CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The classical theory i.e. simple bending theoryTBE&8ssumes that a plane section remains
plane after bending. This assumption results ineal distribution of bending stress in the
cross section of the beam. The assumption can lmmliyue in a box section if the shear
stiffness of the cross section is infinite. Duethie shear flow between the flange and the
web of the box, the panels displace longitudinadlyhe way that the middle portion of the
flange and web lag behind that of the portion aldeethe corner of the box section. This
longitudinal displacement of the flange and the wesults in the nonuniform bending
stress distribution. The unequal distribution oihdieg stress addressed to shear lag
phenomenon. Shear lag phenomenon does not odberé is no gradient in shear flow.

The shear lag effect reduces the effectiveness haf box structure by
increasing/decreasing the stress concentration ké tweb-flange junctions,
reducing/increasing the axial stresses at the midfithe frame panels, which accumulates
to increased lateral deflections of the structlifee cantilever box girder bridge and tubular
buildings have closely resembled the cantilever beams having idealized box section
(Fig. A.1) hence the distribution of bending stessgreatly affected by shear lag in the
flange. In skyscrapers, certain structural formeesgly tube frame structures are widely

used as an economical system (Fig. A.3). The systmists of closely spaced exterior



columns along the periphery interconnected by dgegmdrel beams of each floor level in
its basic form. This produces a system of rigidiyjed orthogonal frame panels forming a
rectangular tube which acts as a cantilever holbmx. Framed tube acts like a hollow
boxed beam under lateral loads such as wind artdgeeke. Thus, the tubular buildings
are also under in influence of shear lag. In tubblaildings, the flexibility of spandrel
beams produces shear lag phenomenon with the eff@otreasing the axial stresses in the
corner columns and of reducing axial stress indblemns toward the center of flange
panel of the orthogonal frame in the bottom ofgtracture.

The bending stress distribution across wide flanges box beam under symmetrical
flexure is not uniform. This phenomenon has longrbeecognized as shear lag. The stress
at the junctions of the web and flange is much é&ighan that at the center of the flange.
This phenomenon is usually notified as positiveasha&g [Coull and Bose 1975; Coull and
Ahmed 1978; Foutch and Chang 1982; Ha et al. 1&08itch and Chang 1982; Kwan
1994, 1996; Reissner 1945]. Reversal of this phemam is known as negative shear lag
[Chang and Zheng 1987; Mahjoub et al. 2011; Shusitke 1991; Singh and Nagpal
1994]. This effect of positive shear lag was oradjyr reported by Reissner (1945) while
analyzing a box beam.

The analysis of shear lag phenomenon in box beasmbaaed on the principle of
minimum potential energy. Analysis of shear lagrmmeenon has also been carried out by
using energy methods. The stress compatibly equifibequations considered in the least
work solution method [Coull and Bose 1975, 1976n land Zhao 2011], primarily
introduced by Reissner (1941). The governing equatiin variational principle i.e.,
principle of minimum potential energy, are comndtt® the strain compatibility [Chang

1984; Chang and Zheng 1987; Foutch and Chang I&2nanovic and Graham 1981;
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Kwan 1994;Lee et al.2000, 2001; Lin and Zhao 2011; Mahjoulalet2011; Reissner
1945]. In the continuity of literatures publisheftea Reissner (1945), many other authors
used principle of minimum potential energy to amalyhe shear lag phenomenon in tubular
structures [Chang 1984; Chang and Zheng 1987; Raurtd Chang 1982; Kuzmanovic and
Graham 1981; Kwan 1994; Lee et al.2000, 2001; hith Zhao 2011; Mahjoub et al. 2011].
Various methods were dealt to analyze the sheainldgox beams, box girder bridges
(linear and curve); cable-stayed bridges; prestbssncrete bridges; composite box girder
bridges; thin-walled structures; framed tube stricet (RCC and steel structures); | and T-
section beams; pipe connections; axial member atioms and laminated plate structures.
An orthotropic membrane analogy of transforming fr@mework panels into
equivalent orthotropic membranes, each with elgstperties so chosen, to represent the
axial and shear behavior of the actual frame whds been developed [Coull and Bose
1975, 1976; Coull and Ahmed 1978). Before this gdophy, Chan et al. (1974) proposed
to evaluate the shear lag effects in the cantil&osr structure with the solid shear wall as
web panels and rigidly jointed beam-column framgdlange panels. This methodology
may also be applied in frame tube structures bjudhcg the shear deformation of the
frame members and the deformation of the beam-aoljoimts in the derivation of the
equivalent elastic properties [Khan and Stafford69Ha et al. 1978]. In the series of
development, Grillage analogy method [Hambly anereds 1975; Kissane and Beal
1975; Evans and Shanmugam 1984; Sennah and Kerg®$if}; Folded plate method
[Meyer and Scordelis 1971; Marsh and Tayler 19%hrah and Kennedy 2002] and Finite
strip method [Cheung and Cheung 1971; Cusens andlR@4; Cheung and Chan 1978;
Sennah and Kennedy 2002] were used for analysshedr lag in tubular structures. The

finite element method was firstly introduced by &wfand Dowling (1975) to analyze the
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shear lag in steel box girders. Another researalser dealt with this method for analysis of
shear lag phenomenon in the tubular structuresri@laamd Zheng 1987; Chang and Gang
1990; Cook 1991; Evans and Al-Rifaie 1975; Li et #388; Shang-min and Shui 2014;
Sennah and Kennedy 2002; Shushkewich 1988, 1991].

The different approaches of analyzing the sheamplanomenon in the structures

and their limitations along with applications hdeen reviewed in the present chapter.

2.2 SHEAR LAG IN BOX BEAMS
2.2.1 Thin Walled Box Beams
A thin walled box beam was analyzed by Reissnedd119945) applying analytical
method. Initially, the stress variations in the dmam were dealt with least work solution
method after that a variational principle adoptedsidering the longitudinal displacement
of the cover sheet of the box beam. The correspgndnequal stress distributions were
termed as shear lag in box beam. The least workadegoverns by stress compatibility
equations whereas the principle of minimum potérgigergy method, govern by strain
compatibility equilibrium equations. Various autbaanalysed box beam by variational
approach [Chen 2014ezi and Mentrasti 1985; Koo aritheung 1989; Mentrasti 1991].
Non uniform normal longitudinal stress distributiona trapezoidal box beam with lateral
cantilever, have been discussed. The state ofstiesach structural element was analyzed
considering warping of the horizontal flanges [Daad Mentrasti 1985].

Koo and Cheung (1989) formulated a mixed variatigranciple for thin-walled
prismatic structures and a solution method is psedoIn this principle, the cross section
of the thin-walled prismatic structure is assumadbé rigid in its own plane, but flexible

out of plane, and both the stresses and displadsnae considered to be unknown
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variables in this function. Mentrasti (19%itudied the thin-walled trapezoidal cross-section
beams with lateral cantilevers subjected to adoediload, considering the distortion of the
cross section. Transverse and longitudinal disph&ces of the walls are governed by six
shape functions, which describe bending in thezootal plane, as well as torsion and
distortion of the cross section; the shearing stiai the middle plane of the walls is
considered; the shear center is not used. A wideofseonstraints is studied (rigid or
flexible transverse diaphragms, mixed kinematic static boundary conditions) reviewing
the inversion of the curvature of the distributmmnongitudinal stress (shear lag anomaly).
A harmonic analysis was performed using the vagiad®@paration method for a simply
supported and cantilever beam under a given lodwerC2014] and solutions obtained
using superposition.

