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Abstract
As an optimization that starts from a randomly selected structure generally does not guarantee reasonable optimality, the 
use of a systemic approach, named the ground structure, is widely accepted in steel-made truss and frame structural design. 
However, in the case of reinforced concrete (RC) structural optimization, because of the orthogonal orientation of structural 
members, randomly chosen or architect-sketched framing is used. Such a one-time fixed layout trend, in addition to its lack 
of a systemic approach, does not necessarily guarantee optimality. In this study, an approach for generating a candidate 
ground structure to be used for cost or weight minimization of 3D RC building structures with included slabs is developed. 
A multiobjective function at the floor optimization stage and a single objective function at the frame optimization stage 
are considered. A particle swarm optimization (PSO) method is employed for selecting the optimal ground structure. This 
method enables generating a simple, yet potential, real-world representation of topologically preoptimized ground structure 
while both structural and main architectural requirements are considered. This is supported by a case study for different 
floor domain sizes.
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Abbreviations
ACO	� Ant colony optimization
PSO	� Particle swarm optimization
RC	� Reinforced concrete
TPOGS	� Topologically pre-optimized 

ground structure
ABi

	� Area of functional block Bi

AD	� Area of floor domain
Au	� Unoccupied area of floor domain
Bi,Bj,Bp	� Functional blocks i, j and pre-

located block
Bix,Biy,Bjx,Bjy,Bpx,Bpy	� X and Y components
Ci	� Column i
d	� Effective depth of a beam
F	� Combined objective function

Fi	� Objective function i
Finorm	� Normalized objective function i
l	� Length of a beam
LBi

	� Center to center distance 
between floor domain and a 
functional block Bi

LBix
, LBiy

	� X and Y components of LBi

Ldl, Ldr, Ldt, Ldb	� Distances between Ci and edges 
of Bi

Lij	� Center to center distance 
between Bi and Bj

Lijx, Lijy, Lipx, Lipy	� X and Y components
Ltol 	� Tolerable distance of inscribed 

Ci and nearest edge of floor 
domain

Lx, Ly	� Lengths along X and Y axes
Nb	� Number of beams
NbayX ,NbayY	� Number of bays along X and Y 

axes
Nc	� Number of columns
O,Oi,Oj	� Centers
Rcb	� Number of columns to number 

of beams ratio
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Smax, Smax	� Maximum and minimum spacing 
of columns

Sopp	� Spacing immediately opposite to 
the movement direction of Ci

Ssam	� Spacing immediately same to the 
movement direction of Ci

wi	� Weight for Fi

Introduction and state of the art

Optimizing reinforced concrete (RC) structures is complex 
compared to that of steel-made structures because of the 
nonhomogeneous property of the concrete and the existence 
of reinforcing bars (Kaveh & Zakian, 2014).

While dealing with real-world optimization of building 
structures, the optimal placement of different functional 
regions (blocks) within a given domain may primarily 
be considered (Hsu & Hsu, 2005). The research in Chen 
and Chang (2006) discussed different floor optimization 
approaches for a predetermined domain. In the work of 
Michalek et al. (2002) the fundamental starting point was a 
unit rectangle; then, every polygon was defined in terms of 
a combination of this unit rectangle. The research in Merrell 
et al. (2010) addressed two floor layout techniques, the two-
move approach: sliding walls and swapping rooms.

Wenming et al. (2018) considered both geometric and 
topological requirements. They used a polygonal bound-
ary, and regions resulted from combining rectangles. Their 
objective function was to minimize unoccupied space in the 
initial domain.

All the above and most of the reinforced concrete opti-
mization studies focus mostly on 2D structures (Carvalho 
et al., 2020), while a 3D layout optimization was reported 
in Guo and Li (2017). Sharafi et al. (2012) used ant colony 
optimization (ACO) for column layout optimization for 3D 
reinforced concrete frames. They developed an X–Y axis 
construction graph that indicates multiple possibilities for 
locating column nodes.

Nimtawat and Nanakorn (2010) presented beam-slab opti-
mization of the rectilinear floor system in which the loca-
tions of columns are predefined. Connections of T-beams, 
beams connecting out of column location, are also consid-
ered. Then, optimal layouts are optimized using the genetic 
algorithm.

