔ aettar = . (1) 113 

In this equation, C0, C1, C2 and C3 are factors defined in [29] and Sa is the design pseudo-114 

acceleration of the structure with fundamental period T. Moreover, the maximum interstorey 115 

drift is constrained to be less than 4% of the storey height. This drift-limit is suggested in [30] 116 

for concrete frames. As there is no provision specifically for steel-concrete composite frames, 117 

the 4% limit is preferred over the 5% limit suggested for pure steel frames. It is noted that the 118 

internal forces developed in structural elements during the pushover analysis due to the 119 

combination of horizontal and gravitational loads are not checked with respect to the above 120 

mentioned provisions of Eurocodes 3 and 4 for steel and composite members. Enforcing the 121 

satisfaction of such provisions under this load combination and analysis would reduce the cost-122 
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effectiveness of the optimized designs achieved, since their intended seismic performance does 123 

not preclude the failure of individual structural elements, provided that partial or full system 124 

collapse is not triggered. 125 

Preliminary test runs using all aforementioned design requirements of this section 126 

revealed the tendency of the implemented optimizer to select structural designs with high 127 

fundamental periods (even over 2s in some cases). Such structures generally attract relatively 128 

small earthquake-induced forces, but are also associated with increased potential for damage 129 

to non-structural components and building contents, as well as for discomfort of occupants, 130 

during seismic events. In order to avoid these undesirable long-period buildings, an additional 131 

design requirement is employed in this work, according to which the fundamental period of a 132 

structure is not allowed to exceed a threshold value Tmax. Period/frequency-information is 133 

incorporated also in a number of other optimization applications in structural mechanics (e.g. 134 

[31-34]). As no data on specifying Tmax for composite buildings were found, the formula 135 

proposed in [35] for limiting the fundamental period of steel buildings is adopted herein: 136 

80.0
max 045.0 HT = , (2) 137 

where H is the building height (in feet) above the base. 138 

3. Structural configuration, modeling and analysis of composite buildings 139 

3.1. Structural configuration 140 

The steel-concrete columns of the composite buildings assessed in the present work are 141 

designed as fully encased I-shaped (HEB) sections (Fig. 1(a)). A concrete layer of 5cm around 142 

the steel section’s edges is assumed, in which longitudinal (bars of 10mm diameter) and 143 

transversal (stirrups of 8mm diameter) reinforcement is installed. For small steel section sizes 144 

(up to HE 180 B), 3 longitudinal bars per side are used; for larger steel section sizes, 5 145 

longitudinal bars per side are installed. Stirrups are placed with 10cm spacing around the 146 

longitudinal bars. The external concrete cover is fixed to 2.5cm. Thus, a composite column 147 

section is fully defined just by specifying the encased HEB-section; once the HEB-dimensions 148 

are known, the amount and layout of concrete and its reinforcement in the composite section 149 

can be deduced based on the section description given in this paragraph. The steel HEB-150 

sections have a common orientation across all columns of a building. Specifically, all HEB-151 
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members are placed with their cross-sections’ major axes parallel to the global horizontal x-152 

axis of the building. 153 

The beams and bracings are designed as pure steel elements (Figs. 1(b,c)). For the 154 

building’s floors, corrugated composite slabs and secondary beams are installed. The columns 155 

at the base of the building are assumed to be fixed, while all beam-column connections are 156 

considered to be rigid. The design of connections is not within the scope of this paper. 157 

3.2. Material models 158 

OpenSees, which is the software utilized in the present work to perform all structural 159 

analyses, has the capability to include a variety of different materials in each structural analysis 160 

[26]. For the purposes of the present work, 3 different material models are utilized to simulate 161 

the stress-strain behavior of structural steel, concrete and reinforcing steel. 162 

The bilinear steel material type ‘Steel01’ of OpenSees with hardening is used for all 163 

structural steel members (Fig. 2(a)). The yield stress and the elasticity modulus are taken 164 

235MPa and 210GPa, respectively, while hardening is taken into account by defining the post-165 

yielding stiffness to be 5‰ of the initial one. Although an ultimate strain capacity is not 166 

specified in this material model, strains do not exceed the threshold value of 20% at any 167 

structural design presented in this work. 168 

As regards concrete, two distinct areas are defined for a column section: (a) the external 169 

concrete cover of 2.5cm, which is modelled as unconfined concrete, and (b) the remaining 170 

concrete area surrounded by the reinforcement, which is considered to be confined concrete 171 

with enhanced capacity and ductility properties. The concrete area between the flanges of the 172 

HEB-section can be considered as ‘super-confined’, because lateral deformations at 3 of its 173 

sides are fully restricted by HEB-parts, while on the 4th side a thick layer of confined concrete 174 

creates similar boundary conditions. However, due to lack of experimental data formally 175 

justifying a better performance of this ‘super-confined’ area, it is modeled as ‘normally’ 176 

confined concrete. 177 

The ‘Concrete01’ material type is employed for all concrete regions of the composite 178 

columns (Fig. 2(b)). The compressive strength of confined concrete is set to 20MPa (no tensile 179 

strength is assumed), while its cracking and crushing strains are 2‰ and 3.5‰, respectively. 180 