A stress resultant theory was formulated for telaand elastoplastic warping
[Hjelmstad 1987]. The constitutive relationshiptane the interesting feature of coupling
the shear strains (shear and bi-shear) with theingintensity. This coupling gives rise to
the so-called shear lag anomaly. A thin-walled be@mpen or closed cross sections)
analysed, undergoing elastoplastic deformationskierl994] A numerical method based
on the finite-element method and incremental sotutechniques was used. A model of
describing the warping and shear deformation wadieh Von Mises yield condition with
isotropic hardening and shear lag phenomenon, sgeeial case of general analysis, was
considered as well. In addition, it is adopted aegal approach to the solution of the
problem based on the finite element method. Thecyple of virtual displacements has
been used to give a new linear stiffness matrixapglying warping functions and general
approach to the solution as stated above, sheghegomenon (positive or negative) was

described in wide flanges of thin-walled box gigigProkic 2002] Tenchev (1996)
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performed an FEM parametric study of the stressildigion in orthotropic beam flanges.
In the FE analyses, a two-dimensional plane stress$el was used. An empirical formula
was established for the shear lag coefficient whiclused for computing the effective
flange width for stress calculations. Longitudiflahge stiffeners can be accounted for by
modifying the modular ratio. General displacemeetdf of thin-walled section beams
considering the uniform and non-uniform shear wagpleformation by using step-by-step
application of St. Venant's semi-inverse method waxposed [Park et al. 1997]. A beam
model was developed. For the analysis of the geffikevaural-torsional response on the
unsymmetrical section beams, a continuous finitemeht using boundary element
contraction techniqgue was formulated and applidte Tltimate load of thin-walled box
beam undergoing limited plastic strain with coneadien of the shear lag effect on the
basis of the stress—strain relationship of elaslicearly hardening materials was
investigated [Wu et al. 2004]. In the procedurd¢cuation formulae for strength increase
coefficient, flange effective width ratio, criticalalues of plastic strain and shear lag
coefficient are obtained for thin-walled box beamw#h elastic, linearly hardening
materials.

Lin and Zhao (2012) described inelastic sheardafgavior in steel box beams.
Shear lag effects in flanged flexural members asaally recognized as the uneven
longitudinal deformation and normal stresses alibragflanges. Elastic shear lag behavior
has been extensively studied and considered intatal design while the study of inelastic
shear lag is limited. The analytical method wasfieel using laboratory tests of two steel
box beams. A least-work based method was develégecthodeling inelastic shear lag
behavior. An effective modulus was formulated ahd Poisson’s ratio following the

theory of plasticity was used in the inelastic siag model.
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2.2.2 Composite Box Beams

Gjelsvik (1991)analysed wide flange composite beam with shearndaghich the real
beam is replaced by equivalent beam where the sledarmations are concentrated in the
thin layer. The stress distributions were foundsbyiple formulas. The warping solutions
for thin walled prismatic orthotropic composite beavere generated [Anido and Ganga
Rao 1996; Dikaros and Sapountzakis 2014 1, II; Suml Bursi 2005]. The elastic
coefficient that account for warping effect, ar&raduced and solution correlated with an
elastic solution by Lekhnitskii (anti-symmetric sindag), and for a box beam with an
analytical solution of Reissner (symmetric sheay).le&un and Bursi (2005)roposed
displacement-based and two-field mixed beam elesnemtthe linear analysis of steel—
concrete composite beams with shear lag and debdenshear connection and the results
were compared with ABAQUS code.

Dikaros and Sapountzakis (2014 |, 1) presentedretecal development in part |
and numerical implementation of the solution methatiereas in part Il discussed the
examined numerical applications illustrating thdicegncy, accuracy, and range of
applications of the proposed method as well asffexts arising because of non-uniform
warping. Nagaraj and Gangarao (1997) presented riexpetal and theoretical
characterizations of mechanical properties of gfdss reinforced plastic (GFRP) wide
flange and box beams. Experimental results revealadfiber asymmetry and interfacial
slip between fabric layers affect the beam stiffneéShear deflections were found to be
significant in relation to bending deflections. Dez al. (2001)proposed a model for
analyzing the shear-lag effect in composite beantis flexible shear connection taking
into account the long-term behavior of the concrétevariational balance condition is

imposed by the virtual work theorem for three-disienal bodies. Lenwari (2005) also
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used virtual work theorem to analyzed the flexinethavior of rolled steel beams that were
strengthened with partial-length, adhesive-bondetan fiber-reinforced polymer (CFRP)
plates. The analytical methods used include shagrdnalysis, section analysis and
discussed the agreement between the experimeatdisr@and the analytical predictions.
The symmetrically laminated thin-walled compositex lbbeams under bending load were
analyzed by the principle of minimum potential eyefYaping et al. 2002{o account for
shear lag and shear deformation effects. A compsahe analysis on the effects of shear
lag and shear deformation were presented for algisypported thin-walled composite
box beam subjected to a centralized load at mid-sphe initial value solutions of static
equilibrium differential equations of single-celhin-walled composite-laminated box
beams under bending loads with consideration of lsbtear lag and shear deformation
were established. The results were verified by migake methods using finite beam
element [Wu et al. 2004bThe procedure presented can be used to analyzdiedly the
mechanical behaviors of some complex compositetsires (such as continuous laminated
box girders, etc.).

Chen et al. (2013)ut forward a shear lag model for fiber-reinforgeastics (FRP)
composite simply supported Il-beams under bendagl$ using the energy method and
results were validate with finite element analybist the nonlinear behavior of wide flange
steel and steel-concrete composite beam up topselJdHenriques et al. (2015) introduced
an accurate and computationally efficient GBT-badedte element. The element
incorporates reinforced concrete cracking/crushigigear lag effects and steel beam
plasticity (including shear deformation of the $teeb). In addition, analytical solutions

for elastic shear lag are derived and the GBT mddabmposition features are employed
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to extract valuable information concerning the éffef shear lag phenomena up to the
collapse.

The metallic ship structures, for the special aaiseomposite hull Ghelardi et al.
(2015) study the concept of shear lag effectiveadhite of plating, widely applied in the
scantling assessments of metallic ship structukasempirical formulation was proposed
for effective breadth evaluations. Thus, suitalietd element models were created and
validated to investigate the behavior of the effecbreadth of stiffened laminates when
varying geometrical and other typical parametersoofposite made ship structures. Milner
and Peczkis (2007) reported the difficulties of mlody the vertical flexure of
mechanically fastened wooden ship hulls as thab@m{ beams, a mainstay of naval
architecture when applied to iron and steel shipg,largely be overcome by factoring the
incomplete composite action of timber component&ims of a reduced shear modulus, an

increased shear lag, and a reduced sectionalrateasion (owing to butt joints).

2.2.3 Multi-Cdlular Box Beams

A constant-amplitude cyclic loading test condudtedomplex welded box beams made of
high-strength low-alloy steel [Nussbaumer et al99]9 A box beam was designed to
simulate the cellular structure of a double-huipshbout the results of the experiments are
equally applicable to other box systems such aslgbs. The experiment results
demonstrated the good crack tolerance of cellutacwires and studied the propagation of
long cracksThe stresses varied across the flange due to Ewgdiut this effect was small.
A finite curved beam element considering both sHagrand warping torsion effects,
especially for the dynamical analysis of curvedtivalled multi cell box beamfgraping

2002].The contribution of rotational inertia to mawmatrix used to analyze accurately the
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static and dynamic behaviors of curved thin-walbec bridge with a single cell or multi-

cell.

2.3 SHEAR LAG IN BRIDGES

The shear lag was analyzed in bridges particularlgox bridges having different shape
i.e. linear and curve; with a different cross smtti.e. single cell or multicellular cross
sections. The different types of box bridges weyasaered for analysis which was box
girder bridges; cablestayed bridges and prestreassattete bridges. The shear lag was also
considered in girders. The various investigatiostodar lag in box bridges and girders are

presented below systematically.

2.3.1 Box Girder Bridges
The shear lag was analyzed in box girder bridgeshey various analytical methods,
numerical method and performed the test to vehéyresult obtained. Shushkewich (1986)
utilized the strength of material relationship foembrane forces in symmetrically loaded
box girder bridges. The shear lag was ignoredHerdalculation of compressive stress in
the top slab. But further investigations were madesidering shear lag effect. Primarily
the shear lag was analyzed through variationalagmbr [Chang and Zheng 1987; Luo et al.
2002a, 2003; Wang et al. 2005]. The span —wisdatisment was assumed parabola, cubic
parabola, quartic parabola etc. The regions of tnegyahear lag effect with the interrelation
of span/width parameters are determined [ChangZiwethg 1987]. The theoretical results
thus obtained are compared with a plexiglass mied¢land are in close agreement with the
test results.