To date, the objective function has mainly been the mini-
mization of the unoccupied area within a given domain. In 
this research, however, a second objective function is added 
to collect unoccupied areas towards a preferred location 
where additional functional blocks may be obtained and 
assigned.

A ground structure approach is commonly used as a start-
ing point for truss and steel-framed structures (Changizi & 

Jalalpour, 2018) and credit is given to Dorn (1964) for using 
this approach first. A ground structure is a structure where 
optimization starts, and through iteration, its members and 
topology are changed to attain an optimal structure. As the 
node positions and numbers of connected members on the 
initial ground structure highly dominate the computational 
burden and optimality, different studies have been conducted 
in this regard (Han & Wen, 2018; Larsen et al., 2018; Zhang 
et al., 2016).

A conventional or fully connected ground structure results 
in a complex optimization process and consumes consider-
able computer capacity and, of course, time (Sokól, 2011). 
Thus, a fully connected ground structure may seem to be a 
continuous domain (region almost fully covered by many 
members) because of exceedingly many members (Pritchard 
et al., 2005). Overlapping members, the inclusion of slender 
members, and structural instability are challenges to over-
come when thinking of such a ground structure (Ohsaki, 
2016).

Another approach, which is selective under some opti-
mality criteria, results in a less dense ground structure. This 
second approach is addressed in different ways in which 
unfit members might be gradually removed and fit members 
added, or levels of connectivity are generated to include the 
preferred number of members based on required solution 
accuracy (Ghoddosian et al., 2018; Li et al., 2021; Sanders 
et al., 2017).

Ranalli et al. (2018) used a ground structure to mini-
mize the total installed costs of steel frame structures. They 
applied topology and size optimizations sequentially as outer 
and inner loops. Sokól (2011) applied a ground structure for 
topology optimization of large-scale trusses. His approach 
implemented shorter possible member to node connections 
in the beginning and then gradually included longer potential 
members. According to his method, while new members are 
possibly added, less important older members are removed.

The abovementioned works, however, are not further 
extended to RC structures because of the orthogonal mem-
ber connectivity orientation. It is obvious that reinforced 
concrete structures have attracted interest in the research 
world, both as reinforced concrete (Alkam & Lahmer, 2019; 
Harirchian et al., 2020; Jaouadi et al., 2020; Kaveh, 2017) 
and composed of structural steel (Liu et al., 2016; Zhu et al., 
2022) indicating that such optimization is of great impor-
tance. In this research, an approach for generating a ground 
structure for optimizing reinforced concrete buildings is 
proposed.

To minimize complexity, structures are usually optimized 
at a component level rather than at the system level. Such a 
representation is, however, far from the real-world problem, 
as component optimization cannot always guarantee system 
optimization. Component-level optimization refers to a sepa-
rate optimization of a structural segment and reassembly of 
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such segments after optimization occurs, while system-level 
optimization refers to considering the whole structural sys-
tem during optimization. In the literature, slab (Ahmadkhan-
lou & Adeli, 2005; Kaveh & Abadi, 2011), beam (Babiker 
et al., 2012; Lepš & Šejnoha, 2003) and frame (Kaveh & 
Sabzi, 2012; Kaveh et al., 2021) optimizations are treated 
separately depicting component-level optimization.

It is thus important to have a preoptimized 3D RC build-
ing including slab considering the real-world functional 
requirement. This approach is also useful when consider-
ing simultaneous optimization, which provides better opti-
mal output (Miguel et al., 2013). In the case of two-step 
simultaneous optimization, topology optimization can be 
carried out first, and then size and shape optimizations are 
performed. This enables us to handle the most difficult topol-
ogy optimization separately (Begg & Liu, 2000; Cheng & 
Jiang, 1992).

For topology optimization of a building structure, it 
seems feasible to handle floor, column, and beam layout 
optimization sequentially, although they are not explicitly 
independent of each other. This is done to satisfy functional 
requirements in building structures. Thus, columns and 
beams are located considering the alignments of functional 
floor blocks. This research attempts to answer the question, 
“How can a candidate, systemic ground structure be gen-
erated for 3D framed RC building structures to facilitate 
system and two-step simultaneous optimization during the 
implementation of a cost minimization objective function?”

