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ABSTRACT

In 1983, the collapse of an industrial steel building roof in Freeport, Texas, due to local

buckling of the compression flange of siender plate girders, had raised a question about the

validity of the design standards and specifications. Thus, both experimental and theoretical

studies were conducted at the Structural Engineering and Construction Research and

Development Facility of the Civil and Geological Engineering Department, the University of

Manitoba to study the effect of web-flange interaction on the behaviour of slender girders

subjected to bending about the major axis,. In the experimental phase of this study, nine full-

scale girders were tested. The girders had a span of 4.5 m and a variable web height ranging

from 798 mm to 1200 mm, giving a range in height-to-thickness ratios (h/w) of I70 to 257 .

The flange widths ranged from20l mm to 352 mm, giving a range in width-to-thickness

ratios (blzt) of 12.5 to 21.9.

The specimens were subjected to two concentrated loads located at equal distances

from the end supports causing a uniform bending moment between the loads. The portion of

the girders between the applied loads constituted the test region and was designed separately

from the end portions which were heavily reinforced to prevent failure within these regions.

To prevent failure by lateral-torsional buckling, the tested girders were iaterally

supported at the load points as well as at supports.

Standard tension tests were performed on coupons cut from the component plates of

these tested girders to determine the actual mechanical properties, which showed that the

flange plates were made from CAN/CSA-G40.21-300W steel and the web plates may made

lV



from different grades of ASTM 4607 steel.

In the theoretical phase of this study, a finite element model was developed to simulate

the behaviour of such tested girders. The postbuckling behaviour as well as the web-flange

interaction were taken into account. To include the effect of large displacements on the

behaviour, a nonlinear geometric analysis was performed. A bilinear elasto-plastic response

of the material was considered. The Newton-Raphson iterative method was used to perform

these nonlinear analyses and the load was applied in increments.

The results from the developed finite element model showed excellent agreement with

the experimental results. Once the validity of this model was verified, it was used to conduct

a parametric study with the flange width-to-thickness ratio (blZt) varied from 12.5 to 40.6 and

the web height-to-thickness ratio (h/w) varied from 138 to 427.

A design model based on the results developed from the finite element analysis and

the obtained experimental results is proposed. The ultimate moment capacities of such

girders computed according to many standards and specifications as well as the proposed

design model were compared to those obtained experimentaliy from the tests performed in

this study and another study. The comparison showed that the proposed design model results

had excellent agreement with the experimental results. The ultimate moment capacities

obtained through the developed modei were within 4Vo of those obtained experimentally. At

the same time, the comparison showed that the ultimate moment capacities computed

according to the current standards and specifications varied from overconservative to

unconservative depending on the cross-sectional dimensions and the level of yield strength.
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NOTATION

Ar"r, : effective area of comprossion flange;

Ar : flange area;

Asr : gross area of flange;

A* : web area;

a : distance between transverse stiffeners;

B : coefficient: 40000/.tr.rr;

b : width of flange;

b" : effective width of compression flange;

bin"n : ineffective width of compression flange;

be : end Plate width;

bl : effective width of web adjacent to the compression flange;

bz : effective width of web above the neutral axis;

c : flange warpage;

de : end Plate dePth;

E : elastic modulus;

E, : tangent modulus;

(F) : vector of applied load;

F., : critical stress;

F,* : maximum compressive stress in a plate;

(F*) : vector of restoring loads corresponding to the element internal load;
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(Fn')i_, : load vector based on the displacement resulted from iteration (i-1);

Fn, : proportional limit of the stress;

F, : ultimate strength at the tension flange;

F" : ultimate strength;

F, : yield strength;

Fyr : yield strength of compression flange;

Fr : maximum compressive stress of web;

F2 : maximum tensile stress of web;

G : shear modulus;

h : height of web;

h" : web effective-width in compression;

h;n.r : ineffective height of web;

hr : web effective-width in tension;

f*"n : moment of inertia of the effective section about the major axis;

[K],-, : deformed stiffness matrix resulted from the deformed geometry of iteration (i-1);

[Kr] : tangent stiffness matrix;

k : buckling coefficient;

kr : buckling coefficient of compression flange;

k,u : buckling coefficient of web;

M : applied moment;

M.ro : ultimate moment capacity according to the CAN/CSA-S136-94 Standard (199Ð;

Mr.cs : ultimate moment capacity according to the ECCS Recommendations (1986);
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M"*o : ultimate moment capacity obtained from testing;

À4.r. : ultimate moment capacity resulted from the finite element analysis;

Mroo : ultimate moment capacity according to the proposed design model;

M,o : ultimate moment capacity when À* : À*pl

M,, : ultimate moment capacity when ,tr.* : À*,1

Mu : ultimate moment capacity;

M, : yielding moment;

My330 : ultimate moment capacity using yield strength of 330 MPa;

Mysoo : ultimate moment capacity using yield strength of 500 MPa;

P : applied load;

Pu : ultimate load;

Py : yielding load;

a : function of stress termed the plastic potential determining the direction of plastic
straining;

Rot*, Rot' Rot, : rotations about the nodal X, Y and Z axes;

lsl : stiffening stiffness maffix;

S* : section modulus about the strong axis;

S*.r : effective section modulus about the strong axis;

t : thickness of flange;

IJ*, fly, IJ,, : translations in the nodal X, Y and Z directions;

(u) : displacement vector;

(u)i : dispiacement vector at the current iteration (i);

xxvr



(u),-, : displacement vector resulted from iteration (i-1);

w : thickness of web;

z : variation between flange centreline and web cenffeline;

a : angle between web and flange;

(Âu) : nodal displacement increment vector;

(Au), : nodal displacement increment vector of iteration (i-1);

ð : maximum percent elongation;

L : plastic multiplier determining the amount of plastic straining;

\ : flange width-to-thickness îatio (blzt);

Lp : maximum limit allowing to a plate subjected to axial compressive stress to reach one
half of its plastic strain without buckling : 65ll-Fyf (ksi);

)., : minimum limit allowing to a plate subjected to axial compressive stress to buckle
in the elastic range : l50lrf-Fyf (ksi);

À* : web height-to-thickness ratio (h/w);

0 : angle of rotation;

p : Poisson's ratio;

o.q : single equivalent stress;

o1, 02, a3 : principle stresses; and

tli : absolute ratio of maximum tensile sÍess to maximum compressive stress in the web;

XXVII



L.tr

CT{APTER 1.

I¡{TRODUCTIOI\

GENERAT.

The use of built-up structural members has increased significantly in the recent years.

