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Abstract: The construction costs of hospital buildings are relatively high due to the need to fulfill
their complex functions and avoid mishaps. In this context, this study aims to minimize the total
construction costs of hospitals while still satisfying the special architectural, practical, and structural
requirements specified by design codes. To this end, 48 design alternatives with two floor systems
(flat slabs with and without drop panels), three column spacings, and eight concrete grades were
optimized using genetic algorithms provided by Palisade Evolver. The objective function included
the materials and labor costs per square meter of the floor plan. The decision variables involved the
concrete dimensions and steel bars of floors and columns. The hospital buildings were subjected
to gravity, earthquake, and wind loads to thoroughly examine the realistic loading conditions. The
design was performed in accordance with the Egyptian code for the design and construction of
concrete structures and the Egyptian guidelines for hospitals and healthcare facilities. The results
revealed that using low-strength concrete, and flat slabs without drop panels could achieve the best
design. The slab thickness had a governing impact on the total cost of both floor systems.

Keywords: reinforced concrete; compressive strength; evolver; seismic; earthquake; punching;
structural design; healthcare

1. Introduction

Hospitals are the core asset for efficient and functioning healthcare systems that
provide exemplary medical services and patient care [1,2]. Many studies have discussed and
developed various methods to enhance the quality of healthcare buildings from different
viewpoints. Generally, the construction of hospitals involves a high degree of complexity
to fulfill the multiple configurations imposed by international standards [3,4]. The recent
global pandemics such as COVID-19 exposed the unreadiness of healthcare organizations
for critical events, switching their scope to increasing the number of facilities and hospitals
to face future breakouts [5].

Some studies have analyzed the patients” perspectives on the care service aspects,
such as interpersonal and interaction skills [3,4], patient expectations, waiting time [3,5],
medical care quality [6,7], and emotional support [8,9]. Because these studies overlooked
the integration of care services and the facilities” design, Zhao et al. [10] explored the
opinions and perspectives of outpatients on the critical hospital design factors.

Recent studies have examined the quality of healthcare buildings from the energy de-
mand and environmental impact perspectives [1,11-13]. Ma et al. investigated the effect of
climate change on the energy demands of Australian hospitals constructed with the current
design specifications. They used DesignBuilder to simulate the performance of single-story
and multi-story hospitals in 10 different locations in Australia. Liu et al. [12] employed
a set of data analysis methods to evaluate the monthly electricity data of an Australian
benchmark hospital. The hospital’s energy consumption was obtained for 2030-2090 based
on the forecasted future climate data using different scenarios. Mejia et al. [11] evaluated
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the thermal energy demand in modern Spanish hospitals, considering the envelope design
in terms of external heat flow.

Few studies have employed effective optimization techniques to acquire specific objec-
tives regarding the quality of hospitals. Andersen et al. [14] used Markov chain modeling
and a local search heuristic to optimize patient admission and bed resource redistribution
to achieve minimum overcrowding and enhance patient flow. Helm and Oyen [15] devel-
oped a mixed-integer programming Poisson-arrival-location model to optimize strategic
planning and scheduling per staff capacity and hospital admission schedule.

Despite the efforts of these researchers to enhance the quality of hospitals, little at-
tention has been paid to the optimization of hospitals from the structural perspective.
Fortunately, the existing literature has sufficiently covered the structural optimization of
other buildings, such as residential buildings [16,17] and office buildings [18,19]. Fur-
thermore, parametric studies have been conducted for such buildings to predict the best
configuration of span lengths and material grades that achieve structural safety and mini-
mum cost [19-21]. However, the functions of the buildings in these studies were restricted
to domestic usage. Furthermore, these buildings were subjected to gravity loads only,
disregarding the realistic effects of lateral loads.

The current study aims to address the literature gap by minimizing the direct construc-
tion costs of hospitals, considering the crucial criteria regarding safety and serviceability
for such buildings. The effects of lateral stresses resulting from earthquakes and wind were
considered in the optimal sizing of the structural elements to overcome the limitations in
the reported literature. The optimization was performed using genetic algorithms (GA)
provided by Palisade Evolver. The control parameters of GA were tuned to specify the best
combination of parameters in terms of cost and computational effort.

Reinforced concrete flat slab buildings were chosen for their availability, versatility,
and ease of construction. Two alternative structural systems were considered for the
construction of hospitals: flat slabs with drops (FSWD) and flat plates (FP). The effects of
eight concrete compressive strengths (25-60 MPa) on the optimal results were investigated.
The structural design was conducted per the Egyptian design code of practice (ECP 203-
2020) [22] and the Egyptian code for calculating loads (ECL 201-2019) [23].

The economic allocation of rooms is paramount because it affects a hospital’s con-
struction expenses. Thus, we studied the effects of three column spacing variants that
fulfill the desired functions of hospitals based on the special architectural and practical
requirements derived from the Egyptian guidelines for hospitals and healthcare facilities
(EGH 360-2010) [24]. Eventually, guidelines were developed to help designers minimize
the cost of hospital buildings.

2. Optimization Algorithm

Evolver, an add-in developed by Palisade for Microsoft Excel, was used to perform the
cost optimization process. It uses an innovative genetic algorithm (GA) and an Opt-Quest
engine to quickly solve any problem that can be modeled in Excel. During the optimization
process, Evolver adjusts the decision variables predefined by the user, and the design that
simultaneously achieves the objective and meets the tight constraints is sought.