Different metaheuristic algorithms are used and compared 
based on different bases for optimizing RC structures (Kaveh 
& Behnam, 2013; Kaveh et al., 2020) and PSO is also rec-
ommended for its simplicity and ease of application (Elbes 
et al., 2019; Perez & Behdinan, 2007).

Ground structure generation

In optimization, the structure selected for startup, named 
the ground structure, matters considerably; the better the 
initial approach is, the better the optimization result will 
be Hagishita and Ohsaki (2009). A method for generating 
a 3D ground structure for reinforced concrete buildings is 
devised below. It may be considered as both a floor layout 
optimization and a frame layout optimization. Many of such 
candidate ground structures are generated and used for sepa-
rate runs of cost or weight minimization.

Instead of handling a large-scale fully connected ground 
structure with its entire computational burden (Zegard & 
Paulino, 2014) and, of course, nonpracticality in the case 
of RC buildings consisting mainly of orthogonal members, 
this approach provides a simplified yet better representation 
of the ground structure for optimizing 3D RC slab frames. 
It aims at selecting a feasible candidate ground structure 

examined under some criteria before cost/weight minimiza-
tion is applied. Such candidate ground structures are thus 
topologically preoptimized.

Floor optimization

Floor layout optimization aims at the optimal placement 
of a given set of functional blocks on pre- or postdefined 
floor areas. Given a rectangular floor domain with Lx and 
Ly side lengths along the X and Y axes, respectively, and a 
rectangular functional block Bi with sides Bi,x and Bi,y , let LBi 
represent the length between the centres of the floor domain 
and the functional block, with LBi,x, LBi,y being its X and Y 
components, respectively.

A functional block Bi represents a space for a specified 
room (such as a dining room or bedroom) or a specified 
household space (in which all required rooms for a specified 
household size are included and considered as one space).

Objective function

Referring to Fig. 1 above, floor optimization is defined by 
a multiobjective (Fan et al., 2015; Zavala et al., 2014) opti-
mization function has been formulated that consists of two 
conflicting objective functions.

where F1 and F2 are the two objective functions, LBi
 is the 

distance from centre O to the centre of functional block i and 
the domain, AD is the area of the domain, and Au is the unoc-
cupied area within the domain. The first function defined in 
Eq. (1) locates as many functional blocks within the domain 
as possible from a chosen reference, in this case, the centre 

(1)maxF1 ∶=

n
∑

i=1

LBi
.

(2)minF2 ∶=
Au

AD

.

Fig. 1   Floor domain and functional blocks
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of the domain. Thus, if free space is available, it will be 
around that chosen reference point. This approach attempts 
to collect unoccupied space fragments towards the reference 
point and enables further use of such space.

The second objective function, shown in Eq. (2), deals 
with the reduction in unoccupied areas. This is enabled by 
maximizing the area of a functional block through the opti-
mization process without violating the bounds.

To solve the multi-objective problem in Eq. (2), we use a 
weighted sum approach where two objective functions are 
combined based on a weighting technique. One such tech-
nique used here is the weighted sum method, as provided in 
Eq. (3). According to this method, each objective function 
is multiplied by its respective assigned weight (von Butler, 
2019).

where F is the combined objective function, w1 and w2 refer 
to the weights and the negative sign in w1 converts F1 from 
maximization to minimization, Fi,norm is the normalized ith 
objective function, Fmin is a possible minimum value to the 
specified objective function, and Fmax is the possible maxi-
mum value to the specified objective function.

Constraints and bounds

The first sets of constraints keep functional blocks to remain 
inside the given floor domain. A functional block will not 
be located out of the domain if either of the orthogonal 
distances from the domain centre to the far edges of the 
functional block does not exceed their corresponding half-
lengths of the floor domain.

Equation (4) defines constraints of the normalized limits to 
contain all functional blocks within the floor domain

A constraint shall also limit the sum of the area of functional 
blocks against the area of the domain, Eq. (5). For area ABi

 
of functional block ith in the number of functional blocks n 
and domain area AD , the sum of the areas of all functional 

(3)
minF ∶= (−w1F1,norm + w2F2,norm).

Fi,norm =
Fi − Fmin

Fmax − Fmin

, i = 1, 2.