Improvements in welding quality combined with better automated welding equipment have

resulted in built-up section becoming economically competitive. Now, when the range of

rolled shapes has been exceeded, a designer can turn to built-up shapes as a possible option

(Kulak et. al, 1995).

A plate girder is a beam built up from plate elements to achieve a more efficient

affangement of material than is possible with rolled beams (Salmon and Johnson, 1990). Plate

girders have generally found their greatest application in spanning distances in the order of

25 mto 45 m (Kulak et. al, 1995).

In most cases, the plate elements used in such girder are slender. The main problem

in using these plates is that local buckling of one of the component plates may take place

before overall buckling of the member occurs.

I.2 LOCAL BUCKLING

Local buckling is defined as a bifurcation phenomenon. A component plate subjected to in-



plane stresses may be in equiübrium either in its original planar configuration or in a

neighbouring deflected configuration (Galambos, 1968). Local buckling may occur either in

the elastic or in the inelastic range of the material response. This local buckling is dependent

upon width-to-thickness ratio, boundary conditions and yield strength of the plate (Bleich,

1952, Haaijer and Thürlimann, 1958, Timoshenko and Gere, 1961 and Galambos, editor,

1e88).

Slender plates used as basic elements of a structural member may fail by local

instability before overall instability of the member takes a place. Local buckling of such

plates, subjected to axial compression and/or in-plane bending stresses, is recognized as a

limit state by most of the current standards and specifications.

The current CAN/CSA-S16.1-94 Standard (1994) classifies sections for which local

buckling is the ultimate limit state as Class 4 sections. The current AISC-LRFD Specification

(1993), classifies such sections as slender sections. The classification, in both specifications,

depends on the width-to-thickness ratio and the yield strength of the component plates.

POSTBUCKLING STRENGTH

Postbuckling strength was first observed by Wilson (1886). He had noticed that railroad

plate-girder bridges with webs 3116 in. (4.76 mm) thick and stiffeners at inrervals of 5 ft

(1.524 m) were "bearing up well under use".

It has been recognized that a critical buckling load of a plate is not satisfactory

measure of plate strength for design purposes. To study the true behaviour of a built-up

structural member composed of slender plates, it is important to extend the small deflection

1.3



1.4

plate equations to include the effect of out-of-plane deformations on the in-plane stress state

of these plates. The out-of-plane plate buckling causes a stretching of the plate and develops

a membrane action in both directions. The tensile stresses developed after buckling result in

higher compressive stresses near the plate edges (supported edges), which are the stiffest

parts of the plate (Dubas and Gehri, editors, 1986).

SCOPE

h this section, the statement of the problem and the objectives of this research program are

presented. Highlights on the current study program and layout of the report are also

presented in this section.

1.4.1 Statement of the Problem

In 1983, the collapse of an industrial steel building roof in Freeport, Texas, due to local

buckling of the compression flange, had raised a question about the validity of the design

standards and specifications for slender plate girders in bending. Thus, an experimental

investigation was conducted at Butler Research Centre by Johnson (1985) to determine the

ultimate moment capacity of such girders. The ranges of the investigated parameters, such

as the flange width-to-thickness ratio (blzt), the web heighrto-thickness ratio (h/w) and the

yield strength, were limited. Moreover, the study focussed on the ultimate moment capacity

without studying the behaviour of such girders.

As a direct result of this experimental program, a variable buckling coefficient for the

compression flange, as a function of the web height-to-thickness ratio (h/w), was suggested.



The experimental results of that study were incorporated in the latest editions of the AISC-

Specifications (WSD, 1989 and LRFD, 1993).

Due to the lack of research in the field of bending of slender plate girders, many of the

current standards recommend or specify that the design of such girders may or should be

according to the standards of Cold-Formed Steel Members, for example, the CAN/CSA-

S16.i-94 Standard (1994). In the standards of the Cold-Formed Steel Members, the web-

flange interaction is not considered and for laterally supported girders the ultimate stress at

the compression flange is assumed to reach the yield strength, regardless of the cross-

sectional dimensions.

Due to these differences in the assumptions from standard to another, the difference

in the design moment capacity computed according to standard is different than that

computed according to another, sometimes, by as much as 4O0Vo.

1.4.2 Objectives

The main objectives of this study program are:

Ð to study experimentally and theoretically the parameters that may affect the behaviour

or the capacity of slender plate girders in bending;

ü) to use the experimental and the theoretical results to develop a new design model for

such girders. The model should take into account the eff,ect of web-flange interaction,

the postbuckiing stength and to be based on more realistic member behaviour;

üi) to compare the proposed model results to those of the cuffent standards and

4

specifications; and



iv) to suggest modifications for the current design guidelines.

L.4.3 Current Study Program

In this prografiì, experimental and theoretical investigations to study the effect of web-flange

interaction on the behaviour and the capacity of slender plate girders are discussed. An

evaluation of the cuffent standards and specifications is also included.

In the experimental investigation, nine full-scale slender plate girders were tested.

Their cross sections were doubly-symmefric l-sections. The plate girders were simply

supported at the ends and loaded at the third points. To prevent failure by lateral-torsional

buckling, they were laterally supported at the ends and at the loaded points. Both the

compression flange and the tension flange were laterally supported at these locations. The

tested plate girders had a 4.5 mspan. The heights of the webs ranged from 798 mm to 1200

mnl and their height (h)-to+hickness (w) ratios (h/w) ranged from 170 to 257. The widths

of the flanges ranged from 201 mm to 352 mm, and their width (b)-to-thickness (t) ratios

(blzt) ranged tuomI2.5 to27.9.

The mechanical properties of the material used for the component plates were

determined in accordance with the ASTM Standards. A total number of 27 standard tension

coupons were cut from these plates. The mechanical properties measured were: the yield

strength Fr); the ultimate strength (R ); the elastic modulus (E); the maximum percent

elongation (ð); and the Poisson's ratio (¡r).

In the theoretical investigation, a finite element model was developed using the

ANSYS finite element program (Swanson Analysis System, Inc.,7992). The finite elemenr
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results showed excellent agreement with the experimental results. Thus, the finite element

analysis was extended to include a parametric study to determine the effects of different

parameters on the buckling behaviour and the capacity of such girders.

In the finite element analysis, the heights of webs ranged from 650 mm to 2000 mm,

and their heighrto+hickness ratios (h/w) ranged from 139 to 427. The widths of the flanges

ranged from 200 rnm to 650 mm, and their width-to+hickness ratios (blzt) ranged from I2.5

to 4O.6. In addition, other cases were analyzed in which the thicknesses of the flange and the

web were the variables. The parameftic study and the experimental results were used to

develop a design model for slender girders. The postbuckling strength and the web-flange

interaction were considered in the design model.