GA mimics the Darwinian principles of natural selection by creating a medium where
hundreds of possible solutions to a specific problem compete, and only the best survive.
As in biological evolution, each individual can pass on their good genes through breeding
and, eventually, better generations of individuals are developed.

Evolver has a ranking-based mechanism known as the steady-state approach that
allows a single organism to be replaced instead of the whole generation. Hence, the least-
fitted organism is excluded from the competition to reproduce new organisms. Evolver
has control parameters that influence how GA converges on the optimal solution. These
parameters are provided as options for the user to select their values from the Engine tab in
the setting dialog box. The control parameters are defined as follows:

1. Initial seed
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Initial seed is a field assigned to the algorithm’s random number generator. If this
field is set to a fixed integer value, the same solution will be produced if the initial decision
variables are the same; otherwise, random solutions could be obtained if the field value is
set to Automatic.

2. Population size

Population size refers to the number of complete sets of organisms to keep in memory
at a specific time. Evolver allows the user to choose a population size between 2 and
32,767 members. Generally, the selection of the population size depends on the problem
size. A larger population is recommended as the problem becomes more complex, resulting
in more computational effort and time.

3.  Crossover rate

Crossover rate refers to the possibility that subsequent scenarios or organisms will
have a combination of data from the previous generation of parent organisms. Evolver
allows the user to choose a crossover rate between 0.01 and 1.

4.  Mutation rate

Mutation rate reflects the probability that the positions of some variables in the or-
ganism will be swapped. Evolver allows the user to choose a mutation rate between
0 and

5. Operators

Operators represent exclusive selectable genetic operators available in Evolver. The op-
erators include linear operators, Cauchy mutation, arithmetic crossover, heuristic crossover,
and non-uniform mutation. If the user checks all the operators, Evolver selects the appro-
priate ones for optimization based on the complexity of the problem.

Previous studies have used Evolver’s GA to find the optimal cost for various problems
in the construction sector [25-27]. These studies demonstrated the robustness of the
algorithm. However, their presented solutions were based on trial-and-error attempts,
disregarding the effects of the GA control parameters on the optimal solution. In the
current study, the major GA control parameters (i.e., population size, crossover rate, and
mutation rate) were fine-tuned, and the effects of each one on the computational effort
and accuracy of results are discussed. Here, we applied the tuning methodology to a
single-story residential building. The main input parameters of the design problem are
presented in Table 1. The unit rates of materials were based on the monthly bulletin’s prices
in April 2022. The initial seed was set to generate random decision variables each time
Evolver ran. All GA operators were selected, and the progress-stopping condition when
two criteria were reached together was: (i) number of trials = 5000 and (ii) change in the
target value does not exceed 0.1%. Figure 1 summarizes the procedures of Evolver’s GA to
obtain the optimal solution.

Table 1. Input parameters for the tuning design problem.

Parameter Value
Concrete unit weight 25.0 kN/m?>
Steel unit weight 78.5 kN/m?3
Concrete compressive strength 25 MPa
High tensile steel strength 420 MPa
Mild steel strength 240 MPa
Floor covering load 1.5 kPa
Live load 2.0 kPa
Building side length in each direction 30.0m
Number of spans in each direction 6

Story height 3.0m
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Figure 1. Flowchart of Evolver’s GA methodology.

The optimization process was repeated 20 times for all of the control parameters, and
each mean optimal cost was plotted against its corresponding parameter. Furthermore,
the variance percentage was computed for each set of runs to determine how slight the
standard deviation was compared to the mean cost.

3. Optimized Building
3.1. Geometrical Considerations

Generally, hospitals are separated into distinct divisions for various functions, such
as patient care, social and administrative services, and waste management. There are also
academic and research facilities alongside residential communities in some instances. These
zones are geographically adjacent yet administratively distinct. Maintaining maximum
adaptability and uninterrupted traffic flow across all divisions requires keeping horizon-
tal and vertical distances between departments to a minimum. Based on the intended
patient load, hospitals can be classified as either basic provision hospitals (with up to
240 beds), regular provision hospitals (with up to 520 beds), or main hospitals (with up to
800 beds) [28].

As part of the design process, a space allocation plan must be created based on the
principles of modular coordination of divisions; this will serve as the foundation for the
hospital’s layout and functional needs. The size of each division may be roughly estimated
using the area guideline values provided by design experts [28]. These guideline values
are only suggestions and may vary depending on the availability of specialized resources
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at a particular medical facility. For hospitals, the recommended modular arrangement is
1.2 m (i.e., all divisions should be multiples of 1.2 m) [28,29]. This modular dimension
incorporates and matches all building elements, shortens the construction time, and eases
the exchange of finishing elements. Column spacings of 7.2 m or 7.8 m are recommended
to facilitate the incorporation of the numerous departments [28]. Smaller structural grids,
such as 3.6 m x 7.2 m could be viable only if rooms with large areas, such as operating
theatres (40 m?), are not present. However, this study considers the availability of large
rooms in its practical considerations.

Table 2 summarizes the main geometrical constraints for the layouts of hospital build-
ings based on the regulations of the EGH 360-2010 [24]. The current study’s layout plan
was based on the targeted hospital’s bed capacity (250 beds). Each bed requires a gross
area of 80 m2. Accordingly, the total area needed for the hospital’s floors was 20,000 m?. To
satisfy the total area requirement, we considered an eight-story hospital building with a
square plan layout having a side length of 50.4 m. Hence, the total area of the floor layouts
was 20,321 m2. The story height was 4.5 m to cover all the service and MEP installations.