(4)

LBi,x
+

Bi,x

2

Lx

2

− 1 ≤ 0.

LBi,y
+

Bi,y

2

Ly

2

− 1 ≤ 0.

(5)
n
∑

i=1

ABi

AD

− 1 ≤ 0.

blocks placed in the floor shall not exceed the gross area of 
that floor domain.

The values for the lower and upper bounds of a functional 
block are controlled based on Ernst & Neufert, (2000). Thus, 
the bounds for the sides of functional blocks constitute set 
of constraints, as is in Eq. (6).

Furthermore, the unoccupied area Au shall be less than the 
maximum area ABi,max

 allowed for a single functional block, 
Eq. (7). This constraint, however, may be too strong to be 
satisfied because of many factors, such as the number of 
households and floor domain area. Thus, it may be more 
relaxed (such as comparing to areas of two or more func-
tional blocks or the constraint might be avoided).

Bi and Bj in Fig. 2 are any two functional blocks within 
the given domain, Bi,x , Bi,y , Bj,x and Bj,y are their respective 
sides along X and Y axes, Oi and Oj are their respective cent-
ers, Lij is the distance between the two centers and Lij,x and 
Lij,y are components of Lij along X and Y axes respectively.

Functional blocks will not overlap with each other if the fol-
lowing requirement is satisfied along one orthogonal direc-
tion: the sum of the half-lengths of each functional block 

(6)

ABi,min

ABi

− 1 ≤ 0.

ABi

ABi,max

− 1 ≤ 0.

(7)
Au

AB,i,max

− 1 ≤ 0.

(8)

Bi,x + Bj,x

2Lij,x
− 1 ≤ 0.

Bi,y + Bj,y

2Lij,y
− 1 ≤ 0.

Fig. 2   Overlapping of functional blocks
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along the same orthogonal direction equals or exceeds the 
corresponding centre-to-centre distance of the functional 
blocks. As shown in Fig. 2, functional blocks Bi and Bj do 
not overlap if the relations in Eq. (8) hold true.

Pre‑located or restricted functional blocks

Locations of some functional blocks in a given building, 
such as toilets, staircases and corridors, might be fixed for 
better domain functionality. In such a case, such prelocations 
shall not overlap and be inscribed with the functional blocks.

Given Bp as a prelocated functional block within the given 
domain, Bi,x , Bi,y , Bp,x and Bp,y are their respective sides 
along the X and Y axes, Lip,x and Lip,y are the X and Y com-
ponents of the centre-to-centre distance between Bi and Bp , 
and overlap between Bi and Bp shall be avoided as follows:

Therefore, for a prelocated functional block p, the corre-
sponding constraint is provided by Eq. (9).

Implementation of the ordinary PSO-based floor layout 
optimization (Fan & Chiu, 2007) is thus governed by the 
combined objective function in Eq. (3), subjected to the con-
straints provided above from Eq. (4) to Eq. (9).

Thus, while generating a ground structure for a 3D RC 
building, the floor optimization stage enables the feasible 
allocation of randomly located functional blocks within a 
given domain considering the prelocated functional blocks. 
The sizes of the functional and the prelocated functional 
blocks can vary based on their upper and lower bounds, and 
they can also assume any orthogonal orientation for the bet-
ter fulfilment of the multiobjective function defined above 
earlier.

Frame optimization

Objective function

A preoptimized ground structure, to be developed before 
implementing the grand cost optimization, should be built of 
fewer columns and more beams. These conflicting objectives 
pave the road towards cost minimization.

While it is generally obvious that a lower number of col-
umns leads to a column lower cost, a greater number of 
beams, in contrast, contribute to the minimum cost through 
shorter-span beams, a smaller depth of slabs, and fewer 
internal forces on columns, which keeps the cost of each 
column as low as possible.

We now define:

(9)

Bi,x + Bp,x

2Lip,x
− 1 ≤ 0.

Bi,y + Bp,y

2Lip,y
− 1 ≤ 0.

where the objective function Rcb is the ratio of the number of 
columns to the number of beams and Nc and Nb denote the 
numbers of columns and the number of beams orthogonally 
connected to the columns, respectively. The objective func-
tion in Eq. (10) can be applied on the first orthogonal axes of 
the floor domain, as the remaining axes are only their offsets 
and do not affect the objective function.