Khristek and Bazantl987)analyzed the effect of shear lag on creep defoonati

and stress redistributions in concrete box girdadges, both deterministically and
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stochastically. It is found that the shear lag ssirmportant for creep as it is for elastic
deformations. The shear lag causes a significactease in the maximum longitudinal
normal stress, alters the stress redistributions tua change in the structural system
during the construction stage, and substantiatiyeiases the deflections. A finite difference
solution for shear lag effect on box girder bridges presented by Chang and Yun (1988).
The span wise displacement is assumed to be aaparabolic curve on the cross section
instead of a quadratic. Shear lag effects are ctedpan a cantilever box girder with
linearly varying depth. The results are compareth wiodel tests. Shushkewich (1988)
perform plane frame analysis to demonstrate ac¢twak dimensional behaviors by using
membrane equations. The method also allows th&reing and pre-stressing. Kristek and
Studnicka (1991have described the main features of the negatigardag phenomenon.
It was concluded that negative shear lag was pairticularly exceptional phenomenon but
an effect that can occur at a wide variety of ayesmnents of plated structures with a
considerable degree of significance. The negathearslag occurs along a considerable
portion of the length of such structures. It is fooned that the shear lag depends not only
on the shear flow magnitude itself (or on the magte of shear force) but especially on
the shear-flow gradient as well, which is influethggimarily by the type of loading.
Shushkewich (1991) has been explained the proldEmegative shear lag in a
cantilever beam subjected to a uniform load. Ineess, the problem was one of two
components, each of which was subjected to possinear lag being combined such that
negative shear lag is produced. The key ingredi@ninegative shear lag was that the
predominant component dampened faster than theplestominant component. In the
generalized way negative shear lag can occur wiegrtexo or more components have the

shear lag that dampens at varying rates. The nvegsliear lag in box girder with varying
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depth was analyzed [Luo et al. 20QEing modified finite segment method. With various
boundary conditions and support conditions in tb& girder, it was concluded that the
negative shear lag effect not only exists in camét and continuous box girder but also
occurs in simply supported box girders. Stochastiational principle (SVP) and
stochastic finite segment meth(8FSM) was developed for analysis of the sheaeftart

on a box-girder by Yang et al. (2001). Then theosdcorder perturbation techniques are
employed to develop a set of expanded determingstpressions of the functional. Then
the recursive stiffness equations of the SFSM atained by the stationary conditions of
the second order energy functional. The originhef begative shear lag phenomenon was
explained according to the physical point of vieplee et al. 2002t is shown that, at any
given location, negative shear lag can take plabenaver the portion of the shear flow
acting along the flange edges, which produces hiearslag-aftereffect, is larger than the
remaining portion of shear flow caused by positthear lagIn box girders with wide
flanges, an uneven flange stress distribution,fleural normal stress is greater at the
edges than that at the center of the flange, deecahear lag (or positive shear lag), may
occur following the characteristics of stress cotiaion problems.

Luo et al. (2002a, c) and Luo et al. (200pegsented a finite-segment method for
analyzing shear-lag effects in box girders, with assumption that the spanwise
displacements of the flange plates were descrilyeal third-power parabolic function. The
experimental studies were conducted on shear fagtdbr box girders with constant and
varying depth in cross section. The experimentsniditto address two issues, the beam—
column action and the effect of varying depth uplo@ shear lag of box girders. Finite
element analysis is also conducted to check theracg of the numerical methods in

predicting the shear lag effect. In order to obtam longitudinal stresses under the shear-
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lag effect, the element stiffness equations wexeldped based on the variational principle
by taking the homogeneous solutions of the diffeaérequations as the displacement
functions of the finite segment. Luo et al (20p8sented a new systematic approach to the
shear lag analysis of structures that are subjeotsdnultaneous bending and axial forces.
The shear lag effects in beam action and columioracire considered separately in
analogy to the stress calculation of beam colunus& g box girder as an illustrating
example. The analytical methods i.e. principle oinimum potential energy and a
numerical technique i.e. finite strip method wedeted in the analysis. A Perspex glass
model of a three-span continuous box girder withying depth was tested to provide
experimental results for verifying the accuracytltd proposed method [Luo et al. 2004a].
Luo et al. 2004kproposed a new method for the determination of rmaneforces acting
on box girder bridges considering shear lag effébe box girder was divided into the
plates and the equilibrium condition is appliedeTdnalytical formulas for calculating the
membrane normal, transverse and shear forces bfate element considering shear lag
effect are derived.

The finite element method was introduced for thalysis of steel box beam by
Moffat and Doweling (1975). The effects of longitnal and transverse stiffeners on shear
lag phenomenon were concluded. Lertsima et al.4R6tudied the effect of finite element
mesh on the shear lag phenomenon in box girdegésidvhich may be a source for the
discrepancy of the stress concentration factorse.skhuctures were discretized by the three-
dimensional finite element method using shell eletsieTo characterize the geometry of
box girder bridges, the multi-mesh extrapolatiorsvemployed. The accuracy ensured to
investigate the deflection at the mid-span for dffect of the shear lag [Lertsima et al.

2005] by usinghree-dimensional finite element analyzes for uaibox girders.
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Wang et al. (2005) presented an efficient finitgrsent method for the analysis of curved
box girders with corner stiffeners for analysing #hear lag effect. The deck was modelled
with modified curved beam element; bottom platangsiormal curved beam element; the
webs and the corner stiffeners using a spatialatigment field. Sa-nguanmanasaka (2007)
analysed shear lag effect in box girder bridgescasefully treating influence of finite
element meshes. The effect of shear lag was imatetl in a continuous box girder by
using the three-dimensional finite element methsthg shell elements. Based on the
numerical results, empirical formulas were proposedcompute stress concentration
factors that include the shear lag effect. The owmri box girder cross-sections i.e.
rectangular, trapezoidal and circular were studreddetail [Gupta 2010] using three-
dimensional 4-noded shell elements. The linearyaighas been carried out for the Dead
Load (Self Weight) and Live Load of Indian Road @mss Class 70R loading. The paper
presents a parametric study for deflections, lamfjital and transverse bending stresses and
shear lag for these cross-sections. Qin and Lia@pProposed a new method based on the
symplectic elasticity method for the determinatadreffective flange in box girder bridges
considering shear lag effect. The flange slab eflibx girder was simplified into a plane
stress plate. Using equilibrium conditions of tha&tgs, the Hamilton dual equations for top
plate element is established. Through examplegubm finite element method, the results
obtained by the proposed method are examined.

Zhou (2010)established a finite-element method consideringirtteraction of the
bending and shear-lag deformation of a box girdestiffness matrix induced by shear-lag-
was defined and deduced. At each node of the dament, two shear-lag degrees of
freedom were used as boundary conditions for thedialers. The effective flange width

provisions in the current AASHTO specifications leraded [Lin and Zhao 2011] and the
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shear-lag effects in box girders were studied syateally using a variation analysis
method. Al-Sherrawi and Fadhil (2012) studied tfieats of stiffeners on shear lag in steel
box girders with stiffened flanges using three-digienal linear finite element methods.
The actual top flange stress distribution and éffecwidth in steel box girders were
determined. The steel plates of the flanges andswealie been modeled by four-node iso-
parametric shell elements while the stiffeners ha@en modeled as beam elements. The
top flange longitudinal stresses were reduced usiiffgners but didn’t affect the shear lag.
Bazant et al. (2012 Il) presented numerical procednd reviews on box girder of the
thick shell that discretized by eight-node, thr@mahsional (3D) finite elements. The
environmental effect on shrinkage strain exceptcoetie creep assumed to follow linear
Viscoelasticity and modeled by a rate-type law Hase the Kelvin chain, the properties of
which are adjusted for humidity conditions and tenagure.

Zhang (2012)also established an improved finite-segment method faas lag
warping in a box girder with cantilever slabs. Thmnogeneous solution of the governing
differential equation for shear lag was adoptedhaselement displacement function. The
formulas of the element stiffness matrix and the\waent nodal force vector were derived.
Zhou (2014) deduced the theoretical solution metioodhe shear lag effect of cantilever
box girder through exerting the principle of minimyotential energy. The expressions of
a longitudinal displacement function, maximum ardjEplacement difference function and
computational formulas of the shear lag coeffigiemtiditional bending moment and
deflection were deduced for concentrated and umifpdistributed load. The model was
analysed by finite element method and the analysigcates that if the external load
produces a constant shear flow within the secticthe cantilever beam, the positive shear

lag effect will be produced only; if such load puods a varying or reverse shear flow
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within the section of the cantilever beam, the tiggashear lag effect will be produced; the
magnitude of the shear lag coefficient is propowioto the wide-span ratio; either the

positive or negative shear lag effect will increttse structural deflection.