Table 2. Geometrical constraints for hospital buildings.

Parameter Value

Minimum corridor width 24m
Minimum side length for regular rooms 3.6 m
Minimum side length for special surgery rooms 7.0m
Bed’s gross area 80 m?2

Minimum area for general surgery rooms 30 m?
Minimum area for special surgery rooms 50 m?

The column spacing in each direction of the building should satisfy the recommended
layout divisions and gross area requirements presented in Table 2, while still achieving the
modular arrangement (1.2 m). Thus, three column spacing alternatives were introduced:
(1) 72m x 7.2m, (ii) 7.2 m X 8.4 m, and (iii) 8.4 m x 8.4 m. These alternatives were chosen
to meet the functional requirements of various divisions in public hospitals. Figure 2
illustrates the plan layout scheme for the considered hospital building and shows the
possible functional divisions.

3.2. Design Procedures

Generally, to ease the routing of service installations, projected beams are not preferred.
Thus, flat slab buildings were chosen due to the absence of beams, considering two systems:
flat slabs with drops (FSWD) and flat plates (FP). The assigned loads on the floor slabs
were calculated in compliance with the ECL 201-2019. The imposed floor covering and live
loads for hospital buildings are 1.5 kPa and 4 kPa per square meter, respectively.

The design procedures of the flat slabs were conducted using the empirical direct
design method provided by ECP 203-2020. The structural analysis and design calculations
were performed using Microsoft Excel 365. First, a set of constraints imposed by ECP
203-2020 was checked for use of the direct design method.

- The building must have a regular plan layout;

- The minimum number of bays in each direction is three;

- The ratio of the longer span to the shorter span shall not exceed 1.3;

- The maximum difference between the spans in a particular direction shall not ex-
ceed 10%.
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Figure 2. Hospital building’s plan layout scheme.

The chosen set of column spacings in the present study satisfies the geometrical
requirements of the design code. According to the direct design method, the floors” uniform
loads (i.e., dead and live loads) are calculated, and the total statical moment in each direction
is computed based on the assigned loads. Then, the total moment in each direction is
distributed to the critical sections of the column and middle strips with defined proportions.
The column strip width equals the drop panel width in the case of FSWD, and it is half the
shorter span in the case of FP. The middle strip width is the difference between the span
in the direction under consideration and the column strip. Eventually, the floor loads are
transmitted to the columns using the area method. Figure 3 depicts the considered strips
for each floor system.

The building was designed to resist the lateral stimulants resulting from wind and
seismic loads per ECL 201-2019. In the present study, the geographical location of the
building was assumed to be in Cairo, Egypt. First, the coefficient of wind pressure C, acting
on the outer surface of the building is obtained, based on the geometrical properties of the
building. The basic wind pressure g was calculated as per Equation (1).

q = 0.500*CrCs (1)

where p is the air density, v is the wind velocity in the building’s location, Cr is the
coefficient of topography, and C; is the structural factor.
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Figure 3. Column and middle strips for flat slabs: (a) FSWD; (b) FP.
The coefficient of wind exposure K was obtained at different heights based on the

zone category imposed by ECL 201-2019. Subsequently, the exterior wind pressures and
resultant wind forces were calculated as presented in Figure 4.

Pi=CexKsxgq 6m Fi=Psx 6 x504 6m
P3=Cex K3 xq 0m F3=P3x 10 x50.4 H0m
36m 36m
P2=CexKz2xq 10m F2=P2x 10 x 50.4 H0m
P1=CexKixg 10m F1=P1x 10 x50.4 10m
(a) (b)

Figure 4. Applied wind pressures and forces on the building: (a) pressure distribution; (b) force
distribution.

Hospital buildings are prone to being affected by seismic loads due to their rela-
tively heavy medical equipment and large live loads. Thus, it is essential to ensure the
safety and functionality of the building during seismic tremors. The simplified model
response spectrum method provided by ECL 201-2019 was used to evaluate the effects
of earthquakes.

The fundamental time period T of the building is calculated using the following equation:

Ty= C;H34 2)

where C; is a factor that depends on the structural system type and construction materials,
and H is the total height of the building. The soil was classified as type C based on the
seismic impact zone. The elastic response spectrum limits (T; and T.) and the specific
value for the starting displacement of the spectrum were calculated based on the soil type.
Subsequently, the elastic-design response spectrum was developed (Figure 5).
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Figure 5. Elastic-design response spectrum.

According to Figure 5, the design response spectrum S;(T1) is defined by Equation (3).

Sa(T1)= agms <2R5> (%) 3)

where 4, is the ground motion acceleration, 7 is a factor that depends on the importance
category of the building, s is a factor that depends on the soil type, and R is the response
modification factor. Here, a, was taken as 15% of the gravitational acceleration g (9.81 m/ s?)
based on Egypt’s earthquake zone.

The ultimate base shear force F, was calculated as per Equation (4):

Fy=54(T1)Aw/g )

where A is a correction factor and w is the total design weight of the building. The lateral
forces are then distributed to each story based on the following equation:

z;W;
F=|=—""_|F
[ ( ;l:l Zj W]> b (5)

where F; is the force applied on the i-th story, z; and z; are the heights from the top of the
foundations to the specified story, W; and W; are the total weights of the specified stories,
and 7 is the total number of stories. Figure 6 shows the distribution of earthquake loads in
each story.

