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ABSTRACT

The search for more efficient solutions in reinforced concrete buildings is necessary, in view of the industrialization process of
the civil construction sector. Within this scenario, the use of hollow core slabs becomes an interesting process, in view of the
speed of execution and the possibility of overcoming larger spans. This paper presents a formulation for the design optimization
problem of prestressed reinforced concrete hollow core slabs. The procedure was implemented with Matlab, following design
guidelines from the ABNT (Brazilian Association of Technical Standards), according to the standards NBR 6118:2023, NBR
14861:2011 and NBR 9062:2017 and using the guide toolbox to build a Graphical interface. The optimization problem was
solved using the genetic algorithm feature native to Matlab, considering the minimization of manufacturing cost of the slab as
the objective function. Numerical examples show improvements of the final design, with smaller free spans presenting the
serviceability limit state (SLS) as the preponderant design restriction, while the design of larger spans is governed by the tensile
forces on the upper surface of the slab during prestressing.
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PROJETO OTIMO DE LAJES ALVEOLARES PROTENDIDAS VIA ALGORITMO
GENETICO

RESUMO

A busca por solucbes mais eficientes em edificios de concreto armado é necessaria, em vista do processo de
industrializacdo do setor de construcédo civil. Nesse cenario, o uso de lajes alveolares torna-se um processo interessante, em
vista da velocidade de execucdo e da possibilidade de vencer vaos maiores. Este artigo apresenta uma formulacéo para o
problema de otimizacéo do projeto de lajes alveolares de concreto protendido. O procedimento foi implementado no Matlab,
seguindo as diretrizes de projeto de acordo com as normas brasileiras e usando a toolbox do guia para construir uma interface
gréafica. O problema de otimizacéo foi resolvido usando o algoritmo genético nativo do Matlab, considerando a minimizagao
do custo de fabricacdo da laje como funcdo objetivo. Exemplos numéricos foram analisados de forma a validar a otimizagéo e
os resultados demonstraram promissores no projeto final, com véos livres menores apresentando o estado limite de servigo
como a restricdo de projeto preponderante, enquanto para 0s vaos maiores o0 estado governante foi as forcas de tracdo na
superficie superior da laje durante a protenséo.
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INTRODUCTION

The industrialization and economic development of the world were the main factors leading to the
industrialization of civil construction processes. The demand for faster building assembly and slenderer
structures with ever-increasing span lengths stimulated the use of prefabricated concrete elements, and
subsequently, the installation of an industry for prefabricated structures.

Prefabricated concrete structures provided speed, quality, and reduction of labor-related costs in
civil construction, and, along with prestressing techniques, allowed the construction of structures featuring
more headroom and larger free spans.

After consolidated in the United States and Europe, industries of prefabricated concrete structures
began being installed in Brazil. Starting in the ‘1970s after the development of extrusion machines and
molds for concrete elements, a popularization of alveolar panels was observed, usually implemented in
buildings as floor slabs or enclosure elements.

Recent studies such as those presented by Motlagh and Rahai (2022) and Maghsoudi and
Maghsoudi (2019) demonstrate the importance of structures via numerical or experimental analysis of the
effects of prestressing on reinforced concrete elements in the short and long term.

Cheng et al. (2021) presents a study of Flexural performance test of a prestressed concrete beam
with plastic bellows and Low et al. (2019) analyzed in the experimental and numerical study the interface
slip of post-tensioned concrete beams with stage construction.

According to NBR 9062:2017, prefabricated elements are industrially produced by companies
focused on this activity, using rigorous technological controls, specialized labor and machinery capable
of providing quality and efficiency to the fabrication process. These elements are produced in factories
outside of the building site in which they will be installed, eliminating the need for on-site installations to
perform technological controls.

Since they are prefabricated concrete elements featuring prestressed tendons, hollow core slabs
present various benefits, which include reduction of weight due to the empty spaces resulting from the
extrusion of alveoli, capacity of covering longer spans using slabs with reduced thickness and rigorous
technological control, thus ensuring the quality and efficiency of structural elements, along with reducing
labor costs attributed to construction. Floor systems featuring hollow core slabs present faster production
and assembly since there is no need for shuttering and on-site formwork. These elements may be used in
a variety of structural systems such as prefabricated concrete, cast-in-place concrete, structural masonry
and steel-concrete composite systems.