Unconfined concrete is defined as a similar ‘Concrete01’ material, with reduced compressive 181 

strength (20% lower than that of confined concrete). This significant reduction in concrete 182 
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strength is justified not only by the lack of confinement, but also by the relatively low active 183 

cover thickness of 2.5cm adopted in this work. 184 

Finally, the ‘ReinforcingSteel’ material type is used for the longitudinal and transversal 185 

reinforcement bars of the composite columns (Fig. 2(c)). The elastic behaviour of this material 186 

type is similar to the one of ‘Steel01’, while its post-yield behaviour includes both strain 187 

hardening and softening. The ‘ReinforcingSteel’ material is implemented with a yield stress 188 

equal to 500MPa, an ultimate stress of 600MPa, a yield strain of 2.5‰ and an ultimate strain 189 

of 20%. 190 

3.3. Modeling of structural components 191 

Fiber section elements are used to represent all structural members, in order to adequately 192 

capture the locations of plastic hinge formation. Each section is first divided into sub-sections, 193 

which correspond to the section’s regions with different material properties. Then, each sub-194 

section is further divided into an adequate number of fibers. 195 

The columns and beams of the composite building are modelled in OpenSees as 196 

‘nonlinearBeamColumn’ elements, which can simulate the spread of plasticity along each 197 

element. In the column elements, second order effects are taken into account. Moreover, perfect 198 

anchorage and splicing of the reinforcement bars is assumed in the composite columns 199 

(possible anchorage slip or bond failure is not taken into account in the structural model). As 200 

regards the connections, no additional ‘zeroLength’ element is used to model the behavior of 201 

any beam-column joint. This implies that: (i) the beam-column joints are capable of 202 

transferring the full moment, shear and axial force they receive, (ii) the beam-column joints are 203 

not deformable and the angle of each connection between the beam and the column remains 204 

unaltered (columns and beams remain perpendicular to each other) and (iii) all columns and 205 

beams are allowed to deform inelastically along their full body, as no rigid zones are defined 206 

(plastic hinges may develop adjacent to joints). 207 

The bracings are modelled as ‘truss’ elements, which are nonlinear fiber elements 208 

providing accuracy analogous to that of ‘nonlinearBeamColumn’ elements with hinged ends. 209 

A ‘truss’ element is restricted from developing shear forces or bending moments. 210 

All sections defined are divided into quadrilateral patches. Preliminary analyses revealed 211 

that, because OpenSees assembles stiffness matrices by calculating the stiffness of the fiber 212 

sections, the fundamental period of the structure is underestimated for small numbers of fibers. 213 
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Hence, fine section discretizations are generated, in order to achieve high analysis accuracy for 214 

the modeling assumptions made. Specifically, each quadrilateral concrete patch consists of 100 215 

fibers (10 fibers along each of the local y- and z-directions), as illustrated in Fig. 1. The steel 216 

sections are divided into quadrilateral patches consisting of 10 fibers along the larger side 217 

(length) and 3 fibers along the smaller side (thickness) (Fig. 1). A smaller number of fibers is 218 

used along the thickness of steel patches, in order to reduce the computational cost, as a larger 219 

number of fibers was not found to significantly increase analysis accuracy. Moreover, 4 220 

integration points are defined along each element. 221 

The corrugated composite slabs and secondary beams of the building’s floors are not 222 

included in the structural model. Their design depends only on the gravitational loads, therefore 223 

they are designed a-priori and are not treated in the framework of the optimization procedure 224 

presented in this work. However, their contribution is simulated by transferring their loads to 225 

the beams and by considering all slabs to perform as rigid diaphragms (using the 226 

‘rigidDiaphragm’ command, all nodes at a floor level are constrained to move together 227 

horizontally). The characteristic values of the dead and live loads of the slabs are g=9.85kN/m2 228 

and q=2kN/m2 (residential building), respectively. 229 

3.4. Structural analyses 230 

Five analyses are conducted for each structural design using the software OpenSees, in 231 

order to evaluate its adequacy with respect to the design requirements of section 2: (a) a force-232 

controlled linear static analysis under gravitational loads, in order to perform member capacity 233 

checks according to Eurocodes 3 and 4, (b) two displacement-controlled non-linear static 234 

pushover analyses (one for each horizontal direction), in order to assess the nonlinear response 235 

of the structure under seismic action, and (c) two eigenvalue analyses (one for each horizontal 236 

direction), in order to check the fundamental periods of the structure along both directions and 237 

define the targeted top displacement used in each pushover analysis. The loads utilized at each 238 

analysis are combined according to Eurocode 0 (EN 1990, §6.4 [36]). 239 

When a design fails any of the member capacity checks based on the results of the linear 240 

static analysis, which means that the design is infeasible irrespective of the outcome of other 241 

checks, its seismic performance is still evaluated, i.e. all 5 structural analyses are conducted 242 

anyway. The reason for fully evaluating infeasible solutions is that designs with relatively weak 243 

beams and strong columns might fail under gravitational loads, but could perform well under 244 

horizontal ones. Respectively, designs with relatively strong beams and weak columns might 245 
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be found unsuitable for seismic loads, but adequate for gravitational ones. In both cases, the 246 

evaluated designs are infeasible and are rejected as a final solution, as the optimum design 247 

should have adequate sections both for beams and columns to withstand vertical and horizontal 248 

loads. However, any infeasible design may have desirable properties, which can be exploited 249 

during an optimization run (e.g. through crossover operations in the framework of an 250 

evolutionary optimizer) to accelerate convergence and increase the probability of detecting a 251 

