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a b s t r a c t 

An integrated design approach for the cost and embodied carbon optimisation of reinforced concrete 

structures is presented in this paper to inform early design decisions. A BIM-based optimisation approach 

that utilises Finite Element Modelling (FEM) and a multi-objective genetic algorithm with constructabil- 

ity constraints is established for that purpose. A multilevel engineering analysis model is developed to 

perform structural layout optimisation, slab and columns sizing optimisation, and slab and columns re- 

inforcement optimisation. The overall approach is validated using real buildings and the relationships 

between cost and carbon optimum solutions are explored. The study exhibits how cost effective and car- 

bon efficient solutions could be obtained without compromising the feasibility of the optimised designs. 

Results demonstrate that the structural layout and the slab thickness are amongst the most important 

design optimisation parameters. Finally, the overall analysis suggests that the building form can influence 

the relationships between cost and carbon for the different structural components. 

© 2018 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

m  

fi  

a  

c  

l  

m

 

v  

M  

g  

o  

A  

i  

e  

a  
1. Introduction 

Structural engineers have traditionally concentrated on the cost

efficiency of their designs. The design effectiveness of structural

members is critical for exploiting material efficiency and min-

imising associated construction costs [1] . However, over the last

decades, other issues such as the investigation of the structures’

environmental performance as well as raising concerns about the

overall sustainability of buildings have become more relevant [2–

8] . In construction industry one of the most common environ-

mental performance indicators is embodied carbon dioxide [9] and

this is the focus of the study. In reinforced concrete buildings,

methodological approaches that allow a thorough investigation of

the structures cost and carbon performance are still necessary [10] .

The reduction of CO 2 emissions in building structures could be

achieved not only by considering more sustainable materials but
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lso by efficiently using structural material through optimisation

ethods [11] . Recognising trade-offs between carbon and cost ef-

ciencies has been a major challenge for engineering practitioners

nd researchers for more than a decade. Often it is difficult to take

ost-effective decisions without knowing the trade-offs or the re-

ationships between the economic and the environmental perfor-

ance impacts [12] . 

Multi-Objective Decision Making (MODM) techniques can pro-

ide insights on potential trade-offs between conflicting objectives.

ODM techniques are supported by heuristic and metaheuristic al-

orithms such as Genetic Algorithms, Simulated Annealing, Thresh-

ld Acceptance, Ant Colonies, Particle Swarm, Big Bang-Big Crunch,

rtificial Neural Network etc. and they have been extensively used

n theoretical as well as practical problems in civil and structural

ngineering [13–22] . These stochastic search methods implement

 combination of rules and randomness functions that appear in

ost natural systems including survival of the fittest, natural se-

ection, memory, visibility, discrete time, swarm behaviour [23–25] .

n principle, these techniques tend to produce a good approxima-

ion of the optimum solution with reasonable computational costs
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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26,27] . A detailed survey of metaheuristics optimisation can be

ound in Boussaid et al. [28] . 

Several studies have explored optimal design solutions using

ODM techniques considering both economic and environmen-

al aspects reinforced concrete beams [6,29,30] , reinforced con-

rete frames [31,11,32] , reinforced concrete columns [33,34] . Previ-

us studies have investigated the relationship between carbon and

ost optimum designs on different structural systems. In Camp -

nd Assadollahi [2] , carbon optimum solutions are only 2.5% more

xpensive than the cost optimum designs. In Camp and Huq’s

31] and Paya-Zaforteza et al’s [11] study of RC frames carbon op-

imum solutions cost 2% and 2.8% respectively more than the low-

ost options. Yepes et al. [9] have reported an increase of 1.3% in

ost of the carbon optimum solution. Finally, Martinez-Martin et al

5] have found an almost linear relation between cost and car-

on objectives in their optimisation analysis of reinforced concrete

ridge piers. 

From the previous literature review it is observed that most of

he optimisation studies have focused on isolated components of

he structure. In flat slab structural systems which are widely used

y practitioners, understanding the relationships between cost and

arbon optimum solutions for the entire structure as well as for

he different structural components such as slabs, columns, struc-

ural grids can provide useful insights for early stage sustainable

esign decisions. In the past, most of the studies on flat slab opti-

isation have focused on cost optimisation [35] or cost and layout

ptimisation [36] using the Equivalent Frame Method (EFM). Only

ecently Aldwaik and Adeli [37] have suggested a Finite Element

odel (FEM)-based cost optimisation of flat slabs without look-

ng at the carbon implications or layout optimisation. Foraboschi

t al. [38] have studied the impacts of floor selection on the to-

al embodied energy in tall building structures with more than 20

toreys. The implementation of lightweight floors does not neces-

arily mean less embodied emissions but depending on the archi-

ectural requirements the overall number of columns could signifi-

antly reduce the material used in floors and beams. Fernandez-

eniceros et al. [39] have introduced a decision support model

ased on three decision trees for the design of one-way floor slabs

or a case study in Spain. To find environmentally friendly and

ost-effective solutions their model considers both embodied car-

on and total initial slab costs. For floor spans of 6–7 m they ob-

erved that up to 20% reductions in CO 2 could be achieved with a

orresponding cost increase of less than 6%. 

Despite the various algorithmic approaches for the optimisa-

ion of building structures that have been developed in the past,

he practical implementation of such methods is very limited in

eal design situations. The luck of integration with collaborative

esign workflows is an important limitation of the current meth-

ds. However, the development of Building Information Modelling

BIM) offer opportunities that could effectively consolidate struc-

ural MODM in buildings sustainability domain for early decision-

aking whilst BIM-integrated optimisation procedures could offer

ew ways to increase the adoption levels of structural optimisation

echniques in practice [40] . In fact, the capabilities of BIM tech-

ologies have not been appropriately utilised in the optimisation

f reinforced concrete structures even though BIM-enabled optimi-

ation methods have been introduced for other structural material

uch as steel in the past [41] . 

Previous optimisation efforts in RC building structures focused

n either columns, or beams or frames or floor optimisation in-

ependently. However, the singular analysis approach could limit

he understanding of the whole structural system’s behaviour. The

se of BIM by practitioners could act as a driver for novel optimi-

ation paradigms that deliver more integrated structural optimisa-

ion approaches offering a better understanding of the interactions
i  
etween the structural components and the rest of the building

ystems. 

To address these limitations, the paper examines a BIM-

ntegrated optimisation approach to simultaneously assess the cost

nd carbon performance of RC building structures with flat slabs

nd columns which is a very common building typology. A FEM

tructural optimisation engine using BIM and a heuristic multi-

bjective optimisation algorithm – Nondominated Sorting Genetic 

lgorithm II (NSGA-II) was developed for that purpose. The em-

odied carbon and cost analyses focus primarily on the material

roduction stages. To achieve a comprehensive optimisation for

he entire structure a multilevel computational model is devel-

ped that involves: (1) structural grid layout, (2) slab and columns

izing, and (3) slab and columns reinforcement. The paper is or-

anised as follows. Section 2 summarises the general research ap-

roach including the optimisation algorithm and the BIM integra-

ion. The multilevel optimisation model for the analysis of the

tructure is also specified in Section 2 . In Section 3 the implemen-

ation of the optimisation model in practical examples and the cost

nd carbon analysis are presented and discussed. The paper con-

ludes in Section 4 . 