The ratio Rbc can be computed using columns and beams 
along the first orthogonal axes only as the rest are offsets. 
Although the ratio computed using the whole numbers of 
columns and beams differs from the ratio computed using 
the first orthogonal axes only, the aim is to minimize the 
ratio, not to consider the ratio numerically for further com-
putations, and this does not introduce any computational 
error.

Node location

In Fig. 3, Ci is an ith column within a functional block, and 
Ldl, Ldr, Ldt and Ldb are distances between Ci and the left, 
right, top and bottom edges of Bi , respectively.

The frame layout starts by defining column nodes by con-
sidering the preoptimized floors, as shown in Fig. 3. Nodes 
are randomly generated and optimized for the objective 
function defined above considering all possible numbers of 
bays along the respective axes.

where NbayX and NbayY are the number of bays along the X 
and Y axes and should be integers, and Smax and Smin are the 
maximum and minimum column spacing, respectively. NbayX 
and NbayY are integers lying between their possible minimum 
and maximum values.

(10)minRcb ∶=
Nc

Nb

,

(11)
Nbay,X = roundup

(

Lx

Smax

,
Lx

Smin

)

.

Nbay,Y = roundup

(

Ly

Smax

,
Ly

Smin

)

Fig. 3   Inscribed column treatment
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Column escape

It is important to note that columns might be located within 
a functional block that could interfere with its functional-
ity. Appropriate functions have been developed to treat such 
occurrences.

If the following condition holds true, moving column Ci 
along the side that satisfies the requirement is necessary. 
See Fig. 3 above.

where Lox = min(Ldl, Ldr) and Loy = min(Ldt, Ldb) , Ltol is 
a tolerable distance that column Ci is inscribed, Lox is the 
distance along X that Ci shall move, and Loy is the distance 
along Y that Ci shall move. Ltol can be chosen based on dif-
ferent factors, one of which is based on the thickness of 
the inscribed column. While computing Lox and Loy , the 
respective minimum values are chosen such that columns 
can quickly escape from the functional blocks in which they 
are inscribed.

In Eq. (13), Ssam and Sopp refer to the immediate spacing of 
the considered column in the same direction of the move and 
in the opposite direction of the move, respectively.

If Eq. (12) is satisfied, the movement of the inscribed 
column Ci is constrained according to Eq. (13) such that the 
immediate spacing towards the direction in which column 
Ci moves is not less than Smin and the spacing opposite to the 
direction of the movement is not greater than Smax.

Beam connectivity

Five types of beam connectivity are formed in which the 
optimizer can use any of the types or their combinations. 
The length of a connecting beam can also be a criterion for 
selecting a connectivity type. Once the candidate ground 
structure is generated, the relevance of frame members based 
on their developed stress is checked through the grand cost 
optimization, and thus those with negligible relevance are 
removed (Fig. 4).

Beams usually have orthogonal connections to columns. 
These types of connecting beams are considered primary 
beams. In this study, however, diagonally emerging beams 
are also included. They only run from column to column 
diagonally and are identified as left-running and right-run-
ning diagonal beams. Other beam categories are those run-
ning orthogonally from the middle of the primary beams. 
However, such a fully connected beam may not be used 
during optimization, and the level of connectivity (type of 

(12)Lox > Ltol and Loy > Ltol.

(13)
Smin

Ssam
− 1 ≤ 0 and

Sopp

Smax

− 1 ≤ 0.

connectivity) is chosen by the designer. In this regard, only 
Type 1 beam connectivity or combination with other types 
listed in Table 1 above can be chosen. Alternatively, diago-
nal beams (Type 2, Type 3) may be included by setting a 
length constraint.

Implementation of the PSO-based frame layout optimiza-
tion is thus governed by Eq. (10), subjected to the constraints 
provided above from Eq. (11) to Eq. (13).

The basic steps for generating a ground structure for 3D 
reinforced concrete building structures are depicted in Fig. 5. 
It is sequential; the floor layout is followed by the frame lay-
out. The objective functions are those defined above.