The application of optimization techniques to the design of structural elements has increased in
recent decades, as observed in the papers published by Senouci and Al-Ansari (2009), Erdal, Dogan and
Saka (2011), Kripka, Medeiros and Lemonge (2015), Santoro and Kripka (2020), Tormen et al. (2020),
Luévanos-Rojas et al. (2020), among others.

However, as stated by Lippiatt (2007), Paya-Saforteza et al. (2009), Camp and Huq (2013), Park
et al. (2014), Yepes, Marti and Garcia-Segura (2015), Kaveh and Ardalani (2016), Santoro and Kripka
(2020) and Tormen et al. (2020), Kaveh et al.(2020), Kaveh et al.(2022) optimization procedures focused
solely on financial costs may not be sufficient to determine the optimal design of a structure.
Environmental impact studies, that account for the life-cycle of materials and their effects on the natural
environment became an important factor that should also be considered.

Among the bioinspired methods usually implemented to solve optimization problems, Genetic
Algorithms (GA) are one of the most prominent. This method is based on the principles of Darwinian
natural selection and its formulation was first introduced by John Holland during the 60’s. GA is based
on selecting from an initial population with or without restrictions, parent individuals to form a new
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generation composed of increasingly apt individuals, i.e., the offspring. After several iterations,
individuals corresponding to improved solutions are selected, and the final group is regarded as the optimal
solution to the problem.

Cho et al. (2001) performed an optimization study using GA to evaluate the life cycle of bridges
featuring orthotropic steel decks, which consist of ribbed steel sheets reinforced transversely,
longitudinally, or in both directions. Since this was a life-cycle analysis, the study considers initial and
maintenance costs of the structure, with adjustments in strength, deflection and fatigue of the structure.
The study concludes that the optimization analyses lead to a more rational, economical and safer design
when compared to conventional methods.

Kuan-Chen Fu et al. (2005) used GA to determine the optimal design of welded steel girder
bridges, with the chief objective of minimizing the weight, and consequently the cost of the structure. The
study includes beams of single and continuous spans with different lengths, and results show that GA
yields satisfactory results, highlighting the similarity between GA designs and real-world structures when
discrete variables are adopted.

Kripakaran et al. (2011) developed a decision-making support system based on GA for the
structural optimization of rigid steel frames with variations in connection type. The authors also highlight
the advantages of using GA with discrete variables. This characteristic is explored by the program
subsequently presented herein.

Kociecki and Adeli (2015) used GA as part of an optimization program for steel structures and
Prendes-Gero et al. (2018), who applied the same method to optimize steel frames basing formulations on
different design standards, observed improvements of approximately 10% in comparison to non-optimized
designs. Both studies also point to the possibility of using discrete variables when applying GA as an
important tool for reaching satisfactory results.

Akbari and Ayubirad (2017) studied the optimum design of steel structures using Gradient Gased
and Genetic Algorithm. The authors compared the use of Genetic Algoritm with do Sequential Quadratic
Programming for different steel frames structures.

Malveiro et al. (2018) implemented GA on a study of bridges and viaducts, featuring numerical
models validated by experimental data. The algorithm was used to calibrate parameters, calculating
optimal values for the most significant physical properties with the objective of increasing the correlation
between numerical and experimental results.

Yildirim and Akcay (2019) proposed a model for reducing the time and cost of the development
of projects using GA in combination with the Fuzzy logic.

Aydin (2022) did a study aimed at optimizing the costs of prestressed steel trusses using cables
positioned below the lower flange and molded with desviators. The optimization variables defined were
the sections of the elements and layout of the truss, cable profile, dimension of the desviators. The
optimization algorithm used was Jaya. Through the results it was observed that the pretension provided a
savings in the costs of the steel truss project.

Vahidi et al. (2019) uses genetic algorithm (GA), particle swarm (PSO) and artificial bee colony
(ABC) algorithms to investigate the damage detection problems. A hybrid multistage optimization method
is presented merging advantages of PSO and ABC methods in finding damage location and extent. The
efficiency of the methods has been examined using two simulated numerical examples, a laboratory
dynamic test and a high-rise building field ambient vibration test result. The implemented evolutionary
updating methods show successful results in accuracy and speed considering the incomplete and noisy
experimental measured data.
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Guimaraes et al. (2022) present a study of composite column filled with concrete where GA was
used to find the best solution. Authors analyses the COkn emission of the columns and concluded that the
best solution was to circular profile.