. Research methodology 

.1. Optimisation workflow 

The flow diagram of the proposed optimisation is shown in

ig. 1 . BIM is the core of the proposed integrated architecture of-

ering: (1) the source of input data for the optimisation analysis,

2) the platform for the visualisation of optimisation analysis out-

uts. The implementation of BIM technologies not only improves

he way optimisation-related data are mined and queried but ul-

imately it could also speed up the adoption of such analyses in

ractical circumstances. The optimisation approach starts from an

arly stage BIM model, which involves basic geometric informa-

ion about the building. The notion is that the development of the

tructural solution will be developed collectively by the structural

ngineers using the proposed optimisation and the rest of the de-

ign team who will assess the optimised designs directly in BIM.

he BIM model is used to create the geometric boundaries of the

tructural floors which are computed in FEM. Data relevant to the

tructural analysis such as load cases, material properties and code

imits are also incorporated at this stage. 

The input parameters for the optimisation algorithm describe

he boundaries of the solution space. The optimisation parameters

re identified by structural engineers based on project specific in-

ormation using a custom Graphic User Interface (GUI) which was

eveloped for that purpose. This interactive approach effectively

estricts the solution space in the areas where the engineers find

ore suitable for the project based on their previous experience.

esign and detailing data ranges for the seven optimisation input

arameters (genes) are provided by the GUI and include (1) Slab

hickness, (2) Column width, (3) Column height, (4) Number and

ength of column grid in X direction, (5) Number and length of

olumn grid in Y direction, (6) Number of bars in columns’ width,

7) Number of bars in columns’ height. At every iteration, the al-

orithm assigns a random value to every input parameter from a

redefined list to individuals in the population, which represent a

tructural design configuration. 

The population consists of individuals that are evaluated based

n specific cost and embodied carbon objective functions. Under-

erforming individuals are removed from the population as it

volves. Well-performing individuals receive higher ranking and

limb the population list and ensure their genes are transferred

n future generations. Crossover and mutation operators are used

n the NSGA-II to evolve the population. The structural system that
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Fig. 1. Flow diagram of the integrated optimisation approach and its main components. 
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is created based on the input parameters is then evaluated using

FEM and the material listings of the structure are obtained for con-

crete, reinforcing steel and formworks. The classification of mate-

rial quantities is organised based on the different BIM object fami-

lies. In this study the structural functional unit includes floors and

columns and thus they have a dedicated material quantity type. 

An essential step in the process is the verification with the na-

tional or international structural codes. In this study the Eurocode

(EC2) has been used to validate the structural performance. The

prescribed loads in the structure are also defined through the GUI
y the structural engineers. If the verification of the structure does

ot comply with EC2 limit states (e.g. deflections) or other con-

tructability restrictions which are identified by the structural en-

ineers using the GUI the solution receives a penalty function. The

enalisation step ensures the algorithm eliminates designs from

he population that are not complying with the structural or con-

tructability constraints. Models from [42] were implemented to

nsure the effective tuning and implementation of the penalty

unction in the optimisation procedure which is a minimisation

roblem with m constraints. Using the material listings and the
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enalty functions, both the cost and carbon objective functions are

hen calculated. Conversion factors were incorporated in the objec-

ive functions to calculate the final cost and embodied carbon of

he structure and its components. Cost and carbon data from liter-

ture were used for the conversion factors (Refer to Section 3.2 for

etailed cost and carbon factors). The cost and carbon performance

f each individual is then used to update the population informa-

ion on each generation until the maximum number of allowable

enerations set by the user is reached. The optimisation process

nds with the generation of the non-dominated structural design

olutions when none of the objective functions can be further im-

roved without compromising the other objective function. After

he optimisation results are evaluated by the structural engineers

he design and detailing components are transferred back into the

tructural BIM model. A body of work examining the consequen-

ial effects of optimised structural designs in the entire building

ifecycle performance within BIM is also planned. The BIM-based

ptimisation will contribute towards these studies as comprehen-

ive lifecycle analysis could be effectively delivered using the re-

ults obtained from this integrated optimisation module. 

.2. BIM integration 

The interoperability between FEM and BIM is an important

arameter for the computation and delivery of the proposed

ptimisation process. With regards to BIM architecture, Autodesk

evit 2016 was used and Autodesk Robot ( RSA) 2016 was selected

s the FEM engine, due to their wide applications in industrial

nd academic projects There is a direct interoperability function

etween BIM and FEM which allows design elements, geometric

ayouts and material properties to be transferred from BIM to FEM

nd vice versa. The default data exchange capabilities between

SA and Revit are further amplified by accessing the API of Revit

nd RSA for customised data processing. This indirect BIM/FEM

nteroperability was implemented in more complex data structures

hich are generated by the FEM computations. In this research,

# were implemented to access the .NET framework of RSA and

evit APIs using Visual Studio 2013. The API provides control over

he following attributes of the structural analysis [43] : geometry

eneration and manipulations, model structural analysis, structural

izing and property assignment, analysis runs (linear, nonlinear)

nd result evaluation (stresses, deflections, member forces) and

ode verification. 

Two BIM-enabled functionalities are implemented in the pro-

osed optimisation: (1) Data required for the optimisation of the

tructure have been obtained from BIM (Downstream), (2) Data

btained from the cost and carbon optimisation of the structure

re returned in BIM (Upstream). Downstream the topology of the

oor is directly imported from BIM and transferred into the struc-

ural analysis component (FEM) where all coordinates, dimensions

nd material properties are recognised and translated into struc-

ural components. At that stage the optimisation algorithm begins

ts operations. The optimisation approach takes place as shown in

ig. 1 . At the end of the optimisation the obtained structural de-

igns are evaluated by the structural engineers. Selected alterna-

ives are returned into BIM for further analysis at building level

rom the design team. Upstream the information transferred back

n the BIM model involves two main components: (1) Geometric or

esign elements of the structure such as slab thickness, columns

izes and grids using the direct interoperability functions, (2) De-

ailed reinforcement schedules and quantities using the indirect

nteroperability functions based on . csv data exchange. The indi-

ect interoperability process was made possible through the de-

ailed implementation of the API functionalities of RSA and Revit.

nce the optimisation computations are completed, reinforcement

ata relevant to each design configuration of the Pareto front are
emporarily stored in csv files using RSA’s API. The bar diameters

izes (ø10, ø12, ø16, ø20, etc.) and their frequency of occurrence

n the different building elements (total number for each bar size),

re organised using the relevant BIM element fields and levels. For

ach of the reinforcement options, the mass summaries (in kg) are

sed directly as calculated from the optimisation analysis. The data

rom the output csv file are then read using the Revit API to mod-

fy the material schedules for the reinforcement quantities in the

IM model. At this stage of the research the reinforcement data

re used only as schedules and not as a new design element (rein-

orcement topology) in the BIM model. 