high-quality final solution. Therefore, as described in the next section, a penalty function is 252 

used for infeasible designs and they are not immediately discarded from the current population 253 

of the evolutionary optimization procedure. 254 

4. Structural design optimization 255 

Optimization methods based on probabilistic search of the design space (genetic 256 

algorithms, evolution strategies, differential evolution, etc.) have been found to be very 257 

effective for structural optimization problems (e.g. [37,38]). The Evolution Strategies (ES) 258 

optimization algorithm [37] is used in this work to determine the most cost-effective design for 259 

each test case considered. The aim of this non-deterministic optimization algorithm is to 260 

minimize an objective function by selecting combinations of the decision variables in a 261 

systematic manner and checking the feasibility or infeasibility of each candidate optimum 262 

solution through the defined constraints. Its basic concept is to imitate the evolution from 263 

generation to generation of a population (i.e. a group of structural designs) under the imposed 264 

constraints. 265 

In order to define the optimization problem solved using ES for each structural design 266 

case, the formulation and handling of the design variables, the objective function and the 267 

constraints are described in this section. Moreover, some details are given on the ES 268 

implementation developed. 269 

4.1. Design variables 270 

The elements modified in the optimization procedure are the steel sections of structural 271 

members (columns, beams, bracings). The members of a building are first organized into 272 

groups and then a design variable is assigned to each group. Standardized steel sections are 273 

used for all structural elements, hence the search space consists only of discrete design options, 274 

which renders the investigation performed a discrete optimization problem. In particular, the 275 

design variables take values from the following 3 discrete databases: (a) HE 100 B to HE 1000 276 
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B for columns, (b) IPE 80 to IPE 600 for beams and (c) L 90×90×7 to L 250×250×28 for 277 

bracings. In order to give the optimizer the freedom to activate bracings only when they are 278 

needed, a ‘zero’ option (no bracing section) is included as the first option in the database with 279 

L-shaped sections. Thus, the optimization result may be a moment resisting (unbraced) frame 280 

or a braced frame, depending on the relative cost-effectiveness of these two design approaches 281 

for the particular case considered. Hence, the developed design formulation is a mixed sizing-282 

topology optimization problem for the determination of a composite structure’s optimal steel 283 

sections and bracings topology. It is noted that no design variables are defined for controlling 284 

the amount of concrete and its reinforcement to encase the HEB-sections of composite 285 

columns, because basically the same configuration is always used, as described in subsection 286 

3.1. The amount of concrete required is dictated by the size of the HEB-section it encases. 287 

The proper sorting of the steel sections included in the 3 databases is an essential task 288 

that needs to be performed prior to the optimization runs. In order to achieve a well-functioning 289 

optimization process, it has to be ensured that, for any two sections i and j with j>i in a database, 290 

the objective function has a higher value with section j than with section i. In simpler words, a 291 

higher selection from the database has to lead to higher materials cost. Moreover, a higher 292 

selection from the database has to lead also to improved capacity of the affected structural 293 

member(s). For the members under axial forces only (bracings), sorting the respective database 294 

according to the areas of the L-sections satisfies both material cost and member capacity 295 

requirements. For the members under bending (columns, beams), in addition to the area of each 296 

I-section, its stiffness about the axis of bending needs to be taken into account. In beams, the 297 

section stiffness only about the major axis is of interest, thus sorting the database with IPE 298 

sections is simple. Columns, however, are under biaxial bending, therefore each section’s 299 

stiffness about both the major and the minor axis has to be considered when sorting the HEB-300 

database. Additional difficulty poses the fact that the column sections are composite. 301 

In order to verify the proper sorting of the HEB-database, the effective stiffness of the 302 

resulting composite sections is compared to the corresponding equivalent section areas in Fig. 303 

3. The effective stiffness (EI)eff of each composite column cross-section with respect to its two 304 

local axes is calculated according to EN 1994-1-1 (§6.7.3) [27], which takes into account the 305 

stiffness contributions of the structural steel section, the concrete section and the reinforcement. 306 

The total cross-sectional areas As,tot given in Fig. 3 are equivalent steel areas, which are 307 

calculated using the cost ratio CR (defined in the next subsection) for the conversion of concrete 308 
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areas to equivalent steel areas. Indeed, according to the graphs of Fig. 3, the HEB-database is 309 

properly sorted. 310 

It is also interesting to visualize the contribution of each material to the total stiffness 311 

(EI)eff of each composite section considered in the present work. Fig. 4 illustrates the 312 

percentage of the total section stiffness about the major and minor axes provided by the steel 313 

core of each section and by the surrounding concrete part together with the relevant 314 

reinforcement. It can be clearly seen that, in all composite sections, the stiffness about the 315 

minor axis is mainly provided by the concrete and the reinforcement. Their contribution in the 316 

total section stiffness is up to about 85% and at no case below 60%, while the respective 317 

maximum contribution of the steel core is of the order of 40%. Significant contribution by 318 

concrete and reinforcement is also observed in the stiffness about the major axis of the 319 

composite sections. This contribution can be almost 70% for a small-size section; contributions 320 

are lower for larger sections, but at no case below 27%. These observations highlight the large 321 

impact of concrete and its reinforcement on the structural performance of steel-concrete 322 

composite sections. Thus, for designing composite buildings, we cannot injudiciously rely on 323 

available methods and experience regarding the design optimization of pure steel structures 324 