According to ECP 203-2020, the ultimate design load U of the elements subjected to wind
and seismic loads must meet all of the load combinations presented in Equations (6)—(9):

u= max(u1, Uz, U3) (6)
U= 0.8(1.4D + 1.6L + 1.6W) 7)
Up=1.12D +aL + S (8)
Uz= 14D + 1.6L )

where U, Uy, and U3 are the ultimate design loads corresponding to the wind, seismic,
and gravity load combinations, respectively; D, L, W, and S are the dead, live, wind, and
earthquake loads, respectively; « is the coefficient for live loads under seismic conditions.
Table 3 summarizes the values of the parameters involved in the calculations of the lateral
combinations for the current study.
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Figure 6. Lateral earthquake load distribution.

Table 3. Lateral design parameters.

Parameter Value
Zone C
Air density (p) 1.25 kg/m?
Wind speed (v) 33m/s
Coefficient of topography (Cr) 1
Structural factor (Cs) 1
Correction factor (1) 1
Gravitational acceleration (g) 9.81 m/s?
Design ground acceleration (ag) 1.47 m/s?
Importance factor (1) 1.4
Soil type C
Soil type factor 1 (s) 15
Soil type factor 2 (T¢) 0.25
Response modification factor (R) 5
Material factor (Cy) 0.05
Fundamental period 0.73s
Live load (L) 4 kPa
Live load seismic coefficient («) 0.5
Total building’s height (H) 36 m

3.3. Safety and Serviceability Criteria
3.3.1. Punching Stresses

Punching shear strength is one of the crucial safety aspects that largely controls the
flat slab thickness. ECP 203-2020 provides a simplified analysis method to calculate the
punching shear stresses resulting from gravitational loads and moments that are transferred
to columns due to torsion. For regular flat plates, the critical section for punching shear is
located at a distance d/2 from the external column face, where d is the effective slab depth.
If drop panels exist, two critical sections shall be investigated. Figure 7 depicts the critical
punching shear zones for column-slab interactions.



Buildings 2022, 12, 2195

10 of 23

w d

Ale s

Critical punching zone 1=0b.+d

Critical punching zone 2 =wj +d

/
A

be
—
()
Critical punching zone =b, +d

\ A ) |
d vT‘ T‘

be

<>
(b)

Figure 7. Critical sections of punching shear: (a) FSWD; (b) FP.

The design punching shear stress g, at any column-slab connection is computed using
Equation (10):

_ QB

= bod

where Q is the ultimate design shear force, § is a magnification factor to account for the
unbalanced moments transferred to columns, and b, is the critical punching perimeter. To
ensure the safety of the slab against punching stresses, g, for all columns, must not exceed
the concrete’s nominal punching strength g, as presented in Equation (11).

(10)

1.7 Mpa

eu= Minimum of 0‘316(%+0‘2) \/% (11)
0316,/ L2

where « is a coefficient based on the column location, f., is the characteristic compressive
strength of concrete, and 7. is the safety reduction factor of concrete.

3.3.2. Deflection

Reinforced concrete structural elements that are subjected to flexure must be designed
to have adequate stiffness to limit deflections that adversely affect their strength and
serviceability. Immediate deflections were computed using the theory of elasticity. As
the applied gravitational loads exceed the tensile flexural capacity of concrete M., cracks
develop at the midspan of the slabs. Accordingly, the moment of inertia decreases, resulting
in a significant reduction in the slab’s stiffness. The effective moment of inertia I, of the flat
slab was obtained using Equation (12) to consider the impact of cracks at different sections:

Mer ) Mer )
IE:<MQ>18+ 1_(Ma> I (12)
where M, is the applied bending moment and I, is the gross moment of inertia for the
uncracked sections.
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The immediate deflection was computed at the midspans of the uniformly-loaded
slabs. The deflection increases in the long-term as it ages. According to ECP 203-2020, the
long-term deflection A; must be checked as a serviceability requirement. A; was calculated
by considering the effects of creep as follows:

A =DMy + DM+ A (13)

where Ay, Ay, and A, are the deflections resulting from the dead loads, live loads, and
creep, respectively. Here, A, is twice Ay, as recommended by ECP 203-2020.

3.3.3. Stability Precautions

Lateral loads have a significant effect on high-rise and heavy structures. Therefore, the
structure must be checked against overturning. The overturning moment Myerturning 1S the
sum product of the lateral forces and the corresponding perpendicular arms. A resisting
moment Myesisting is established by multiplying the total weight of the building by half the
building’s side length. ECL 201-2019 imposes a stability criterion to check the safety factor
against overturning FOS; as follows:

Mresisting

FOS; = > 15 (14)

Moverturning

Additionally, the safety factor against sliding FOS, must be checked in the case of

seismic loads as follows:
F resisting

FOS, = > 15 (15)

E sliding
where Fresisting 18 the resisting force, and is 30% of the total building’s weight; Fsliding is the
resultant sliding force, the sum of all lateral seismic forces acting on each story.