.3. Optimisation algorithm formulation 

A modified NSGA-II algorithm developed in C# is implemented

erein to analyse both cost and carbon objective functions embed-

ing the FEM engine. The aim of the multi-objective solver is to

nd the relationships between the cost and carbon objective func-

ions to inform early design decisions associated with the RC struc-

ure. 

.3.1. NSGA-II algorithm 

The set of trade-off solutions is known as the set of non-

ominated Pareto optimal solutions. NSGA-II was introduced by

eb et al [44] and is considered as one of the most powerful

nd widely used multi-objective optimisation methods [45] that

ffectively approximates the Pareto front in computationally in-

ense problems such as structural optimisation problems that in-

olve FEM analyses. For the purposes of this study the NSGA-II al-

orithm was modified in C# using the API of RSA to accept FEM

ata and it is based on two objective functions that involve em-

odied carbon emissions and cost of the structure. 

.3.2. Objective functions 

In the carbon optimisation module, the embodied carbon of the

tructural system is minimised: in the function f ec : E → R from

ome set E , the algorithm is searching for the element x 0 in E

uch that f ec ( x 0 ) ≤ f ec ( x ) for all x in E. The objective function is

onstructed to include the embodied carbon of the structural el-

ments. 

f ec ( x ) = 

n ∑ 

i =0 

q i e i (1) 

here q i are the quantities obtained from the FEM structural anal-

sis and e i is the carbon factors for the concrete, reinforcement and

ormwork components. The carbon factors are based on CEN/TC350

ramework. CEN/TC350 is responsible for the development of stan-

ardised methods for the assessment of the Life Cycle Assess-

ent (LCA) aspects of new and existing construction works (build-

ngs and civil engineering works), including horizontal core rules

or the development of Environmental Product Declaration (EPD).

PD data were used to obtain regional verified and registered data

bout common structural materials [46] . Because most of the life-

ycle carbon emissions of building structures are associated with

he initial embodied carbon [46] , in this optimisation study data

rom the material and product stage (A1–A3) were used in the

arbon factors of the concrete, reinforcement and formworks to

implify the calculations. Stages A4–5, B, C and the benefits and

oads beyond the system boundary (Stage D) could be integrated

n a case-by-case basis and are not included in the scope of this

tudy considering the well recorded limitations of embodied car-

on [47] and lifecycle [48] assessments. The final carbon results are

alculated in kgCO 2 e/m 

2 using the gross floor area of the building.

ven though priority was given to EPD data, evaluating the uncer-

ainty of the obtained data was necessary to ensure the robustness

f the performed analysis. According to Webster et al. [49] , the
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Fig. 2. Demonstration of structural optimisation levels. 
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c  
uncertainty in the embodied carbon factors can be caused by the

quality (consistency, geography, etc.) or the variability (production,

material specification, etc.) of the obtained data. Herein, Gregory

et al.’s [50] method for robust comparative LCA was considered for

the evaluation of the embodied carbon factors uncertainties. After

reviewing databases such as ICE, GaBi, EcoInvent and Athena, the

following variations were identified for the main structural mate-

rials: (1) Concrete 0.08 to 0.22 kgCO 2 e/kg, (2) Rebar 0.59 to 1.70

kgCO 2 e/kg [46] . 

In the cost optimisation module, the construction cost of the

structural system is minimised: in the function f c : E → R from

some set E the algorithm is searching for the element x 0 in E such

that f c ( x 0 ) ≤ f c ( x ) for all x in E. The objective function is defined

to include the construction costs which incorporate material and

labour costs of the structural elements: 

f c ( x ) = 

n ∑ 

i =0 

q i c i (2)

where q i are the quantities obtained from the FEM structural anal-

ysis and c i is the cost factors for concrete, reinforcement and

formwork. The construction cost is calculated by multiplying the

cost factors for the different material with their corresponding

quantities . All cost data are collected from Spon’s Architects’ and

Builders’ Price Book 2017 [51] . As the cost factors have different

units, appropriate conversion factors were used in the algorithm.

For the calculation of the total costs the individual components are

added together and divided by the total floor area (£/m 

2 ). 

2.4. Multilevel optimisation model 

In this study, the optimisation approach occurs in three engi-

neering analysis levels that are associated with the structural grid

topology, sizes of columns and slab, and reinforcement rates for

columns and slab. The integration of these three levels into a sin-

gle optimisation approach is significant as it offers a comprehen-

sive design analysis procedure for early design development. In ad-

dition, it provides an overview of the impacts from the different

structural components in both cost and embodied carbon. 

2.4.1. Optimisation levels 

Fig. 2 shows a representation of a general structural system

with the corresponding design variables used in the optimisation
rocedure. These involve t = slab thickness, As = columns reinforce-

ent, { A tx , A ty } = Additional top reinforcement in the slab, { A bx ,

 by } = additional bottom reinforcement in the slab, { X i , Y j } = bay

engths, { C x , C y } = columns sizes under investigation. 

Structural cores were included in the algorithm for lateral sta-

ility and vertical support mainly but they were not optimised. The

ptimisation algorithms developed in this research use these high-

ighted parameters as inputs to define the design solution space.

iscrete variable ranges have been used throughout to represent

he optimisation input parameters. To increase the feasibility of the

olution space the selection of optimisation parameters utilises an

xpert input approach which involves the preferences from engi-

eering practitioners based on project specific requirements. For

xample, the slab thickness could typically take any value between

0 0 mm to 30 0 mm for common buildings but in reality structural

ngineers will only specify from a limited number of slab options

2 or 3) depending of the building type and conditions. Similar fil-

ering procedures apply in the rest of the design optimisation pa-

ameters. This is a main motivation behind the proposed compu-

ational framework which synthesises design inputs by structural

ngineers to improve the quality of the optimisation search. This

s beneficial for three reasons: (1) the design solutions are actual

esign configurations the structural engineers could test and pro-

ose in practice for validation or comparison purposes, (2) the de-

ign search can be more focused and efficient based on structural

ngineers’ preferences without the need to investigate large design

paces, (3) the project engineers are actively involved in the opti-

isation procedure as they can directly influence its outputs. Sev-

ral customised algorithms have been developed to perform these

omputations, which are elaborated in the subsequent sections. 