Netto et al. (2023), performed the analysis and comparison of the optimized design of prestressed
steel beam using doubly symmetric and monosymmetric profiles. The solutions with monosymmetric
profile were better than with doubly symmetric profiles.

Fiorotti et al. (2023) presents a study of prestressed steel beams where the optimization problem
solution was obtained by GA.

Although several works are found in the literature with the application of the genetic algorithm
and several works involving the effect of prestressing in concrete and steel structures, no work has yet
been found on the optimization of hollow core slabs using metaheuristic algorithms. The objective of this
paper is to present a formulation for optimizing the design of prestressed concrete hollow core slabs. The
number of prestressing cables, the height of the concrete layer and the final geometry of the slab were
considered as design variables. A computer program was developed with MATLAB® and the solution
was obtained using the native genetic algorithm toolbox to solve the optimization problem.

OPTIMIZATION PROBLEM FORMULATION

For the problem at hand, the optimized design of hollow core slabs uses discrete variables,
extracted from a product catalogue of this type of structural element provided by the company Cassol Pré-
Fabricados, along with a catalogue containing prestressing tendon dimensions, provided by Belgo Bekaert
Arames. The objective function must converge to a minimum value to reduce the cost of the materials
used for producing the slabs, that is, volume of concrete and weight of prestressing tendons, while also
minimizing the thickness of the upper portion of the slab cross-section, resulting in dimensions that meet
the restrictions imposed by a pertinent design standard.

Objective Function

The objective function must minimize the costs of steel and concrete attributed to producing the
hollow core slab. Equation (1) represents the formulation for obtaining the final cost, considering the
concrete and the prestressing tendon.

f(x) = (th Asimple section + Ctpntendon ﬂp)lspan (1)

Where: Ct; is the price per m3 of concrete; A simple section is the area of concrete of the hollow
core slab cross-section; Ct, is the price of the tendon per kg; ntendon is the number of tendons; pp is the
linear mass of one tendon, in kg/m; Ispan is the length of the slab, in m. The cost per unit of concrete and
prestressing tendon are presented in Table 1.

Table 1 — Cost of materials.

7 strand tendon - CP190 RB Concrete
Nominal Cost (R$/kg) | fox (MPa) | Cost
diameter (mm) (R$/m3)
9.5 9.31 20 290.00
12.7 8.84 25 307.42
15.2 8.84 30 317.77
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15.7 | 9.46 35 329.15

7 strand tendon - CP210 RB 40 341.57
12.7 9.98 45 384.01
15.2 9.98 50 455.43
Source Local Sinapi
supplier (2022)

Constraint Functions

The constraints of the optimization problem are based on the design criteria from the standards
NBR 6118:2023, NBR 14861:2011 and NBR 9062:2017. These constraints were imposed to ensure that

the design of the hollow core slab meet the limits imposed by Ultimate (ULS) and Serviceability (SLS)

limit states. The constraints are presented in Eq. (2) to Eq. (21):

C(1): 4 x 0,272 x KMD — 0,682 < 0 (@)

C(Z)Z heffective_hlayer/KX <0 (3)

C(3): 2 - Ntendon <0 (4)

C(4): Ntendon — (nalv + 1) <0 (5)

C(S) fcltrg,/ - O-S,ELU < 0 (6)

C6): Oypy — 085 x2L <0 (7)

C(7): ospLs—p =0 (
8)

C(8) O-S,ELS—D - 0,85 X Z_Z( S O 9) (

C(9): ospLs—F — 0,7 X fetm >0 (
10)

C(].O) O-SELS—F - 0,85 X M S 0 (

' L4 11)

C(11): 6ip1s-p =0 (
12)

C(12): 0 prsp — 0,85 x L% < 0 (

' 14 13)

C(13): 6y p1s-r — 0,7 X fetm > 0 (

14)
. fek
C(14): 0y grs-r — 0,85 X % < 0 5) (
lS an
C(15): Arotato — 22 < 0 1) (
. lspan

C(16): arotare — 2 < 0 7 (

C(]-?): VSd,simple - VRdl,simple <0 (
18)

C(18)I VSd,simple - VRdZ,simple <0 (
19)

C(lg): VSd,composite - VRdl,composite <0 (
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20)