A comparison of the experimental results, the computed values based on current

standards and speciñcations and the results obtained using the proposed design model has also

been presented in this study.

L.4,4 Layout of Report

Chapter one has presented an introduction in addition to the scope and the objectives of this

study.

Chapter two presents the state of knowledge of the behaviour of plates subjected to

axial compressive stresses or bending stresses. This behaviour includes the effect of local

buckling and postbuckling on the behaviour of these piates and the plate girders. A review

of the avaiiable design standards and specifications, that deal with the design of slender

sections, is also presented.
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Chapter three describes the experimental program. This includes a description of the

specimens, test setup, test preparation, dimensions and variables of tested plate girders,

instrumentation and test procedure. In addition, it includes a description of the tests to

determine the mechanical properties of the steel.

The results obtained from the tests performed on the plate-girder specimens are

presented in Chapter four. The observed behaviour of the plate-girder specimens is also

discussed.

Chapter five presents the finite element model that was developed and used in this

study. A comparison between the finite element results and the test results is also presented

to show the correlation between them. The different variables considered in the parametric

study and their effects on the behaviour and the capacities of the slender plate-girders are also

discussed.

A desþ model of such girders in bending is proposed in Chapter six. A comparison

between the test results, the values obtained using different standards and specifications and

the results obtained using the proposed design model, is also discussed in Chapter six.

Chapter seven gives a summary of conclusions and suggestions for future work to

continue this investigation.

Finally, some of the experimental results are presented in Appendices A, B, C, D, E,

F and G, while results obtained from the finite element analysis and the proposed design

model are presented in Appendices H and I.



CHAPTER 2

LITERATURE SURVBY

2.I INTRODUCTION

A plate girder is a beam with a slender web. It behaves like a deep beam (Salmon and

Johnson, 1990). Failure of a plate girder may be due to lateral-torsional buckling, local

buckling of the compression flange, or yielding. In design, vertical buckling of the

compression flange is prevented by limiting the web height-to-thickness ratio (h/w). Based

on experimental and theoretical work by Basler and Thtirlimann (1961and 1963), a maximum

limit of h/w ratio was given as follows:

h

w
13800

(2.1)

where,

h: height of web;

w: thickness of web; and

F": yield stength of compression flange (ksi).

Equation 2.1 is given in the AISC-LRFD Specificarion (1993) as:



(2.?)

where,

a: distance between transverse stiffeners.

If transverse stifleners on the web are arranged, so that 3 = t 5, the following higher limit
h

of web height-to-thickness ratio (h/w) is aliowed by the AISC-LRFD Specification (1993),

as recommended by the ASCE-AASHO, Joint Committee, Subcommittee 1 on Hybrid Girder

Design (1968):

h < 2000
w ,f-rr, {tcsi)

(2.3)

In deriving the preceding equations, it was assumed that E, the elastic modulus, is 29000 ksi;

p, the Poisson's ratio, is 0.30; the web area-to-compression flange area ratio (A*/Ar) is equal

to 0.50; and the maximum residual compressive stress is 16.5 ksi.

The CANiCSA-S16.1-94 Standard (1994) gives the following limit for the web

height-to-thickness ratio(h/w) :

12000

Fr, (ksi)

or in SI units:

fo, i, t.s

fo, !si^5

h_<
w

h_<
w

83138

Fr, (MPa) (2.4)

h both AISC-LRFD Specification (1993) and CAN/CSA-S16.1-94 Standard (i994), these

limits are based on the assumption that the maximum compressive residual sfress is 1/3 of the

9



yield strength and they are considered to be conservative limits because they ignore the

postbuckling strength of the girder.

2.2 WEB BUCKLING

Until the early 1960s, local web buckling was not considered critical in plate-girder design.

The postbuckling strength was taken into account by assuming a lactor of safety for web

buckling smaller than that used for yielding or any other type of failure (Galambos, editor,

1988). Based on the results of an extensive theoretical and experimental investigation by

Basler et. al (1960, 196I and 1963), the limit of the web height-to-thickness rario (h/w) was

established as 980lrf-Fr, (frsl)to allow the girder to reach its yielding momenr (Mr). A limit

of 970ltfl, (kri) was adopted by the AISC Specificarions (LRFD, 1986, LRFD, Igg3,

WSD, 1978 and WSD, 1989).

According to the AISC specifications (LRFD, 1986, LRFD, rgg3, wsD, r97g and

U/SD, 1989), the flanges are assumed to provide some rotational restraint to the web. The

web buckling coefficient (lÇ) is assumed to have a value of 36.25, which is closer to 39.6, the

value corresponding to plates with fixed unloaded edges than to 23.9, the value for a plate

under stress gradient with hinged unloaded edges. The value oî 36.25 coresponds to

approximately 80Vo of fixity along the unloaded edges.

A limit of lïl}lrf-Fr, (MPa) was used in the cAN/csA-si6.1-Mg4 standard (1984),

based on the test results of two beams with Class 3 webs tested by Holtz and Kulak (1975).

This limit had been increased to 1900ltf-Fr, (MPa) in the CAN/CSA-S16.1-Mg9 Standard

(1989), based on an analytical srudy by Dawe and Kulak (1981).

10



Thus, according to the AISC Specifications (LRFD, 1986, LRFD,1993, WSD, 1978

and WSD, 1989), the web is defined as slender if its height-to-thickness ratio (h/w) is larger

than 97\l{Fyf (ksÐ. It is classified as a Class 4 web (slender web) by the CAN/CSA-S16.1-

94 Standard (1994) if its height-to-thickness ratio (t/w) is larger than 1900/ ffi {Ue"). The

specified limit given by the CAN/CSA-S16.1-94 Standard (1994) is more conservative than

that given by the AISC Specifications (LRFD, 1986, LRFD, 1993, WSD, 1,978 and WSD,

1989).

To account for the postbuckling capacity of a slender plate girder, most researchers

have assumed that part of the web in compression becomes ineffective after local buckling.

Basler and Thürlimann (1961 and 1963) considered that only a part of the web equal to 30

times the web thickness located adjacent to the compression flange, was effective in

compression while the remainder of the web in compression was considered ineffective, as

shown in Figure 2.1.