.4.2. Structural layout 

The structural layout (X i , Y j ) is a critical design parameter that

s normally defined early in the process. The complexity or ratio-

alisation of the column grid is greatly influenced by the build-

ng use. Early decisions on the grid have major impacts on the

etailed design of the slab and columns. A computational mod-

le was developed to enable automatic generation and optimisa-

ion of the structural column grids. The algorithm reads the rele-

ant floor boundary lengths obtained from the BIM model and uses

hem to compute all possible configurations of the structural grid

n x- and y- directions within a finite discrete set. This approach

an be implemented in any floor layout geometry from the BIM

odel which increases the application potential of the model. The

lgorithm uses combination and permutation components to find

he necessary column configurations. To resemble realistic condi-

ions, structural engineers assign possible span lengths that they

ant to investigate. Common spans for RC flat slab systems vary

etween 5 m and 9 m. The proposed algorithm any length incre-

ents the structural engineers deem necessary. Once the allow-

ble span lengths are assigned by the user, the recursive algorithm

omputes all possible number of bays and bay length combinations

hat match the boundaries of the slab. The resulting combination

ists are used as input data in the permutation algorithm which

omputes all possible configurations based on the generated span

engths whilst removing any duplicate data configurations. For the

xample in Fig. 3 assuming x total = 35 m more than 20 0 0 structural

rid configurations are generated from the algorithm ranging from

-bay options {9 m, 9 m, 9 m, 8 m} to 5-bay {5 m, 5.5 m, 7 m, 8.5 m,

 m}. The results from the algorithm are stored in a temporary

wo-dimensional list and accessed by the algorithm when search-

ng for the optimum grid configuration. 

.4.3. Sizing 

The design variables for the slab depth ( t ) dimensions are dis-

rete variables based on constructability limitations which are de-
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Fig. 3. Representation of the structural layout computations. 
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ned by the structural engineers in the GUI. The data are encoded

nto input arrays and the algorithm randomly selects a component

f the list during each FEM iteration. Furthermore, discrete vari-

bles are used for the sizing optimisation of the RC columns ( C x ,

 y ). A penalty function was used to ensure the columns width-to-

epth ratios are constrained to 4:1. Other sizing restrictions could

e implemented in the algorithm depending on project-specific

onditions. For example, to ensure that the columns are effectively

ntegrated within the internal walls their width could also be lim-

ted to the wall thickness which is provided by the architects Over-

ll, all variables used in the sizing optimisation module could be

djusted to user specified limits. 

.4.4. Detailing 

The section describes the way the structural reinforcement cal-

ulations are performed in the optimisation process. At the detail-

ng level of the optimisation the reinforcement quantities in the

lab and columns are computed. The slab reinforcement consists of

he basic mesh that is applied everywhere and additional top ( A tx ,

 ty ) and bottom ( A bx , A by ) reinforcement bars only in the zones

hat are necessary. For the columns bending reinforcement ( A s ) is

alculated. All designs are compliant with the Eurocode’s require-

ents. This module does not only provide general reinforcement

ates but establishes detailed reinforcement schedules and layouts

hich can significantly reduce analysis time in real projects. This

et of analysis consists of several algorithmic components. 

- Slab reinforcement computations 

For the computation of slab reinforcement, a novel design algo-

ithm is developed which not only calculates reinforcement rates

ut also provides detailed reinforcement schedules and layouts.

he punching shear reinforcement has not been included in this

nalysis as it is usually estimated at a later stage of the design.

he FEM analysis in RSA identifies the required reinforcement areas

mm 

2 /m) in the slab. Coons’ method [52] is used to generate the

nite mesh in the slab and the Wood and Armer method [53,54] is

sed in the calculation of the moment for the required reinforce-

ent in the slab. The algorithm reads the data from all the Finite

lement (FE) mesh points in the model (4 edge nodes and 1 cen-

ral node) and calculates the minimum and maximum values of re-
uired reinforcement as shown in Fig. 4 . The minimum values are

sed for the estimation of the basic reinforcement mesh, whilst the

ifference between maximum and the minimum values are used

or the calculation of the additional reinforcement. 

Once all individual (FE) mesh components are obtained, the

lgorithm identifies the overall minimum required reinforcement

alues that are larger than zero and assigns the basic reinforce-

ent mesh from a list of predefined reinforcement rates. Con-

tructability constraints on the available bar diameters and spacing

re incorporated. The bar diameters are limited to the most com-

on diameters that engineers use in practice whilst their spacing

lso follows practical increments. The total quantities (in kg) of ba-

ic reinforcement is then calculated by multiplying the reinforce-

ent rate with the area of the slab panel. 

One of the main aspects of this algorithm is the implementa-

ion of a retention function. The bar spacing specified in the basic

einforcement mesh is stored in the system and can be accessed

uring the computation of the additional reinforcement. Once the

asic mesh reinforcement is calculated, the variances between the

ssigned basic reinforcement area and the maximum mesh/node

alues of the required reinforcement are computed to estimate the

rea of the additional bars. Each component of the mesh carries

 digital identity which is used in this component to identify the

ones in need of additional reinforcement. 

A zoning algorithm is implemented to resemble practical ways

f arranging the additional reinforcement. For the additional bars

he algorithm searches again the available reinforcement database

or values that match the spacing of the basic mesh which was

tored in the previous algorithm. For example, if the basic mesh

s ø12 at 250 mm centres the additional reinforcement would also

e spaced at 250 mm to enhance constructability. Another compo-

ent of this algorithm involves the direction of reinforcement (X or

) which is used for horizontal and vertical zoning. The algorithm

eads the data from the individual zones and finds the maximum

alue which thereafter is applied to the adjacent zones that are

ot zero. This approach offers practical zoning of the additional

einforcement on the slab and can be used in both X and Y di-

ections for top and bottom reinforcement calculations. The total

uantity of reinforcement is the sum of the basic mesh weight and

he weight of the additional reinforcement in kilograms or tonnes. 
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Fig. 4. FEM Initialisation process of required reinforcement computations. 
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- Columns reinforcement computations 

For the calculation of the bending reinforcement in the columns

another algorithmic component is implemented. This component

uses forces (reaction loads), geometric (column cross section,

storey height) and material data from the structural model in RSA.

It then transfers that data into a custom Excel spreadsheet where

the compliance checks take place and the suitability of each sec-

tion is verified. When all checks are verified, the approved rein-

forcement is obtained from the calculation spreadsheet and the

material quantities for the columns are updated in the objective

functions of the optimisation. 

3. Practical examples 

Actual building scenarios were used to verify the aforemen-

tioned optimisation approach. The buildings were selected based

on their aspect ratio in order to investigate the influence of the

building form in the optimisation results and particularly in the

relationships between the cost and carbon performance of the dif-

ferent structural components. Two representative building scenar-

ios were analysed herein. Case Study 1 (CS 1 ) has an aspect ratio

of 2:1 in plan, whereas Case Study 2 (CS 2 ) has an aspect ratio of

1:1. The details of the case studies are provided in the subsequent

sections and the typical building layouts are shown in Fig. 5 . 

In both instances, the structural core was in the centre of the

building which is representative for multistorey residential build-

ings as it provides the space for vertical circulation. Nonetheless,

other core layout configurations could also be analysed without

significant alterations in the computational components of the op-

timisation model. The numerical examples include two main parts.

Firstly, the conventional designs as proposed by the project engi-

neers are analysed by reviewing their cost and embodied carbon

performance. The second part presents an analysis of the optimised

designs developed by the cost and carbon optimisation approach.