3.3.4. Maximum Drift

ECL 201-2019 accounts for the drift in response to earthquakes. First, the elastic
displacement A; must be evaluated for each story, as per Equation (16):

Qi

- 12E1i/
H3

where Q; is the shear load and EI is the flexural rigidity of the columns in the story under
consideration. Then, the equivalent static displacement d,; for each story is obtained
as follows:

A; (16)

ds ;= 0.7Rd,; (17)

where d, ; is the sum of the elastic displacements for the story under consideration and the
next story upwards. Finally, the relative story drift d,, is calculated as follows:

drv,i: dr,z’ Vv (18)

where d, ; is the difference between the equivalent story displacements for the story under
consideration and the lower story, and V is a displacement reduction factor based on the
importance category of the building. According to ECL 201-2019, the d,, of any story must
not exceed 0.5% of the total story height.

4. Problem Formulation

The optimization problem for each system can be mathematically formulated as follows:

Minimize f(x) = V(R +Ry) + W R; (19)
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subject to

gn(x) <0 h=1,2,...,H (20)

xb < x < AH i=12,...1 (21)

where f(x) is the objective function; V, and W; are the total concrete volume and steel
weight for all the building components, respectively; x is the decision variables vector; R,
R fr and R; are the unit rates of concrete, formwork and labor, and steel, respectively; g (x)
is the h-th inequality constraint function; H is the number of constraints; xiL and xlu are the
lower and upper bounds for the decision variable x;, respectively.

The unit rate of concrete R, is generally based on the mix proportions that achieve the
desired compressive strength f.,. Because our target is to minimize the total cost, various
values of f., were considered, and the impact of each value on the building’s total cost
was evaluated. Thus, we considered all the strength alternatives available in ECP 203-2020.
Table 4 presents the considered values of f;;, and their corresponding unit rates, captured
from the ready-mix concrete plants in Cairo, Egypt. In the current study, Ry is 31.25 USD
for each cubic meter of concrete, obtained from multiple construction projects in Cairo,
Egypt. Rs is 945.31 USD/ton, obtained from the Egyptian monthly bulletin of material
prices [30].

Table 4. Compressive strength f, variants.

fou (MPa) Unit Rate R (USD/m®)
25 57.03
30 60.56
35 64.09
40 67.67
45 71.15
50 74.67
55 78.20
60 81.73

From a practical standpoint, the columns were grouped into corner columns, edge
columns in the x-direction, edge columns in the y-direction, and intermediate columns.
Square columns were assumed for ease of calculations. Therefore, the decision variables
and design constraints regarding the columns were computed for each category of columns
individually. Figure 8 depicts the decision variables for each floor system. Each variable’s
lower and upper bounds were defined based on the provisions of ECP 203-2020.

The steel bar diameters were chosen from the commercial list available in Egypt:
12 mm, 16 mm, 18 mm, 22 mm, 25 mm, 28 mm, and 32 mm. The increments of the concrete
dimensions were chosen based on common practice. The cover spacing for each structural
element was set based on the durability and exposure provisions of ECP 203-2020. Table 5
presents the increments and cover spacings for different decision variables.

Table 5. Increments and cover spacings for decision variables.

Variable Increment (cm) Cover Spacing (cm)
Slab thickness 2 2
Drop thickness 2 2
Drop width 5 5
Column width 5 2.5
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Figure 8. Decision variables: (a) flat slab with drops (FSWD); (b) flat plates (FP).

Design constraints were implemented in the optimization model to ensure the feasibil-
ity of the optimal solution. The constraints aimed to satisfy the ultimate and serviceability
limit states specified in ECP 203-2020. Equations (22)—(25) show the constraints of the slabs
at critical sections.

gix)=1- ﬁ <0 22)
$x)=1- A]/\I/j’s” <0 (23)
ga(x)=1- B < (24)

ps
ga(x)=1 —ﬁ <0 (25)

where L,y is the longer span; M, is the flexural capacity of the slab; M; is the section’s
design bending moment; ps jax and ps min are the section’s maximum and minimum steel
ratios, respectively; y; is the actual reinforcement ratio of the section.

The constraint in Equation (26) accounts for the punching shear failure at each slab-
column connection.

gs(x)=1-1% <0 (26)

qc

The design constraints for each column are expressed in Equations (27)—(31):

g(x)=1- Peu <0 (27)

Pe

MC u
_ _ ’ <

g7(x)=1 M. S 0 (28)
gs(x)=1— He,max <0 (29)

He

_ He
go(x)=1~ <0 (30)
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Mean Optimal Cost (USD/m?)

31.5

31.4

31.3

31.2

31.1

31.0

Ve

Vc,min

glo(x): 1-— <0 (31)
where P, is the axial load capacity of the column; P is the column’s design axial load;
M., is the flexural capacity of the column; M, is the column’s design bending moment;
Memax and pie min are the column’s maximum and minimum steel ratios, respectively; j. is
the column’s actual steel ratio; V; is the volume of the column’s stirrups per meter; V; min is
the minimum permitter volume of stirrups per meter.

Equations (32)—(34) express the constraints regarding the lateral loads exerted on
the building.

FOS

gu(x)=1- 151 <0 (32)
FOS

gr()=1-—22 <0 (33)
0.005H

gi3(¥)=1-— <0 (34)

5. Results and Discussion
5.1. Effects of GA Control Parameters

Tuning was performed on twenty population values (10-200) with a step-up value of
10. During the optimization process, the default values of crossover rate (0.5) and mutation
rate (0.1) were defined. Figure 9 shows the effects of the population size on the mean
optimal cost. For both systems, a population size of 180 members almost succeeded in
obtaining the minimal mean cost. The variances for all sets of runs with different population
values were relatively low. This implies that the random seed could yield results with
relatively low standard deviations.

