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Analysis of a cable-stayed bridge with multiple uncertainties - A fuzzy

finite element approach

M.V. Rama Rao* and R. Ramesh Reddy**

Analysis and design of structures occupy an important place in the
field of Civil Engineering. In order to ensure that structures do not
fail during their intended design life period with catastrophic and
unpredictable consequences, proper analysis and design are manda-
tory. Uncertainty needs to be introduced in the engineering analy-
sis and design of structures to enhance the functionality and de-
pendability of the mathematical model of the structure. Classical
finite element method, despite its advantages, is not suited to han-
dle the uncertainties in the design variables of the structural system.
This necessitates the development of fuzzy finite element model,
which allows the use of fuzzy interval variables in order to account
for multiple uncertainties associated with the structural system.

Use of fuzzy logic in structural analysis is of recent origin. Mu-
hanna and Mullen' dealt with the formulation by fuzzy-finite ele-
ments for solid mechanics problems with a single uncertainty alone
such as load or geometric uncertainty. Muhanna and Mullen’ han-
dled uncertainty in mechanics problems using an interval-based
approach. Element-by-element (EBE) technique was employed to
obtain a very sharp enclosure for the fuzzy solution by eliminating
the sources of overestimation. Rama Rao and Ramesh Reddy* made
the first attempt to study the structural response in the presence of
multiple uncertainties of structural parameters i.e. load and
Young’s modulus using fuzzy finite element analysis.

Initially, a cable-stayed bridge was modelled and analysed us-
ing fuzzy-finite element analysis by Rama Rao and Ramesh
Reddy’. Structural response of the bridge to the fuzzy interval load-
ing was obtained in terms of fuzzy interval displacements. In the
present work, the fuzzy-finite element model developed by the
author’ is used to study the structural response of a cable-stayed
bridge with uncertainties in Young’s modulus, live load and mass
density and the results are presented.

METHODOLOGY -HANDLING MULTIPLE
UNCERTAINTIES

The variational formulation for an interval case of a discrete ele-
ment-by-element structural model having uncertainties associated
with Young’s modulus and live load is given as

T="{U} " K1 AU} s ~{U}op" (P} p+{M}op" {[CH{ U} -(0}}
M

where [T, [K], [C], {U}ss, {P}pand {L},s are potential energy,
stiffness matrix, constraint matrix, displacement vector and live
load vector and vector of Lagrange multipliers (vector of internal
forces) respectively. Subscripts « and £ represent the uncertainties
associated with Young’s modulus and live load respectively
(0=, f<1). In this model, elements are kept separate throughout the
course of the solution and constraints are imposed to ensure the
compatibility of displacement of coincident nodes. Constraints are
imposed on coincident nodes as

[CH{U} o ={0}) (€5

Using Rayleigh- Ritz approach and invoking the stationarity of []
leads to

(U)o = [RI'[D1, ({PYs-[C1T{ X)) 3)
where

(K], = [D], [S] )
and

[R] =51+ [CI'C] o)

Here [5] is a deterministic singular matrix and [D], is a diagonal

matrix containing interval terms corresponding to material uncer-

tainty. It may here be noted that solving Eq. (3) directly leads to
overestimation of the bounds of {U},; due to load coupling. Load
coupling occurs due to:

a) Overestimation involved in the computation of external load
vector {P}z owing to the superposition of contributions of vari-
ous interval loads simultaneously acting on each element.

b) Overestimation involved in the subtraction of intervals in the

computation of the vector {{P} —[é]T{k}a/;}.
Thus the following procedure is adopted to avoid overestimation.

Avoiding Overestimation

The structure is analysed by keeping the uncertain loads acting on
each of the elements separate throughout the course of the solution
in order to prevent load coupling at the element level. The overall
fuzzy displacement vector { U} which represents combined effect of
all joint loads and element loads is obtained by superimposing, at
the end of the solution process, the fuzzy displacement vectors
{Uqp} obtained for individual loads cases.

{A}qpis approximated as

{(AMYap~ (B, B (A}, (6)
Substituting Eq. (6) in Eq. (3) leads to

[DLIRN U} s = ({P) 5 -5, BT ICTT{A), ) (7)
Eq. (7) can be expressed as

{U}op = [RI'IM1{5}, ®)

where [M] is a matrix of size nxm where n is the kinematic inde-
terminacy of the structure and m is the number of elements. Also,
{0}, 1s an interval vector of size mx1 containing interval Young’s
modulus of m elements taken from the diagonal entries of [D],.
Eq. (8) represents a set of linear interval matrix equations. In order
to solve Eq. (8) it is necessary to compute the value of the mid-
point internal force vector {4} . This is done by considering the
assembled finite element model of the structure with crisp Young’s
modulus and fuzzy interval loading (a=1 and 0<f<.1). The dis-
placement vector {U},; is then obtained by solving Eq. (8) using
Jansson’s algorithm’.
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The vector of internal forces for an element is obtained as

{ ﬂaﬂ} © mdX1 N
=B, B KA el T1 L, [RY TMI{ O} = { P}, )

where [L], ., is a Boolean connectivity matrix containing 0" and ',
[77“is the rotation transformation matrix for the element and md is
the number of degrees of freedom for the element.