C(ZO): VSd,composite - VRdZ,composite <0 ) (
21

Where: KMD is admensional factor, KX is neutral line position, hesective is the effective depth of
the cross-section, ; hiayer IS the height of the concrete layer; Nenodn IS the number of tendons; nay is the
number of alveoli of the slab; in %; oseLu is the stress on the upper surface of the slab, for ULS and
prestressing age t=0; aieLu iS the stress on the bottom surface of the slab for ULS and t=0; fcim is the average
tensile strength of concrete; f¢j is the compressive strength of concrete at the age of prestressing; oeLsp iS
the stress on superior and inferior surfaces of the slab for SLS-Decompression; oeLs-F iS the stress on
superior and inferior surfaces of the slab, for SLS-Crack opening; awtalo is the deflection, considering
prestressing force and the weight of the slab; a.ui IS the total deflection, considering long-term loading;
Ispan 1S the length of the slab, in m; Vsqsimple IS the design shear force acting on the critical cross-section,
considering the gross section of the hollow core slab; Vsq,composite 1S the design shear force acting on the
critical cross-section of the slab, considering the concrete layer on the slab; Vra1 is the design resistance
to shear force of the slab and Vg2 is the design resistance to shear force of the compressed diagonals of
concrete.

Constraint C(1) relates KMD and KX, and obtain the real value of KX. C(2) verifies that the neutral
axis crosses the upper layer of concrete; Constraint C(3) determines the minimum number of tendons on
the cross-section. According to NBR 14861:2011, the maximum allowable distance between tendons is
400 millimeters or twice the height of the hollow core slab, thus, a minimum of two tendons is required
for slabs with a width of 125cm; C(4) establishes the maximum number of tendons for each section of the
hollow core slab, with one tendon for each value of web thickness; C(5) and C(6) determine the allowable
limits of tension and compression for ULS design at the time of prestressing, on the top and bottom
surfaces of the slab, respectively; C(7) and C(8) define the allowable stress on the upper surface of the
slab according to SLS-Decompression criteria. Similarly, C(9) and C(10) define the limits for SLS-Crack
opening; C(11) and C(12) establish stress limits at the bottom surface of the slab for SLS-Decompression.
Analogously, C(13) and C(14) apply constraints related to SLS-Crack opening.

C(15) and C(16), verify deformation limits, considering the combined incidence of prestressing
force and structural weight, and long-term loading, respectively; C(17) and C(18), verify the applied shear
force and the resistance to shear force of the gross cross-section, necessary to ensure the adequate
resistance of the structure during production and assembly. Similarly, C(19) and C(20), verify the applied
shear force and the resistance to shear force for the composite section, that is, with strength contributions
from the concrete layer during service.

RESULTS AND DISCUSSIONS

Results obtained with the program Alveolaje 2.0, developed for this research, were compared with
analyses presented in other research papers. A graphical analysis is also presented subsequently.

3.1. Validation Example

To validate the program Alveolaje 2.0, it is necessary to verify results of the structural analysis.
To demonstrate the application and advantages of the computational tool developed, results were
compared with the program developed by Ferro and Alves (2019). The validation example is also studied
by Camillo (2012). However, this paper does not consider the type of aggregate used for mixing the
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concrete. As prescribed by the latest update of NBR 6118:2023, it is necessary to choose an aggregate
type. The input data used for this example is given in Table 2.

Table 2 — Input data for the validation example.

INPUT DATA
Class of environmental CAAII
aggressiveness
Cement type CPV
Slump 0
fck slab 50 MPa
fej 28 MPa
Prestressing age 20 h
fck layer 25 MPa
Aggregate type BASALT
Free span of the slab 9m
Serviceability live-load 4.25 KN/m2
Load due to flooring 0.25 kN/m?
Slab height 20 cm
Layer thickness 5cm

For the given initial parameters used on the design of the hollow core slab, the optimum values of
slab height and layer thickness are identical to those presented by Camillo (2012), the former equal to 20
cm, and the latter, 5 cm. Figure 1 presents the cross-section of the slab adopted for the present research.
The shape of the cross-section was provided by a local manufacturer.

LAZ0

15.5 5.4

15 19 19 19 19 19 15

Fig. 1 - Cross-section of the hollow core slab h=20cm and concrete topping h=5cm (dimensions in cm).

Table 3 shows the results obtained for the simple section, considering only the concrete slab, and
for the composite section, which includes the slab and a 5cm concrete layer. The table presents values for
cross-sectional area, distance between the center of gravity and the upper surface, (Ys), Moment of inertia,
superior and inferior elastic section moduli Ws and Wi, respectively, and tendon eccentricity (e). For
comparison, results obtained by Ferro and Alves (2019) are also presented.