2.3.2 Thin Walled Box Girder Bridges
Razagpur and Li (1991geveloped a thin-walled-box-girder finite elemdmttcan model
extension, flexure, torsion, torsional warpingtaison, distortional warping, and shear lag
effects, using an extended version of Vlasov's-tilled beam theory. The torsion-
bending behavior of thin walled box beams undersmaration of shear lag components
was also analysed by Tesar (1996). Besides thensdal degrees of freedom of a
conventional beam element (two end nodes) it hdgiadal degrees of freedom to account
for torsional warping, distortion, distortional wamng, and shear lag [Razagpur and Li
1991]. The governing differential equation pertagto each action was used to derive the
exact shape functions and the stiffness matrix raodhl load vector of the element. An
orthogonalization procedure was employed to uneotipé various distortional and shear
lag modes. Tesar (1996) used the FETM-method ablgmmeoriented combination of
transfer matrix and finite element techniques. Aagive finite element analysis procedure
is used to deal with the problem of shear lag &dfet plated structures and thin-walled
structures [Lee and Wu 2000a]. This study consi$tshear lag effects in simple plated
structures, such as straight rectangular, sindldsog girders.

Luo and Li (2000) investigated the influence ofahlag for thin-walled curved box
girders, including longitudinal warping of the fga in addition with displacement
functions of the flange slabs are approximated byulic parabolic curve instead of a

quadratic curve. On the basis of the thin-walledved bar theory and the potential
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variational principle, the equations of equilibriconsidering the shear lag, bending, and
torsion (St.Venant and warping) for a thin-walladwed box girder are established. The
closed-form solutions of the equations are derivaagd Vlasov's equation is further
developed. 3-bar simulation-transfer matrix mettiod shear lag analysis, in which the
influence of section size on internal forces andsst were taken into consideration, was
developed [Li et al 2011]. The inner force, streshin-walled box girder considering the
shear lag effects are recursively calculated andfie@ with those from the ANSYS
program. Lin and Zhao (201#eveloped a method based on energy for quantiiastic
shear lag effects in thin-walled flexural membarshsas box girders. The method uses the
summation of infinite number of binomials with umkn parameters to approach the
longitudinal displacement in the flange of the bgixders. The experimental tests were
conducted of three rectangular box girders foiicaily determining the shear lag design
parameters.

A new method for analyzing shear lag effect in thimalled box girders was
proposed in which additional deflection induced dhear lag effect is adopted as the
generalized displacement [Zhang and Lin 2014aBha$ed on the generalized moment the
shear lag deformation state is separated from keurl deformation state of the
corresponding elementary beam and analyzed as darental deformation state. The
quadratic parabola is demonstrated to be the reasmiurve of the warping displacement
function in the shear lag effect analysis of a goxler and the accuracy of the degrees of
the warping functions is evaluated. The negativeasHag was illustrated through the
generalized moment. The principle of minimum patrgnergy as an analytical method

and finite beam segment element with 8 degreesesfdbm as a numerical tools were
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applied to analyzed the structure and to verified tesult respectably. A test was also

conducted for two plexi-glass models of continubasg girders [Zhang and Lin 2014b].

2.3.3 Composite Box Girder Bridges
The shear lag phenomenon was discretized by vaaatisors in composite box girder
bridges [Branco and Green 1985; Lee and Wu 200@bait et al. 1997; Gara et al 2011;
Abbu et al. 2013]. Various numerical tools, usingté strip analysis [Branco and Green
1985]; adaptive finite element [Lee and Wu 2000fajite element formulation and
technique [Gara et al 2011; Abbu et al. 2013] wareforward systematically. Tahan et al.
(1997)tackled the problem of shear lag by means of asidalstechnique and some of the
salient features are highlighted, especially asidrto engineers at the preliminary design
stage of plated structures. The influence of bigasystems the on open box behavior using
finite strip analysis results have and a one-quastale girder model test data been
discussed [Branco and Green 1985]. Tie and distmatibracing were found effective in
preventing distortion, with web stiffening found b more effective than interior cross
bracing. Horizontal bracing at the flange level wasmsidered to reduce twisting of the
section. This bracing can take the form of eitloesibn boxes or top chord bracing, both
being effective. A torsion-bending analysis basaedaaigid section behavior is reviewed.
Lee and Wu (2000bdackles the shear lag problems for complex plateactires with
more general and complex geometries, including eaks with openings, multi-cell box
girders and box girders with curved flanges.

Chiewanichakorn et al. (200dgscribed a new effective flange width definitiorda
the associated finite element modeling scheme &te@l—concrete composite bridge girder.

Nonlinear finite element analysis has been emplagethvestigate and develop a more
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versatile effective flange width definition for gue-span bridges.The parametric studies
were conducted to investigate the influence of sdwee geometrical parameters on the
shear lag effect for these types of structure [dee Wu 2000b; Gara et al 2011]. Gara et al
(2011) proposed a simplified method of analysistfer design of twin-girder and single
box steel- concrete composite bridge decks. Thpgs®d approach is capable of handling
different loading conditions, such as constant amily distributed loads, envelopes of
transverse actions due to traffic loads, suppdtieseents, and concrete shrinkage. Abbu et
al. (2013)stated that difficulty in the analysis and desigrcamposite box girder bridges
could be handled by the use of the digital computerthe design. The method was also
capable of dealing with different material propesti relationships between structural
components, boundary conditions, as well as stgtioa dynamically applied loads. The
linear and nonlinear structural response of suddgbs can be predicted with good
accuracy using this method.

Zou et al. (2011) provided an analytical shearrtaael for effective flange width
for orthotropic bridge decks, applicable to variauaterials including Fiber-Reinforced
Polymer (FRP) and concrete decks. To verify thisutgm, a Finite Element (FE)
parametric study was conducted on simply-suppoRiR& deck-on-steel girder bridges.
The results from the shear lag model correlate wath the FE results. It was also
illustrated that the shear lag model, with theadtrction of a reduction factor, can be
applied to predict effective flange width for FREcH-on-steel girder bridges with partial
composite action, by favorable comparisons betwkeranalytical and testing results for a
T-beam section cut from a one-third scaled bridgedeh which consists of an FRP

sandwich deck attached to steel girders by mechboonnectors.
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Shang-min and Shui (2014) established a three-diroeal finite element (FE)
model, using the ANSYS FE software, and a corredipghFE model of composite girder
with cogurated steel webs to study the effect efasllag on a composite girder with steel
truss webs, performed comparative analysis. Thardag effect and distribution of shear
lag coefficients along the cross section of the posite girder with steel truss webs are
investigated under concentrated and uniform loddse results show that (1) under
concentrated and uniform loads, the shear lag teffas evident on the top and bottom
plates of the composite girder with steel trusssy€p) for the composite girder with steel
truss webs, the shear lag effect is more pronounceér concentrated loads than under
uniform loads; (3) under the same load, the nostralsses of the top and bottom plates of
the composite girder with steel truss webs are feas those of composite girder with
cogurated steel webs; and (4) the shear lag caaifidistributions of the top and bottom
plates along the cross section are almost sinolathie two types of composite girders.

Zhu et al. (2015proposed a simplified analysis method based orcteffewidth to
account for the shear-lag effect of composite desksch would greatly assist in design
analysis as it was easy to use in a general beammeek model. In this paper, the static tests
were carried out on a composite twin I-girder decid a composite box girder deck
specimenThese two specimens are subjected to verticaliyufed and axially compressive
loads in the tests. An elaborate element model latas built and utilized to analyze the
shear-lag effect of composite decks. Finally, based general beam element model, the
simplified analysis method of a composite contirmibgirder deck for the design process
was performed taking into consideration three leades, which include gravity load,

traffic load envelope and prestressing load.
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2.3.4 Cable Stayed Bridges
Svensson et al. (198@Eesign and proposed construction method for théeesthyed steel
bridge by using relatively new steel composite girdn this concept, the girder comprises
a grid of welded steel plate girders and was togped concrete deck from precast slabs.
The concrete towers with diamond-shaped box gilelgs are connected to the girder by
parallel wire or strand cables. DIN Code 1075 wadliad to calculate the effective girder
widths in bending (shear lag). The effective wi(khear lag) has quite an influence on the
size of moments because of the location of maiegs which are at the very outside of the
cross-section. Luo et al. (2002&3tablished governing differential equations far fhear
lag in cable-stayed bridges under combined axidl lateral loads using the principle of
minimum potential energy. The displacement pasteshthe finite segment applied to
calculate the shear lag effect in cable-stayedgesd A model test of a box girder was
conducted. A case study was reported by Feng amd KRD05) on the shear lag effect of
the Lanzhou Xiaoxihu Yellow River's cable-stayeddge. width to span ratio of cable-
stayed bridges results in significant shear lagafto cause nonuniform stress distribution
along the flanges of the beam of the bridge. A Bilid element analysis of the model of
the bridge was developed and finite element armlySEA) was done to obtain the
theoretical results. To evaluate the theoreticsillis, a scaled model was made to conduct
a static test in the laboratory.