Assuming a linear reduction in the bending capacity of slender girders due to local

buckling, the following expression was developed by Basler and Thürtimann (1961 and 1963):

Mu - 1-o.ooo5
M,

(2.s)

where,

l\4, : ultimate moment capacity ;

NIy: yielding moment;

A* : cross-sectional area of web;

<1
A,( h

^'l.;

1i



4: cross-sectional area of compression flange;

E: elastic modulus; and

Fr: yield strength.

The second term on the right side of Equation 2.5 represents the effect of local buckiing but

includes the postbuckling capacity as showninEigure2.2.

In developing Equation 2.5, it was assumed that the term 5.7 ,pq was the

maximum limit for web height-to-thickness ratio (t/w) corresponding to web yielding without

buckling. For F, : 33 ksi and E : 29000ksi, Equarion2.5gives h/w : 170.

Experimental results obtained by Basler and Thürlimann (1963), Maeda (197I) and

Cooper (197L), were in good agreement with the results obtained from Equation 2.5. The

AISC-LRFD Specification (1986) as well as the AISC-V/SD Specifications (1978 and 1989)

have adopted EquationZ.S for the design of plate girders.

In the AISC-LRFD Specification (1993), Equation 2.5 has been modified to:

:1 (2.6)

The reduction in bending capactty obtained through Equation 2.6 was simiiar to that obtained

through Equation 2.5.Except when a slender web and low flange width-to-thickness ratio

(blzt) were used, a higher reduction in the bending capacity is obtained from EquationZ.5.

Högland (1973) proposed a different effective section shown in Figure 2.3 for

computing the postbuckling capacity of plate girders. In this model, Högland assumed that

the effective width of the web in compression is made up of two parts. The first located

M
u

M,
=r- A*tAr (z-r.,

1200 + 300 A. /A/ l. w

E
F,

t2



adjacent to the compression flange with a width,

r-
b. =0.76w lL, 

\F,,

r---:
b^ = 7.64w I E' \4,,

(2.7)

and the second located just above the neufal axis with a width,

(2.8)

where,

Fr¡: yield strength of the compression flange.

(This section has also been adopted by the Swedish Specification,l9T3).

This may lead to the following reduction in the section modulus:

where,

S*.n: effective section modulus about the major axis; and

S*: section modulus about the major axis.

Equation 2.9 gives a slightly larger reduction in the section properties than does of Equation

2.5 (Galarnbos, editor, 1988).

An approach similar to that developed by Högland was proposed by the ECCS-

Technical Committee 8 @ubas and Gehri, editors, 1986). kr this case b, and b, were defined

as follows:
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and,

- 0.0005 1e00 I_t
\f Fyr (MPa) )

(2.10)

(2.1r)

(2.12)

bt= 0.87 w

b, = r.30 w

The CAN/CSA-S16.1-94 Standard (1994), gives an ultimate moment capacity for a plate

girder section with Class 4 web and Class 1, Class 2 or Class 3 flange as foliows:

A,"( h

^'l;
Mu

M,

which corresponds to the maximum limit for the web slenderness ratio for which yielding

without local buckling takes a place.

According to the CAN/CSA-S16.1-94 Standard (1994),if the width-to-thickness rario

of the compression flange (bl2t) ß greater than 200lrf-Fr, (MPa) (Class 4 flange), rhe secrion

should be designed according to the CAN/CSA-5136-94 Standard (1994), for the design of

Cold-Formed Steel Structural Members. The effective section for the web in this case is

similar to that proposed by the ECCS-Technical Committee 8 (Dubas and Gehri, edirors,

i986). The effective widths b, and br, shown in Figure 2.3 are as follows:

bt= (2.13)

The only diflerence between Equation 2.12 andEquation 2.5, is the term I900l,f-Fyf (Mpa),

(3*ú)
h

e

E
F

v

E
F

v

ild,

T4



where,

h
b.,==-.-l^-bt Q.I4)-2 (1+ü) "t

t¡ : effective width of web in compression defined as:

t[ : absolute ratio of maximum tensile stress (Fr) to maximum compressive

stress (F,) in the web:
F"l" l: andF'l

Ç: web buckling coefficient:

:4+2(I+ü)3*2(1+rþ)

:6( 1*Ü)2

lkEh =0.95w I *
" \F,

1_0.208 FFl' hl* ! ",,|

. ^-^-( ,k-t.l-o"h =0.787 I I ',n' = u''"' 
[, ,] ,,* ,)

0iqr<1

1*qrr3

(2.1s)

(2.r6)

Equation 2.75, is the general form of 'Winter's equation, which was developed from

experimental investigation (1941 and 1968). It was a modification of Von-Kármán's equation

(1932) and included the effect of imperfections.

Gerard (1957) suggested the following effective portion of the web in compression:

and, Faulkner (1977) recommended:

. a,r-"( . -o.z4.. F/lh =w I '' I 1*e-vY!".-l' ht* !"*J

15
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where,

F,n*: maximum compressive stess in the plate.

Winter's equation is currently used by both the AISI Specification (1989) and the CAN/CSA-

s136-94 standard (1994) for computing the effective area of the section.

2.3 COMPRESSION FLANGE BUCKLING

The compression flange of a plate girder is considered by most researchers to be a plate

simply supported along the web with or without some rotational restraint and subjected to an

axial compressive stress.

There are two approaches to determine the torsional-buckling behaviour of the

compression flange in a plate girder. In first approach, the full section of the compression

flange is assumed to be effective while a reduced compressive stress is used to compute the

buckling stength, defined as:

P = A "FuSIcr (2.18)

where,

A6: gross area of compression flange;

F",: reduced critical sffess; and

P. : ultimate force capacity of compression flange.

In the second approach, the full yield strength of the plate is multiplied by an effective area

of the compression flange to compute the buckling sftength, that is:

16



where,

{"ri: effective area of compression flange; and

F": yield strength of compression flange.

The AISC-LRFD Specifications (i986 and 1993) as well as the AISC-WSD Specifications

(1978 and 1989) follow the first approach. The AISC-LRFD Specification (1986) classifies

the compression flange into three categories:

Category (1) For : À, < Ào (stocky flange):

P, = Arru F,

Fr, = Frr

No reduction in the sffesses is considered in this Category

(2.re)

(2.20)

Category (2) For : À, < )., < ).,;

Fu=F,rl ' +lg+ìl = F.r (z.zr)
"l 2lL,-Lo)) -vI

A linear reduction from the yield stength is considered in Category 2 to take into account the

inelastic behaviour of the plate.

Category (3) For : À, > 1., (slender flange):
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The behaviour in Category 3 is considered to be elastic.