(e.g. [1-12]); the explicit treatment of composite buildings within a specially developed design 325 

optimization framework, such as the one presented in the present work, is therefore justified. 326 

It should be also noted that the proper handling of design variables is not ensured just by 327 

carefully sorting the section databases. The stochastic selection of design variable values in the 328 

framework of the ES optimization algorithm employed may yield designs with 329 

incompatibilities among different member sections. Two cases of such incompatibilities 330 

require special treatment in the ES implementation of the present work. The first case is 331 

associated with the realization of beam-column connections. When the width of the beam 332 

flange exceeds the space available on the column web (between the column flanges) for 333 

connecting the two members, then the corresponding design is infeasible. This incompatibility 334 

is eliminated by increasing the column section, in order to provide the web with a height that 335 

can accommodate the connection with the given beam section. The second case of incompatible 336 

member sections may arise when the section of a column is allowed to change along the height 337 

of the building. In engineering practice, the column section at a storey is not allowed to be 338 

larger than the column section at the storey directly below. When this practice is violated, the 339 

larger section (i.e. the one of the column at the higher storey) is assigned also to the column at 340 

the lower storey. The checks for such column section incompatibilities start from the columns 341 
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at the top storey and proceed towards the building’s base, until the columns at all storeys are 342 

processed. In both aforementioned incompatibility cases, column sections are automatically 343 

increased by the ES procedure before performing structural analyses to evaluate the design 344 

requirements of section 2. 345 

4.2. Objective function 346 

The objective function used implicitly monitors the total materials cost of the structural 347 

elements in the composite building considered. The total structural cost actually depends on 348 

various factors, whose influence cannot be easily predicted and quantified, such as the labor 349 

cost, the availability of materials in the market, the soil characteristics, etc. In this work, the 350 

contribution of such factors is considered to be incorporated into the total unit material costs 351 

CS and CC of steel and concrete, respectively. All structural parts and details that can be 352 

designed separately, such as the slabs and secondary beams, the connections, the foundation, 353 

etc., are excluded from the total cost calculation. However, as already mentioned, their 354 

contribution to the structural performance is taken into account in the structural modeling 355 

process. Thus, in this work, the term total cost refers to the materials cost for columns, beams 356 

and bracings. Furthermore, because the beams and bracings in all designs are simulated using 357 

pure steel sections, the cost of concrete refers specifically to the steel-concrete composite 358 

columns. 359 

The total materials cost Ctot of a structure, which is the objective to be minimized by the 360 

employed optimization procedure, can be simply calculated as: 361 

CCSStot VCMCC += , (3) 362 

where CS (€/tn) and CC (€/m3) are average total unit costs for steel and concrete, respectively 363 

(in engineering practice, structural steel cost is evaluated based on steel mass and reinforced 364 

concrete cost is related to concrete volume), while MS and VC are the total steel mass (tn) and 365 

concrete volume (m3), respectively, used in the structure. Similar expressions referring to the 366 

total materials cost of composite structures have been utilized also in other studies (e.g. [22]). 367 

In Eq. (3) the total cost Ctot is calculated in monetary units (€), so its value for a particular 368 

structural design needs update in order to be consistent with current prices. For instance, any 369 

changes in the prices of construction materials, the currency exchange rate or the labor costs 370 

can affect directly or indirectly the value of Ctot for a given design. Hence, the calculation of 371 

Ctot is not a straightforward task, as estimating current values for CS and CC (which are intended 372 
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to incorporate contributions from various factors) is cumbersome in practical applications. 373 

However, it is not necessary to determine the exact costs CS and CC, in order to apply the 374 

optimization formulation of this work; a relative cost can be used instead, which is easier to 375 

estimate. 376 

Following the above discussion, a more robust objective function equation is utilized, 377 

which calculates the total equivalent steel mass of all material quantities used for the structural 378 

elements in the building considered. In order to effectively handle the buildings with composite 379 

columns, a Cost Ratio CR of unit cost for concrete over unit cost for steel is introduced, which 380 

allows us to convert the total concrete volume in the structure to equivalent steel mass. Then, 381 

the total equivalent steel mass tot
sM  (tn of steel) in the structure is the sum of the actual steel 382 

mass and the converted concrete mass. Thus, the final form of the objective function 383 

implemented in this paper is given by the equation: 384 

CS
tot
s VCRMM += . (4) 385 

The cost ratio to convert from concrete volume to equivalent steel mass is defined as 386 

CR=CC/CS, although CR can be directly estimated without first specifying exact values for CC 387 

and CS. In any case, expression (4) is simpler and easier to implement in practice than the 388 

corresponding original expression (3). 389 

The value specified for the cost ratio CR plays a significant role in the estimation of the 390 

total equivalent steel mass of a structure with composite columns and therefore has an effect in 391 

the optimum design identified by the optimization algorithm. The value of CR needs to be 392 

separately specified in each country (maybe even in specific regions within relatively large 393 

countries) and should be expected to vary with time. For the period the test runs of the present 394 

paper were conducted, CR=0.012 tn/m3 was estimated for Cyprus, which corresponds to 395 