The intention of this analysis is not only to create a direct com-

parison between the conventional and the optimised designs but

to use the optimised solutions as cost and carbon benchmarks for

the given set of design parameters. Even though the numerical as-

sessment of the results is relevant to the case studies, the proposed
ptimisation method can easily be generalised as it can be applied

n any BIM structural model. 

.1. Buildings description 

.1.1. Case study 1 

CS 1 is part of a larger residential apartment block in London,

K ranging between 9 and 17 storeys. The proposed superstructure

s a reinforced concrete frame with stability provided by RC shear

alls. The cores have been designed to support the full lateral load

ith no contribution from the blade columns. The structural floor

s a flat slab with 250 mm in thickness. The load cases in this

uilding include superimposed dead loads (SDL), live loads (IL) and

ead load. For the residential areas, it is assumed SDL = 1.6 kN/m 

2 

nd IL = 1.5 kN/m 

2 uniformly distributed on the whole floor. In ad-

ition, the cladding load on the edges of the slab is SDL = 1.5 kN/m

nd for the balconies it is assumed SDL = 3.7 kN/m and IL = 5 kN/m.

.1.2. Case study 2 

CS 2 is a 10-storey residential tower in London, UK. The column

rid proposed by the project engineer is 7.5 m generally to match

he architectural grid. The cladding of the building is masonry,

ith lightweight metal studwork to the inner skin of the cavity

alls. The structural floor is a flat slab with 275 mm in thickness.

he structural loads are 2.45 kN/m 

2 and 2.5 kN/m 

2 for imposed

ead and live loads respectively. The following load combination

ases according to the Eurocode were considered in the analysis

f both cases studies from the engineers: ULS = 1.35G + 1.5Q and

LS = G + Q, SLS = G + 0.3Q. All vertical elements and slabs in both

uildings are C32/40 with columns to be C50/60. 

.2. Conventional design results 

.2.1. Assumptions 

The cost and carbon of the slab and the columns are es-

imated utilising the cost and carbon functions presented in

ection 2.3.2 and the material schedules obtained from BIM data

odels. Detailed reinforcement layouts were used to calculate ac-

urate tonnage of steel in the slabs and columns. The material

pecifications from the actual projects were advised where possible
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Fig. 5. (a) Case Study 1 (b) Case Study 2. 
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o define the relevant cost and carbon factors. The carbon factors

Stages A1–A3) for the concrete are C 40 = 130 kgCO 2 e/t, C 50 = 170

gCO 2 e/t [55] and the steel reinforcement 1270 kgCO 2 e/t [55] . It

an be observed that the EPD data fall within the available ranges

ecognised from the literature in Section 2.3.2 . Virgin steel rebar

as specified in the actual projects and thus the same assump-

ion was made in the analysis. In addition, the carbon factor for

he columns formwork is assumed 8.9 kgCO 2 e/m 

2 [31] and for the

labs 3.14 kgCO 2 e/m 

2 [56] . If project specific carbon data are not

vailable then assumptions about the origin and the uncertainties

f material databases would be necessary. A comprehensive review

n this topic can be found in [47] . 

.2.2. Design analysis 

In CS 1 the reinforcement rate in the slab is approximately

12 kg/m 

3 . The slab reinforcement consists of ø12 bars (13.3

onnes) and ø16 bars (3.2 tonnes) which are common bar diam-

ters used in practice. With regards to the structural elements di-

ensions, the slab thickness is fixed to 250 mm and the lengths

f the columns (20 in total) vary from 700 mm to 1500 mm. The

hickness of the columns is governed by the thickness of the

alls which is limited to 220 mm in most cases. Reinforcement

ars of 16 mm and 20 mm in diameter were used in this anal-

sis for the typical columns case. In CS 2 , the slab reinforcement

ate is 157 kg/m 

3 and the bars are also ø12 (4.5 tonnes) and ø16

14.6 tonnes). The upper level slabs are 275 mm thick and the di-

ensions of the twelve columns are 200 mm × 800 mm. The re-

nforcement in the twelve columns consists of 16 mm bars. In both

uildings, the slab deflections were limited to 30 mm. 

.2.3. Cost and carbon assessment 

The carbon and cost distribution in the entire structure for both

ase studies are shown in Fig. 6 (a) and (b) respectively. The re-

ults for the CS 1 indicate that the floor is responsible for 83% of

he total costs of the structure when only 17% can be attributed

o the costs of the columns. The carbon analysis shows that 87%

f the total embodied carbon in the structure is due to the slab

mpacts whereas the columns are responsible for only 13% of the

otal carbon. On the other hand, in CS 2 the floor is responsible for

he 93% of the total costs and the remaining 7% is attributed to

he columns. Similarly, the slabs comprise 95% of the total carbon

hen the columns are responsible for only 5%. In both instances

he results are not surprising as the slab covers a large propor-

ion of the structures volume which thus affects the final cost and

arbon rates. However, it was observed that there is a 10% differ-

nce in the cost and carbon distribution between the slabs and the

olumns of CS and CS which can be attributed to the buildings
1 2 
spect ratio. In CS 2 the slab appears to govern the results as it

overs the largest proportion of structure. In CS 1 where larger and

ore columns were used the influence of the slab in the total cost

nd carbon is reduced. This suggests that the column grid topology

as a significant impact in the optimisation results as it can affect

he cost and carbon balance between the slab and the columns. 

Similar patterns in the cost and carbon distribution of flat slab

tructures were also found in previous studies [33,35,57] . The com-

arison of the results is shown in Table 1 . An interesting finding

rom the analysis of the conventional scenarios is that in both the

lab and the columns, the concrete is responsible for almost 2/3 of

he total carbon impacts when the steel reinforcement is respon-

ible for only 1/3. This potentially means that thicker slabs and

lender columns could result in more efficient carbon structures as

mall reductions in the carbon of the concrete would reduce the

otal carbon of the structure. This hypothesis assumes a ratio for

he carbon factor of the concrete to the steel between 1/7 and 1/9.

On the other hand, there is a distinct difference in the way

ost impacts are distributed between the slab and the columns in

he conventional designs. In the columns, the formwork holds the

argest proportion of the costs, almost reaching 60% of their to-

al cost. In the slab the situation is more balanced with an equal

istribution of the cost between the concrete, reinforcement and

ormwork costs. These results strongly depend on the cost factors

ssumed for the formworks: in the columns, the assumption is

.52 £/m 

2 and 35.18 £/m 

2 for the material and the labour respec-

ively when in the slab is 5.32 £/m 

2 and 27.58 £/m 

2 resulting in al-

ost 17% more expensive cost factor for the columns. This suggests

hat potential trade-offs between the cost and the carbon perfor-

ance of the structural elements could occur as the cost computa-

ions are not only based on the materials cost but they also include

 factor for the associated labour costs. 

.3. Optimisation results and discussion 

In this section the optimisation results for two building sce-

arios are presented. In each scenario the solution space is com-

uted based on preferences obtained from the project engineers.

esign assumptions, material properties, code requirements and

oad cases are the same as the actual design scenario. The cost

nd carbon performance of selected designs were then evaluated

gainst the actual building designs. 

