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Abstract: The structural design process is iterative and involves many design parameters. Thus, this
paper presents a controlled framework for selecting the adequate structural floor system for reinforced
concrete buildings and efficiently utilizing the corresponding construction materials. Optimization
was performed using an evolutionary algorithm to minimize the total construction cost, considering
the costs of concrete, steel reinforcement, formwork, and labor. In the problem formulation, the
characteristic compressive strength of concrete was treated as a design variable because it affects the
mechanical performance of concrete. The design variables included the column spacings, concrete
dimensions, and steel reinforcement of different structural components. The constraints reflected
the Egyptian code of practice provisions. Because the choice of the structural floor system affects the
design details, three systems were considered: solid slabs, flat slabs with drop panels, and flat slabs
without drop panels. Two benchmark examples were presented, and the optimal design results of
the structural floor systems were compared. The solid slab system had the lowest construction cost
among the three structural floor systems. Comparative diagrams were developed to investigate the
distribution of construction costs of each floor system. The results revealed that an adequate choice
of design variables could save up to 17% of the building’s total construction cost.

Keywords: construction materials; excel solver; evolutionary; structural design; solid slabs; flat slabs

1. Introduction

Reinforced concrete (RC) has been extensively used in building construction for its
versatility and ease of construction [1]. The first step in any structural design process
is choosing a proper structural system. This step is followed by specifying a concrete
grade and determining preliminary concrete dimensions of the structural elements. Then,
structural analysis is performed. The required steel reinforcement is then calculated to en-
hance the mechanical performance of structural elements such as ductility, tensile strength,
and creep resistance [2-7]. Finally, the ultimate limit state and serviceability limit state
requirements provided by design codes are checked [8-11]. If any design provision is not
satisfied, the concrete dimensions should be adjusted, and accordingly, re-analysis of the
structure is performed [12]. From the steps mentioned above, it can be concluded that the
design problem involves many dependent and independent variables; therefore, the design
process is iterative and time-consuming [13]. For these reasons, researchers have been
exploring different optimization techniques to reduce the computational time and minimize
the overall construction cost [12-15]. The optimization techniques investigated include
the firefly algorithm [15], simulated annealing [13,16,17], and genetic algorithm [18-20].
Several studies used different algorithms built in the solver tool provided by Microsoft
Excel [12,21,22].
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The majority of previous studies focused on the optimization of individual RC structural
elements, such as slabs [13,23,24], beams [12,18,22], columns [15,16,25], footings [21,26,27],
and retaining walls [19,28,29]. The design procedures in these studies were subjected to
specific code restrictions, such as the American concrete institute (ACI 318-19, ACI 318-14,
ACI 318-05), Indian standards (IS: 456), Eurocode 2 (EN 1992-1-1:2004/ A1:2014), and Brazil-
ian standards (ABNT NBR 6118:2014, ABNT NBR 6118:2007). The design variables were
limited to the structural element’s concrete dimensions and steel reinforcement. Several
studies performed design optimization of RC three-dimensional large-scale structures with
a single structural floor system [30-33]. Sahab et al. [30] performed cost optimization of
buildings with flat slabs without drop panels, and they determined the optimal concrete
dimensions and steel reinforcement of floors and columns. They also examined the effects
of the column spacings on the optimal construction costs and found significant cost savings
when the most economic column spacing was considered. Zenisek et al. [31] studied the
effects of ten concrete grades on the optimal construction costs of load-bearing structures.
They investigated the effects of column spacings on the optimal results by considering two
span variants (4 m and 8 m). Dehnavipour et al. [32] performed cost optimization of multi-
story frames and determined the optimal concrete dimensions and steel reinforcement
of beams and columns. Boscardin et al. [33] developed an optimization model to obtain
the minimum construction cost of multi-story frames considering the steel reinforcement
of columns and the concrete dimensions of beams and columns as design variables. The
model was designed to investigate the effects of this automation on the optimal results.
In another attempt, Robati et al. [34] conventionally designed a multi-story building by
considering two structural floor systems and two types of concrete: flat slab with normal
weight concrete, flat slab with ultra-lightweight concrete, waffle slab with normal weight
concrete, and waffle slab with ultra-lightweight concrete. The authors found that the most
economical design alternative was the walffle slab with normal weight concrete, which
saved up to 7% on material consumption.

Despite the intensive efforts of the researchers to minimize the costs of RC buildings,
little attention was paid to considering different structural floor systems. Thus, the main
aim of the current study was to determine the most economical structural floor system.
To this end, three different structural floor systems were considered: solid slabs (SS), flat
slabs with drop panels (FSDP), and flat slabs without drop panels (FS). Figure 1 provides a
scheme of the building for each structural floor system. The structural components of each
system were designed in accordance with the Egyptian code of practice for the design and
construction of concrete structures (ECP 203-18) [35].

The design variables in most studies were limited to the concrete dimensions and steel
reinforcement, neglecting the concrete characteristic compressive strength f;;, and column
spacings. The authors considered f., as a design variable because it influences the mechan-
ical performance of RC elements (i.e., elastic modulus, flexural strength, shear strength,
punching strength, etc.). Accordingly, the concrete dimensions of structural components are
dependent on f,,. As f¢, increases, the unit price of concrete U, increases and, consequently,
the construction cost increases. Likewise, the column spacings were considered as design
variables because they affect the straining actions (i.e., axial compressive loads, bending
moments, shear loads), deflections, and choice of the concrete dimensions of the structural
components. The design variables also included the optimal concrete dimensions and steel
reinforcement of structural components. The objective function of the optimization problem
was expressed in a mathematical formula, where the minimum construction cost of the
floors and columns was sought. The construction cost of foundations was not included in
the problem formulation because it is greatly dependent on the geotechnical properties
of the soil. The solver tool provided by Microsoft Excel was used to perform the cost
optimization. Comparative diagrams were developed to compare the optimal costs of
construction materials and labor for different structural floor systems.
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(b)

(c)

Figure 1. Building schemes for different structural floor systems considered in the current study:
(a) solid slabs (SS); (b) flat slabs with drop panels (FSDP); (c) flat slabs without drop panels (FS).
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2. Structural Design

The structural design started with calculating the applied loads. These loads were
calculated as per the Egyptian code for calculating loads and forces in structural and
building works (ECL) [36]. Then, structural analysis was performed to obtain the straining
actions. Finally, the concrete dimensions and steel reinforcement were determined to fulfill
the design requirements. The design procedures of the slabs, beams, and columns are
summarized in the following subsections.

2.1. RC Slabs

In the current study, the structural analysis of solid slabs and flat slabs was performed
using the empirical methods provided by ECP 203-18 [35]. In the case of solid slabs, a strip
of 1 m width was analyzed in the long and short directions. In the case of flat slabs, a column
strip (a strip in the region of columns) and a field strip (a middle strip between the column
strips) were analyzed in the long and short directions. Figure 2 shows the analyzed strips
of slabs for each structural floor system. The design steps can be summarized as follows.