‘cheap’ concrete and ‘expensive’ steel. It is noted that cement is locally produced in Cyprus, 396 

while steel members and reinforcing bars are imported. These facts certainly affect the prices 397 

offered in the local market for these construction materials and consequently influence the 398 

estimated value of the cost ratio CR. In order to derive this CR-value, apart from the material 399 

prices of structural steel and concrete, the following items contributing to cost were taken into 400 

account: (a) connections (beam-column, beam-beam and column-base), (b) steel reinforcement 401 

and shear connectors for the composite columns and (c) scaffolding boards for the wet concrete 402 

of composite columns. 403 
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4.3. Constraints 404 

The Eurocode and earthquake-related design requirements described in Section 2 are 405 

imposed as constraints in the developed optimization procedure. Thus, structural member 406 

capacities, system resistance under seismic action and fundamental periods are checked for 407 

each candidate optimum design. Violation of at least one of these checks renders the evaluated 408 

design infeasible. In order to evaluate the constraints, 5 structural analyses are performed for 409 

each candidate optimum design (1 linear, 2 nonlinear pushover and 2 eigenvalue analyses). 410 

Infeasible designs are not discarded from the parent population, but are eligible to be 411 

selected for the generation of offsprings, as already mentioned in subsection 3.4. In the case of 412 

constraint violation, the fitness of the design is penalized by adding a penalty term to the 413 

objective function (4). The penalty term is equal to the total equivalent steel mass of the same 414 

building as the one evaluated, but designed with the largest section available in the respective 415 

database for each structural member, rounded up to 100 tn. In other words, the imposed penalty 416 

refers to the heaviest design possible for the database options available. In order to apply this 417 

static penalty, all constraints are organized into 5 groups; each group is associated with one of 418 

the 5 structural analyses conducted for a candidate optimum design. Immediately after a 419 

structural analysis is completed, the constraints needing the results of the particular analysis 420 

are evaluated; if at least one of the constraints in this group is violated, then the penalty term is 421 

added to the objective function. This approach for handling constraints performs well for the 422 

applications considered in the present paper. 423 

4.4. ES implementation 424 

The optimization software developed in the framework of the present work implements 425 

the ES algorithm described in [37]. More specifically, at each ES-generation, a population of 426 

μ parent designs produces a population of λ offspring designs (λ≥μ) by means of recombination 427 

and mutation operations. Then, using the so-called (μ,λ)-ES version, μ individuals are selected 428 

from the λ offsprings to form the parent population of the next generation. Convergence to the 429 

optimum solution is assumed when the best value of the objective function achieved cannot be 430 

improved upon for κ consecutive ES-generations. The parameter values μ=30, λ=30 and κ=15 431 

are adopted in the present work. A flowchart describing macroscopically the implemented 432 

optimization procedure is presented in Fig. 5. 433 
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Although the ES procedure is a probabilistic optimizer known to be very effective in 434 

globally searching the design space, it may be trapped in a local optimum. Therefore, in an 435 

effort to avoid suboptimal final solutions, the results of multiple optimization runs for each 436 

tested case are considered. More specifically, the developed ES software is invoked in a 437 

cascade manner, with each optimization run starting from the best design attained by the 438 

previous optimization run [39,40]. The design adopted finally for each test case is the one with 439 

the lowest cost among all feasible designs detected during the cascade runs. 440 

Cascading is applied in the present work also to accelerate the parametric study 441 

performed in the next section, which considers several similar optimization cases. Usually, the 442 

ES optimization procedure is initiated with a randomly identified feasible solution or with the 443 

heaviest possible design and then it proceeds until convergence is achieved to the optimum or 444 

a near-optimum solution. This procedure is followed in this paper, when the first design 445 

optimization case (‘reference case’) is processed. For another optimization case (e.g. 446 

considering a building just with a different bay width compared to the reference one), first the 447 

optimum design identified for the reference case is adjusted by strategically increasing or 448 

decreasing the section sizes of certain member groups and then this adjusted design is used to 449 

initiate the ES run. This way, the ES procedure is provided with a starting point that typically 450 

is much nearer to the optimum solution than a randomly identified initial design or the heaviest 451 

possible design. Thus, the ES run is drastically accelerated and the effect from using a static 452 

penalty approach to handle infeasible solutions is diminished. 453 

5. Design optimization results and discussion 454 

5.1. Design optimization results for 6-storey 5×5-bay composite building 455 

The reference building assessed in the present work is a composite steel-concrete 6-storey 456 

space frame with 5 bays per horizontal direction (Fig. 6). The locations of the (optional) 457 

bracings are either at the middle bay (Fig. 6) or at the two corner bays of each external side of 458 

the building. The height of each storey is 3.5m, thus the total height of the building is 459 

H=21m=68.90ft and the upper limit for the fundamental period in both x- and y-directions is 460 

calculated according to formula (2) as Tmax=1.33s. In order to investigate the effect of the bay 461 

width (which is directly related to the total seismic mass of each storey) on the optimized 462 

designs attained, 4 different beam lengths LB from 5m to 8m are considered, yielding altogether 463 

8 different optimization cases. 464 
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A total number of 17 member groups, which are illustrated with different colors in Fig. 465 