In Equation s 2.20, 2.21 and 2.22,

Âr: comPression flange width-to-thickness ratio : !:

Âp : maximum timit atlowing ;; rt; ;;;..,í ," *," compressive stress

to reach one-half of its plastic strain without buckling : JL_;

,lF,t
À, : the minimum limit allowing to a plate subjected to axial comþressive stress to

buckle in the elastic range: 150 
, *d

,l-',,
F.,: reduced critical stress (ksi).

The same approach was used in the AISC-WSD Specification (1978). The three Categories

in that specification were:

Category (1) For: Â. = 4,' .F.uvJ
Equation 2.20 was used.

Category (2) nor' 4 . À., . 176 '

,lüt ' l\,
F,, = Fyr( r.+rs - o.oo437 L,llr) = Fy¡ (2.23)

r1.204
¡< =-cr "t

^;

Category (3) For: À. > 176 
't ,l\,

20000
cr4

(2.22)

18
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The main differences between the AISC-LRFD Specification (1986) and the AISC-\ /SD

Specification (1 978) are:

Ð The AISC-LRFD Specification (1986) assumes that the web provides no rotational

restraint to the compression flange, so a value of 0.43 for the buckling coefficient (kr)

of the compression flange is considered. In the AISC-WSD Specification (1978),

however, a value of 0.70 was considered. This value falls midway between the case

of a simply supported flange where kr: 0.43 and a fixed flange where lq: 1 .277 , i.e.

a partial rotational restraint was assumed.

ü) Different nansition equations which account for the inelastic behaviour of the

compression flange are used (Equations 2.2I and2.23).

üi) The proportional limit of the stress is given by the AISC-LRFD Specification

(1986) as one-half the yield strength (Fr, : 0.50 Fyr ). While it is given by the

AISC-WSD Specification (1978) as 0.66 F".

Because of the preceding differences, the limits which classify the type of the compression

flanges, are not the same for the two specifications, as shown in Figure 2.4.

Based on an analytical study by Dawe and Kulak (1981), the maximum limit for the

compression flange width-to-thickness ratio (bl2t) to yield 'without local buckling, was

reduced from 250ltf-Fr, (MPa), as given by the CAN/CSA-S16.i-M79 Standard (1979) to

2001|-Fyr (MPa)nthe CAN/CSA-S16.1-M84 Standard (1984), the CAN/CSA-S16.1-M89

Standard (1989) and the CAN/CSA-S16.1-94 Standard (1994). An experimenrai study by

LukeyandAdams (1969)showedthatalimitof 1701\fqf QuIPa) wasrequiredfortheflange

width-to-thickness ratio (blzt) to reach the full plastic moment. Studies by Lay (1965),

t9



McDermott (1969) and Culver and Nasir (1971), showed thatalimit of ILsll-Fyr (Mpa) was

required for the flange width-to-thickness ratro (blZt) to reach strain-hardening. All of these

limits are included in the current CAN/CSA-S16.1-94 Srandard (1994).

According to the CAN/CSA-S16.1-94 Standard (1994), the design of a plate girder

with Class 4 web and Class 4 flange is conducted according to the CAN/CSA-S136-94

Standard (1994), Cold-Formed Steel Structural Members. In this case the standard uses the

full yield strength of the compression flange multiplied by an effective area. The width of the

compression flange is reduced using Winter's equation, as follows:

(2.2s)

where,

4: effective width of compression flange;

b : total width of compression flange;

t : thickness of compression flange; and

Ç: buckling coefficient of compression flange.

A value of 0.43 is used for the buckling coefficient of the compression flange.

The effective width of the compression flange adopted by the ECCS-Technical

Committee 8 (1986), is almost identical to that used in the CAN/CSA-S136-94 Standard

(1994). The only difference is in the reduction term, which accounts for the effect of

imperfections, where a factor of 0.190 is used instead of 0.208. This results in a slightly

larger capacity than that predicred by the cANicsA -sr36-94 standard (lgg4).

b,=0.e5(2rlff[, t" I k"Efor :->0.644 | r" zt \Fy¡
0.208

bl2t

k, El

1)
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2.4 WEB.FLANGE INTERACTION

The AISC-WSD Specification (1989) has introduced the following stress equations which

account for the web-flange interaction:

Category (1) For: À, . 4- ,' ,f-rr, t 4
Equation 2.20 was used.

Category (2) For:

Fn=Fyt(t:oz-o.oo3o9

195

^t¡tt.UYJT

-\

),rlFyrlkf) 3 Frt

<L"
T

(2.26)

Category (3). For , L¡,

(2.27)

In Equations 2.26 and 2.27 , Ç is the buckling coefficient of compression flange, defined as:

. 4.05

' (hlr¡,^ for (hlw) > 70 (2.28)

otherwisek, : 1.0.

Equations 2.26, 2.27 and 2.28 were based on results of an experimental investigation

conducted at the Butler Research Center by Johnson (1985). Ten welded-wide-flange beams

were tested. The beams were 15'-8" (4.775 m) long and were loaded by concentrated loads

applied on the tension flanges at a distance of 60 in. (1.524 m) from each support. The

heights of webs wero approximately 12 tn. (305 mm), and their height-to-thickness ratios

95
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(l/w) ranged ftom73.2 to 176.3. The widths of the flanges ranged from 5.23 in. (133 mm)

to 6.42 in. (163 mm), and their width-to-thickness ratios (blzt) ranged from 1 1.5 to I4.3. To

prevent failure by lateral-torsional buckling, the compression flanges were laterally supported.

Johnson (1985) reported that premature flange buckling failure was observed in the

tested specimens. The flange and the web rotated about a longitudinal axis coinciding with

the web-flange intersection and they retained their 90o relationship. As a result of this phase

of the study, the following variable buckling coefficient (þ), which is a function of the web

height-to-thickness ratio (h/w), was suggested:

k"=I
4.44

^t@ñ
(2.2e)

Johnson (1985) tested nine more welded wide-flange beams. These beams were 30 ft (9.I44

m) long and were loaded at four points of 5 ft (1.52 m) interval dist¿nces. The heights of the

webs ranged from 19.87 in. (505 mm) to 23.97 in. (609 mm), and their heighr-ro-rhickness

ratios (h/w) ranged from 107 to 245. The width-to-thickness ratios of the flanges (bl¡t)

ranged from 7.1 to 15.5. Based on the results from these tests, the modification of the

compression flange buckling coefficient, as presented in Equation2.28, was suggested.