.3.1. Algorithmic input 

To identify the algorithmic inputs, project engineers were in-

ited to participate in the study via a custom GUI. As the same de-

ign assumptions with the actual buildings were used the project
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Table 1 

Cost and carbon results for the two case studies. 

Total Cost £/m 

2 Total Carbon kgCO 2 e/m 

2 

CS 1 115.6 135.0 

CS 2 125.3 153.4 

Contribution of columns in CS 1 total cost 17% Contribution of columns in CS 1 total carbon 13% 

Contribution of columns in CS 2 total cost 7% Contribution of columns in CS 2 total carbon 5% 

Contribution of columns in total structure’s cost [57] 9% Contribution of columns in total structure’s carbon [57] 23% 

Contribution of columns in total structure’s cost [35] 11% 

Contribution of slab in CS 1 total cost 83% Contribution of slab in CS 1 total carbon 87% 

Contribution of slab in CS 2 total cost 93% Contribution of slab in CS 2 total carbon 95% 

Contribution of slab in total structure’s cost [57] 91% Contribution of slab in total structure’s carbon [57] 77% 

Contribution of slab in total structure’s cost [35] 89% 

Concrete Cost Reinforcement Cost Formwork Cost Concrete Carbon Reinforcement Carbon Formwork Carbon 

Cost/Carbon Distribution in CS 1 Columns 25% 16% 59% 65% 21% 14% 

Cost/Carbon Distribution in CS 2 Columns 22% 14% 64% 64% 19% 17% 

Study by [35] 28% 28% 44% – – –

Study by [33] 29% 20% 51% 53% 25% 23% 

Cost/Carbon Distribution in CS 1 Slab 32% 33% 35% 68% 29% 3% 

Cost/Carbon Distribution in CS 2 Slab 29% 41% 30% 60% 38% 2% 

Study by [35] 35% 27% 38% – – –
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Fig. 6. Carbon (a) and Cost (b) distribution in the case studies. 

Table 2 

Input data for NSGA-II algorithm. 

Gene Type Number of options CS 1 Design ranges CS 1 Number of options CS 2 Design ranges CS 2 Units 

1 Slab thickness 3 225, 250, 275 3 225, 250, 275 mm 

2 Column Width 2 225, 250 2 350, 400 mm 

3 Column Length 5 800, 850, 900, 950, 1000 3 120 0, 130 0, 140 0 mm 

4 Bays X 2 ∗ 5, 8 19 ∗ 5, 6, 7, 8, 7.5 m 

5 Bays Y 8 ∗ 5, 6,7, 7.5, 8, 8.5, 9 19 ∗ 5, 6, 7, 8, 7.5 m 

6 Bars per column Width 2 2, 3 2 3, 4 Number of bars 

7 Bars per column Length 4 4, 5, 6, 8 3 6,7, 8 Number of bars 

Available design combinations 11,520 38,988 

∗As computed from the structural layout algorithm described in Section 2.4.2 
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Fig. 7. Optimisation results for the entire CS 1 and CS 2 (CS 1 cost σ = 5, CS 1 carbon 

σ = 10.4, CS 2 cost σ = 1.8, CS 2 carbon σ = 2.2). 

t  

t  

s  
ngineers were asked to provide design inputs that are the most

elevant to each design scenario. If the model is used for the op-

imisation of speculative or notional building structures where no

pecific design parameters are classified, then detailed design of

xperiments would be necessary to recognise the design space for

he optimisation process. The seven genes used in this NSGA-II al-

orithm search and their corresponding ranges correspond to the

ptimisation levels described in Section 2.4.1 and are summarised

n Table 2 . Genes 1, 2, 3 are related to sizing parameters of the

lab and columns whereas Genes 4, 5 include data for the column

rids on X-, Y- directions. Finally, the number of bars needed in the

olumns is computed using Genes 6, 7. After computing the avail-

ble grid topologies it is observed that the total number of avail-

ble design combinations is not the same for the tested scenarios

hich proves that the optimisation search space in each building

ill vary depending on the engineers’ preferences or other project

pecific limitations. 

The initialisation and genes selection of the optimisation fol-

ows a randomised distribution solver. The population size used

n the optimisation is 50 and the maximum number of iterations

as set to 100. In CS 1 each iteration takes approximately 60 sec-

nds to complete whereas this time is reduced by approximately

5% −40% in CS 2 because of the smaller building size. The com-

utational time also includes the time required to run the FEM

odel, and obtain detailed material and reinforcement schedules

nd layouts. Thus, based on the structural outputs from each itera-

ion the algorithmic procedure is considered reasonably efficient as

t can significantly reduce the time required for post processing of
 i  
he optimisation data. Each optimisation simulation performed in

his study was computed at least 15 times to provide a consistent

olution. A general methodology to identify the number of numer-

cal tests required to provide a statistically robust solution against
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Fig. 8. Cost and carbon distribution in the structure for optimised designs and the 

conventional designs. 
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the global optimal solution for a heuristic optimisation problem

was proposed by Paya-Zaforteza et al. [58] using the Weibull distri-

bution. A detailed review on statistical optimum estimation tech-

niques for combinatorial optimisation problems can be found in

Giddings et al. [59] . However, if necessary the computational time

could be further reduced using parallel computing simulations. A

sensitivity analysis demonstrated that the computational time is

mainly affected by the granularity of the finite element (FE) mesh.

In the tested scenarios the mesh consists of 0.5 m sized elements

which matches the mesh sizes the project engineers used in their

actual analysis. In this way the results could be directly compared.

It was also found that denser FE meshes would increase the com-

putational time but could yield more accurate structural calcula-
Fig. 9. Relationship between material weight with carbon (a) and cost (b) performan
ions. All computations were performed in a desktop computer us-

ng an Intel Core i5-4570 at 3.2 GHz processor with 8GB RAM. 

.3.2. Whole structure analysis 

In both building scenarios the entire structural system is opti-

ised using the input data presented in Table 2 . The purpose of

his analysis it to identify cost and carbon optimum designs and

valuate their performance against the conventional designs. The

ptimisation routine was repeated at least 15 times to ensure the

obustness of the results and the consistency of the convergence.

n both scenarios the optimisation algorithm found realistic design

lternatives that improve the cost and the carbon performance of

he entire structure. In CS 1 the cost and carbon optimum designs

re more efficient than the conventional design by 13.7% and 17.1%

espectively. On the other hand, the cost and carbon performance

f CS 2 could be improved by 11.3% and 13.9% respectively against

he conventional design. The results from the optimised cost and

arbon functions are plotted in Fig. 7 against the conventional de-

igns. Interestingly enough the distribution of the design space for

he two building scenarios vary. Despite the larger available design

ombinations in CS 2 compared to CS 1 , the optimised solution space

ppear to be more uniform in terms of cost and carbon results

hich was also validated by analysing their standard deviations.

his can be credited to the smaller structural layout variations (3

niform configurations in CS 2 compared to 4 variable configura-

ions in CS 1 ). 