Field strip Column strip Field strip Column strip

TR T )
W\
_: - %_ébcsﬁf_g, _
I [
E _____ E _____ 4} _____ E _
WLl L O i
— n, x Ly I

gl

(b) (0)

Figure 2. Analyzed strips of slabs for each structural floor system: (a) SS; (b) FSDP; (c) FS.

Step 1. Checking the rectangularity of the slabs as per Equation (1).

Ly { 2 for SS 1)

1<
L, — | 1.33  for FSDP and FS

where L, and L, are the column spacings in the long and short directions, respectively.
Step 2. For flat slabs, calculation of the column strip width b, the field strip width in

the long direction bfls, and the field strip width in the short direction b’;s using
Equations (2)—(4), respectively.

drop ESDP
Bes { S for FS )

% for FS

Ly — b® for long direction (3)

-
bgs = L1 — b for short direction 4)
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Step 3. Determining the preliminary slab thickness t* using Equation (5).
max (%, 80 mm) for SS
B> max (% 150 mm) for FSDP )
max (%, 150 mm) for FS

Step 4. For flat slabs with drop panels, determining the preliminary drop panel
thickness +%% using Equation (6) and the preliminary drop panel square width S¥% using

Equation (7).
tSl
dro
tror > 6
=pu ©)
Ly d Ly
“1 o girp o 22 7
3 ~ - 2 @

Step 5. Determining the preliminary width b of each column utilizing Equation (8).

250 mm; cl =1, 2, ..., ny for SS

bCl 2 L
max(%,z—é, 300 mm ),- cd=1,2,...,nqg for FSDPandFS

®)

where cl represents the column under consideration and 7, is the number of columns in a
typical story.

Step 6. Calculation of the uniform load w® applied to the slabs utilizing Equation (9);
this depends on the dead load g and the live load p. The dead load g is calculated using
Equation (10), while the live load p is provided using ECL based on the function of the

building [36].
w’=1.4¢ + 1.6p )
'YrctSl+wf for SS
o drop Sdrup 2
8§ = y,ctsl+wc%+wf+wwl for ESDP (10)
Vrct 1wy for FS

where 7. is the unit weight of reinforced concrete; w f is the flooring load; wy, is the
partition wall load.

Step 7. Calculation of the applied bending moments Mgfl and MEIZ at each critical
cross-section of the long and short directions, respectively, as per Equations (11) and (12).

sl..s 2
M;s =1,2,...,n for SS (slab strip; long direction)
s o\ 2 . . .
Mgfl = % (wéLz) (Ll - zgl) ;8 =1,2,...,n5 for FSDP and FS (column strip; long direction) (11)
E (@l (1, - 2) 5210 ESDP and FS (field strip; long direction)
. 1 ) is=12,...,ns for an (field strip; long direction
asl sl (LZ)Z . , .
—7 5= 1,2,...,1 for SS (slab strip; short direction)
s1 G (@i} (1, — 28) 5 = 1,2 FSDP and FS (col trip; short directi
M, = W( 3 )( 2— 53 ) ;8=1,2,...,n5 for an (column strip; short direction) (12)

S C 2 N N . .
5 (w;Ll) (Lz - %I) ;$=1,2,...,n5 for FSDP and FS (field strip; short direction)

where a* and B*! are the coefficients obtained from ECP 203 based on the slab rectangularity;
fs is a factor obtained from ECP 203-18 based on the location of the critical cross-section; s
represents the critical cross-section under consideration; 7, is the number of critical cross-
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sections; and C; and F; are percentages of the total bending moment for the column strip
and field strips, respectively. These percentages are obtained from ECP 203-18, depending
on the location of the critical cross-section.

Step 8. Calculation of the maximum permissible bending moment M*""#* using
Equation (13).

Ryas foub®! (dsl ) ?

Ye

where Ry is a factor obtained from ECP 203-18 and is based on the value of the yield
strength of the longitudinal steel reinforcement fy, b is the width of the slab cross-section,

Msl,max _ (13)

@ is the effective depth of the slab, and . is the safety reduction factor for concrete
obtained from ECP 203-18.

Step 9. Checking that Mgll and Mglz at each critical cross-section does not exceed
Mshmax

Step 10. Calculation of the required steel reinforcement area A" for each critical
cross-section in the long and short directions as per Equation (14).

gt R\ 5] () e
s ¥ (1) feub™ |

W[ 6]

('Ys)chubSI

A:l,r —

s=1,2, ..., n (14)

where 7, is the safety reduction factor for the steel reinforcement obtained from ECP 203-18
and M¢ is the applied bending moment in the direction under consideration.

Step 11. Calculation of the minimum and maximum permitted areas of steel reinforce-
ment AS™" and ASH%* respectively, as per Equations (15) and (16).

AhmIn= g ((;fbsldsl, 0.00155° tsl> (15)
Y

067f, Coax \ 1,51 351
Asl,max: ( Ve )(1'25 d )bs @ (16)

(%)

where ¢y is the maximum permitted distance between the neutral axis and extreme
compression fibers. The ratio “%* is obtained from ECP 203-18 and is based on the value
of fy.

Step 12. Selecting the bar diameter ¢/ for each critical cross-section in the long and
short directions, which shall be greater than or equal to 10 mm. This step is followed by
determining the number of bars ng' per meter for each critical cross-section in the long and
short directions as per Equation (17).

5<nd <10,s=1,2, ..., n (17)

Step 13. Calculation of the chosen steel reinforcement area A for each critical
cross-section in the long and short directions.
Step 14. Checking that A" satisfies the limits provided by Equation (18).

max (Agl/’, AS”min) < Agl'd’ < Aslmex. o 1 o 1 (18)
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Step 15. Determining the shrinkage steel reinforcement area A***" in each direction
that satisfies the temperature and cracking requirements utilizing Equation (19).

0 if 1 < 160 mm
Asl,sh _ { f (19)

max(0.024%, 3927 mm?) if £ > 160 mm

where A/ is the area of the maximum bottom steel reinforcement in each direction.
Step 16. Calculation of the tensile strength of concrete f, using Equation (20).

fctr = 0-6\/E (20)

Step 17. Calculation of the cracking bending moment M*<" as per Equation (21).

f ctr] sbg
ysl

Msl,cr _ (21)

where I8 is the gross moment of inertia of the slab cross-section, neglecting the cross-
sectional area of steel reinforcement, and ySI is the distance from the neutral axis to the
extreme tension fibers of the slab gross cross-section.

Step 18. Calculation of the unfactored applied bending moments M3, M3, and Mg re-
sulting from the dead, live, and total loads, respectively, as per Equations (22)~(24), respectively.

. 2
M%}S:LZ,'--/”S for 58
Mgl,d _ (22)
Cs gLZ Zbd 2 - d
W( 8 )(Ll_ 3 ) ’S_ll 2/"‘/”S fOrPSDPan FS
sl 2
%;521,2,---/7[5 fOT’SS
i L - 3)
M= MM s =1,2, ..., n @4

Step 19. Calculation of the elastic modulus of concrete E, as per Equation (25).