The buckling coefficient of the compression flange Q<r) used by various standards and

specifications, is shown in Figure 2.5, as a function of web height-to-thickness ratio (tìlw).

In the 1993 edition, the AISC-LRFD Specification has modified the stress equations,

presented in the 1986 edition and discussed in Section 2.3, to account for the web-flange

interaction in a way similar to that used in the AISC-WSD Specification (1989). The critical

stress (F.,) can be calculated according to Equations 2.20 and.2.2l, while Equation 2.22,
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L?

which is identical to the equation representing the elastic behaviour in the

Specification (1 989), except that:

which account for the elastic behaviour was modified as follows,

()rt*B)
)"r(L.,u+B)
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(2.27)

AISC-WSD

,rcÌõ
where 0.35 s kr:0.763 (2.30)

Equation 2.30 is similar to those obtained by Johnson (1985). Finally, the limit Â. is changed

kf

A theoretical model for computing the bending capacity of slender plate girders

subjected to pure bending was aiso developed by Polyzois (1990). A series of 35 doubly

symmetric I-sections was analyzed using finite element analysis software. The heighrto-

thickness ratios of the webs (h/w) ranged from 48 to 260 and the width-to-thickness ratios

of the flanges (blzt) ranged from 4 to 16. To prevent lateral-torsional buckling failure, the

compression flanges were assumed to be iaterally supported. In this model the effective

widths of the compression flanges and the webs, as shown in Figure 2.2, were used. These

are identical to those in the CANiCSA-S136-94 Standard (1994), except that variable

buckling coefficients for both the web and the compression flange were used to take into

account the effect of web-flange interaction. The buckling coefficients are as foiiows:

For Â* < À,:

ftom 1501,f-Frrin rhe 1986 edirionto 230ltfFr, lkrin the 1993 edition.

It+
I

k*=11.277 -0.821
t )'

(2.3r)



For À* > 1.,:

k,,=39.6-,, 2.9rr5

1 n,, -)'¡ t6.6 Y Q'32)

and,

kr= k* (2.33)

where,

Âr: compression flange width-to-thickness ratio : !:
2t'

Â,u: web height-to-thickness rrtio: L;
w

)"t:7 '288 Li
40000

H_

a3

^fÇ: buckling coefficient of compression flange; and

k* : buckling coefficient of web.

A comparison between a limited number of experimentalresults and the results obtained from

the theoretical model, showed that the theoretical model was conservative in estimating the

ultimate moment capacity of the plate girders whose web height-to-thickness ratios (h/w)

varied from 150 to 200 (Polyzois, 1990). Polyzois (1990) suggested rhar addirional

experimental tests were required to verifli the current design criteria for girders with both

slender webs and flanges.

2.5 THEORETICAL STUDIES

Plate buckling behaviour has been studied by many researchers since the nineteenth century.

+")'
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Two major types of analysis have been used since: solving the governing differential

equations, and inftoducing ultimate state models which depend only on the failure

mechanisms (Dubas and Gehri, editors, 1986). The latter analysis is easier to use than the

first. However, to use these simple models, calibration with test results or with finite element

method simulations is important. Appropriate choice of failure mechanism by observing the

buckling and postbuckling behaviour, if possible, of the tested plate or member is also

important.

The methods, which depend on solving the governing differential equation, can be

classified into two major categories, solving the Von-Kármán's differential equation (1932)

(for example, using Fourier series or the finite difference method) and using the variational

methods which can be classified as:

r) Analytical procedures: the most important analytical method used is the Ritz onergy

method (1908), (Chou and Pagano,1967), where the displacements are expressed by

polynomial functions whose coefficients are obtained by minimiztng the potential

energy of the plate.

Folded plate theory: this approach was basically derived by Skaloud and Kristek

(1977 and 1981) to study uñ analyze the postbuckting behaviour of box girders. The

approach uses the folded plate theory, taking into account the large deflection effect

of the plate and the interaction between different plates.

Finite eiement method: it is the most powerful tool in the field of plate buckling

(Dubas and Gehri, editors, 1986). Usually the principies of virtual work are used in

this method. To account for the nonlinearity, an iterative procedure is needed

ü)

üi)
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(generally, Newton-Raphson) and the load is apptied in increments. To deal with the

postbuckling behaviour of plates, the effects of plastic behaviour of the material and

the influence of initial imperfection of the plates should also be included in the

analysis.

The inelastic buckling for columns and rectangular plates has been investigated by Bteich

(1952). He suggested the use of a reduced elastic modulus above the proportional limit in

the direction of the longitudinal stresses, while no reduction was suggested for the elastic

modulus in the transverse direction. Ros and Eichineger (1932) used the reduced elastic

modulus above the proportional limit in both directions. Test results showed better

agreement with Bleich (1,952) assumptions.

To include the elasto-plastic material behaviour of the plate, Ilyushin (1947), Stoweil

(1948) and Bijlaard (1949) used the deformation theory of plasticity (Fung, 1965). On the

other hand, the incremental theory was used in the plastic analysis of plate buckling by

Handelrnan and Prager (1948) and Onat and Drucker (1953) (Fung, 1965). The larter merhod

is mathematically correct (Drucker, 1949, Onat and Drucker, 1953, Haaijer and Thürlimann,

1958 and Dubay, 1978-79). However, the former method showed a better agreement with

test results. The use of a shear modulus in the inelastic range equal to the shear modulus in

the elastic range was the main reason for poor correlation between the incremental theory

and test results (Drucker, 1949, Onat and Drucker,1953, Haaijer and Thürlimann, i958 and

Lay, 1965). A reduction in the shear modulus in the inelastic range resulted in better

correlation between the incremental theory and the test results (Haaijer and Thürlimann, 1958

andLay,1965).
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The incremental theory was used by Haaijer and Thürlimann (1958) along with a

reduction of 80Vo in the shear modulus. This was used in the inelastic range to determine the

maximum plate width-to-thickness ratios of wide l-shapes for plastic design. The study

presented analytical solutions for single web or flange assuming simple or rigid suppoft at the

web-flange junctions. They did not include the residual stress effects directiy in the analysis.

On the other hand, they suggested an empirical tansition curve for the range above the

proportional limit in the analysis of plate columns subjected to uniaxial compression.

Goldberg et. aI (7964) presented a study of lateral and torsional buckling of thin-

walled beams. The study included sectional distortion and proposed a strip analysis method

depending on solving the strip differential equations of equilibrium. This method was used

to study lateral and torsional buckling of channels subjected to bending. Elastic material

behaviour rvas assumed and the effects of residual stresses were not inciuded in the

investigation.