10 s, 325 10
—0—Mean Cost i —o—Mean Cost
—o—Variance || 8 § -o—-Variance |- 8
£ 2 320 9
[0y & g
5 = g
> -B 31.5 =) >
(9
- 2 @]
g
M g
? T \ + 0 S 310
50 100 150 200 0 50 100 150 200
Population Size Population Size

@) (b)

Figure 9. Effects of population size on mean optimal cost: (a) FSWD; (b) FP.

Nine values were involved in tuning the crossover parameter (0.1-0.9) with a step-up
value of 0.1. The default values for population size (200) and mutation rate (0.1) were kept
constant during each run. Figure 10 illustrates the effects of the mutation rate on the mean
optimal cost for each set of runs. For both systems, the difference between the mean costs
was insignificant. Similar to the tuning of the population size, the variance was relatively
small. Therefore, the default crossover rate value (0.5) could be maintained to achieve
acceptable optimal results.



Buildings 2022, 12, 2195 15 of 23
o 315 10 ~ 32.5 10
- ——-Mean Cost i ——-Mean Cost
§ 314 A -o—Variance |} 8 é —o—Variance || 8
S 313 5 B S 20 - 6 &
%) D - S~ 7] L =
S & 3§ g
T 312 ] L4 £ °F -4 £
E W 5 E s E
o o
O 31.1 A -2 o 2
c c
3 S o—mo—y o —0—o0——o__} 51
2 31.0 T T T T T T T T T 0 E 31.0 T T T T T T T 0
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Crossover Rate Crossover Rate

@) (b)

Figure 10. Effects of crossover rate on mean optimal cost: (a) FSWD; (b) FS.

During the optimization process, the default values of the population size (200) and
crossover rate (0.5) were defined, and nine values were considered (0.1-0.9), with a step-up
value of 0.1 to tune the mutation rate parameter. Figure 11 displays the effects of the
mutation rate on the mean optimal cost. The presented mutation—cost relationship shows
that raising the mutation rate, to an extent, does not positively impact the mean optimal
cost of the building regardless of the floor system. Both floor systems had a minor variance.
Hence, a mutation rate of 0.1 could be adequate to shorten the algorithm’s computational
effort while maintaining good optimal results.
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Figure 11. Effects of mutation rate on mean optimal cost: (a) FSWD; (b) FP.

5.2. Comparison between Design Alternatives

For each floor system, we optimized 24 design alternatives. These alternatives were
established from three column spacing variants and eight concrete grades, and the optimal
cost of each alternative was sought. The detailed summary of optimal design data for
both floor systems is presented in Table Al in the Appendix A. The following subsections
present the observations of the optimal results.

5.2.1. Effect of Compressive Strength

Figure 12 illustrates the optimal cost of the design alternatives for FSWD. The plan
layout with dimensions of 7.2 m x 7.2 m acquired significant cost savings compared to
the other layouts. Increasing f., had a positive impact on the optimal design cost up to a
certain limit (4045 MPa). In this stage, increasing f,, managed to enhance the two-way
shear resistance of the slab—column connections along with the drop panels, causing a
significant reduction in the slab thickness. As f.;, exceeded 50 MPa, the slab thickness
could not decrease further to fulfill the flexure and deflection requirements. Accordingly, a
significant cost increase was observed due to the high unit rates of concrete per cubic meter.
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Two recent studies [19,20] dealing with residential and office buildings also reported that

the optimal cost decreased with increases in the compressive strength until a certain limit
(40-45 MPa).
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Figure 12. Comparison between FSWD design alternatives.

Figure 13 illustrates the optimal cost of various design alternatives for FP. Similar to
FSWD, the 7.2 m x 7.2 m plan layout designs were the cheapest. Except for four design
alternatives, increasing f., affected the total cost of the building adversely. Although
increasing f., enhanced the two-way shear resistance of flat slabs to a certain extent, it was
insufficient to reduce the slab thickness due to the absence of drop panels in most cases.
Therefore, increasing the compressive strength increased the unit rates of concrete without
significantly reducing the concrete dimensions. Here, the best design could be achieved
using fe, = 30-35 MPa.

100

o O=72mx72m =72mx84m =0=84m x84 m
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85 - ]
80 ~

75 - % o
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70 < S e
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Figure 13. Comparison between FP design alternatives.

5.2.2. Effect of Slab Thickness

To further understand the impact of f.; on the total cost of the building, Figure 14
demonstrates the effect of increasing f., on the slab thicknesses for different design alterna-
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tives. For FSWD, increasing f.;, permitted a reduction in the slab thickness up to 40 MPa.
On the contrary, for FP, the slab thicknesses were almost constant with increasing f¢,. In
line with a recent study [20], the overall cost of the building was dominantly affected by
the slab thickness.