Ec= 4400~/ feu (25)

Step 20. Determining the distance z* from the neutral axis and the extreme compres-
sion fibers of the slab cracked cross-section at the midspan using Equation (26).

- A;l/’ur\/ (na3”) ® Lot sl
J o for SS
Sl (26)
—nAil'b-i-\/(nAil'b)2+2nb5’A§l'bd>‘l
bsl

for FSDP and FS

where 7 is the modular ratio of concrete to steel, and Ail b and A;l'h are the chosen areas of
the maximum bottom reinforcement in the long and short directions, respectively.

Step 21. Calculation of the moment of inertia I°%°" of the slab cracked cross-section at
the midspan as per Equation (27). Figure 3 illustrates the cracking modes of slabs against
applied bending moments.

sl (s1\3 2
l 7=y (§ ) +nAS (dsz — zsz) for SS
sler
e = iy . s (27)
—5—=—+nAj (dSl — le> for FSDP and FS
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Figure 3. Cracking modes of slabs against applied bending moments.

Step 22. Calculation of the effective moment of inertia I of the slab cross-section at
the midspan as per Equation (28).

5L lstl,tmid < Msl,cr
Isl,e _

= Isl,g( Msker )3+Isl,cr |:1 B ( Msher )3:| l.stl,tmid > Msl,cr

Msl,tmid Mshtmid

(28)

where M4 is the unfactored applied bending moment resulting from the total load at
the midspan.

Step 23. Calculation of the short-term deflections AV A and ATt at the midspan
resulting from the dead, live, and total loads, respectively, as per Equations (29)—-(31).

5(Ly)> { ppsldmid _ 0_1( Mobdleft | Msl,dright)} for S8

sld _ ) 48EcI (29)
2 . .
4?;(;:1)3116 { Mskdmid 1 ( Msbleft 4 Msl,dnght)] for FSDP and FS
ASUL — Al < 14 ) (30)
8
Asl,st — Asl,d + ASl’l (31)

where Mebdmid ppsdleft and MeLA7ight are the unfactored applied bending moments resulting
from the dead load at the midspan, left support, and right support, respectively.
Step 24. Calculation of the total long-term deflection AS# at the midspan utilizing
Equation (32).
Asl,lt — ASI’St+letASI’d (32)

where o is a factor obtained from ECP 203-18 to consider the effects of creep.
Step 25. Checking that A does not exceed the permitted deflection imposed by ECP
203-18 as per Equation (33).

N

L
Al < for SS
B =y for FSDP and FS

N
|
(=)

(33)

N‘[“
=
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Step 26. Check the punching shear stresses, where this shall be applied for flat slabs
only because the presence of beams eliminates the risk of punching shear failure. The check
starts with determining the effective depth d,, which resists the punching shear stresses as
per Equation (34).

@' 147 for FSDP
= (34)

P e for FS

Step 27. For each slab—column connection, calculation of the critical shear perimeter
p°, the critical shear area A%", and the tributary area A%, These calculations are presented
in Table 1, where the critical cross-section for punching shear is at a distance 0.5d,, from the
column face.

Table 1. Critical shear parameters at the slab—column connections.

Type of Column Interior Edge Corner

7z T 7 ﬁ by
/) 2 |L2 A e, Ly
............ ] | L by 2
b] bl 2
7 Ly
Shape Ly 1 2
Critical shear length by tl+d, t4-d, gl 4 dzl
Critical shear width b, pe! +d, pel 4 % pel 4+ %
Critical shear perimeter p*! 2(b1+b7) b1+2b, by+by
Critical shear area A%< bib, bb, by1by
Tributary area A4t LiL, Li Ll

Step 28. Calculation of the applied punching shear load Q¢ as per Equation (35).
Q= w (A — A% =12, .., g (35)

Step 29. Calculation of the applied punching shear stress g using Equation (36).

i ch‘Bcl
Pddp ’

q cd=1,2, ..., ny4 (36)

where B¢ is a factor obtained from ECP 203-18 based on the column location.
Step 30. Calculation of the nominal concrete punching shear strength %"* utilizing
Equation (37).

cld
cmax— min 0.8 222 4 0.2 ff—”, 0.316 fc—”,l.7MPa ;cd=1,2,...,ng (37
q pCl ,)/C r}/c

where a! is a factor obtained from ECP 203-18 based on the column location.
Step 31. Checking that g does not exceed the corresponding g°"*~.

2.2. RC Beams

In the current study, the beams existed only in the solid slab structural floor system,
and these were classified into four groups: interior beams in the long direction, interior
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beams in the short direction, edge beams in the long direction, and edge beams in the short
direction. Using a conservative approach, all cross-sections of beams were designed as
rectangular sections. Figure 4 illustrates the typical arrangement of the steel reinforcement
of a beam. In practice, the concrete dimensions of all beams in a typical story are the same
to attain simpler formwork, and these are reflected in the following design steps.

— 1 | Abfh‘
tSll% i 3
Kb 1P Ties T Ab'SiI
PP b,Ch
Ag
—— 1 wb
+
Section 1-1

Figure 4. Typical arrangement of the steel reinforcement of a beam.

Step 1. Determining the preliminary beam height h” utilizing Equation (38).
W > max <3tS’, 400 mm); b=1,2 ..., m (38)

where b represents the beam under consideration and #;, is the number of beams in a

typical story.
Step 2. Determining the preliminary beam width w? using Equation (39).

w® > max(ty, 250mm); b=1,2, ..., n, (39)

where t;, is the partition wall thickness.
Step 3. Checking that the span-to-depth ratio (s—:) of each beam is greater than or
equal to 4, where L? is the beam span length and d" is the effective depth of the beam (the

distance between the steel reinforcement and the extreme compression fibers of the beam).
Step 4. Checking the side buckling for each beam. This can be achieved when the

: 200(w?)?
span is less than or equal to the two values S;: ) and 40w’.

Step 5. Calculation of the uniform load applied on each beam W' as per Equation (40).

WP = 1.4(7rcwbhb +wwl)+N’7abw51L2; b=1,2 ..., m (40)

where N? is the number of slabs supported by the beam under consideration (i.e., N’ equals
1 for edge beams and 2 for interior beams) and &’ is a coefficient obtained from ECP 203-18
based on the direction under consideration.

Step 6. Calculation of the applied bending moment M at each critical cross-section of
the beam under consideration as per Equation (41).

2
Wb (Lt
Mf:gs);s:1,2,...,ns;b:1,2,...,nb (41)

where L? is the beam span length, J; is a factor obtained from ECP 203-18 and is based on
the location of the critical cross-section, and 7, is the number of critical cross-sections of
a beam.
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Step 7. Calculation of the maximum permissible bending moment M""* for each
beam utilizing Equation (42).