As expected, the geometric properties have different values. Ferro and Alves (2019) present results
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for a rectangular cross-section and centralized openings, the program developed for this research, on the
other hand, considers a cross-section featuring shear keyways. As such, the cross-sectional area of the

optimized design is smaller in comparison with results presented by Ferro and Alves (2019).

Table 3 presents the initial losses of prestressing force. Values obtained for stresses due to
anchorage slip, tendon relaxation and elastic shortening of concrete are given, along with other relevant
design variables and the total cost of the slab. All of these values are compared with results obtained by

Ferro and Alves (2019).

The optimized cross-section and results obtained for each relevant design parameter are presented

by the software GUI shown in Figu

re 2.

Table 3 — Geometric properties of the simple and composite cross-sections.

Simple Section -

Composite Section -

LA20 LA20 and hjayer=5
Authors | Ferro and | Authors | Ferro and
(2020) Alves (2020) Alves
(2019) (2019)
Area |[1289.77| 1439.71 1914.77 2064.71
(cm?)
Ys(cm) | 10.11 10.00 10.99 11.22
Inertia |64257.71| 68423.04 | 132506.03 |147850.12
(cm?)
Ws (cm?3) | 6355.67 | 6842.3 | 12052.39 | 13181.86
Wi (cmd) | 6497.44 | 6842.3 9460.77 | 10726.35
e(cm) | 7.39 7.5 1151 11.28

Menu Resultados - ALVEOLAJE 2.0

Arquive  Relatdrios  Sair

RESULTADOS
SOLICITACOES - ELU ELU - ATO DE PROTENSAQ
Md: 144.32 KN.m o- tracdo max: -1.97 MPa
LAZO op.inicial: 1505.48 MPa ot max./o-t 0.85
125 opfinal: 124276 MPa lim.:
" 15 | o-compressao 11.83 MPa
7 | PERDAS max.:
L p l Perda Inicial: 447 % o-c max./o-c 0.65
a 0 . ﬁ Perda Final: 2114 % lim.:
B ELSF ELSD
l o-borda superior:  8.50 MPa o-borda superior:  7.61 MPa
15 e L 4 19 (- P 15 a-borda inferior: -1.01 MPa o-borda inferior: 013 MPa
285 cge 30.36 000 cge 3036
L DEFORMA[;AO INICIAL DEFORMAGAO FINAL
SOLUGAO OTIMA FARREGAMENTO contraflecha (a): -9.09 mm flecha (a): -23 mm
Altura da Secgo:  20.0¢m HPLEE 322 Kkiim flacha limite: 26 mm flecha limite: 36 mm
- PP Capa: /a-lim.: 0.35 a-lim.: X
Altura da Capa: 5.0cm apa 1 25 Kiim afa-lim ala.lim 064
N° Cordoalha: 3 SC
@ Cordoalha: 215.2 Revestimento: 0.31 Khim CISALHAMENTO IMICIAL CISALHAMENTO FINAL
ordoalha: e mm : 29 KN Vpd: 64 KN
Tipo Cordoalha: 7 fios -CP210RB SC Utilizagdo: 531 Klim vrd: 84 KN Vrd: 121 KN
3 Vsd/Vrd: 0.34 B .
Custo Total R5832.07 DADOS DE ENTRADA B Vsd/Vrd 0.53
Vdo da laje: 9.00m
MODULO DE ELASTICIDADE ks 50 MPa
Idade de 20h
Aco: 205 GPa Protens&o:
Concreto: GPa Fejf 28 MPa
Fig. 2 — Software Validation results.
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Values of anchorage slip stress are identical in both studies since they depend on the length of the
prestressing track, taken here as 150 meters. The immediate strain on concrete presents a value lower than
that presented by Ferro and Alves (2019), because of the different elasticity moduli values used for
concrete. The initial loss in prestressing force obtained with the optimization procedure is 19.7% smaller
than the values obtained by Ferro and Alves (2019).

Stresses attributed to concrete creep depend directly on the geometric properties of the cross-
section. As such, the values obtained were expected. The total loss of prestressing force is 13.4% lower if
compared with Ferro and Alves (2019). Table 4 presents results for ULS design at t=t... The optimization
procedure presented herein yielded a steel reinforcement area 8.7% smaller than the one indicated by Ferro
and Alves (2019).