MATLAB 2021a is used to automate the whole optimi-
zation process. First, scripts and functions that define an 
ordinary PSO subjected to a further refinement process are 
written. Second, scripts and functions are written for floor 
layout optimization. Third, the same is done for frame lay-
out optimization. Finally, all the scripts and functions are 
integrated accordingly.

Case study (TPOGS)—residential apartment

A single-bedroom residential apartment with four, five, and 
10 households on each floor is considered. One household 
consists of the required number of functional blocks. All 
that was discussed about functional blocks in the previous 
section is directly used for every household. In the four 

Fig. 4   Proposed types of beam layout

Table 1   Types of beam connectivity

Type of con-
nectivity

Description

Type 1 Column to column orthogonally
Type 2 Column to column diagonally, from left to right 

and bottom to top or vice versa
Type 3 Column to column diagonally, from right to left 

and top to bottom or vice versa
Type 4 Connect mid points of Y-axis running type 1 beams
Type 5 Connect mid points of X-axis running type 1 beams
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household floor, the effectiveness of the defined objective 
function is examined considering the four corners of the 
domain.

In the five-household floor, we also attempt to examine 
how the number of households in excess of the number of 
corners of the given domain (which is four) is allocated and 
affect the optimization. Finally, in the 10-household floor, 
we attempt to represent many household cases. Each of the 
cases contains prelocated functional blocks and is bounded 
by a predefined domain size.

A single staircase is provided to floors with four and five 
households, while the floor with 10 households is provided 
with double staircases, each of which has a size of 3 by 5 m. 
There is also a corridor of size 5 by 7 m, the orientation of 
which is randomly generated to give freedom for optimal 
orientation. The area of each household varies between 41 
and 63.5 m 2 , and its side length is allowed to range from 4 
to 13 m.

Using recommendations from Ernst & Neufert, (2000), 
the architectural data for functional blocks were collected. 
Each household in the above cases is composed of the func-
tional blocks listed in Table 2.

This ground structure generation approach considers ran-
domly selected household sizes within the stated bounds, 
considering the existence of prelocated functional block(s).

An ordinary PSO algorithm written on MATLAB 2021a 
running for 1000 iterations with a population size of 50 is 
used. Each case is subjected to 10 runs, and the optimal 
layout is identified. The size of each domain is determined 

based on the maximum possible area of each household 
and the areas of prelocated blocks. While using the weight 
sum method to combine both objective functions under 
floor optimization, the value for the factor w is taken as 
0.7.

Once the PSO is carried out, an automated refinement is 
performed in the implementation. It calculates unoccupied 
spaces and provides half of it to the pair of households in 
which the unoccupied space belongs without violating maxi-
mum area bounds. Columns within households (the columns 
still have the chance to be on the sides of functional blocks. 
This concept is more important in the case of optimizing 
functional blocks within a household than households them-
selves) with more than 50 cm indention ( Ltol chosen to be 
50 cm, i.e., assumed column thickness) are treated, and their 
placement is determined.

Frames are also subjected to such PSO for the stated num-
ber of iterations and population and run under the objective 
function in Eq. (9). The minimum spacing between columns 
is kept at 3 m considering the total width of the staircase, 
while the maximum spacing is limited to 7 m considering 
the l/d deflection requirement without any reducing factor 
according to Eurocode 2 (Sanders et al., 2017). The beam 
layout is generated using all five types of beam connectiv-
ity. Beams crossing staircases are automatically removed 
from the beam layout. The topology of the preoptimized 
structure is then determined, and it becomes a candidate for 
subsequent cost optimization.

Households are numbered based on their random gener-
ation. A fully inscribed functional block at the floor repre-
sents the staircase, while the region between the inscribed 
and circumscribing functional blocks represents a corridor. 
A bold dot on the floor represents the centre of the domain, 
which is chosen as a reference point for the objective func-
tion under floor optimization, as stated in “Floor optimiza-
tion” section. Values for best costs indicated on the con-
vergence graph do not represent anything, as they result 
from two combined and normalized objective functions, as 

Floor layout (Eq.3)

Optimal?

Frame layout (Eq.10)

Optimal?