2
o Runfa(d)
Mbmax — ” ;b=1,2,...,m (42)
c

Step 8. Checking that MY at each critical cross-section of each beam does not exceed
the corresponding MY"*,

Step 9. Calculation of the required steel reinforcement area AL for each critical
cross-section of each beam using Equation (43).

fyd® fyd"\? (fy) reMt
N [
;8
15 ny)z% ]

('Ys)zfcuwh

AL = =1,2,...,n5b=1,2,..., m (43)

Step 10. Calculation of the minimum and maximum permitted areas of steel rein-

forcement Ag’min and Ab'm”x, respectively, for each critical cross-section of each beam as per
Equations (44) and (45).

i 1.1 0.225,/
Ab™IN— min lo.oo15wbdb, max(wbdb, 7fwwbdb, 1.3A§"> is=1,2,...,n5b=1,2,...,n, (44)

fy fy

(%) (1259 )wbd
= ‘ ;b=1,2, ..., nm (45)
)
s
Step 11. Determining the beam bar diameter ¢?, where this shall be greater than or
equal to 10 mm. This step is followed by determining the number of bars 1! for each critical
cross-section of each beam as per Equation (46).

Ab,max

2 <l <12,5=1,2,...,n5b=1,2, ..., m (46)

Step 12. Calculation of the chosen steel reinforcement area AV for each critical
cross-section of each beam.

Step 13. Checking that AL for each critical cross-section of each beam satisfies the
limits provided by Equation (47).

max(Ag'r, As’f'min) < Abh < opbme o1 0 g b=1,2,..., 1, @47

Step 14. Determining the shrinkage steel reinforcement area A”* for each beam that
satisfies the temperature and cracking requirements as per Equation (48).

0;b=1,2,...,m if (h’ — #1) < 600 mm

Ab,sh _
0.08A";b =1,2,...,n, if (h’ — ') > 600 mm

(48)

where A" is the area of the maximum bottom steel reinforcement for each beam.
Step 15. Determining the top steel reinforcement area A"" required to hang the lateral
ties for each beam as per Equation (49).

0.1Ab™ < AP < 024 b=1,2, ..., n, (49)
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Step 16. Calculation of the cracking bending moment M as per Equation (50).
8
Mb'"sz”T; b=1,2, ..., m (50)
Yy

where I8 is the gross moment of inertia of the beam cross-section, neglecting the cross-
sectional area of steel reinforcement, and y” is the distance from the neutral axis to the
extreme tension fibers of the beam gross cross-section.

Step 17. Calculation of the unfactored applied bending moments MY, MY, and
Mg’t resulting from the dead load, live load, and total load, respectively, at each critical
cross-section of each beam using Equations (51)—(53).

) ('yrcbbth+wwl+szxbgL2> (Lb)2

M = s ;5=1,2,...,n;b=1,2, ..., n (51)
2
(Nbocprz) (Lb)

MY = s =12, n5b=1,2, ..., m (52)

Mf/t: M?/‘M—Mf/l;s =1,2,...,n5b=1,2, ..., m (53)

Step 18. Determining the distance z’ from the neutral axis and the extreme compres-
sion fibers of the cracked cross-section of each beam at the midspan using Equation (54).

2
, —nAbm 4 \/(nAb'm) +2nw? Abmgb

2= — ib=1,2, ..., m (54)

Step 19. Calculation of the cracked moment of inertia I>*" for each beam at the
midspan as per Equation (55).

3
[oer — u)b(;b)JrnAbfm (db - zb)z; b=1,2, ..., m (55)

Step 20. Calculation of the effective moment of inertia I"¢ for each beam at the
midspan as per Equation (56).

8, b=1,2, ..., m if MbAmid < ppber

3 3 .
b, Mber b, Mber . : b,tmid b,
I g(M—b,mnd) ! Cr[l_ (thm) ],b_— L2 ...,m ifM > M

(56)

where MY is the unfactored applied bending moment resulting from the total load at
the midspan of each beam.

Step 21. Calculation of the short-term deflections Ah'd, AP and Abst resulting from
the dead load, live load, and total load, respectively, at the midspan of each beam using
Equations (57)—(59), respectively.

bd _ 5L2 [Mbldmid —01 (Mb'dleft—.—Mh'dright)} -b=1 2 n (57)
= 48Eclb,€ . 7 - 7 y b
b 512 b, Imid blleft | a rblright
A" = e MU0 (MO M) | b =1, 2, G8)
C /
AVt = APA L AV =12, . (59)

where MbAmid | pbAleft and MEATISH are the unfactored applied bending moments resulting
from the dead load at the midspan, left support, and right support, respectively; M/,
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MYt and MOUAright are the unfactored applied bending moments resulting from the live
load at the midspan, left support, and right support, respectively.
Step 22. Calculation of the long-term deflection A”" at the midspan of each beam as
per Equation (60).
A = A AP =1, 2, (60)

Step 23. Checking that A’ does not exceed the permitted deflection imposed by ECP
203-18 as per Equation (61).

Lb
Ab,lt < .

=1,2, ... 1
_250/b ;4 , Np (6)

Step 24. Calculation of the applied shear load QY at the critical cross-section of each
beam, i.e., at a distance 0.5d” from the corresponding column face using Equation (62).

bcl db
Qr = wb - -5 b=12..m (62)

Step 25. Calculation of the applied shear stress ¢” at the critical cross-section of each
beam as per Equation (63).

p_ Q
q :W;b:LZ,...,nb (63)

Step 26. Calculation of the maximum shear strength q"%* using Equation (64).

g""* = min (0.71 / Jr(;”, 44 MPa) (64)
Cc

max

Step 27. Checking that g” does not exceed q
Step 28. Calculation of the concrete nominal shear strengths 4“"“ and g in the
uncracked and cracked stages, respectively, utilizing Equations (65) and (66).

uncr

7 = 016, | L2 (65)
Te

g =012, [F (66)
Te

Step 29. Determining the shear stress %! of the vertical ties for each beam as per
Equation (67).

e b
qb,t _ 0,0=1,2, ..., n lfq < quncr .
qb_qcr;b:LZ,...,nb 1fqb> quncr
Step 30. Determining the number of branches nbt of the vertical ties for each beam
utilizing Equation (68).

2b=1,2, ..., n, ifw’< 400 mm
bt > { ) - b f (68)

=1,2 ...,n ifw’ > 400 mm
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Step 31. Determining the spacing S”! between vertical ties for each beam that satisfies
the shear stress requirements provided by Equation (69).

200mm; b=1,2, ..., m if g° < gner

sht — bt, bt (69)
max(w, 200mm); b=1,2,...,n ifqb > g

where AV! is the area of the vertical ties for each beam.
Step 32. Checking that S is greater than or equal to 100 mm.

2.3. RC Columns

According to ECP 203-18, the columns should be designed to resist the axial loads and
bending moments. In the current study, the columns were classified into four groups based
on their locations: interior columns, edge columns in the x-direction, edge columns in the
y-direction, and corner columns. For simplification, each group had a square cross-section.
Three steel reinforcement arrangements were utilized to satisfy the design provisions
(Figure 5). Each arrangement had a specific number of vertical bars and a shape of lateral
ties based on the column width b The design steps can be summarized as follows.

gl g6k 6l
Y
tCl
. A
« bel Mook bel o e bel )
(@) (b) ()

Figure 5. Possible steel reinforcement arrangements for columns: (a) 4 bars; (b) 8 bars; (c) 12 bars.