A finite element formulation was presented for #@ealysis of composite decks
accounting for partial interaction theory and sHagreffects [Gara et al 2008]. For these

particular bridge solutions, stress concentratiodsiced in the slab by the application of
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concentrated forces, i.e. due to the anchorageestnessing cables or stays, or due to the
presence of web members in arch bridges. The dasseoof the proposed deck finite
element was outlined considering two case studiesvhich the calculated results have
been compared against those obtained using a mimed model implemented using shell

elements in a commercial finite element software.

2.3.5 Prestressed Concrete Bridges

Bazant and Kim (1989nvestigated the limits on long-time deflectionglanternal forces

of prestressed concrete segmental box girder Bidger the sake of simplicity the box-
girder bridge analyzed as a beam by neglectingstiear lag. Chang (199has been
recognized shear-lag effect in a thin-walled bosdgi and introduced in the technical
literature, and reported that the discussion ofstiear-lag effect caused by the combination
of prestress force and self-weight of a box girdere limited. The shear-lag effect was
treated by the principle of superposition by coesmy that the configuration of a
prestressed tendon takes the form of a brokenghtrdine. Two equal spans of a
continuous box girder of constant depth with a siheg effect were used as an illustrative
example.

The time-dependent effects of creep and shrinkafjecomcrete and relaxation of
prestressing tendons on stresses and deflectiormegmentally erected, cable-stayed,
concrete bridges stress have been investigateddeoimg) redistribution necessitated by
shear lag[Cluleyt and Shepherd 1996]. A three-dimensionaitdi element code was
developed to analyze these effects. Chang (2@ddyided derivation and computed
formulas for the shear lag coefficient in a simplypported prestressed concrete box girder

under dead load. In the case of prestressed tendawieg parabolic configurations,
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formulas to compute the shear lag effect are atseldped. Conclusions are drawn that the
shear lag effect caused by dead load and predtessis equivalent to dead load acting
alone, provided that the prestressed tendon iggsetith a parabolic profile. Shushkewich
(2006) presented a special computer program STRUTBOXHerttansverse analysis of
strutted box girder bridges, and particularly foidges designed and constructed using the
strutted box widening method adopting deck presings and other reinforcing. The
program was based on folded plate method whicltateld the severity of shear lag effects.
Zhou (2011) presented a finite-element method basdte variational principle to analyze
the effect of prestressing on shear lag in boxeggdIt was concluded that the shear lag
effect in box girders under prestressing was mgmeaeent than that under uniformly
distributed loads or vertical concentrated loadse Values and distributions of shear lag
coefficients are related to the anchorage locatmingrestressing and the distributions of
internal forces along the girder under the combinguformly distributed load and
prestressing. A finite element was used to veltily tesult. A case study was reported by
Bazant et al. (2012 1) and wrote that the segmemtestressed concrete box girder of
Koror-Babeldaob (KB) Bridge in Palau, which hadexard span of 241 m, presents a
striking paradigm of serviceability loss becausexdessive multi-decade deflections. It is
calculated that, compared with the classical theddyending, all the shear lags combined
increased the elastic downward deflection becafiseléweight and the elastic upward
deflection because of initial prestress. The sHagreffect with the associated creep-
induced stress redistributions within the crosstises necessitates 3D simulations. It
cannot be realistically captured by the classicaicept of the effective width of the top
slab (which was actually used in the design of klige Bridge). The different ways of

occurrences of shear lag were discussed.
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Xiao (2014)presented three-dimensional finite element analigisa three-span
continuous PC box girder bridge with corrugatedelste#ebs and the corresponding
conventional box girder bridge with concrete welise results showed that at the sections
in the negative bending moment near the intermedugtrs, the shear lag effect in the
bridge with corrugated steel webs is more obvidwtthat in the bridge with concrete
webs; and the corresponding effective flange widthefficient in the bridge with
corrugated steel webs was even smaller than 0.fhesshear lag effect at these sections
should be considered in the design of this typérafges and at mid-span the shear lag

coefficient found close to one.

2.3.6 Girder Bridges

Hasebe et al. (1985) reported the problems of ®iecwidth and the shear lag
phenomenon of the curved girder bridges. The thesed in the analysis was the refined
beam theory by Kano, et al. (1982), and can be usetreat the effects of shear
deformation and shear lag of thin-walled curved fners. Mari and Valde (200@sted a
1.2 scale model of a two-span continuous bridgerder to study its behavior during the
construction process and under permanent loadse-figpendent concrete properties, as
well as support reactions, deflections, and strainsoncrete and steel were measured and
compared with a numerical model. Some difficulteddserved in accuracy probably due
shear lag effects in the tensile zone. Shear lagboted with creep effects have a big
influence. A further analysis needed to better ¢jiyathe contribution of creep, shrinkage,
cracking, and shear lag effects in structural reiés of top slab. Dezi et §2006)showed
the shear-lag effect in slabs of twin-girder steeherete composite decks due to the main

prestressing behaviors. A beam model was presemtadg into account the loss of
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planarity for the slab cross section, the flexipilof the shear connection, and the time-
dependent behavior of the concrete. A linear eldsthavior was considered for the steel
beams and shear connection while Viscoelastic behasas assumed for the concrete slab.
A finite-element modeling scheme was briefly dismds and the model is successfully
verified with experimental results by Aref et alO) The proposed definition was
developed for negative moment regions. Numericslliite also indicate that the effective
slab width criteria in the current AASHTO-LRFD Spgeations were typically
conservative for larger girder spacing. Chen et(2007) proposed simpler and more
versatile design criteria for computing the effeetiwidth in steel-concrete composite
bridges. A parametric study was conducted in sirspkn and multiple-span continuous
bridges, based on finite-element analysis of bsdgelected by a statistical methady.
time-dependent finite-element analysis of a twardigy composite bridge with a concrete
slab was presented [Okui and Nagai 2007]. The argbiso included the shear-lag effect
of the concrete slab on the time-dependent beha¥iowo I-girder bridges. It was shown
that the shear-lag effect becomes significant atettige of the cracking region and at the
bridge ends.

Gara et al. (2009) presented a beam finite elerfeenthe long-term analysis of
steel-concrete composite decks taking into accthunshear lag in the slab and the partial
shear interaction at the slab-girder interface.nyysthe displacement approach, beam
kinematics was developed from the Newmark modek@mposite beams with the partial
shear connection; warping of the slab cross seasonaught with the product of an
established function which describes the warpingpsh and an intensity function that
measures the warping magnitude along the beam a&xmse-dependent behavior is

considered an integral type out Viscoelastic ctaepfor the concrete.

31



2.4 SHEAR LAG IN FRAMED TUBE STRUCTURES

Framed tube structures anonymously pronounce aslatulstructures. Framed tube
structures consisted single tube or multiple-tublee multiple-tube structures generally
referred as a tube in the tube structures. Theldulstructures also have core/shear wall.
The various literature attributing shear lag effeat such tubular structures are being
reported here in the following sections.

2.4.1 Tubular Structures (Single Tube)

Chang and Foutch (1984nalyzed tube frame structures subjected to statidynamic
loads by the finite element method. The modekmmred the shear-lag effect as well as
shear and flexural deformation. The model continuepresented by a set of first-order
differential equations. It was found resulting éeflon, frequencies and mode shapes
predicted by the continuous model shows an exdettemparison to the finite element
results. Using finite element method, Coull and €h@984) also investigated the
interaction of slab which was connected by momaessisting joints to the core and
peripheral frames in tubular structures. The redatnfluences of a range of geometrical
and stiffness parameters were evaluated and fduadccalumn to slab flexural stiffness
ratio had a significant effect on the rotationaifiséss and effective width of the slab. The
effective slab width increased with both relativerec width and core depth. The slab
reactions induced by coupling action have the efdéencreasing the loads in the interior
columns and reducing the loads in the corner columrihe external framed tube, thereby
reducing the shear lag effect in the basic framéé tction.