36 36
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Figure 14. Effects of slab thickness on the optimal cost: (a) FSWD; (b) FP.
5.2.3. Optimal Parameters of the Best Design Alternatives
The design variables of the best design alternative for each floor system are presented
in Table 6. The optimal slab thickness of the FSWD alternative was smaller than that of
FP due to the utilization of a higher concrete grade and the presence of drop panels at the
slab—column interaction zones. Nevertheless, the total cost of the FP building was only
0.22% cheaper than FSWD.
Table 6. Design parameters of the best design alternative for each floor system.
Design Alermative medise BlgsColumis  FdgeComne  Comer
Column Cost
F1 . ts t b. Steel b, Steel b. Steel b. Steel USD/m?
System Spacings  fo MPD) () () Wi Bars (m) Bars (m) Bars (m) Bars oD
FSWD 72 x72 45 020 012 240 075  20T18 125 28128 135 32128 060  20T28 69.59
FP 72x72 30 0.24 - - 1.00  24T22 135 3228 080  20T28 085  24T32 69.44

Figure 15 compares the construction costs of materials and labor for the best design
alternatives. In line with the findings of Rady et al. [16] regarding residential buildings
in Egypt, the results show that steel cost constitutes half the total optimal cost for both
floor systems. The concrete cost of FP was 5.25% cheaper than that of FSWD despite the
higher concrete volume. This cost reduction can be attributed to the smaller unit rate of the
concrete grade (25 MPa).

Figure 16 compares the costs of structural elements for the best design alternatives.
The columns of FSWD and FP constituted 36.5% and 39.6% of the total costs, respectively.
Rady et al. [16] reported that the columns constituted only 10-18% of the total cost. How-
ever, they considered a four-story residential building subjected to gravity loads only.
Moreover, they considered a story height of 3.3 m. Therefore, the number of floors, floor
height, and loading conditions of the columns could significantly affect the costs of columns.
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Figure 15. Distribution of materials and labor costs for the best design alternatives.
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Figure 16. Distribution of structural elements costs for the best design alternatives.

6. Conclusions

In this research, we developed a structural design optimization model to minimize the
total costs of hospital buildings in terms of construction materials and labor. The model
was constructed using Microsoft Excel spreadsheets and GA, available in Palisade Evolver,
considering two floor systems: FSWD and FP. For each system, the decision variables
included the structural elements’ concrete dimensions and steel bars. The provisions of
ECP 203-2020 regarding the ultimate limit state and serviceability limit state were fulfilled
to guarantee the structural safety of the buildings. Furthermore, the architectural and
practical constraints of the plan layouts were considered to allocate the rooms efficiently.

We tuned the GA control parameters, and the effects of each parameter were discussed.
The recommended values of population size, crossover rate, and mutation rate are 180, 0.5,
and 0.1, respectively, to obtain optimal solutions in a reasonable computational time.

We analyzed the effects of three column spacings and eight concrete grades on the
optimal cost for each floor system. The following points are concluded from our case study:

Hospitals with column spacings of 7.2 m x 7.2 m are the most economical, regardless
of the floor system.
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- Slab thickness is the most significant variable in the optimal design of hospital build-
ings, regardless of the floor system;

- Increasing f., up to 45 MPa effectively reduces the building’s optimal cost only in
the presence of drop panels. Otherwise, low concrete grades are preferred if no drop
panels exist;

- For both systems, the construction cost of columns constitutes about 40% of the total
optimal cost due to the special criteria for hospital buildings compared to residential
and office buildings;

- For both systems, the steel reinforcement quantities dominantly affect the total opti-
mal cost.

Using the study’s findings as a reference, architects and engineers could better de-
termine the optimal configuration for hospital buildings. However, the direct costs of
labor and construction materials were the only economic characteristics considered in
this study. Moreover, this study did not consider the factors related to green energy and
environmental issues. Thus, we recommend incorporating other key elements into the
objective function in future research, such as energy consumption, carbon emissions, and
maintenance during the building’s lifecycle. Furthermore, the concept of green buildings
could be implemented in terms of structural materials and architectural configurations to
acquire sustainable buildings.
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Appendix A
Table Al. Summary of optimal design parameters for all design alternatives.
Desien Alternative Floor Intermediate Edge Columns Edge Columns Corner