Step 1. Calculation of the concrete cross-sectional area A% of each column.
Step 2. Calculation of the axial design load P for each column using Equation (70).

1y
N(rb Y Rh'Cl—F’yrcAClH); cd=1,2,...,nq forSS
b

P = =1 (70)

N (wSIAdf”—i-%CAdH); ol=1,2,...,ny  for FSDP and FS

where N is the number of stories, ¥ is a shear coefficient obtained from ECP 203-18 based
on the column location, RV is the reaction of a beam at the beam—column connection
under consideration, and H is the typical story height.

Step 3. Determining the steel arrangement of each column. The spacing s between
two adjacent bars shall not exceed 250 mm.

Step 4. Determining the bar diameter ¢ for each column, which shall be greater than
or equal to 12 mm.

Step 5. Calculation of the chosen vertical steel reinforcement area A°* of each column.

Step 6. Checking that A" of each column fulfills the reinforcement limits provided
by Equation (71).

0.008A% < A% < 0.04A% cl=1,2, ..., ny (71)
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Step 7. Determining the number of lateral ties n"*

Equation (72).

per meter for each column as per

( 1000

x 15900 5) <t <10;c=1,2, ..., 1y (72)

Step 8. Calculation of the volume of steel lateral ties A per meter for each column.

Step 9. Checking that V. for each column is greater than or equal to 0.025A.

Step 10. Calculation of the maximum axial load P that each column can withstand
as per Equation (73).

pme = 035f,, (AT — A%*)+0.67f, A el = 1,2, ..., ng (73)

Step 11. Checking that the axial design load P for each column does not exceed the
corresponding P/4x,

Step 12. For flat slabs only, calculation of the design bending moment M transferred
from the slabs to the columns utilizing Equation (74).

MA= M el =1,2, ..., ng (74)

where ¢ is a factor obtained from ECP 203-18 based on the column location.

Step 13. For flat slabs only, constructing an interaction diagram for each column to
check its safety. In this diagram, five points (i.e., combinations of axial loads and bending
moments) were used to represent the failure envelope, i.e., the boundaries of the diagram
(Figure 6).

Axial load (kN)
A

(M1:P1) (My,P5)

(M3,P3)

» Bending moment (kNm)
(Mg, Py)

(M5/Ps)

Figure 6. Typical interaction diagram for eccentrically loaded columns.

1.  Point 1 represents the pure axial compression failure mode. Here, the axial load P;
equals Pehmax,
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2. Point 2 represents the compression failure mode with minimum eccentricity. The
bending moment M, can be calculated using Equation (75). The minimum eccentricity
eclmin permitted by ECP 203-18 is expressed in Equation (76).

M2: Pcl,mux . ecl,min (75)
cl,min__ cl
pclmin_ max(0.0St , 20 mm) (76)

3. Point 3 represents the balanced failure mode (i.e., the concrete failure and steel rein-
forcement yielding occur simultaneously). The axial load P; and the bending moment
M3 are expressed in Equations (77) and (78), respectively.

P = 0.67{?‘{1“19” 4 Q ( Acls' Acl,st) 77)

c Vs

M; = 0'67fﬂaclbcl Xcl _ id + flAcl,sl <Xcl _ dCl,) + flACl,St (dcl _ Xcl) (78)
Ye 2 Vs Vs

where A5 is the area of steel reinforcement on the compression side, A% is the
area of steel reinforcement on the tension side, a? is the length of the equivalent
rectangular stress block, X is the distance from the plastic centroid to the extreme
compression fibers of the column cross-section, d"" is the distance from the center of
compressive bars to the extreme compression fibers of the column cross-section, and
d°! is the distance from the center of tensile bars to the extreme compression fibers of
the column cross-section.

4. Point 4 represents the pure bending failure mode. The bending moment M, can be
calculated using Equation (79).

M= fyACl,st (dcl . dcl,) (79)

5. Point 5 represents the pure axial tension failure. The axial load Ps can be calculated
using Equation (80).
Ps= f, A% (80)

Step 14. For flat slabs only, checking the adequacy of each column. This step can be
achieved by ensuring that the axial load P? and the bending moment M for the column
under consideration exist within the interaction diagram boundaries.

3. Construction Cost Parameters

The total cost of a construction project consists of a set of direct costs and indirect costs.
The direct costs include materials and labor costs, while the indirect costs include account-
ing services, administration, and site overhead. The indirect costs are often independent of
the design parameters. Thus, the current study considers the direct costs of the skeleton
structure of the RC building. Here, the costs of concrete, steel reinforcement, formwork,
and labor of floors and columns are considered.

In practice, the concrete cost is calculated by multiplying the concrete volume V, by
the unit price of concrete U,, which is based on the concrete grade. The steel reinforcement
cost is calculated by multiplying the steel reinforcement weight W; by the unit price
of steel reinforcement Us;. In Egypt, the cost of formwork and labor is calculated by
multiplying the concrete volume V. by the unit price of the formwork and labor Uf. Here,
Ur was assumed to be the same for all structural floor systems. To illustrate one of the
features of the optimization problem, the unit prices U, Us, and Uf in the past five years
(2017-2021) are depicted in Figure 7. The unit prices U, and U; presented in Figure 7a were
obtained from the monthly bulletins of average retail prices of major important building
materials provided by the Ministry of Housing, Utilities, and Urban Communities in Egypt.
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The unit price Uy presented in Figure 7b represents the average yearly unit prices and
was obtained from several construction sites in Egypt. It can be observed that the unit
prices of materials have been fluctuating inconsistently. For instance, Us increased from
516 USD/ton to 746 USD/ton (45% increase) in 3 months. The unit price U, remained
constant (39 USD/m?) for 17 months before increasing to 46 USD/m? in December 2021.
The unit price Uy increased linearly. The fluctuation of the unit prices may change the
shape of the optimization problem and, consequently, affect the best design results. Table 2
summarizes the considered unit prices.

50 850
- - - - Concrete
Steel reinforcement ,T
45 750
g g
a) a
40 650
S =)
= B
35 550
30 1 1 1 1 | 450
Jan-17 Jan-18 Jan-19 Jan-20 Jan-21 Jan-22
Time (Month)
(a)
35
Formwork and labor
o 30
£
()
wn
2
S 25 |
20 1 1 1 1 1
Jan-17 Jan-18 Jan-19 Jan-20 Jan-21 Jan-22

Time (Month)

(b)

Figure 7. Average unit prices in the past five years (2017-2021) in Egypt: (a) concrete and steel
reinforcement; (b) formwork and labor.
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Table 2. Unit prices of the cost components.