Notch (1984a, b) worked on to develop a lateratl logsistant system for tall and

slender buildings. A tree beam continuum elemens waveloped to discretize the
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structures. The cross arm introduced a point oénsv bending in the wind girders greatly
augmenting their strength and stiffness. An asswveeldction in doubler plate efficiency
due to shear lag was incorporated into the desigmas also attempted to minimize shear
lag concentration on the use of outrigger trusskgtwused to link the trussed core with
the perimeter frames. The non-homogeneity of tubstauctures due to opening was
considered first time by Spires and Arora (1990rnalyze and design. The effects of shear
lag and story shear were considered. A tubulacttre was optimized as to minimize the
shear lag. If column spacing increases or colunfimass decreases, the frames parallel to
the lateral load start to behave as conventiomatl irames and story shear interaction
occurs. As spandrel beam stiffness in these pafedlmes decreases, shear lag increases,
resulting in disproportionate stresses in the aocoéumns. Connor and Pouangare (1991)
presented a very simple model for the analysis design of framed-tube structures
subjected to lateral loads. The structure is matlatea series of stringers and shear panels.
Using these concepts, a reasonable first estinoatehé member sizes can be made. The
model can be used directly for the analysis ofcstmes that incorporate different materials
and different properties along the height of thecttre. A transfer matrix formulation has
been developed.

Kristek and Bauer (1993) presented harmonic amalyst enabled the quick and
convenient evaluation of stress distributions iretliby lateral loads. The method idealizes
the front of the building as a system of axial laadrying column members and shear
carrying segments. The segment represents therdlleproperties of horizontal connecting
beams distributed, or smeared, over the story keidtne various stress distributions were
discussed; including those corresponding to theatimgy shear lag. Takabatake et al.

(1993a, b)presented an extended rod theory including the ibgndransverse shear
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deformation, shear lag and torsion. It was death wiosed-form approximate solutions for
free and forced vibrations of a doubly symmetrigetistructure to use in preliminary stages
of the design. The cross sectional stiffness wasegmted in terms of extended Dirac
function. The deflection, shear lag, and torsicarajle of the variable tube structures with
braces were given in closed-form solutions. Theunadtfrequencies for a uniform tube

structure were presented in closed form in thersgart of the study. Natural frequencies
for variable tube structures were formulated by mseaf the Galerkin method and in the
closed-form approximate solutions. Second, a dyoamalysis for a variable tube structure
was proposed in closed-form approximate solutidre proposed solutions can be applied
to a tube structure with the discontinuous varrad stiffness due to frame members and
bracings.

A simple hand-calculation method was proposeKiman (1994) for approximate
analysis of framed tube structures with the shagrdffects taken into account. In the
proposed method, independent distributions of adispplacements were used for the web
and flange panels and thus the shear lag in eaw pas individually allowed for. Closed-
form solutions are obtained, from which the effeatsvarious parameters on the overall
structural behavior can be readily evaluated.

Singh and Nagpal (1994¢resented a comprehensive study for the explanation
the origin of negative shear lag. The present papparated column axial-force distribution
in a story into two modes; one contributing to pesitive shear lag and the other to the
negative shear lag. The net shear lag effect cataloglated by superimposing these two
different shear lag effects. An analogy betweeraskeg behavior of a uniform box girder
and uniform framed-tube building was establishedirigrpreting structural parameters

occurring in the closed-form solution of a box girdn terms of those of the framed-tube
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building. Haji-Kazemi And Company (2003halyzed tubular structures by means of stress
equilibrium and compatibility conditions. The powseries was used in solutions. The
analogy between the shear lag behavior of a caatileox representing a uniform framed-
tube building for exact analysis of stress and ldiggment components of perimeter
columns were presented. Rahgozar et al. (2010)ase@ a model that consist their stress
relations and minimizing the total potential enemfythe structure with respect to the
lateral deflection, rotation of the plane sectiangd unknown coefficients of shear lag. The
optimum location of a belt truss reinforcing systemtall buildings was generated. The
effect of belt truss and shear core on framed wé® modeled as a concentrated moment
applied at belt truss location. This moment acta irection opposite to rotation created
by lateral loads. The axial deformation functions flange and web of the frames were
considered to be cubic and quadratic functionse@sgely. The shear lag was evaluated by
estimating the stress of frame element (Mahjoual.e2011) in the tubular buildings. The
proposed method assumed tube frames as a web angk fpanels. Their corresponding
deformation functions are written for their streskations and principle of minimum energy
was applied for their analytical solutions for kaleand vertical displacement of the

structure.

2.4.2 Tubular Structures (Multiple Tubes)

Chang (1985pmnalyzed tube-in-tube structures using a continagproach in which the
two beams were individually modeled by a tube betrat accounts for flexural
deformation, shear deformation, and shear-lag eff&crigid system was assumed in
realistic way when there were many stories becahsefloor slab provides a rigid

connection between the two systems. The beams assemed to have equal lateral
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deflections. An efficient method was presented determining the global deflection
behavior oftube-in-tube structures by using minimum potergiargy principle and finite
element methods. A numerical modeling techniquesftimating the shear-lag behavior of
framed-tube systems with multiple internal tubes Waveloped by Lee et al. (2000, 2001).
An orthotropic box beam analogy approach was deeeloin which each tube was
individually modeled by a box beam that accountstie flexural and shear deformations,
as well as the shear lag effects. The method whmhlthe tube(s)-in-tube structure as a
system of equivalent multiple tubes, each compageur equivalent orthotropic plates
capable of carrying loads and shear forces. Theengai analysis developed was based on
the minimum potential energy principle in conjunatiwith the variational approach. In the
second part of the study the assumptions in reldbche patterns of strain distributions in
external and internal tubes; the structural analygs reduced to the mere solution of a
single second-order linear differential equatiohe proposed method, which was intended
to be used as a tool for preliminary design purppsan be applied for the analysis of
framed-tube structures with single and multiplestinal tubes as well as those without
internal tubes.

2.4.3 Shear/Core Wall

Gupta (1984 )kstudied reinforced concrete shear walls as thegsgirtateral load resisting
system. These walls having low height to lengthorabften less than unity exhibited
marked shear lag phenomenon. The walls behavddeae parts i.e. the symmetric flange
action, anti symmetric web shear and web bendingappropriate stiffness equation has
been derived and solved for any non-liner crossigex It was concluded that in short
buildings shear lag plays a very important rolee Tormulation like beam which either

ignores shear lag or includes, lead to an erronszsigt. Kwan (1996)ecognized shear lag
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effect in shear/core walls first time and stateat tmost existing theories neglect shear lag
in the webs and flange, although they are acceptialolbridge decks that normally have
flanges wider than webs, they may not be applicab&hear/core walls whose webs can be
much wider than flanges. A parametric study usingd-element analysis was carried out.
The results indicate that the shape of the longaldstress distribution in an individual
web or flange panel is quite independent of theetlisions of the other panels. Vaez (2014)
investigated the effect of core on shear lag phe&mmam in tubular structures. Three
different tubular structure models including modethout core, model with central core
and model with central core but eliminated in [BStstories have been analyzed. A shear
lag index was defined for evaluating these modetem examination of the results, the
effective influence of core for improving the belwavof framed-tube structures has been
concluded.

25T AND I-SECTION BEAMS

Song and Scordelis (1990a) have developed harnstweiar-lag analysis using plane stress
elasticity for the stresses in flanges of simpleantinuous beams with I, T and box cross
sections. Since harmonic analysis was used, coemeegof the solution and the peak
stresses in the flanges was studied in detail. Sttear-lag effect upon the longitudinal

distribution of the stress resultants of a contusibeam with wide flanges was studied. In
the second part of the study Song and Scordel@0dNave been developed a simplified

empirical formulas and some diagrams for the ddteation of the shear lag effect in

simple beams under various loading with | and basg sections based on an empirical
matching of analytical results for the stressesigte flanges given by Song 1984, using the
plane stress elasticity. Where@m et al. (2015developed an analytical method for the

shear lag problem of T-beams. The flange slab™baam is simplified into a plane stress
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plate. A system of Hamilton dual equations of tlemde slab using symplectic elasticity
theory can be obtained. The main cause of the ipesshear lag and negative shear lag
phenomenon were studied. Theoretical results ibelicthat the method was superior for
analyzing the shear lag phenomenon. The analy8oation has been validated by
comparison with the beam solution and FEM solutiba cantilever T-beam subjected to a

uniform load.