& Columns (x-Direction) (y-Direction) Columns E(’tal
ost

e R i
FSWD 72x72 25 0.26 0.10 2.80 1.30 28T25 1.35 32T25 1.35 32T25 0.60 20T25 79.22
FSWD 7.2 x 8.4 25 0.32 0.08 3.40 1.35 32T25 1.50 32T28 1.50 32T28 0.70 20T28 87.57
FSWD 8.4 x 84 25 0.30 0.14 2.95 1.50 32T28 1.50 32T32 1.35 32T28 0.65 20T32 88.31
FSWD 72x72 30 0.24 0.12 2.60 1.15 28T22 1.35 32T25 1.35 32T25 0.60 20T25 75.32
FSWD 7.2 x 8.4 30 0.32 0.08 3.00 1.00 24T22 1.50 32T28 1.35 32T32 0.70 20T32 82.80
FSWD 8.4 x 84 30 0.26 0.10 2.90 1.00 24T25 1.40 32T32 1.35 32T32 0.60 20T32 79.21
FSWD 72x72 35 0.22 0.10 2.45 0.95 24722 1.40 32125 1.35 32T25 0.60 20728 72.94
FSWD 7.2 x 84 35 0.30 0.08 3.10 1.00 24T22 1.35 32T28 1.40 32T32 0.65 20T32 82.44
FSWD 8.4 x 84 35 0.26 0.12 2.95 1.00 24T22 1.35 32T32 1.35 32T32 0.60 20T32 78.10
FSWD 72x72 40 0.20 0.14 2.40 0.75 20T18 1.35 32728 1.35 32T28 0.60 20728 69.82
FSWD 7.2 x 84 40 0.28 0.08 3.00 0.90 24T22 1.50 32T28 1.35 32T32 0.65 20T32 80.69
FSWD 8.4 x 84 40 0.24 0.10 3.00 0.90 24T22 1.35 32T32 1.35 32T32 0.60 20T32 78.25
FSWD 72x72 45 0.20 0.12 2.40 0.75 20T18 1.25 28T28 1.35 32T28 0.60 20728 69.60
FSWD 7.2 x 8.4 45 0.28 0.08 3.00 0.90 24T22 1.50 32T28 1.35 32T32 0.65 20T32 82.13
FSWD 8.4 x 84 45 0.24 0.10 3.00 0.85 24T18 1.40 32T32 1.35 32T32 0.60 20T32 77.99
FSWD 72 x72 50 0.20 0.12 2.50 0.70 20T16 1.35 32T28 1.35 32T28 0.60 20T28 71.21
FSWD 7.2 x 84 50 0.28 0.08 3.00 0.90 24T22 1.50 32T28 1.35 32T32 0.65 20T32 83.58
FSWD 8.4 x 84 50 0.24 0.10 3.00 0.85 24T18 1.40 32T32 1.35 32T32 0.60 20T32 79.22
FSWD 72 x72 55 0.20 0.12 2.45 0.65 20T16 1.35 32T28 1.35 32T28 0.60 20T28 71.87
FSWD 7.2 x84 55 0.26 0.10 2.80 1.35 32T25 1.40 32T25 1.45 32T28 0.60 20T28 89.85
FSWD 8.4 x 84 55 0.24 0.16 2.80 1.35 32T25 1.45 32T28 1.45 32T28 0.70 20T32 86.71
FSWD 72 x72 60 0.20 0.14 2.50 0.90 24T22 1.35 32T25 1.35 32T25 0.65 20T28 76.94
FSWD 7.2 x 84 60 0.26 0.10 2.80 1.35 32T25 1.35 32T25 1.35 32T28 0.85 24T32 91.09
FSWD 8.4 x 84 60 0.24 0.10 2.85 1.50 32T28 1.40 32T28 1.35 32T28 0.70 20T32 91.41
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Table Al. Cont.
. . Intermediate Edge Columns Edge Columns Corner
Design Alternative Floor Columns (x{;Direction) (y%Direction) Columns "léotal
ost
R X - T B B X R R R

FP 72%x72 25 0.24 - - 1.10 28T22 1.35 32728 0.85 24T25 0.70 20T32 70.04
FP 72 x 84 25 0.30 - - 1.10 28128 1.15 28132 1.35 32132 0.60 20732 82.18
FP 8.4 x 84 25 0.30 - - 1.35 32T25 1.55 32T28 1.45 32T28 0.85 24T32 82.72
FP 72 %72 30 0.24 - - 1.00 24T22 1.35 32728 0.80 20T28 0.85 24T32 69.45
FP 72 x 84 30 0.30 - - 1.35 32125 1.35 32125 0.85 24125 1.35 32132 80.93
FP 8.4 x 84 30 0.28 - - 1.35 32T25 1.50 32T28 1.40 32T28 0.85 24T32 81.24
FP 72 %72 35 0.24 - - 1.05 24T22 1.35 32728 0.80 20T28 0.75 20T32 70.85
FP 72 x 84 35 0.28 - - 1.35 32125 1.35 32728 0.80 20728 0.80 20732 79.13
FP 8.4 x 84 35 0.28 - - 1.35 32T25 1.50 32T28 1.45 32728 0.85 24732 83.03
FP 72%x72 40 0.24 - - 0.85 24T25 1.35 32728 1.35 32728 0.60 20728 75.56
FP 72 x 84 40 0.28 - - 1.35 32125 1.35 32728 0.70 20725 0.95 24732 80.11
FP 8.4 x 84 40 0.28 - - 1.35 32T25 1.55 32T28 1.45 327128 0.85 24T32 84.84
FP 72%x72 45 0.24 - - 0.85 24T22 1.35 32728 1.35 32T28 0.60 20T28 74.93
FP 72 x 84 45 0.28 - - 1.35 32125 1.35 32728 0.65 20725 1.00 24732 81.46
FP 8.4 x 84 45 0.28 - - 1.35 32T25 1.50 32T28 1.50 32728 0.85 24732 86.39
FP 72 %72 50 0.24 - - 0.85 24T22 1.35 32728 1.35 32T28 0.60 20T28 76.19
FP 72 x 84 50 0.28 - - 1.35 32125 1.35 32728 0.60 20725 1.10 28132 83.18
FP 8.4 x 84 50 0.28 - - 1.35 32T25 1.55 32T28 1.50 32T28 0.85 24T32 88.22
FP 72%x72 55 0.24 - - 0.80 20T25 1.35 32T25 1.35 32T25 1.10 28T32 76.94
FP 72 x 84 55 0.28 - - 1.35 32125 1.35 32728 0.60 20722 1.10 28132 84.13
FP 8.4 x 84 55 0.28 - - 1.35 32T25 1.55 32T28 1.50 32T28 0.85 24T32 89.76
FP 72%x72 60 0.24 - - 0.80 20T25 1.35 32T28 1.35 32T28 0.60 20T32 78.91
FP 72 x 84 60 0.28 - - 1.35 32125 1.35 32728 0.60 20722 1.10 28132 85.60
FP 8.4 x 84 60 0.28 - - 1.35 32T25 1.55 32T28 1.55 32T28 0.85 24T32 91.64
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