6, are defined for the 6-storey composite building; one discrete design variable is assigned to 466 

each member group. In particular, columns are organized every 2 storeys into 4 groups: (1) 467 

corner, (2) peripheral in x-direction, (3) peripheral in y-direction and (4) internal. Corner 468 

columns are separately grouped, because they receive the lowest axial force due to gravitational 469 

loads, as only two beams per storey are connected to them. The remaining peripheral columns 470 

receive double axial load compared to corner columns and half axial load compared to internal 471 

columns. Moreover, when bracings are activated (whether at the middle or at the corner bays), 472 

they are connected to peripheral columns and are expected to play a significant role in the 473 

selection of the sections of these columns. Peripheral columns are separately grouped in the 474 

two horizontal directions, because the steel sections of all columns have the same orientation, 475 

which results in higher overall stiffness of the structural system in the y-direction. The groups 476 

containing internal columns have the largest number of members. Consequently, they can have 477 

the largest impact on the overall stiffness of the structural system, as well as to the total material 478 

mass of the structure. A total number of 3×4=12 design variables are thus defined for the 479 

columns taking values from the HEB-database. 480 

The definition of beam-groups is based on the results of a preliminary investigation, in 481 

which it was noticed that the required beam-sections were in fact defined mainly by the 482 

gravitational loads. Indeed, in most optimization cases considered in the present work, the 483 

compressive force capacity of beams designed for the vertical gravitational loads suffices for 484 

receiving the extra stresses due to the horizontal seismic action. Moreover, in order to provide 485 

the final design with the degree of uniformity usually encountered in engineering practice, it is 486 

avoided to organize beams into different groups within each storey. However, the optimizer is 487 

given the option to modify (if needed) the design of beams along the height of the building. 488 

Therefore, the steel beams of the building are organized into 3 groups; every 2 storeys, all 489 

beams belong to one group associated with one design variable taking values from the IPE-490 

database. It should be noted that a different design variable configuration for beams may be 491 

needed to cost-effectively withstand more severe seismic actions. 492 

The common orientation of the steel HEB-sections across all columns creates global 493 

‘major’ and ‘minor’ axes of the structural system, about which overturning moments may 494 

develop in the building due to seismic action. In order to allow the optimization algorithm to 495 

compensate (if needed) for the reduced stiffness about the system’s ‘minor’ axis, 2 groups of 496 

bracings are specified, one for each horizontal direction. As each of these two groups contains 497 
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a small number of elements with sections of relatively small size, the bracings do not contribute 498 

much to the total materials cost, therefore bracings are not further divided into groups along 499 

the height of the building. Thus, 2 design variables are defined for the bracings taking values 500 

from the L-database. 501 

The final structural designs achieved for the 8 optimization cases of the 6-storey 5×5-bay 502 

building are presented in Tables 1 and 2 for bracings installed at the middle (designs 1-4) and 503 

corner (designs 5-8) bays, respectively (notice the numbers assigned to designs in the tables). 504 

As expected, higher bay widths induce the need for larger amounts of structural materials in 505 

the buildings analyzed, not only because they imply larger floor plans (and therefore larger 506 

buildings overall), but also because they correspond to larger beam spans and create larger 507 

storey masses. It is also noticed that the fundamental period constraint is satisfied in all designs 508 

attained. 509 

As regards columns, the optimized designs can be classified into two categories. The first 510 

category includes the optimized designs, in which the column sections could be determined by 511 

a design engineer through a ‘manual’ trial-and-error procedure based on engineering judgment, 512 

without resorting to an optimization algorithm. Design 4 is the most representative member of 513 

this category: all columns in a storey share the same section (with the only exception of internal 514 

columns at storeys 5-6). Designs 3 and 5 also fall into this category, although variations of 515 

column sections in a storey are observed, but these are not large. These designs are less regular 516 

than design 4, which means that extra effort would be required to manually identify such 517 

optimized solutions. 518 

The second category contains the optimized designs, in which the column sections are 519 

practically not detectable by a design engineer through a ‘manual’ procedure. In these designs, 520 

the optimizer employs rather complex design philosophies, which can actually be applied only 521 

by an automated procedure. Hence, asymmetries can be noticed in designs 1-2 and 6-8, which 522 

include various non-standard section combinations for the columns of each storey. It is thus 523 

evident that the optimizer operates in a rather non-predictable manner, as it is programmed to 524 

consider any section combination in the effort to identify an optimal solution. It should be 525 

however emphasized that, although the optimized designs of this category do not follow design 526 

philosophies commonly encountered in engineering practice, none of the finally achieved 527 

solutions violates any of the design constraints imposed. 528 
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As regards beams, their optimal sections do not differ or differ slightly among buildings 529 

with the same bay width regardless of the location of bracings (at corner or middle bays). 530 

Moreover, although 3 beam groups are defined along the building height, the same or about 531 

the same IPE-section is adopted for all beam groups in each building optimally designed. This 532 

regularity observed in optimal beam sections is due to the fact that the design of beams for the 533 

buildings investigated in the present work is governed in most cases by the Eurocode 3 member 534 

checks for gravitational loads. Satisfying these checks generally provides beam resistances to 535 

combined axial force and uniaxial bending moment that suffice to receive the earthquake-536 

induced stresses. Slightly increased beam sections are dictated in a few cases by the seismic 537 

system resistance requirements, which happen to be more critical than the Eurocode 3 538 

provisions for checking particular beams. 539 

As regards bracings, they are contained in both x- and y-directions in all final designs 540 

yielded by the optimizer. Thus, although the ‘zero’ option available in the L-database to 541 

deactivate bracings (see subsection 4.1) allows for the selection of pure moment resisting 542 

frames in one or both directions, braced frames are consistently preferred by the optimizer in 543 

both directions. Various L-shaped bracing sections are selected by the optimizer for the finally 544 

achieved designs. For verification purposes, all optimal designs identified were reevaluated 545 

using smaller L-sections for bracings. All these reevaluations took place for reduced L-sections 546 

in one, as well as in both directions. None of the new designs failed under gravitational loads, 547 

as bracings are not supposed to participate in carrying such loads; however, the maximum 548 

interstorey drift specified was exceeded in all these designs. It should also be noted that, when 549 

building designs with the same bay width in Tables 1 and 2 are compared, the installation of 550 

bracings at the corner bays yields more cost-effective solutions than their installation at the 551 

middle bays. With the former bracings topology, a larger proportion of the required building 552 

stiffness is provided by the bracings, therefore smaller column sections can be used. 553 