2.6 OTHER STRUCTURES

2.6.1 Thin Walled Structures

A spline finite member element method for thin kedlstructures was developed by Wang
and co worker (1997, 1999 and 2008).model outlined and extended to cover the
dynamics of thin walled members with open or closedss section, making use of
Hamilton’s principle. Based on the displacementatanal principle, a systematic method
has been developed for vibration analysis of thadled members with arbitrary cross
section called the spline finite member elementho@iVang (1997). The analysis takes in
to account the effect of shearing strains of theldie surface of walls on the vibration
which reflected the shear lag phenomenon. The aplatickling analysis of thin-walled
eccentric compressive members with arbitrary cresstions, considering warping was
performed by Wang and Li (1999a). A transformed &8ine function was used to
simulate the longitudinal warping displacementdiglong the cross section of a thin-
walled member. The method differs from Vlasov’ssslaal theory of spatial buckling in
that it takes into account the effects of sheasingins of the middle surface of walls on the
buckling, which reflect the shear lag phenomenoulighlacement variational principle for

buckling analysis of thin-walled eccentric compressmembers with arbitrary cross

38



section considering shear lag was applied (WangLad@99b). Compared with the results
from classical theory, the numerical results pregosiemonstrate the versatility and
accuracy of the proposed method. In Part 2 of theys the adaptive refinement procedure
will be extended to the shear lag analysigransformed B3-spline function presented to
simulate the longitudinal warping displacement ¢ialong the cross section of the thin-
walled member [Wang and Li 2000]. The analysis $akéo account the effect of shearing
strains of the middle surface of walls on the bungkl which reflects the shear lag

phenomenon. The fast convergence predicts thdiléljaof the results.

2.6.2 Composite Structures

Herrmann et al. (1984presented composite characterization and accompgriymite
element analysis for layered systems. It is coremluthat the shear lag edge effect mode
was a stress state that produces severe localntions in material layers relative to the
average displacement of the system. The primarertignt variables for the composite
theory have been selected such that the highestatiees appearing in the strain energy
function were first order, thus requiring only dowity of the finite element
approximations. Ricles and Popov (1988yestigated the behavior of composite floor
beams in eccentrically braced steel frames sulgjedie severe cyclic loading
experimentally. Web buckling in the composite linkas adequately controlled using bare-
steel-link design criteria to assure cyclic dutitiliThe test results indicated that the floor
slab by itself does not provide adequate laterating at the ends of the linkhe shear lag

in the slab's longitudinal strain was evident froreasured values of floor slab strains. The
mixed variational method proposed was simple amdbeaapplied to the shear lag analysis

in practical designs.
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Dezi and Tarantino (1993) performed viscoelastialgsis of composite steel-
concrete continuous beams with flexible shear caione. The method proposed evaluates
the stress redistributions which occur with timeaasesult of creep and shrinkage of the
concrete part. The effects produced both by geaeratid static actions are considered. An
elastic law for the steel part and an integral-tgpeep law for the concrete part are used. A
numeric algorithm is proposed performing two staddgiscretizations in time and along
the beam axis. A more realistic model presentatiisipaper which also take into account
the effects of shear lag a nonlinear relationshiptlie connectors, the effects of drying on
both shrinkage and creep, and cracking.

Nairn (1997)introduced the minimum assumptions required toveethe most
commonly used shear-lag equations from the exadtems of elasticity for axisymmetric
stress states in transversely isotropic materidiese assumptions can now be checked to
study the accuracy of shear-lag analysis on anplgmo It was concluded the shear-lag
method does a much worse job of predicting sheassts and energy release rates.
Furthermore, the shear-lag method does not worlofeirfiber volume fractions. Kinet al.
(2010) proposed a stress function-based analysipréwide a simple and efficient
approximation method of three-dimensional (3D)estat stress that exists near the free
edge of bonded composite patches. In order to ggahe strain assumption in a composite
patch, a linear superposition of sliced sectiomfi@ bonded patch was used. In addition, to
describe the load transfer mechanism from the satlesto the composite patch, a simple
shear lag model was introduced. The 3D stress limhat/the free edge of the composite
patch was modeled by Lekhnitskii stress functicarsd the governing equations of the
given composite patch were obtained by applyingptieciple of complementary virtual

work.
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2.6.3 Multi-Cellular Structures

Evans and Shanmugam (1984) presented a simplifieithad of analysis to predict the
linear and nonlinear behavior of multi-cellularustiures and to evaluate the ultimate load
of such structures. The continuous plated structuse idealized as a grillage and the
effects of shear lag are taken into account bygusmpirical coefficients. Results are
compared to those obtained from a finite elemerdlysrs for a number of cellular
structures to confirm the accuracy of the propoapdroach in the elastic range. The
Balendra and Shanmugan (1985) verifled the grilla@galization for dynamic analysis of
multi-cellular structures by experimental studyrigat out. Perspex material was used to
construct two models of same size, one with no e@mnings and the other with openings.
The natural frequencies and the corresponding neites are determined for two
different sets of boundary conditions, namely allrfsides simply supported, two opposite
sides simply supported, and the remaining sides ffee experimental results are found to
compare well with the theoretical results usindlage idealization and finite element

methods.

2.6.4 Laminated Plate Structures

Harmon and Zhangyuan (1988)udied modified layered element capable of pradict
shear failures of plates and shells with differehear reinforcement ratios and support
conditions with reasonable accuracy. Shear lagutiitdhe depth of a plate or shell section
cannot be predicted because of the restriction tbamnals to the middle surface remain
straight. The analysis maintains the straightnés®onals to the middle surface where the
test specimens may exhibit a certain amount of rstegp A final reason was that the

analysis applies all loads and support restraiotdhe middle surface rather than to
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opposing sides of the plate, which may be significa a relatively thick plate. Zheng et al.
(2001) developed a design method for pavementtaenTaklamakan desert through the
investigation of test roads and theoretical analyhe function of geotextile in pavement
structures was analyzed by the shear lag modei, awiesult that the shear bearing capacity
of geotextile was proportional to its tensile madudnd the second derivative of its tensile
deformation. Combining the layer-peeling methodearing plate method, and modulus
back calculation, the modulus of resilience of etfer in the pavement structure was
determined. Leung and Yang (2006) kept the basiamaption of the shear lag in all the
analysis.The equations are derived and solved ta@irothe distribution of longitudinal and
shear stresses along the FRP plate. The energyceatajuation was solved in analyzing
the debonding behavior.

Ryvkin and Abodi (2007)obtained the stress field in a periodically layered
composite with an embedded crack oriented in thenabdirection to the layering and
subjected to a tensile far-field loading basedh@ dontinuum equations of elasticity. The
analysis was based on the combination of the reptasve cell method and the higher-
order theory. The representative cell method wagl@yed for the construction of Green’s
functions for the displacements jumps along thelcidae. The problem of the infinite
domain was reduced, in conjunction with the disckaburier transform; to a finite domain
(representative cell) on which the Bornvon Karmgretboundary conditions were applied.
Comparisons with the predictions obtained fromdhear lag theory were presented. Jiang
and Peters (2008) derived a shear-lag model fodinegational multilayered structures
whose constituents vary throughout the cross se¢hmugh the extension of an existing

optimal shear-lag model suitable for two-dimensigiianar structures. Solution algorithms
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for a variety of boundary conditions were discusd¢dmerical predictions for a single-
fiber composite and a unidirectional laminated cosife were presented.

Shi (2004)is presented a numerical formulation of the mixeadm fracture in
concrete based on the extended fictitious crackeinading maximum principal stress
criterion. The main feature of this study was thatmal and tangential tractions are applied
directly to the crack surface, following specifension-softening and shear-transfer laws.
The first was the single-notched shear beam teshrbga and Ingraffea (1982), and the
second was the scale-model test of gravity dam&apinteri et al (1992). Reducing the
shear strength to null the mode-I condition was tbbtained, and the structural response
becomes much more brittle. Imposing a larger stegpin a practically identical response
curve of the mode-I condition was obtained up tpoant beyond the peak load. As the
shear transfer takes place in the post peak redim,rapid decrease of the load is
interrupted and the loading rebounds slightly as s$ftructural deformation progresses
further before the final failure of the beam.

2.7 CONNECTIONS

Various connections related slandered steel seciiworporated with shear lag effect in
transmission of axial stresses to the gusset platirectly in to other sections. The IS 800
(2007) also takes care about shear lag in conmeettoch is included in clauses: 1.3.88;
6.3.3 and 8.2.1.5. The literature related the slEpphenomenon in connections has been

reported as follow.