Another finite strip method was presented by Graves-Smith and Sridharan (1978) to

investigate the postbuckling analysis of perfect plates and sections. To include the nonlinear

behaviour of imperfected plate, Hancock (1981) extended this method by using different

displacement functions to study box and l-sections in compression.

Gallagher et. aI (1971) used the finite element method successfully to simulate the

nonlinear and postbuckling behaviour of plates. Rajasekaren and Murray (1973) investigated

the coupled buckling in wide flange beam-columns by the finite element method.

Deformational modes associated with distortion of the cross-section were included in the

analysis. The effects of residual stresses were not included and a linear elastic material
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behaviour was assumed. The model presented by Rajasekaren and Murray (1973) gave good

results in predicting the flange local buckling, while it could not predict the web local buckling

accurately.

A study of lateral-torsional buckling of l-beams was presented by Johnson and V/ill

(1974). The finite element method was used to model the problem using plate elements for

the web and line elements for the flanges. The cross sectional distortion was included in the

study. In a later study Akey et. aI (1977) extended this approach by isolating the out-of-plane

buckling analysis from the in-plane stress analysis, which allowed them to use fewer

equations. This method was also applied to gable frames. In both studies linear elastic

behaviour of the material was assumed and the effects of residual sfesses were not included.

Hancock (1978) used the finite strip technique to study the local, distortional and

lateraLbuckling of wide I-shape beams. Linear materialresponse was assumed and the effects

of residual stresses were not included in the study. He reported that this method was more

efficient than, but not as general as, the finite element method used by Johnson and Will

(1974) and it was simpler to implement than the method developed by Goldberg et. al (1971).

Dawe and Kulak (1984a and 1984b) presented an energy-based plate buckiing

formulation to predict local buckling behaviour of wide l-shape members used as columns,

beams and beam-columns. The web-flange interaction, residual sffesses, elastic and inelastic

behaviour of the material were included in the study. The method was limited to Class 1,

Class 2 and Class 3 (according to the CAN/CSA-S16.1-M79 Standard,1979) wide I-shapes.

As mentioned earlier, the limits used in the CAN/CSA-S16.1-M89 Standard (1989) and

CAN/CSA-S16.1-94 Ståndard (1994) to classify the sections are based on this study.
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In 1981, Bradford and Trahair presented a finite element method to analyze the elastic

distortional buckling of l-beams with flexible webs. The flanges were assumed to be rigid,

so the local buckling behaviour of short-length beams was not predicted. This method was

used to analyze particular cases of loading and end supports.

Pi and Trahair (1994a and I994b) used the finite element method to investigate the

nonlinear inelastic behaviour of thin-walled steel beam-columns subjected to biaxial bending

and torsion. The method was based on the principles of virtual work and was extended to

investigate the elastic and inelastic strengths of steel l-beams. The effects of residual stresses

and initial crookedness of the I-beams were taken into account, but the loading cases were

limited in analyzing the l-beams. The main objective of the study was to compare its

proposed model to another model (small-rotation model) which ignored the high order terms

and proved that the lateral-buckling load was overestimated, the postbuckling behaviour can

not be performed and the maximum local capacities of slender beams were not correctly

predicted using the small-rotation model.
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Figure 2.I Effective Web Area and Stress Distribution as Presented by
Basler and Thürlimann (1963)
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

As discussed in Chapter 1, one of the objectives of this research program was to study

experimentally the parameters that may affect the behaviour and the capacity of slender plate

girders subþted to bending about the major axis. Thus, nine full-scale specimens were tested.

The web heights of these specimens ranged from 798 mm to 1200 mm to have h/w ratios

range of l70to257. The flange widths of these specimens ranged from 201 mm to 352mm

to have bl2t ratios range of 12.5 to 2I.9. To apply uniform bending moment to the

specimens, the girders were simply supported at the ends and loaded by applying upward

vertical loads at the third points, as shown in Figure 3.1. To prevent lateral-torsional buckling

failure, the girders were laterally supported at the ends and at the loading locations. Both the

compression flange and the tension flange were laterally supported. The ends of the girders

were designed so that no failure would occur outside the middle third of the girders and to

be re-used. The girder ends were stiff enough to produce uniform sfress distributions on the

loaded edges of the flange plates and linear stress distributions on the loaded edges of the web

plate of the tested specimens.

A descrþtion of the test specimens, the tests to determine the mechanical properties



of the steel, the instrumentation used, the test setup, the test preparation and the test

procedure, are presented in this Chapter.

3.2 TEST SPECIMENS

Nine full-scale specimens were tested at the Structural Engineering and Construction

Research and Development Facility, the University of Manitoba. The specimens as well as

the girder ends were fabricated in the Winnipeg plant of the Dominion Bridge Co. Ltd. The

component plates were cut from larger plates by burning them mechanically (oxygen cut), so

that the direction of applied sffess was parallel to the direction of rolling. The flange plates

were welded to the web plate using two sided fillet weld (size of weld: 4 mm), while these

plates, flange and web plates, were welded to the end plates using groove welds. The welding

procedure was according to the CAN/CSA-W59-M89 Standard (1989).

The specified thickness of the flange plates was 8 mm and that of the web plates was

5 mm. The thicknesses of the plates were kept constant while the flange width and the web

height varied from one specimen to another. The specified dimensions and the slenderness

ratios of the component plates of the specimens as well as the girder ends are listed in Table

3.1 and shown in Figure 3.2. Steel type CAN/CSA-G40.21-300W was specified. The

minimum specified yield strength (Fr) of this type of steel is 300 MPa.

The dimensions of the component plates, such as web height and flange width were

measured using a tape measure to an accuracy of 0.5 mm. The thicknesses of the plates were

measured using a digital calliper to an accuracy of 0.01 mm.

The specimen depth and flange width as well as the distance from the web surface to
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the edge of the flange, were measured in seven different locations on each side. Also, the

specimen length was measured in five different locations on each side. The dimensions of the

end-plates, the distances between the bolt holes and the hole diameters were aiso measured

and recorded. The thickness of each flange was measured at seven different locations along

its edges. The web thickness was determined from the standard tension coupon. All the

dimensions were measured after removing the rust and cleaning the surfaces of the specimen.

A similar procedure was used to measure the dimensions of the girder ends.

Table3.2lists the average measured dimensions of the cross sections of all specimens

and girder ends. Also, in this table, the measured width+o-thickness ratios of the component

plates are listed.