Component Strength (MPa) Unit Price (USD/Unit)

25 36.8

30 39.2

35 41.6

40 44.1

3

U, Concrete 45 m 484
50 52.7

55 57.0

60 61.4

u High tensile steel 420 ‘ 735.1
s Mild steel 240 on 735.1
Uy Formwork and labor - m> 30.8

4. Statement of the Problem
4.1. Design Variables

The design variables of the optimization problem are defined in Table 3 and Figure 8
for each structural floor system, including the concrete grades, column spacings, concrete
dimensions, and steel reinforcement. The concrete grades utilized in the current study
were restricted to those available in the ready-mix plants in Egypt. The column spacings
were between 3 m and 8 m to cover the most common spans in a building. The concrete
dimensions were rounded to define increments based on the formwork dimensions to fulfill
the construction requirements. The bar diameters were chosen from Egypt’s commercial
steel bar list.

] | . irop ‘o | |
S ® I LI e | . ® . 0 0 0 o g . 0
th"" == # T g T inre e tSZI%-- o i
h (pb tdrop [ Hc . Py 'Y .|| | [ ‘
clt
ol |- el R
| cl P°
—fb ¢ ml L
et pel bl

(a) (b) (c)

Figure 8. Design variables regarding concrete dimensions and steel reinforcement of each structural
floor system: (a) SS; (b) FSDP; (c) FS.
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Table 3. Design variables of different structural floor systems.

Parameter Design Variable Symbol Increment/Set Lower Bound Upper Bound SS FSDP FS
Concrete grade Characteristic compressive strength feu {25, 30, 35, 40, 45, 50, 55, 60} MPa 25 MPa 60 MPa v Ve v
Column spacings Number of spans (x-d@recti.on) My 1 max(Ly, /8000 mm, 3) L, /3000 mm v v v
Number of spans (y-direction) 1y max (Ly /8000 mm, 3) L, /3000 mm v v v
max(Ly /40, 80 mm) for SS
Slab thickness £l 20 mm max(Ly /36, 150 mm) for FSDP 300 mm v v v
max(Ly /32, 150 mm) for FS

Beam height nb 50 mm max (3t51 , 400 mm) 900 mm v - -

Concrete Beam width w? 50 mm max(by, 250 mm) 400 mm v - -
dimensions Drop panel thickness prop 20 mm #sly4 120 mm - v -
Drop panel width gdrop 50 mm L1/3 Ly/2 - v -

Interior column width b™" v v v

Edgecoumn widt cdirctor) " 50 /15, L3 W) SO oo LY

Corner column width b max(h/15, L1/20, 300 mm) for FS v v v

Beam bar diameter qbb {10, 12, 16, 18, 22, 25} mm 10 mm 25 mm v - -

Interior column bar diameter " v v v

. L ox

Eage column bar diameter y-directon) o {12,16,18, 22, 25, 28} mm 12 mm Bmm Yy

Steel Corner column bar diameter ¢ v v v
reinforcement Number of interior column lateral ties nitet max(1000£ / 154)“, 5 v v v
Number of edge column lateral ties (x-direction) nest 1 max (1000£ /15¢%, 5 10 v v v

Number of edge column lateral ties (y-direction) nevt max(1000¢ / 15¢%, 5 v v v

Number of corner column lateral ties nert max (1000£" /15¢", 5 v v v
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4.2. Objective Function

The general formulation of the design optimization problem can be expressed as

Minimize f(x)= U Ve+UsWs+U Ve (81)
subject to
Glxy < 1;i=1,2,...,1 (82)
G]S"’b(x) <1Lj=1,2..,Lb=12 .., m (83)
Gdx) < k=12 ..., Kd=12 ..., 14 (84)
Glx) < 1;1=1,2,..., L (85)
Gornb(x)y < ,m=1,2,...,M;b=1,2, ..., m (86)
G dx) <1,0=1,2...,0;cl=1,2, ..., 1y (87)
X< x < xt (88)

where x is the vector of design variables; f(x) is the objective function; G ¥ (x), G].Str’ b (x),
and G,ftr’ d (x) are the strength inequality constraint functions of slabs, beams, and columns,

respectively; G ¥ (x), Gp" ! (x), and G5 “/(x) are the strength inequality constraint
functions of slabs, beams, and columns, respectively; I, ], and K are the number of strength
constraints regarding slabs, beams, and columns, respectively; L, M, and O are the number
of serviceability constraints regarding slabs, beams, and columns, respectively; x' and x*
are the lower and upper bounds of the design variable x; and Z is the number of design
variables. The strength and serviceability criteria were illustrated in Section 2, while the
lower and upper bounds of the design variables were presented in Table 3.

5. Optimization Algorithm

The mathematical model was built using Microsoft Excel 2016 spreadsheets. The
model was fully programmed using Visual Basic for Applications (VBA) embedded within
Microsoft Excel. Repetitive tasks, such as running the solver tool and constructing tables,
were also programmed using VBA. In the current study, each structural floor system had its
spreadsheet comprising all the data. This data included the calculations regarding structural
analysis; design steps of structural elements; and the construction costs of concrete, steel
reinforcement, and formwork and labor.

The evolutionary method was utilized by the solver tool available in Microsoft Excel to
perform the optimization for two reasons. First, it uses a variety of algorithms, along with
local search methods. It relies on controlled sampling combined with deterministic methods
to explore the search space efficiently. Second, it can handle non-smooth and discontinuous
functions [37]. The evolutionary method parameters were the population size, random
seed, mutation rate, convergence value, and maximum time without improvement. Table 4
lists the values of the solver parameters used in the model.
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n, x L,

Table 4. Microsoft Excel solver parameters.

Parameter Value
Constraint precision 1x107°
Maximum time Unrestricted
Iterations Unrestricted
Maximum subproblems Unrestricted
Maximum feasible solutions Unrestricted
Convergence 1x 1074
Mutation rate 0.075
Population size 100
Random seed 0

Maximum time without improvement 120 s

6. Benchmark Examples and Discussions

Two benchmark examples with rectangular layouts were optimized (Figure 9). In the
first example, two cases were examined to investigate the effects of optimizing the concrete
grade and column spacings on the optimal results. The second example investigated the
effects of optimizing the columns in the higher stories. The design input data of these

examples are listed in Table 5.

(a) (b)

(©)

Figure 9. Typical floor layouts of each structural floor system: (a) SS; (b) FSDP; (c) FS.

Table 5. Design input data.