2.7.1 Steel Section Connections (Bolted ConnectamusWelded Connections)
(i) Bolted Connections: Kulak and Wu (1997) investigated angle sectionsegctions in

brief. On the basis of the test of 24 specimensirggle and double angle tension members
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that use bolted end connections; it was concludatibappropriate connection of both legs
of angle sections reflected a shear lag in sucdngement. The experimental works were
supplemented by analytical evaluations of the cotimes and design recommendations
were made that differ in some significant ways frdesign rules currently used. Rogers
and Hancock (2000) also overviewed the design emngathat were used for the prediction
of bolted-connection capacity. The nominal crossgise tension capacity of a member that
was not subject to shear lag and fails by matereltling of the gross cross section was
formulated. It was closely observed the failure e®af bolted connections exhibiting
tearing of the sheet material may belong to theibganode of failure. Localized tearing
may occur with extreme out of plane deformationshef sheet caused by either curling at
the end of the specimen, or as a result of theeasmd deformation capacity intrinsic to
mild sheet steels. Orbison et al. (20p2)forms load test to analyze the shear lag indans
members consisting of single and double angleglesiohannels, and similar sections,
frequently used for lateral bracing and as truemehts. Such members will normally have
eccentric connections, and it is often permitteccbgrent design specifications, to neglect
this eccentricity in the design of the member. Rupioad capacity of the net section was
observed to be significantly reduced with modera@nection eccentricity, and a net
section efficiency factor was developed and prop@sea replacement for the current shear
lag factor in determining the effective net area eéénsion member.

Paula et al. (2008) carried out tests on cold-farsieel angles fastened with bolts
and under tension. The shear-lag phenomenon redetection capacity. This reduction
was computed through the reduction coefficient Whie a function of two parameters:
length of the connection and distance of the spksare to the centroid of the cross-section.

Prabha et al. (2011dealt with the shear lag phenomenon in cold forraegles under
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tension, which are connected on one leg. A newesgion for shear lag factor which
represents the net section reduction coefficieste®en suggested based on the regression
analysis of experimental results reported. The exymntal test parameters considered are
number of bolts, pitch and shear lag distances matid of connected leg length to
unconnected leg length. Teh and Gilbert (2013agXamined the accuracy of equations
specified by the North American and Australasiaelksstructures codes for determining the
net section tension capacity of a cold formed stegjle brace bolted at one leg. The
modification to the equation derived for channehdas bolted at the web. A design
equation was proposed for determining the net edgnsion capacity of a cold-formed
steel angle brace bolted at one leg. The proposgtien is demonstrated, through
laboratory tests. In the second part, net secemsion capacity of a channel brace was
determined likewise as in the first part. It poiotg that there were three distinct factors
affecting the net section efficiency of a cold-faunsteel channel brace bolted at the web.
These factors include (1) the in-plane shear lag@&ated with stress concentration around
a bolt hole that is also present in flat sheet},tli2 out-of-plane shear lag that is also
present in an I-section bolted at the flanges cayl (3) the bending moment arising from
the connection eccentricity with respect to thetragaxis.

Teh and Yazici (2013) examined the “three factoagproach previously presented
by the senior author for determining the net sec#fficiency of a bolted cold-formed steel
open profile. One objective was to ascertain that et section efficiency governed by
three factors: in-plane shear lag; out-of-planeash&g and the bending moment arising
from the connection eccentricity with respect te tleutral axis. 55 single and back-to-back
channel braces bolted at the web including thosenected with one row of bolts

perpendicular to the axial load were tested. Thst tesults affirmed the three factors

45



approach, and it was found that the back-to-badncbl braces were affected by local
bending even though the connection eccentricity naasinally zero.

(i) Welded Connections: Bauer and Benaddi (2008gscribed shear lag as a phenomenon
that creates a loss in resistance in a tension mewednnected through only part of its
cross-section. Parameters that influence the shggghenomenon are many and difficult to
assess wiz: type and size of cross-section, typsoofection, length of welds, length of
member, joint eccentricities. Yield and ultimateads were compared with the values
calculated using the design guidelines of the Cama8Standard, which were reviewed in
the article.

Easterling and Giroux (2003) examines shear lagtéel tension members. The
purpose of this investigation was to review theashag provisions for welded tension
members relative to those for bolted members, andake recommendations for pertinent
specification changes. The factors influencing tbst efficiency of connections failing
through a net section: the net section area, a gemal efficiency factor, a bearing factor,
a shear lag factor, and a ductility factor. Zhale{2009)presented a study of the shear lag
effects on the behavior and strength of welded siegle angle tension members. The test
parameters included long and short leg connectitwadanced and unbalanced weld
arrangements and longitudinal fillet weld lengthscan be observed from the test results
that both the ultimate loads sustained by the dbegrtonnected angles and the ductility of
all the angle specimens were greater when the tadaweld arrangement was used in the
connections than when the specimens were connacted the unbalanced welded
arrangement. The test results were compared witite fielement analyses. Fang et al.
(2013) presented an experimental investigation about iearslag effects of tension steel

members with welded connections. Twelve on singlgles and eight on single tees were
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tested. Various weld arrangements were considesedest parameters for the angle
specimens who were connected by their short le@be test results showed that, the test
efficiency, which was defined as the ratio of thimate capacity to the calculated tensile
capacity of the gross section, can be increasedh ahgalanced weld arrangement instead
of an unbalanced one was employed for the angle@rapes. For the tee specimens, the test
efficiency was not sensitive to the weld lengthe ™esign specifications for shear lag were

examined, and the test-to-predicted ratios werseorted.

2.7.2 Hollow Steel Section (HSS) Connections

The available literatures on HSS connection tagiieset plate demonstrate that most of the
connections are welded. Some of the availablealiee related to the HSS section
connections considering shear lag effect are &swol

Cheng and Kulak (2003) performed an experimentranderically analyzed the shear lag
effect in round hollow structural section (HSS)diem members that were welded to gusset
plates. The specimens failed by fracture of theestsbmewhere between the two gusset
plates. It was concluded that shear lag did natiogintly affected the ultimate strength of
the slotted tube connection, even with a small vietdjth. Also, restraint provided by the
gusset plate at the slotted end effectively inadake load-carrying capacity of the tube as
compared to the unrestrained portion of the memb#iibald et al. (2004)demonstrated
by experiment and numerical analysis; that hollonuctural sections (HSS) under tension
loading with gusset plate connections can be stibbego shear lag failure since only a
part of the tube cross-section was connected tpltte. The shear lag reduced the fracture
capacity of steel tension members if some, buahipelements of the cross section transfer

force at the connectiofDowswell 2005]. The AISC Load and resistance faaesign
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specification for steel hollow structural sectidress equations to account for shear lag in
slotted HSS connections. This study compared tH&CAéquations to the available data
from previous tests and finite element models ttemeine whether the equations were
valid for rectangular HSS members. Linga et al0{@0eported thashear lag failure was a
premature tensile failure that may occur in gugdate welded connections in structural
steel hollow sections (SSHS). A new procedure &eamining the capacity of slotted end
hollow structural section connections in tensioniclthwas shown to be a significant
improvement over current international design pmris was presented by Saucedo and
Packer (2009). To check more than one limit-statgetermine the capacity of a slotted end
HSS connection did not reflect the real behavioswth connections. An examination of
the design methods found in current design pronsio prevent failures, against the data
from a parametric FE analysis of slotted end CH$heactions, has revealed the inaccuracy
of the models used to account for shear lag. Thaysis undertaken provided a clear
explanation of the behavior of these connectioresypvhere a gradual increase in the
connection efficiency takes place, combined withransition through several failure

mechanisms

2.7.3 Grouting and Filled Steel Columns

Moon Il et al. (2002) tested ductility of connectsin grouting. The failures of connections
stemmed from a loss of grout confinement followadthe crushing of the bottom face
sheet of the composite due to localized bearinthefshear studs. A failure of grouting
observed due to the severe shear lag, which ogesstd the MMC FRP deck.

Ricles et al. (2004) reported that composite cdeciiled steel tube column-wide

flange beam moment connections during testing dgeel significant beam vyielding
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outside the connection, as well as in the flandeth® extended-tees during the inelastic
displacement cycles. Shear yielding initiated ia steel tube within the panel zone. Strain
gage readings revealed that a shear lag phenontawvatoped across the beam’s tension
flange within the connection, where the longitudlistaain was largest in the flanges of the

extended tees.
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