Uncertainty of mass density causes uncertainty of dead load
(owing to self-weight). Thus membership function adopted for
mass density is used to define the uncertainty of dead load as well.
Thus load uncertainty £ in Eq. (1) through Eq. (9) can be replaced
by the uncertainty of mass density y (0<y<1). The overall structural
response is obtained by the superposition of structural response due
to dead load and live load acting on structure.

CASE STUDY

The case study considered is a cable-stayed bridge shown in Fig. 1.
The properties of the bridge are mentioned in Table 1. This prob-
lem is adopted from the configuration of Canal du Centre Bridge at
Obourg, Belgium’. Owing to the symmetry of the bridge deck about

respectively. These membership functions indicate the normalised
values of Young’s modulus, live load and mass density respec-
tively. An interval [a,b] can be normalized by dividing its lower
and upper bounds a and b by the mid-interval value 0.5%(a+b).
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Table 2 shows the vertical displacement at node 3 for various com-
TABLE 1

PROPERTIES OF CABLE-STAYED BRIDGE

Span [134.0m | Concrete Desk Slab | Double T Section made of Pre-cast PSC

Overall width [1.8m [Depth [0.6 m | Flange thickness [0.20m [ Web thickness [03m
Double armed Rectangular Steel pylon, each arm 0.60x0.80 m, height 20 m above deck (30 m total height)

Cables Stranded steel cables each with 37 strands of 12.7 mm ¢

Young’s Modulus 30 GPa (Concrete), 200 GPa (Steel) with uncertainty £5% about mean for both concrete and steel

Live Load 4.0 kN/m’ with uncertainty £10% about mean

Mass density 2500 kg/m’(Concrete), 7850 kg/m’(Steel) with uncertainty +5%about mean for both concrete and steel
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TABLE 2
CONCOMITANT VARIATION OF VERTICAL DISPLACEMENT OF NODE 3 (x10° m) W.R.T oo AND B AT y=0.8

4 [-5.765,-3.731]

[-5.897,-3.602]

[-6.028,-3.473]

[-6.160,-3.343]

[-6.291,-3.214]

ol p— 1.0 0.8 0.6 0.4 0.2 0.0
1.0 [-4.885-4.600] | [-5.015, -4470] | [-5.145-4340] [-5.275,-4.210] [-5.405,-4.079] [-5.535,-3.949]
0.8 [-5.177,-4.309] [-5.307,-4.180] [-5.438,-4.050] [-5.568,-3.920] [-5.699,-3.790] [-5.829,-3.660]
0.6 [-5.470,-4.020] [-5.601,-3.891] [-5.732,-3.761] [-5.863,-3.631] [-5.994,-3.502] [-6.125,-3.373]

[-6.423,-3.085]