Parameter Value
fy Yield strength of the longitudinal steel reinforcement 420 MPa
fyst Yield strength of the lateral steel reinforcement 240 MPa
Es Elastic modulus of steel 200 GPa
Yre Unit weight of concrete 25 kN/m3
Vst Unit weight of steel 78.5 kN/m?
e Unit weight of brick partition walls 14 kN/m3
Ye Safety reduction factor for concrete 1.5
Ys Safety reduction factor for steel 1.15
el Concrete cover of slabs 25 mm
c? Concrete cover of beams 50 mm
¢ Concrete cover of columns 25 mm
P Live load 2 kPa
wy Flooring load 1.5 kPa
st Bar diameter of lateral steel reinforcement 8 mm
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6.1. Example 1: A Four-Story Building

A four-story building with a rectangular layout and a 3.3 m typical story height was
considered. The total lengths of the building in the x- and y-directions were 30 m and
25 m, respectively. In case 1, the concrete grade and column spacing in the long and short
directions were constant (fc, = 35 MPa, ny =5, and ny = 5). Here, the design variables were
the parameters regarding concrete dimensions and steel reinforcement listed in Table 3.
In case 2, the concrete grade and floor spacing in each direction were included in the design
variables (i.e., the design variables were all the parameters defined in Table 3).

Five runs were performed to obtain the best optimal solution. During the optimization
process, the convergence history of each run was recorded. The convergence history of
the best run for each structural floor system is illustrated in Figure 10. The number of
iterations of each run was based on the time termination criteria, i.e., maximum time
without improvement. The design variables and optimal costs of the best run of each
structural floor system are displayed in Tables 6 and 7. These results are discussed in
four sections.

40
— 38 mSS
£ 4 FSDP
A 36
)
2 34 o FS
g |
g 32
< 4
o 30 F
=
= 28
E
g 26
24 1 1 | 1 1
0 200 400 600 800 1000 1200
Iteration Number
(a)
40
~ 38
£
A 36
)
2 34
2
3 32
=
£ 30
=
= 28
£
% 26
24 1 1 1 1
0 200 400 600 800 1000 1200
Iteration Number
(b)

Figure 10. Convergence history of the best optimal runs of example 1: (a) case 1; (b) case 2.
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Table 6. Summary of the optimal concrete grade, column spacings, concrete dimensions of floors,
and costs of floors (example 1).
Floor Ly x Ly feu ! trop sdrop nb w? Floors Cost
Case fy X fy 2
System (mm) (MPa) (mm) (mm) (mm) (mm) (mm) (USD/m*)
ss 1 5x5 6000 x 5000 35 140 - - 500 250 25.43
2 8x8 3750 x 3125 25 80 - - 400 250 20.25
FSDP 1 5x5 6000 x 5000 35 200 60 2000 - - 27.66
2 8 x8 3750 x 3125 25 160 40 1600 - - 21.36
FS 1 5x%x5 6000 x 5000 35 200 - - - - 26.16
2 8x8 3750 x 3125 25 160 - - - - 20.46

Table 7. Summary of the optimal concrete dimensions, steel reinforcement, and costs of columns
(example 1).

. Edge Columns Edge Columns

Floor Interior Columns (x-Direction) (y-Direction) Corner Columns Columns
se - Cost

System b Steel No. of b Steel No. of b Steel No. of b Steel  No. of (USI(;S; m?)

(mm) Bars Columns (mm) Bars Columns (mm) Bars Columns (mm) Bars Columns

Ss 1 400 8T16 16 300 4T16 8 250 4T18 8 250 4T16 4 2.83
2 300 4T16 49 250 4T16 14 250 4T16 14 250 4T16 4 4.28
FSDP 1 400 8T16 16 350 8T16 8 350 8T16 8 300 4T16 4 3.61
2 300 4T16 49 300 4T16 14 300 4T16 14 300 4T16 4 4.70
S 1 400 8T16 16 400 8T16 8 350 8T16 8 300 4T16 4 3.72
2 300 4T16 49 300 4T16 14 300 4T16 14 300 4T16 4 4.70

6.1.1. Effects of Optimizing the Concrete Grade and Column Spacings

This section compares the optimal design results of case 1 and case 2 for each floor
system. For all floor systems, the optimal column spacings in case 2 were smaller than the
constant column spacings in case 1. Decreasing the column spacings reduced the straining
actions (i.e., flexure, shear, and compressive axial loads) and deflections of structural ele-
ments. Accordingly, smaller f., and concrete dimensions and less steel reinforcement were
sufficient to satisfy the design requirements of the structural components in case 2. Hence,
the construction costs of floors decreased when the concrete grade and column spacings
were optimized. As the column spacings decreased in case 2, the number of columns
increased, and the concrete dimensions and steel reinforcement of columns decreased.
Consequently, the columns in case 2 were more expensive than those in case 1 due to the
increased number of columns. The total construction costs in case 2 were 13.2%, 16.7%, and
15.8% less than those of case 1 for SS, FSDP, and FS, respectively.

6.1.2. Comparison between Floor Systems

In both cases, SS was the cheapest and FSDP was the most expensive structural
floor system. The slabs of FSDP and FS utilized more steel reinforcement than those of
SS slabs to satisfy the shrinkage provisions imposed, as ¥ was greater than or equal to
160 mm. Accordingly, the floors construction costs of FSDP and FS were higher than those
of solid slabs.

Enhancing the slabs with drop panels reduced the punching stresses at the slab—
column connections. Despite the reduction in punching stresses in FSDP compared to FS,
t results for FSDP and FS were the same in each case. In case 1, a high t*/ (200 mm) for
FSDP was imposed to satisfy the long-term deflection criteria resulting from the heavy
partition wall loads. In case 2, #5! could not be less than the absolute minimum value
(160 mm). Consequently, the floors construction costs of FSDP were higher than those of FS
due to the presence of drop panels.
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Optimal Total Cost (USD/m?)

35

30

25

20

15

10

In case 1, SS was 9.7% and 5.5% cheaper than FSDP and FS, respectively, and FS was
4.5% cheaper than FSDP. In case 2, SS was 5.9% cheaper than FSDP and 2.5% cheaper than
FSDP, and FS was 3.5% cheaper than FSDP.

6.1.3. Distribution of Structural Elements Construction Costs

Figure 11 compares the construction costs of floors and columns for each structural
floor system. In both cases, the costs of floors constituted the major part of the total
construction costs. Therefore, more attention shall be paid to the optimization of floors.
A similar conclusion was reported by other researchers [30,31]. In case 2, the cost ratio of
columns to floors increased as a result of the increased number of columns.

35
11.5% Py ~ 30
10.0% S iz
o 2 0
Z 17.4% 18.0% 18.7%
S 20
w0
S
90.0% SR 87.5% 3 B
o
; 10 82.6% 82.0% 81.3%
£
5. b
o
0
55 FSDP FS SS FSDP FS
(a) (b)

[] Columns [l Floors

Figure 11. Comparison of the optimal construction total costs of floors and columns (example 1):
(a) case 1; (b) case 2.

6.1.4. Distribution of Materials and Labor Construction Costs

Figure 12 compares the construction costs of materials and labor for each structural
floor system. In both cases, the steel reinforcement costs constituted about half the total
construction costs as a result of the high unit price of steel reinforcement U, in Egypt.
In contrast, Sahab et al. [30] reported that the steel reinforcement costs constituted the
lowest construction costs. It should be mentioned that Sahab et al. [30] used different unit
prices of materials and labor in accordance with Spon’s Architects” and Builders” Price Book
2001 [38] and Harris [39] in London, UK. Thus, the optimal design results may significantly
vary based on the considered unit prices in a specific country.