Fig. 8 demonstrates how the cost and the carbon of the struc-

ural floors and columns are distributed in the cost and carbon

ptimum designs. The distributions of the conventional designs

re also plotted for reference. It appears that in CS 1 the distri-

ution in the optimum designs closely matches the conventional

esign whereas in CS 2 large discrepancies are recognised which

ould suggest that CS 2 is more sensitive to the changes in the slab

o columns ratio. In the conventional design of CS 1 , 83% of the

tructural costs and 87% of the embodied carbon emissions are at-

ributed to the slabs, whereas only 17% of the costs and 13% of the

arbon are distributed to the columns. On the other hand, in CS 2 
he slabs cost and carbon contributions increase to93% and 95%
ce for CS2 considering fixed structural layout, column sizes and reinforcement. 
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Fig. 10. Optimisation analysis between (a) CS 1 slab and columns cost, (b) CS 1 slab and columns carbon, (c) CS 2 slab and columns cost and (d) CS 2 slab and columns carbon. 
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espectively, whilst the columns cost and carbon distributions de-

rease to 7% and 5%. 

In the cost optimum solution of CS 1 , the distribution between

he slabs and columns is 81% and 19% respectively, whereas in the

arbon optimum is 86% and 14%. Similar behaviour was observed

n the cost and carbon optimum of CS 2 with 84% and 16%. The

btained results can be related to the aspect ratio of the build-

ng which consequently affects how the number of columns (struc-

ural layout) and slab thickness influence the optimisation results.

his is important as in principle it was observed that the optimi-

ation algorithm attempts to find structural solutions with denser
rid layouts and thinner slabs in both buildings as they yield more

fficient designs. 

Regarding the relationships between the cost and carbon per-

ormance of the entire structure a small Pareto front is computed

hich means that there is only a small trade-off between the cost

nd carbon solutions for the given design constraints. We found

hat solutions with minimum carbon and minimum cost vary only

y approximately 1–1.5%. Close relationships between the cost and

he embodied carbon optimised designs were also reported in pre-

ious studies on other structural systems [34,60] . Overall, this be-

aviour of the cost and the carbon optimum designs, suggests that
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Fig. 11. Optimisation analysis between (a) CS 1 total cost with slab carbon, (b) CS 1 total carbon with slab cost, (c) CS 2 total cost with slab carbon and (d) CS 2 total carbon 

with slab cost. 
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environmental friendly designs could be obtained with minimal

cost increases. 

The obtained result depend on the genes granularity and the

available input ranges due to the constructability constraints that

were applied in the algorithm. In CS 1 both the cost and carbon

optimum designs are comparable, comprising 225 mm thick slab

and the same 8 × 3 bay configuration (uniform 5 m bays in the X

direction and 5 m, 6 m, 5 m bays in the Y direction). However, the

columns sizes are different with 800mmx250mm (30 in total) in

the cost optimum and 800 mm × 225 mm (30 in total) in the car-

bon optimum design. On the other hand, in CS 2 the carbon op-

timum design comprises a 4 × 3 bay configuration with 5 m, 6 m,

5 m, 6 m spans on the X direction and 7 m, 8 m, 7 m spans on the

Y direction, 250 mm slab and 1200 mm × 350 mm columns (14 in

total). The cost optimum design in CS 2 comprises a 3 × 3 bay con-

figuration with 7.5 m, 7 m, 7.5 m on both X and Y directions and
he same columns (12 in total) and slab sizes with the carbon op-

imum design. As a general observation, it can be seen that in CS 2 
arger variations between the optimum designs occur compared to

S 1 . The building form in CS 2 appears to play a more significant

ole in the relationship between cost and carbon optimum designs.

esides the obvious differences in the column grids of the opti-

ised designs over the conventional designs the slab thicknesses

lso appear to vary considerably (250 mm against 225 mm in CS 1 
nd 250 mm against 275 mm in CS 2 ). This is a major design deci-

ion that not only influences the structural strategy and the detail-

ng of the floor but it can also influence other decisions associated

ith the architectural (floor finishes and partitions) or M&E (ser-

ice integration) strategies. 

These results could be partially justified by the close connec-

ion between the structural weight and the cost and carbon ob-

ective functions. However, solutions with the least total amount
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Fig. 12. Optimisation analysis between slab reinforcement carbon and total cost of 

the structure in CS 2. . 
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f material are not necessarily the optimum ones in terms of cost

r carbon. The ratio between the concrete and the reinforcement

eights as well as the structural constraints (e.g. slab deflections)

re critical to obtain the optimal solutions. An illustrative exam-

le is shown in Fig. 9 for two feasible design options in CS 2 . The

tructural layout, the column sizes and column reinforcement are

xed whereas two slab options are considered, one with 225 mm

lab depth and one with 250 mm. In both options the deflection is

ess than 30 mm which is the limit provided by the project engi-

eers and thus it is not the governing factor in the optimisation

esults. One would expect that the option with the 225 mm thick

lab would be optimum as it yields the minimum structural weight

286.5 tonnes against 309.7 tonnes). However, Fig. 9 shows that

his is not the case for either carbon ( Fig. 9 a) or cost ( Fig. 9 b) ob-

ectives. The design option with the 250 mm thick slab is more cost

nd carbon efficient due to the reduced reinforcement in the slab

9 tonnes against 11.8 tonnes). These results are clearly related to

he cost and carbon factors used in this study however they pro-

ide a good indication about the efficiency of the optimisation pro-

edure and the ability of the penalty functions to guide the search

owards optimal solutions. Therefore, more detailed optimisation

nalyses are performed in the following sections to explore the re-

ationships between the different components of the structure. 

.3.3. Structural elements relationships 

The functionalities of the multilevel optimisation model are

sed in this section to understand the detailed cost and carbon re-

ationships between the components of the structure. In practice,

his is particularly useful when the entire structural system can-

ot be fully optimised due to architectural, construction or other

roject limitations. To perform the relevant computations the ob-

ective functions were adjusted accordingly to consider the differ-

nt structural components. 

- Structural columns and floors 

The cost and carbon functions for the columns and the slabs

ere used in this optimisation studies. The results from the com-

utations in both buildings and the trade-offs between the struc-

ural components are presented in Fig. 10 . In CS 1 ( Fig. 10 a, b) larger

rade-offs are observed between the slab and columns cost and
arbon performance when compared with the trade-offs obtained

n CS 2 ( Fig. 10 c, d). These results and trade-off patterns could be

ssociated with the variation of the columns number in the op-

imised designs. In CS 2 the total number of columns has more

niform distribution of 12, 14 and 16 columns whereas in CS 1 
he number of total columns has larger variations (17, 22, 24, 30

olumns). 

