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Abstract 

It is necessary to build structural elements that are economical 
and that in turn support the loads to which they are subjected. 
On the other hand, it is important to control CO2 emissions in 
construction processes. The excess of this gas is the main cause 
of global warming by the greenhouse effect. In this context, this 
work presents a sensitivity analysis to assess the impact of 
different design parameters on the optimization of cost and 
CO2 emission of reinforced concrete footings. The design 
parameters are applied load, soil elastic modulus, Poisson ratio, 
angle of internal friction, factor of safety and allowable 
settlement. For this, the metaheuristic called Modified 
Simulated Annealing Algorithm is used to obtain the optimal 
designs.  

Keywords: Reinforced concrete footings, cost and CO2, 
optimal design, metaheuristics.  

 

I. INTRODUCTION  

The footings are structural members that serves as a foundation 
for a pillar, wall or other surface element, transmitting the 
efforts it receives from it to the ground. These can fail due to 
the shear break of the soil that supports it. However, prior to the 
occurrence of shear failure in the soil, and even if it does not, it 
is also possible that a superficial foundation is subjected to a 
settlement sufficiently large to cause damage to the structure 
and make it dysfunctional for the purpose for which was 
designed [1]. 

Designing economic structural elements is essential in 
engineering practice [2]. There are recently developed methods 
for the low-cost design of reinforced concrete footings [3,4] 
and this problem has been the subject of studies in the literature 
in the recent years. On the other hand, greenhouse gases have 
increased significantly due to human activity. Due to this, more 
sustainable design methods and construction practices are 
being used, which positively impacts the reduction of CO2 
emissions. However, reducing cost and CO2 emissions is a 
difficult task to solve. This type of problems presents 

multidimensional search spaces and a high number of 
restrictions, requiring a powerful optimization tool. 

Modified simulated annealing algorithm (MSAA) is a simple 
single-solution algorithm based on the behavior of atomic 
arrangements in liquid or solid materials during the annealing 
process introduced by Millan et al. [5] and it has been shown to 
be a computationally efficient metaheuristic method to solve a 
variety of optimization problems [6–13]. MSAA is a newly 
improved version of the simulated annealing (SA) algorithm 
with three modifications. Firstly, a preliminary exploration is 
realized to choose the starting point of search. Secondly, the 
transition from the starting point to the new point is done by a 
search step. Thirdly, the range of probability of accepting a 
worse solution is reduced. 

The aim of this work is performance a sensitivity analysis to 
assess the impact of different design parameters on the 
optimization of cost and CO2 emission of reinforced concrete 
footings using Modified simulated annealing algorithm. The 
remainder of this paper is organized as follows. In Section 2, 
the methodology is described. Section 3 presents the results 
and discussions. Finally, in Section 4, our conclusions are 
presented. 

 

II. METHODOLOGY 

The procedure is divided into three stages: (i) formulation of 
geotechnical limit states (ii) formulation of the optimization 
design of reinforced spread footings and (ii) metaheuristic 
algorithm to solve the optimization problem. 

 

II.I. Geotechnical limit states 

Two criteria must be considered, regarding the geotechnical 
aspect in the design of isolated footings: achieving the base 
safety factor and not exceeding the permissible settlement 
value. Figure 1 shows the general dimensions of an isolated 
footing, assumed as squared. Geotechnical formulation is 
shown in Table 1. 
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L: length 

B: width 

H: thickness 

D: height from footing base to ground level 

Lo+L: excavation width 

Bo: excavation length 

bcol: column width 

P: applied vertical service load 

Fig. 1. Spread footing dimensions 

 

Table 1. Geotechnical formulation 

q= 
P+Wf

BL
 (1) 

q → uniformly distributed stress over the soil 
Wf → weight of any overload on the footing (including the weight of 
the footing itself) 

FSB=
qult
q

 (2) 
FSB → base safety factor 
qult → is the ultimate bearing capacity of the footing 

qult=cNcFcsFcd+γDNqFqsFqd+0.5γBNγFγsFγd (3) 

γ → foundation soil specific weight
c → foundation soil cohesion 
Nc, Nq, and Nγ → dimensionless bearing capacity factors (being only 
functions of the foundation soil friction angle - �) 
Fcs, Fqs, and Fγs → shape factors 
Fcd, Fqd, and Fγd → depth factors 

Nq=eπtanϕtan2 ൬π
4

+
ϕ
2
൰ (4) 

ϕ → internal friction angle of the soil 

Nγ=2൫Nq+1൯tanϕ (5) 

Fqs=1+
B
L

tanϕ (6) 

FγS=1-0.4
B
L

 (7) 

Fqd=1+2tanϕ(1-sinϕ)2U (8) 

U= arctan ൬D
B
൰൨ (9) 

Fqd=1+2tanϕ(1-sinϕ)2 ൬D
B
൰ (10) Fஓୢ = 1 (11) 

Fcs=1-
BNq

LNc
 (12) 

Fcd values according to Arrieta [13] 

δ=
(P+Wf)(1-ν2)
βzE√BL

 (13) 
δ → settlements of the foundation
ν → Poisson's coefficient 
E → module of elasticity of the soil 

βz=-0.0017 ൬L
B
൰2

+0.0597 ൬L
B
൰+0.9843 (14) βz → form factor 
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II.II. CO2 and cost optimization 

The objective functions of cost and CO2 emissions for this 
problem are listed in Table 2. 