Maximum values observed for tensile and compressive stresses are within standardized limits for
ULS design when t=to. The length of force transference obtained with the optimization procedure is of
24.04 cm, along which the maximum stresses on the section occur.

Stresses obtained for SLS criteria are also within the limits prescribed by the standard, that is,
0 MPa < 0g;g_p < 30.4 MPa, for SLS-Decompression, and —2.9 MPa < oz s < 30.4 MPa, for
SLS- Crack opening.

The optimized deflection shows larger values as a result of a smaller moment of inertia of the
cross-section, nonetheless, values remain within standardized limits. It is observed that the shear force
acting on the element is 7% smaller for the simple section and 3.3% smaller for the composite section.
This reduction in internal force is a direct result of lower dead loads attributed to the weight of the
structure. For this example, the optimized design presents a final cost of R$ 832.07, featuring the same
slab height as the original design, with 3 CP210RB tendons with a diameter of 15.2 mm. On the other
hand, Ferro and Alves (2019) present a final cost of R$922.68 and 9 CP190RB tendons with a diameter
of 9.5 mm. As such, results show that the software developed for the present research meets all
requirements pertaining to the structural analysis. Furthermore, the reductions observed for prestressing
steel area and the number of tendons generated an economy of 9.82% in the cost of materials.

Table 4 — Results from the validation example
Authors | Ferro and

Alves
(2019)
Anchorage slip (MPa) 8,2 8.2
Prestressing steel relaxation
(MPa) 16.78 15.17
Immediate strain on
concrete (MPa) 45.52 58.87
Initial loss 0.0447 0.0577

Concrete creep (MPa) 30.09 46.17
Concrete shrinkage (MPa) | -115.26 | -114.82
Prestressing steel relaxation
(MPa) 117.37 104.75
Final prestressing loss 0.2114 0.244
Design stress (MPa) 1666.4 1506

Area of steel (cm?) 4.192 4.591
Final prestressing loss 0.2114 0.244
osELs-D (MPa) 7.6 7.3
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3.2. Parametric Analysis

oieLs-p (MPa) 0.1 0
oseLs-F (MPa) 8.5 8.1
oi.eLs-F (MPa) -1.0 -1.2
Initial deflection (mm) 9.09 8.98
Maximum induced camber
(mm) 25.71 25.71
Total deflection (mm) 23.22 18.82
Maximum deflection (mm) 36 36
Simple Section
VRt (KN) 83.63 89.37
VRra2 (KN) 282.24 308.7
Vsd (KN) 28.71 30.9
Composite Section
VRa1 (KN) 120.55 128.84
VRa2 (KN) 578.57 632.81
Vsd (KN) 64,14 66,34
hslab(Cm) 20 20
hlayer(Cm) 5 5
Authors | Ferro and
Alves
(2019)
Ntendon 3 9
dtendon(Mm) 15,2 9,5
Steeltendon CP210RB| CP190RB
Final Cost R$ 832,07 922,68

To evaluate the behavior of different optimized designs of prestressed hollow core slabs as a
function of span, the cost per slab unit was analyzed, considering the input data given in Table 5, with
variations of span length. The data used for this analysis are identical to those implemented on the

validation example.

Table 5 — Input data for the graphical analysis of results.

INPUT DATA
Class of environmental CAAII
aggressiveness
Cement type CPV
Slump 0
fck slab 50 MPa
fj 28 MPa
Prestressing age 20 h
fex layer 25 MPa
Adggregate type BASALT
Free span of the slab varies
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Serviceability live-load

4,25 KN/m?

Load due to flooring

0,25 KN/m?

Table 6 shows detailed results for multiple slab lengths under analysis, obtained for each iteration
of the program using the input data from Table 5.

Table 6 — Optimized results for spans between 5 and 9 meters.