Topologically
Pre-optimized 3D
ground structure

Main Optimization
(Cost minimization)

no

yes

no

yes

yes

Fig. 5   TPOGS generating procedure

Table 2   Size range for each functional block in a household (Ernst & 
Neufert, 2000)

Minimum Maximum

Functional blocks Width/length Area Width/length Area

Living and dining room 3.6 17 6.3 22.5
Bed room 2.8 13 9.3 26
Bath room with toilet 1.7 3.5 2.6 4.5
Kitchen 1.8 5.5 3.1 7.5
Storage 0.6 2 5 3
Stair 0.9 1.5
Corridor 0.9 1.5
Sum 41 63
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stated in “Floor optimization” section. They are only used 
to identify the optimal ground structure with the minimum 
numerical value.

As shown in Fig. 6, every household is fit to the domain 
corner to corner, which is only possible for a floor domain 
consisting of up to four households. This ensures that the 
objective function is well satisfied. The frame layout pro-
cedure developed in this study recommended relocating a 
column within household number 2, as shown by the heavy 
dot in Fig. 6. Then, the selected optimal column layout 
plan is shown. Finally, the 3D candidate ground structure 
is provided. There are 12 beams and seven columns on the 

first orthogonal axes, and the value for Rcb is 0.583. This 
value is of course the least possible or optimal value.

The results of the ground structure generation for a floor 
having five households are shown in Fig. 7. While all four 
households are arranged towards each corner, the fifth one 
is also oriented to satisfy the objective function under the 
floor optimization subsection.

Figure  8 shows the resulting ground structure for a 
10-household floor with two staircases. The convergence 
graph in Fig. 8 approached an optimum after relatively more 
iterations compared to the above two figures.

The PSO convergence graphs depict that rapid conver-
gence is completed at a higher number of iterations as the 

Fig. 6   A four households floor with a domain size of 289 m2 : Optimally placed households; PSO convergence graph; floor layout including 
beams’ and columns’ initial layout; 3D ground structure as a candidate building model
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number of households increases. In this case, for the four 
households before 100 iterations, for the five households 
before 200 iterations and for the 10-household cases after 
400 iterations (Table 3).

This third table summarizes the domain area, summed 
household area, restricted functional block area and num-
ber of column-to-beam ratios Rcb used for the ground 
structure generation for each household case study. The 

Fig. 7   A five households floor with a domain size of 360 m2 : Floor layout including beams and columns and their recommended locations; PSO 
convergence graph; pre optimized floor with adjusted structural elements

Fig. 8   A 10 household floor with a domain size of 700 m2 : floor layout including beams and columns with their recommended locations; PSO 
convergence graph

Table 3   Optimal values of 
ground structures for case 
studies considered

No. of house-
holds

Area of domain 
(m2)

Area of functional 
blocks (m2)

Area of restricted 
blocks (m2)

Rcb of first orthogonal axes

4 289 213.5 35 0.583
5 360 277.9 35 0.583
10 700 502.9 96 0.555



2292	 Asian Journal of Civil Engineering (2023) 24:2283–2293

1 3

outputs are the optimal outputs after the optimization is 
carried out.

Conclusion

This article presents a two-stage method for developing a topo-
logically preoptimized ground structure to be used for cost 
minimization of 3D RC buildings using particle swarm optimi-
zation. It thus avoids the use of randomly framed RC structures 
while considering their optimization to better represent reality 
and has a systemic approach towards 3D RC optimality. It also 
enables a kind of standard and fair comparison among RC 
optimization approaches because they follow the same trend, 
the ground structure. Three case studies were considered, each 
consisting of four, five and 10 households with 289, 360 and 
700 square metres of floor domain, respectively.

The method developed is flexible such that restricted func-
tional blocks can be placed anywhere they are required to be. 
Corridors and stairs can be of different numbers, sizes, loca-
tions and combinations. Functional blocks inside each house-
hold can also be of fixed size and can assume rotated positions 
for better optimality.

Through floor optimization, a selected number of functional 
blocks together with their detailed constraints are generated 
and placed, through frame layout optimization, an appropriate 
number of columns and beams that lead to minimum cost are 
generated, and the respective constraints are kept. Real-world 
representation and minimal cost-resulting criteria were devel-
oped and implemented to generate a simplified yet potential 
candidate ground structure for 3D slab-frame RC buildings.
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