6.2. Example 2: A Ten-Story Building

A ten-story building with a rectangular layout and a 3 m typical story height was
considered. The total lengths of the building in the x- and y-directions were 35 m and
40 m, respectively. The design variables were all the parameters defined in Table 3. In this
example, the concrete dimensions and steel reinforcement of columns were adjusted at three
levels, namely, stories 1-4, stories 5-8, and stories 9-10, to reduce the columns’ construction
costs. The characteristic strength f., was considered as a design variable to achieve higher
cost savings of columns, as recommended by Boscardin et al. [33].
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Figure 12. Comparison of the optimal construction total costs of materials and labor (example 1):
(a) case 1; (b) case 2.
The design variables of the best run of each structural floor system are presented in
Tables 8 and 9. In this example, a higher f., was utilized to enhance the axial resistance
of columns and reduce the long-term deflections of slabs and beams. Because the high £,
enhanced the punching shear resistance at slab—column connections, a low t51 (160 mm)
was sufficient to resist the punching shear stresses of FSDP and FS.
Table 8. Summary of the optimal concrete grade, column spacings, concrete dimensions of floors,
and costs of floors (example 2).
Floor e X1 Ly x Ly feu ! gdrop sdrop Wb w? Floors Cost
System oy (mm) (MPa) (mm) (mm) (mm) (mm) (mm) (USD/m?)
SS 11 x 8 3182 x 5000 35 80 - - 400 250 2042
FSDP 7%x8 5000 x 5000 30 160 40 2450 - - 21.46
FS 7%x8 5000 x 5000 35 160 - - - - 20.91
Table 9. Summary of the optimal concrete dimensions, steel reinforcement, and cost of columns
(example 2).
Interior Edge Columns Edge Columns Corner
Floor . Columns (x-Direction) (y-Direction) Columns Columns
Stories - Cost
System b Steel  No. of b Steel No. of b Steel  No. of b Steel No.of (USD/m?)
(mm) Bars Columns (mm) Bars Columns (mm) Bars Columns (mm) Bars Columns
1-4 450 8T18 350 8T16 350 8T16 250 4T16 6.45
SS 5-8 350 8T16 70 300 4T16 14 250 4T16 20 250 4T16 4 4.25
9-12 250 4T16 250 4T16 250 4T16 250 4T16 2.58
1-4 600 12718 400 8T18 400 8T18 350 8T18 6.51
FSDP 5-8 500 8T18 42 350 8T16 12 350 8T16 12 300 4T18 4 4.57
9-10 400 8T16 300 4T16 300 4T16 300 4T16 3.15
14 550 8T22 400 8T16 400 8T16 300 4T16 5.99
FS 5-8 400 8T18 42 350 8T16 12 350 8T16 12 300 4T16 4 3.95

9-10 400  8T16 350 8T16 350  8T16 300 4T16 3.61
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The concrete dimensions of SS columns were smaller than those of FSDP and FS. This
can be explained in terms of the lower axial loads and lack of punching shear stresses and
bending moments at the slab—column connections of SS. At lower story levels, the concrete
dimensions of the FSDP columns were larger than those of FS because the chosen f, for
FSDP was less than that of FS.

For all structural floor systems, the optimal concrete dimensions of columns decreased
at higher story levels in proportion to the reduced axial loads. However, although the
axial loads applied on columns decrease at higher story levels, it can be observed that the
concrete dimensions of FS columns did not decrease at stories 9-10. The lower concrete
dimensions of FS columns could not resist the punching stresses.

Figure 13 compares the optimal construction costs of the floors for a typical story for
each floor system. In terms of the floors construction costs, SS was the cheapest, and FSDP
was the most expensive structural floor system.

25
E 20 )
2 20.6% T 23.6%
2
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o
)
g % 44.7% 44.6%
£
<
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3 27.9% 30.9% 31.8%
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SS FSDP FS
] Formwork and labor ] Steel reinforcement ] Concrete

Figure 13. Comparison of the optimal construction costs of floors (example 2).

Figure 14 compares the optimal construction costs of columns at different story levels
for each structural floor system. As the number of stories increased, the columns cost
reduction in SS was high compared to the other floor systems. It was verified that reducing
the concrete dimensions of columns at higher story levels could achieve high cost savings,
as reported by Boscardin et al. [33]. The total construction costs per building unit area of SS,
FSDP, and FS were 25.21 USD/m?, 26.52 USD/m?, and 25.57 USD/m?, respectively. Hence,
SS was 4.9% and 1.6% cheaper than FSDP and FS, respectively, and FS was 3.4% cheaper
than FSDP.
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Optimal Columns Cost (USD/m?)
N

Columns (1-4) Columns (5-8) Columns (9-10)

0SS CJFSDP W FS

Figure 14. Comparison of the optimal construction costs of columns at different story levels
(example 2).

7. Conclusions

In this study, a design optimization model was developed to minimize the construction
costs of materials and labor in RC buildings. The optimization model was built using the
evolutionary algorithm provided by the Microsoft Excel solver tool. Three structural floor
systems were considered: SS, FSDP, and FS. The design constraints were based on the
design provisions of ECP 203-18 to ensure the safety of each floor system. Discrete values
of design variables were utilized per construction industry requirements to account for the
practical considerations.

Two benchmark examples were considered to investigate the effects of the design
variables on the optimal results of each structural floor system. The results revealed that
solid slab buildings produced the most cost savings among the three systems.

The construction costs could be significantly reduced by considering the concrete
compressive strength and the column spacings as design variables. The optimizer tended
to reduce the column spacings to minimize the straining actions of the structural elements
and, consequently, achieve economical concrete dimensions and steel reinforcement.

Low concrete grades are sufficient for low-rise residential buildings with small column
spacings to resist the low stresses applied on floors and columns. As the number of stories
increases, the tendency toward selecting a higher concrete grade increases to reduce the
concrete dimensions of columns. The cost of columns decreased significantly with reducing
the concrete dimensions in the higher story levels. In the case of FS, the cost of columns was
less likely to decrease in higher story levels to resist the punching shear stresses. The cost of
floors constituted the major part of the construction cost concerning the structural elements.

The optimal distribution of construction materials can vary based on the consid-
ered unit prices. In the current study, steel reinforcement constituted about 50% of the
construction cost due to the high unit price of steel reinforcement in Egypt.

The current study revealed the possibilities of determining an economical structural
floor system, concrete grade, concrete dimensions, and steel reinforcement of RC buildings
by considering the integration of structural components. The contribution of the concrete
grade and column spacing in reducing the construction costs was discussed. The presented
optimization method could be applied to RC buildings subjected to seismic and wind loads
in future work by considering the additional load cases provided by the design code. Thus,
the effects of the additional design constraints on the optimal construction costs could be
examined. The input data, design calculations, and unit costs of materials and labor could
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be adjusted to fulfill the restrictions of any design code or consider different structural
floor systems.
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