Selected optimization cases of the 6-storey 5×5-bay building are run also by deactivating 554 

the fundamental period constraint. The final structural designs attained (designs 9-11) are 555 

depicted in Table 3. Non-regular combinations of column sections in each storey are generally 556 

obtained. While beam sections are the same with corresponding cases in Tables 1 and 2, column 557 

and bracing sections are generally not the same. The designs of Table 3 have significantly lower 558 

total equivalent steel masses compared to corresponding cases in Tables 1 and 2. However, all 559 

designs of Table 3 have rather high fundamental periods (1.8-2.0s). 560 
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5.2. Design optimization results for 6-storey 8×8-bay composite building 561 

In addition to the reference building of the previous subsection, a 6-storey 8×8-bay 562 

building is optimized with (optional) bracings installed only at the corner bays. As the number 563 

of bays is increased in this case compared to the 5×5-bay building (the height-to-plan-area ratio 564 

is significantly reduced), while the number of installed bracings remains the same, the bracings’ 565 

percentage contribution to the total stiffness of the building is expected to be reduced. The 566 

optimization algorithm needs to compensate for this reduction by increasing significantly either 567 

the columns’ sections or the bracings’ sections or both. The beam length in the single 568 

optimization case considered for this building is LB=6m. The upper limit for the fundamental 569 

period in both x- and y-directions is again Tmax=1.33s. The optimized design achieved (design 570 

12) is presented in Table 4. 571 

Particular attention needs to be paid to the design optimization of buildings with large 572 

floor plans without an adequate number of bracings to provide the required lateral stiffness. 573 

The large seismic mass per storey of such buildings leads to several candidate optimum designs 574 

processed by the optimizer that have high fundamental periods (much higher than 1s). Such 575 

high fundamental periods are related with large drifts and, consequently, infeasible designs. In 576 

the particular building considered in the present subsection, the number of such infeasible 577 

candidate solutions is rather high. This results in a cumbersome optimization process that 578 

greatly benefits from the cascade runs of the optimizer and finally yields a rather non-regular 579 

optimum design. Hence, in storeys 1-2, design 12 has the largest possible HEB-section for the 580 

peripheral columns parallel to y-axis, while in storeys 5-6 the same column-group has the 581 

smallest HEB-section in the building. Different attributes of sections along the building height 582 

are observed for the other column groups. Moreover, larger beam sections than those required 583 

for the gravitational loads only (IPE 270) are used, indicating that these structural elements 584 

need to contribute more to the system resistance against horizontal actions. Finally, larger 585 

bracings are installed in x-direction than in y-direction, in order to make up for the reduced 586 

overall stiffness of the structure about the y-axis due to the predefined orientation of the column 587 

sections. Such a design is a typical example of an optimum solution, the detection of which 588 

using a ‘manual’ procedure would be unlikely. 589 

5.3. Design optimization results for 4-storey 5×5-bay composite building 590 

Finally, a 4-storey 5×5-bay building with (optional) bracings at the corner bays is 591 

optimized. The particular building has the same floor plan configuration as the 6-storey 592 
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reference building studied in subsection 5.1, but the height-to-plan-area ratio of the 4-storey 593 

building is 2/3 of the respective ratio of the 6-storey reference building. The total number of 594 

section groups and corresponding design variables for the 4-storey building is reduced to 12, 595 

as the 4 variables for the columns and the 1 variable for the beams of storeys 5-6 are 596 

deactivated. The building height is now H=14m=45.93ft and the upper limit for the 597 

fundamental period is calculated according to formula (2) as Tmax=0.96s. The optimized design 598 

attained for the 4-storey building with a beam length LB=6m (design 13) is given in Table 5. 599 

A comparison of designs 6 and 13 reveals that the optimizer adopts quite different 600 

philosophies in the final (optimum) designs of the 6-storey and 4-storey buildings. In design 601 

13, as regards columns, the optimizer mainly invests in the peripheral columns parallel to the 602 

y-axis, as these members consistently have the largest sections at any storey of the building. 603 

On the other hand, although design 6 is not regular, there is a more even distribution of 604 

strengths among columns at each storey. The beam sections for both designs are actually the 605 

ones defined based on standard Eurocode 3 provisions for gravitational loads using linear 606 

analysis results (IPE 270). Of particular interest are the optimal bracings’ sections selected. In 607 

the x-direction, the 4-storey building has stronger bracings than the 6-storey building, while 608 

the opposite applies in the y-direction. This demonstrates the complex effect of the imposed 609 

constraints (especially of the fundamental period constraint, which seems to strongly influence 610 

the selection of bracing sections) on the optimum design for each optimization case. 611 