 

 

Table 2. Formulation CO2 and cost optimization 

fcost=CeVe+CfAf+ξCrMr+
fc

fc min
 cVc+CbVb (15)ܥ

Ce → unit cost of excavation
Cf → unit cost of the formwork 
Cr → unit cost of reinforcing steel 
Cc → unit cost of concrete 
Cb → unit cost of earth 

fCO2=EeVe+EfAf+ξErMr+
fc

fc min
EcVc+EbVb (16) 

Ee → unit emission of excavation
Ef → unit emission of the formwork 
Er → unit emission of the reinforcement 
ξ → factor scale that gives the reinforcement steel term a 
magnitude comparable to that of other terms 
fc min → minimum allowable strength of concrete 

Ve=ሺB+BoሻሺL+LoሻD (17) 

γ → foundation soil specific weight
c → foundation soil cohesion 
Nc, Nq, and Nγ → dimensionless bearing capacity factors (being 
only functions of the foundation soil friction angle - �) 
Fcs, Fqs, and Fγs → shape factors 
Fcd, Fqd, and Fγd → depth factors 

Af=2HሺB+Lሻ (18)  

Mr=mVc (19) m → 29.67 kg/m3 Vୡ = BLH − V୰ (20) 

Vb=ሾሺB+BoሻሺL+Loሻ-BLሿD for H≥B 

Vb= Ve-ሾBLH+bcollcol(D-H)ሿ for H<B 
(21) 

fmulti=ζfcost+(1-ζ)fCO2 (22) 

II.III. Modified simulated annealing algorithm (MSAA) 

The MSAA is a single-solution metaheuristic based on the 
cooling of metals phenomenon and it has three main stages that 

differentiate it from the simulated annealing (SA). Table 3 
summarizes these characteristics. For more details, see [5]. 

 

Table 3. Modified simulated annealing algorithm 

The starting point is 
selected by a preliminary 
exploration 

XPxN=IPxNX+randPxNሺXU-XLሻ (23) 

P → number of points (states) that are desired in the 
search space N → number of dimensions of the problem I୶ → identity matrix of size PxN X → lower limit of the problem X → upper limit of the problem rand୶  → matrix of random numbers (pure 
randomness) between 0 and 1 of size PxN. 

The transition from the 
starting point to the new 
point is performed by the 
addition of random numbers 
that are within the defined 
radius. 

Ri+1=Ri·α (24) Ri → initial radius α → radius reduction coefficient 

The probability of accepting 
a worse solution is reduced. P = 11 + eቀ∆ ൗ ቁ (25) 

P→ probability of accepting the new state ∆f → difference of the evaluations of the function for 
each state T → temperature of the system e → Euler number 

The design parameters used for this problem and the value 
limits for the design variables are listed in Table 4 [2]. The 
exercise is restricted by a safety factor of 3.0 and maximum 
settlements of 25 mm. 
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Table 4. Input parameters and Design variables 
Input parameter Symbol Value 
Internal friction angle of soil (°) φ 35 
Unit weight of soil (kN/m3) γs 18.5 
Poisson ratio of soil ν 0.3 
Modulus of elasticity of soil (MPa) E 50 
Applied vertical force (kN) P 3000 
Over excavation length (m) Lo 0.3 
Over excavation width (m) Bo 0.3 
Thickness of footing (m) H 0.6 
Factor of safety for bearing capacity FS 3 
Maximum allowable settlement (mm) δ 25 
 
Design variables Lower bound Upper bound 
B (m) 0.01 5.0 
L (m) 0.01 5.0 
D (m) 0.50 2.0 

(a) (b) 

(c)  (d) 

(e)  (f) 
Average cost               Average CO2 emissions 

Figure 2. Effects of: (a) applied load, (b) soil elastic modulus, (c) Poisson ratio, (d) angle of internal friction, (e) factor of safety 
and (f) allowable settlement on average cost and average CO2 emission designs 
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III. RESULTS AND DISCUSSIONS 

100 runs were executed, and the average cost and CO2 
emission designs are calculated for a typical range of applied 
load, soil elastic modulus, Poisson ratio, angle of internal 
friction, factor of safety and allowable settlement. While the 
number of runs is arbitrary, it should be adequate to provide 
reliable statistics on the general quality of the solutions and the 
convergence of the MSAA. It is also important to note that all 
presented MSAA designs are feasible. The algorithm was 
coded in Matlab. 