A correlation analysis was conducted (Pearson) and it

as found that in both buildings the number of columns

as the biggest impact on the cost and carbon results for

oth the slab and the columns with CS 1 : r SlabCarbon = −0.921,

 SlabCost = −0.944, r ColumnsCarbon = 0.869, r ColumnsCost = 0.909 and

S 2 : r SlabCarbon = −0.710, r SlabCost = −0.715, r ColumnsCarbon = 0.826,

 ColumnsCost = 0.880. The total number of columns in the structure

s calculated directly from Genes 4 and 5. Beside the column grid,

n CS 1 the slab thickness is the second more influential parameter

n the cost and carbon results of the slabs and the columns.

he correlation analysis also demonstrates that in CS 2 the slab

hickness is not as significant as in CS 1 . On the other hand, the

olumns sizes are the most influential parameter in CS 2 after the

olumn grid in both the cost and carbon results for the slab and

he columns . These results suggest that the aspect ratio of the

uilding could influence how the cost and carbon is distributed

mongst the structural components. A more in depth analysis of

he relationships between the slabs and columns with the entire

tructural system is performed in the subsequent sections. 

- Structural floors and structure 

Fig. 11 shows the results from the optimisation iterations for

he entire structural system in both buildings and the correspond-

ng slab cost and carbon performance. The results indicate two dif-

erent optimisation patterns for CS 1 and CS 2 . In CS 1 ( Fig. 11 a, b)

mall trade-offs between the structural floor and the entire struc-

ure are identified which suggest an almost linear relationship.

imilar relationship patterns were identified in the computations

f the slab carbon and cost. On the other hand, in CS 2 ( Fig. 11 c,

) there is a larger Pareto front and a clear trade-off relationship

etween the cost and carbon performance between the slabs and

he entire structure. These findings partially justify the close cor-

elation between the slab thickness and the slab cost and carbon

erformance which was described in the previous section. 

More detailed interactions between the slab components and

he whole structure could also be computed by the multilevel

ptimisation procedure yielding more informed design assess-

ents. The granularity of the optimisation analysis is easily ad-

usted by the structural engineers by specifying more refined sam-

ling optimisation parameters. A descriptive example is shown in

igure 12 which visualises the optimisation results and the ob-

ained trade-offs between the entire structure with the slab rein-

orcement for CS 2 . Similar relationships with the concrete or the

ormwork components of the slab could be computed by adjusting

he objective functions’ modules. Overall, the results show that the

ptimisation model can effectively classify the different require-

ents between the two building typologies and compute their re-

ationships. 

- Structural columns and structure 

In this section the relationships between the structural columns

nd the entire structure are investigated. Fig. 13 shows the re-

ults obtained from the optimisation analysis in this simulation

et. Fig. 13 a, b presents the trade-off relationships between the to-

al cost and carbon and the cost and carbon performance of the

olumns. In CS 2 on the other hand, an almost linear relationship

etween the structural columns and the entire structure was iden-

ified ( Fig. 13 c, d). 
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Fig. 13. Optimisation analysis between (a) CS 1 total cost with columns carbon, (b) CS 1 total carbon with columns cost, (c) CS 2 total cost with columns carbon and (d) CS 2 
total carbon with columns cost. 
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Comparing the results from Figs. 11 and 13 it becomes apparent

that there are significant differences in the optimisation patterns

and the relationships between the structural columns and floors

for the two buildings. These findings are associated to the general

building form and particularly with the ratio of structural columns

over the total slab area. Overall, detailed optimisation analysis us-

ing the proposed multilevel procedure could provide new insights

and a better understanding on how these relationships are devel-

oped in each building typology. Further analysis on the impact of

building form in the optimisation of the RC structure is recom-

mended. For instance, U- or L-shaped buildings or other core loca-

tions could also be investigated to establish a more comprehensive

specification of these relationships. 
r  

m  
. Summary and recommendations 

.1. Building level implications 

The optimisation approach presented in the previous sections

ould be used by engineers and other decision makers such as

rchitects or clients for early design decisions. The utilisation of

IM data offers numerous opportunities for integration with other

uilding system analysis and decision-making modules [40] . The

ain intention of the analysis at this level is to prompt discus-

ions around the cost and carbon efficiency of the structural sys-

ems and evaluate the feasibility of design alternatives populated

y the optimisation model. The analysis highlighted the design pa-

ameters of the structure that drive the cost and carbon perfor-

ance. Overall, it was found that the column layout and the form
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f the building play a significant role in the overall cost and car-

on performance of the structure and the balance between the cost

nd carbon performance of the constituent structural components.

t building level, these findings are significant as they suggest that

he final design decisions would need to be effectively coordinated

ith the broader design team. This is because alterations in the in-

ernal layout of the building or in the entire building form cannot

e decided only by the structural engineers. 

.2. Contextual considerations 

It is evident that comparing the conventional design with the

ptimised solutions is not easy and can only provide a retrospec-

ive assessment as the building is already under construction and

o further changes could be suggested by the design team. How-

ver, the proposed optimisation approach can be particularly use-

ul during the early phases of the design development when basic

nformation about the building’s massing and boundaries become

vailable. Early BIM models could be used to provide design guid-

nce to structural engineers using criteria relevant to each project.

n addition, the optimised solutions could be used as potential cost

nd carbon performance benchmarks for a given structure. Any fu-

ure design iterations of the structural system explored by the en-

ineers will be compared against those optimisation benchmarks

s the required cost and carbon performance for the different de-

igns is embedded in the BIM model. By doing so more informed

ecisions could be expected when the cost and carbon implica-

ions of the different design alternatives are effectively quantified.

urrently when a project begins such information is rarely avail-

ble which often leads to vagueness around the capabilities of the

roposed design configurations. It is expected that similar bench-

ark strategies of building structures will become widely available

n the future with the expansion of BIM capabilities in the con-

truction industry and the possible establishment of structural ef-

ciency limits in the national codes. 

.3. Conclusions 

As building design and construction practices move into the era

f big data, rich information technologies and integrated project

elivery, the traditional structural optimisation procedures would

ave to be adjusted accordingly. BIM technologies offer the com-

utational platforms to achieve this transition. The study explored

 body of research which has received limited consideration in the

ast and involves the integration of heuristic optimisation proce-

ures within BIM technologies. The proposed computational work-

ow comprised a BIM-integrated multi-objective optimisation ap-

roach for reinforced concrete structures which is supported by

EM utilising cost and carbon objective functions. The multilevel

ptimisation model takes place in three main levels comprising

olumn layouts, members sizing and reinforcement detailing. Rig-

rous testing of the corresponding computational modules with

he integrated constructability constraints was presented in the pa-

er. The optimisation approach was validated using actual building

cenarios. Results demonstrated than the optimisation methodol-

gy can effectively compute solutions that improve the cost and

arbon performance of the conventional designs without compro-

ising their constructability. The topology of the structural grid

ppeared to have the largest impact on the cost and carbon perfor-

ance of the structure and thus the implications in the architec-

ural layouts of the building need to be further investigated. It was

lso observed that small trade-offs occur between the cost and car-

on optimum designs for the entire structure which suggests that

arbon optimum designs could be obtained with minimal cost in-

reases. Finally, it was found that the distribution of cost and car-
on between the different elements in the structure vary depend-

ng on the building form. 
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