5.4. Convergence and computational efficiency of the optimization procedure 612 

The convergence history of a characteristic optimization run is depicted in Fig. 7. This 613 

figure displays the gradual decrease of the objective function value achieved as more candidate 614 

optimum designs are evaluated. The figure also shows the final plateau, which signifies 615 

convergence of the optimization process. Despite the re-invocation of the optimizer to continue 616 

searching the design space by performing a second ES run, the objective function value finally 617 

attained at the initial run cannot be improved upon, therefore the optimization process stops 618 

without conducting further cascade runs. More cascade optimization runs are required in a 619 

number of other optimization cases processed in this work. 620 

It is also interesting to analyze the computing requirements for processing the 621 

optimization case of Fig. 7. Hence, 2940 candidate optimum designs were evaluated in about 622 

76 hours during the initial ES run and another 480 designs in about 12 hours during the second 623 

(cascade) ES run (a HP Z400 workstation with Intel Xeon CPU W3520 at 2.67 GHz and 16GB 624 
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RAM was utilized). Thus, the total computing time required to process these designs, in order 625 

to reach the final optimum solution, was about 88 hours, i.e. more than 3.5 days. These 626 

characteristic timing results reveal the huge computing demands induced by the optimization 627 

framework presented in this work. However, such high computational workloads are expected 628 

when utilizing an evolutionary optimizer (especially when run in a cascade fashion) to assess 629 

a large number of candidate optimum solutions, with each candidate requiring several (linear, 630 

nonlinear, eigenvalue) analyses to be performed. This drawback can be alleviated by 631 

accelerating the optimization computations with the use of parallel processing, advanced 632 

solution techniques and metamodel-assisted analysis predictions (e.g. using neural networks 633 

[41]). 634 

6. Concluding remarks 635 

This work presents an optimization framework for designing three-dimensional steel-636 

concrete composite frames. A discrete evolutionary optimization algorithm is employed to 637 

minimize the total materials cost of a composite building subject to constraints associated with: 638 

(a) Eurocode 4 provisions for safety of composite column-members, (b) Eurocode 3 provisions 639 

for safety of steel beam-members, (c) structural system resistance to seismic action, which is 640 

assessed through interstorey drifts and top-storey displacements calculated using nonlinear 641 

pushover analyses, and (d) the building’s fundamental periods to mitigate the potential for 642 

discomfort of occupants and for damage to non-structural components and building contents. 643 

It is essential to concentrate on composite buildings, because they form a special category that 644 

has not been adequately explored yet from the viewpoint of structural optimization. The 645 

reinforced concrete that encases the columns’ steel core has a significant contribution to the 646 

resistance capability of composite columns under lateral loading (see Fig. 4), therefore the 647 

existing approaches and related experience developed for the design optimization of pure steel 648 

buildings do not fully apply and cannot be straightforwardly adjusted to the case of structures 649 

with steel-concrete columns. The results obtained in the present paper demonstrate the 650 

effectiveness and usefulness of the proposed design optimization approach for composite 651 

buildings. 652 

Based on the numerical experiments conducted, some conclusions on the attributes of 653 

optimally designed composite buildings can be drawn: 654 
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• The presented optimization procedure usually yields optimum designs having arbitrary 655 

combinations of composite column sections. Section variations are observed across the 656 

column groups of a single storey, as well as over the building height. In most cases, the 657 

optimum column sections of a composite building are practically impossible to predict 658 

without invoking an optimizer. In a few cases, however, favorable designs with more or 659 

less regular combinations of column sections are identifiable also by ‘manually’ 660 

conducted parametric analyses. Nevertheless, in such cases, we cannot know whether a 661 

better, less regular solution exists. In other words, we always have to invoke the 662 

optimization procedure, in order to be practically certain that the detected column section 663 

combination is actually optimal. 664 

• Usually, the steel beam sections of a composite building are dictated by the Eurocode 3 665 

requirements evaluated for gravitational loads using linear static analysis results. In 666 

certain optimum designs, however, beams are required to participate more actively in the 667 

development of the required system resistance to seismic loads, therefore the sections of 668 

particular beams may need to be a little larger than those obtained when relying only on 669 

Eurocode 3 provisions. In any case, the Eurocode 3 requirements define the smallest 670 

acceptable steel beam sections to use in an optimized composite building. 671 

• Bracings are typically needed in steel buildings to provide adequate lateral resistance; it 672 

appears that optimal composite buildings have similar needs. Indeed, bracings are 673 

activated by the optimizer in both x- and y-directions in all optimum designs attained in 674 

the present work. Thus, although bracings are optional, they seem to be necessary, in 675 

order to cost-effectively provide the required lateral resistance with respect to the global 676 

‘major’ and ‘minor’ axes of a composite structural system. It should be mentioned, 677 

however, that optimum bracing sections are difficult to identify manually. Actually, this 678 

means that the interplay between the pure moment resisting and the braced frame 679 

functions of a composite building can be quantitatively treated only with the aid of an 680 

automatic optimization procedure. 681 

• The imposed fundamental period constraints strongly influence the design of an 682 

optimized composite building and the corresponding amounts of structural materials 683 

needed. When such constraints are neglected, rather inexpensive optimal designs are 684 

obtained, which have, however, unacceptable vibration properties. On the other hand, the 685 

satisfaction of these constraints induces a significant extra cost for structural materials. 686 
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