Figure 2 shows de effects of design parameters on cost and CO2 
emission in reinforced concrete footings. Figure 2(a) shows that 
the cost and CO2 emissions increase as the applied column load 
increases. Figure 2(b) shows that as the soil becomes more rigid, 
the cost and CO2 emission values decrease considerably. 
Figure 2(c) shows that as the soil Poisson's ratio increases, the 
cost and CO2 emission values decrease slightly. Figure 2(d) 
shows that as the internal friction angle of the soil increases, the 
cost and CO2 emission values decrease. Figure 2(e) shows that 
as the required minimum safety factor increases, the cost and 
CO2 emission values increase. Figure 2(f) shows that as the 
maximum allowed settlement increases, the cost and CO2 
emissions of the footing designs are significantly reduced to a 
point where the settlement no longer controls the project (δ> 35 
mm). 

 

VI. CONCLUSIONS 

In this paper the impact of different design parameters on the 
optimization of cost and CO2 emission in reinforced concrete 
footings using a metaheuristic algorithm was assessed. The 
metaheuristic algorithm implemented was Modified Simulated 
Annealing Algorithm. From the results obtained, it is 
concluded that both cost and CO2 emissions are highly 
sensitive to changes in the applied load, in the modulus of soil 
elasticity and in the maximum allowed settlement. The soil 
Poisson's ratio, the internal friction angle and the safety factor 
have less impact on the cost and CO2 emission values.  

 

REFERENCES 

[1] Das BM. Principios de Ingeniería de Cimentaciones. 
Quinta edición. 2006. 

[2] Camp C V., Assadollahi A. CO2 and cost optimization of 
reinforced concrete footings using a hybrid big bang-big 
crunch algorithm. Struct Multidiscip Optim 2013;48:411–
26. doi:10.1007/s00158-013-0897-6. 

[3] Wang Y, Kulhawy FH. Economic Design Optimization of 
Foundations. J Geotech Geoenvironmental Eng 
2008;134:1097–105. doi:10.1061/(ASCE)1090-
0241(2008)134:8(1097). 

[4] Khajehzadeh M, Taha MR, El-Shafie A, Eslami M. 
Modified particle swarm optimization for optimum design 
of spread footing and retaining wall. J Zhejiang Univ A 

2011;12:415–27. doi:10.1631/jzus.A1000252. 

[5] Millán Páramo C, Begambre Carrillo O, Millán Romero 
E. Propuesta y validación de un algoritmo Simulated 
annealing modificado para la solución de problemas de 
optimización. Rev Int Métodos Numéricos Para Cálculo y 
Diseño En Ing 2014;30:264–70. 
doi:10.1016/j.rimni.2013.10.003. 

[6] Millán Páramo C, Begambre Carrillo O. Solución de 
problemas de optimización topológica empleando el 
Algoritmo Simulated Annealing Modificado. Rev Int 
Métodos Numéricos Para Cálculo y Diseño En Ing 
2016;32:65–9. doi:10.1016/j.rimni.2014.11.005. 

[7] Millan-Paramo C. Modified Simulated Annealing 
Algorithm for Discrete Sizing Optimization of Truss 
Structure. Jordan J Civ Eng 2018;12:683–97. 

[8] Millán-Páramo C, Matoski A, Mazer W. Algoritmo 
simulated annealing modificado para diseño óptimo de 
armaduras con variables continuas. Rev Tecnol En 
Marcha 2017;30:142–57. doi:10.18845/tm.v30i2.3209. 

[9] Millan-Paramo C, Abdalla Filho JE. Size and Shape 
Optimization of Truss Structures with Natural Frequency 
Constraints Using Modified Simulated Annealing 
Algorithm. Arab J Sci Eng 2020;45:3511–25. 
doi:10.1007/s13369-019-04138-5. 

[10] Millán Páramo C, Millán Romero E. Algoritmo simulated 
annealing modificado para minimizar peso en cerchas 
planas con variables discretas. INGE CUC 2016;12:9–16. 
doi:10.17981/ingecuc.12.2.2016.01. 

[11] Millan-Paramo C, Filho J. Modified simulated annealing 
algorithm for optimal design of steel structures. Rev Int 
Métodos Numér Cálc Diseño Ing 2019;35:1–12. 
doi:10.23967/j.rimni.2019.03.003. 

[12] Millan-Paramo C, Filho JEA. Exporting water wave 
optimization concepts to modified simulated annealing 
algorithm for size optimization of truss structures with 
natural frequency constraints. Eng Comput 2019. 
doi:10.1007/s00366-019-00854-6. 

[13] Arrieta Baldovino J de J, Millan-Paramo C, Izzo RL dos 
S, Moreira E. Optimización de CO2 y costo de zapatas de 
concreto reforzado sobre un suelo tratado con cal usando 
algoritmo de recocido simulado modificado. INGE CUC 
2020;16:1–16.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