0.2 [-6.061,-3.442] [-6.193,-3.313] [-6.325,-3.186] [-6.457,-3.055] [-6.590,-2.926] [-6.722,-2.798]
0.0 [-6.359,-3.153] [-6.491,-3.024] [-6.624,-2.896] [-6.757,-2.767] [-6.889,-2.639] [-7.022,-2.510]
TABLE 3
CONCOMITANT VARIATION OF BENDING MOMENT (kNM) IN DECK AT NODE 4 W.R.T a AND B AT y=0.8
ol p— 1.0 0.8 0.6 0.4 0.2 0.0
1.0 [-258.2,252.6] [260.7,-249.9] [263.3,247 3] [265.9,2447] [2638.5,242.1] [2712,239.5]
0.8 [-267.5,-243.3] [-270.1,-240.7] [-272.8,-238.1] [-275.4,-235.5] [-278.0,-232.9] [-280.7,-230.3]
0.6 [-277.1,234.1] [-279.7,-231.4] [-282.3,-228.9] [285.0,-226.3] [-287.6.-223.8] [-290.3.-221.2]
0.4 [-286.6,-224.9] [-289.2,-222.3] [-291.9,-219.8] [-294.6,-217.3] [-297.3,-214.7] [-300.0,-212.2]
02 [-296.3,-215.7] [-298.9.-213.2] [-301.6,-210.6] [-304.4,-208.1] [-307.1,-205.6] [-309.8,-203.0]
0.0 [306.1,-206.6] [-308.8,-204.1] [-311.5,-201.6] [314.2,-199.1] [-317.0.-196.5] [-319.7,-194.0]
TABLE 4
CONCOMITANT VARIATION OF AXIAL FORCE (kN) IN CABLE 3 W.R.T o. AND B AT y=0.8
ol P~ 1.0 0.8 0.6 0.4 0.2 0.0
1.0 [412.3,419.2] [409.2,422.4] [406.0,425.5] [402.9,428.6] [399.8,431.8] [396.6,434.9]
0.8 [397.1,434.8] [394.0,438.0] [391.0,441.2] [387.9,444.5] [384.8,447.7] [381.7,450.9]
0.6 [382.2,450.8] [379.2,454.1] [376.1,457.4] [373.1,460.7] [370.1,463.9] [367.1,467.2]
0.4 [367.4,467.2] [364.5,470.5] [361.5,473.9] [358.6,477.2] [355.6,480.5] [352.6,483.9]
0.2 [352.9,483.8] [350.0,487.2] [347.1,490.6] [344.2,494.0] [341.3,497.5] [338.4,500.9]
0.0 [338.7,500.8] [335.9,504.3] [333.0,507.8] [330.2,511.3] [327.4,514.8] [324.5,518.3]

binations of « and f at »=0.8 (£1% variation about mean value of
mass density). Table 3 represents the concomitant variation of
bending moment in deck at node 4 at »=0.8 whereas Table 4 repre-
sents the variation of axial force in cable 3 at y=0.8. It is observed
that the width of the interval increases along and across in each
table. Combined membership function for structural response is
obtained using the o-sublevel procedure suggested by Moens and
Vandepitte’. Figure 5 represents the combined membership func-
tion of vertical displacement at node 3. Figure 6 represents the
combined membership function of bending moment at node 4.
These plots represent the variation of the structural response in the
presence of concomitant variation of uncertainties o ,f3 and y asso-
ciated with Young’s modulus and live load and mass density re-
spectively.
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FIG.6 COMBINED MEMBERSHIP FUNCTION FOR BENDING
MOMENT AT NODE 4

CONCLUSIONS

In the present study, a new methodology to evaluate structural re-
sponse in the presence of multiple uncertainties is presented. A
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sharp enclosure to the solution vector is obtained by uncoupling of
load vector by keeping the load contributions separate throughout
the solution process. The methodology is utilised to evaluate the
structural response of a cable-stayed bridge in the presence of mul-
tiple uncertainties in Young’s modulus, live load and mass density
simultaneously. Structural response is tabulated and is found to
vary for various combinations of multiple uncertainties. The effec-
tiveness of the methodology to evaluate the structural response of a
cable-stayed bridge in the presence of multiple uncertainties is
demonstrated.

REFERENCES

1. Muhanna.R.L., and Mullen.R.L., "Formulation of Fuzzy
Finite-Element Methods for Solid Mechanics Problems”, J.
Comp. Aided Civil and Infra. Engg, 14, 1999, pp. 107-117.

2. Muhanna.R.L., and Mullen.R.L., ”Uncertainty in Mechanics
Problems- Interval-Based- Approach”, J. Engg. Mech.,Vol.
127, No. 6, 2001, pp 557-566.

3. Rama Rao. M.V., “Analysis of Cable stayed bridges by
Fuzzy finite element modelling”, Ph.D. thesis, Osmania
University, India, 2004, (Available  online at
http://www.pownuk.com/IntervalEquations.htm.)

4. Rama Rao.M.V. and Ramesh Reddy.R., "Fuzzy Finite
Element Analysis of a Cable- Stayed Bridge”, 8" Int. Conf.
on Innov. in Plan., Des. and Const. Tech. in Bridge Engg.,
Hyderabad, India, 2003.

5. Jansson.C., “Interval Linear Systems with symmetric
matrices, skew-symmetric matrices, and dependencies in the
right hand side.", Comp., 46, 1991, pp. 265-274.

6. Walther, Rene, "Cable Stayed Bridges", Thomas Telford,
London, 1988.

7. Moens, D. and Vandepitte, D., A fuzzy finite element
procedure for the calculation of uncertain frequency-

response functions of damped structures, J. of Sound and
Vib., Vol. 288, 2005, pp. 431-462.

525




<<
  /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 /LeaveColorUnchanged
  /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 true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ArialUnicodeMS
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 (None)
  /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 [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