Span|Section| Layer 7] Type N° of Total
(m) | height | thickness [Tendon Tendons | Cost
(cm) | (cm) | (mm)

500 15 8 12.7 | CP190RB 2 R$308.64
550 15 5 12.7 | CP210RB 2 R$349.44
6.00| 15 5 15.2 | CP 190 RB 2 R$405.80
6.50| 15 5 15.2 | CP210RB 2 R$456.31
7.00| 15 6 12.7 | CP 190 RB 4 R$530.12
750 15 5 15.2 | CP 190 RB 3 R$581.91
8.00| 20 6 12.7 | CP190RB 4 R$693.96
850 20 5 15.2 | CP 190 RB 3 R$753.11
9.00| 20 5 15.2 | CP210RB 3 R$832.07
9.50| 20 6 12,7 | CP210RB 5 R$933,48

Figure 3 presents the graph for the evolution of final cost as a function of free span for
manufacturing one unit of hollow core slab. The graph shows a linear behavior of the results obtained,
indicating coherence. It is worth noting that, for the present analysis, costs attributed to the layer of
concrete are not included, since this is a different design variable. For hollow core slabs featuring a width
of 1250 mm, the final cost of each slab for spans between 5 and 9 meters range from R$300 to R$850.
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Fig. 3 - Evolution of Freespan x cost for one unit of hollow core slab.

The results presented in Table 6 show that, in order for the designs to meet ULS and SLS criteria,
while also reducing the cost per unit of the hollow core slab, the number of tendons must be reduced, and
present a diameter of 12.7 mm and 15.2 mm. The number of tendons varies between 2 and 5, with cross-
section heights of 15 cm and 20 cm. The final solution is illustrated in the Table 7.

Table 7 — Final Solution Details.

Span(m) Geometric Details
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In addition to analyzing the financial cost, the evolution of stresses on the concrete at the time of
prestressing is also analyzed, along with initial and final deflection analyses in Figure 4.

Stresses for ULS, at t=t0

1,0
0,9
0,8
0,7
0,6
0,5
0,4
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0,2
0,1
0,0
5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0

o/climit

Freespan [m]

—&—Tensile stress/ Limit stress —a— Compressive stress/ Limit stress
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Initial and final deflection
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Fig. 4 - (a)Graph of stresses for ULS at the time of tendon prestressing; (b) — Maximum deflection.

Figure 4 (a) presents the evolution of tensile and compressive stresses on concrete during
prestressing, for a span interval between 5 and 9 meters. The graph shows a linear behavior of the curve
for spans ranging from 5 to 7.5 m, however, larger spans indicate a decrease in compressive stress values
and an increase of tensile stress on the structure, reaching the maximum values established by NBR
6118:2023 and NBR 14681:2011, for a span of 9.4 meters. From this point on, excessive tension is
observed at the time of prestressing, resulting in crack openings, consequently rendering the structural
element obsolete. This problem may be solved by introducing additional rebar on the upper flange of the
hollow core slab, but there may be constructive limitations if this solution is adopted.

The evolution of initial and final deflections as a function of span length was also performed

(Figure 4(b)). The graph from Figure 4, shows that spans between 5 and 7 meters exhibit a tendency to
approach standardized limits, resulting in better utilization of allowable values. However, spans ranging
from 7 to 9 meters, present small structural deflection.
A combined assessment of the graphs for ULS stresses and deflections, Figure 4(a) and Figure 4(b),
respectively, show that deflections of the structure govern the design for spans between 5 and 7 meters.
Alternatively, spans between 7 and 9 meters present tensions in the prestressing cables close to the
permissible limits, resulting in compression forces on the upper surface of the concrete close to the
permissible limit of the design concrete strength.

For slabs with lengths superior to 9 meters, the design is only possible if additional rebar is
introduced at the upper surface of the hollow core slab. The design must be performed in a manner
analogous to the procedure proposed in this research and consider standardized criteria.
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CONCLUSIONS

The results obtained from the design optimization of hollow core slabs were satisfactory,
presenting low costs attributed to building materials. For the example analyzed, a cost reduction of 9.82%
was observed, which represents a significant saving when evaluating the final production cost of the
hollow core slab. As such, the developed program shows relevant applicability.

The parametric analysis provided coherent results for the optimization problem implemented, since
smaller slab lengths feature a minimal number of prestressing tendons and, as the length increased, the
number of tendons used for prestressing also increased, consequently leading to higher financial costs for
producing the slabs. The assessment of cost as a function of span length for the hollow core slabs showed
an approximately linear relationship between these variables. The analyses of shorter spans indicated the
SLS as the preponderant design criteria, since deflection values were close to the limits established by
design standards. For longer spans, it is noted that stresses were the governing restriction, given the
increase in the number of prestressing tendons and consequently, the increase of tensile stresses on the
upper surface of the slab.
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