An initial check of all specimens showed that the flanges of the specimens were bent

as shown in Figure 3.3. The wa{page of the flange (c) and the lateral variations between the

centreline of the flange and the centreline of the web (z) were measured and listed in Table

3.3. These measured values were less than the permissible limits given by the ANSVAWS

D1. 1-88 Standard (1988).

The variations from flaûress of webs, shown in Figure 3.4, werc measured and the

maximum value (A) for each specimen is listed in Table 3.4. The webs of the girders were

initially imperfect, forming a half sin-wave in both directions, longitudinally and tansversely,

except for specimens Gl, G2 and G3, where a reverse sin-wave was observed at the top part

of the web. In other words, the initial distortion of the webs of these specimens was forming

a half sin-wave at the mid-span sections, while it was forming two halves of sin-wave at the

quarter-span sections, in the tansverse direction. Longitudinally, it was forming a half sin-
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wave at the bottom half of the webs of these specimens, while it was forming one and a half

sin-waves at the top half of the webs, as shown in Figure 3.4. Also, the profile of the initiat

distortion of the web at mid-span and quarter-span sections of each specimen, in the

transverse direction, is presented in Chapter 4.

The permissible limis of the variations from flatness of the webs, given by the

ANSVAWS Dl.1-88 Standard (1988) and the CANiCSA-W59-M89 Standard (1989), are

also listed in Table 3.4, which shows that the maximum measured values of the variations

from flatness of the webs of the tested specimens Gl, G2 and G3 were lower than the

permissible limits. However, they were higher than the permissible limits in specimens G4 to

G9.

The permissible limits of the variations from flatness of the web are not a mandatory

part of the CAN/CSA-V/59-M89 Standard (1989), while they are a mandatory part of the

ANSVAV/S D1.1-88 Standard (1988). Also, the permissible limits tabulated in both

standards are for 8 mm web{hick and thicker webs.

Finally, as recommended by the ANSVAV/S D1.1-88 Standard (1988), the web-flange

intersection edges were used as references for measuring the variations from flatness of the

webs.

3.3 MATERIAL MECHANICAL.PROPERTIES

To conduct proper analysis of the results, it was important to determine the mechanical

properties of the steel. The mechanical properties determined were: the yield strength (Fr);

the elastic modulus (E); and the Poisson's ratio (¡r). The ultimate strength (F,) and the

37



maximum percent elongation (ð), were also determined. In total, 27 stand,ard tension

coupons were cut from the component plates of the specimens and tested according to the

ASTM A370-90a (1990) and the ASTM E 8M-90a (1990) Srandards. The dererminarion

of the elastic modulus was made according to the ASTM E lll-82 Standard (lgSZ) while rhe

determination of the Poisson's ratio was made according to the ASTM E 132-86 Standard

(1e86).

To determine the mechanical properties of the steel, three standard tension coupons

were cut from each specimen; one from the compression flange, one from the tension flange

and one fromthe web. The locations from where the coupons were cut are shown in Figure

3.5. In some cases the location was altered to avoid damaged area. The portions of the

flanges and web were flame cut. The coupons were cut as far as possible from the flame cut

sides and machined to the nearest 0.01 mm.

Plate-type coupons, with a 200 mmgage length, were used as specified by the ASTM

4370-90a (1990) and the CAN/CSA-G0.21-M92 (1992) Standards. A digital caltiper, with

an accuracy of 0.01 mrn, \Ã/as used to measure the cross-sectional dimensions of the coupons.

These dimensions were measured at the ends of the gage length of each coupon and at 20 mm

interval distance, then the avetagevalues were considered.

The tension coupons were tested n a267 kN capacity testing machine. A 5 mm strain

gage was placed in the longitudinal direction at the mid-tength of the coupon as shown in

Figure 3.6. Another 5 mm sffain gage was placed on the back side of the coupon in the

transverse direction, as shown in Figure 3.7,to determine the Poisson's ratio. An MTS

extensometer with a. gage length of i00 mm, was mounted on the coupon to obtain its
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elongation, as shown in Figure 3.8.

All data signals were fed into Data Acquisition System to monitor and record these

data onto a hard disk of a286 PC Computer.

The coupons were properþ aligned in the machine to avoid any bending stresses. The

rate of loading was 1.5 kNimin. which was slow enough to avoid any thermal effect on the

obtained results. The data were stored during testing at one second interval time.

The interpretation of data was carried out by a combination of regression analysis and

the0.2Vo offset method, according to the ASTM E 111-82 Standard (1952). The iongitudinal

strain gage was used to determine the yield strength and the elastic modulus, while the

extensometer was used to determine the ultimate strength. The extensometer was removed

from the coupon, once the neck had appeared, as shown in Figure 3.9. The regression

analysis was also used to determine the Poisson's ratio.

A typical stress-strain curve of a coupon cut from the compression flange of specimen

G4, is presented in Figure 3.i0(a). The regression analysis and the 0.2Vo offset method were

used to obtain the yield strength and the elastic modulus of the same coupon presented in

Figure 3.10@). Figure 3.10(c) presents the longitudinal vs transverse strain curve of the same

tested coupon. The regression analysis was used here to obt¿in the Poisson's ratio. Typical

stress-strain curves of coupons cut from the tension flange of specimen G4 and the

compression flange of specimen G8 are presented in Figures 3.11 and 3.i2, respectively.

Typical stress-strain curves of coupons cut from the web of specimen G4 and the web

of specimen G8 are also presented in Figures 3.13 and 3.14, respectively.

The mechanical properties of all coupons, as well as the averages and the standard
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divisions, are summarizednTable 3.5. The avetage yield strength of the flanges was 330

MPa. This was higher than the minimum specified yield strength of 300 MPa. The average

yield strength of the web, as obtained from coupons cut from specimens Gl, G2 and. G3, was

384 MPa, while the yield strength of the coupons cut from the web plates of specimens G4

to G8 was 434 MPa. A yield strength of 479 MPa, was obtained from a coupon cur from the

web of specimen G9. These results indicate that the 1000 mm and 1200 mm webs were cur

from different plates than the 800 mm web.

By comparing the mechanical properties listed in Table 3.5 to those specified by the

CAN/CSA-G40.21-M92 (1992) and the ASTM A607-90a (1990) Standards, it was found

that the flange plates were made of steel type CANiCSA-G40.2i-300W (equivalent to steel

type ASTM 11607 Grade 45). According to the ASTM A607-g0aStandard (1990), ir was

found that the web plates of specimens Gi, G2 and G3 may made of steel type ASTM A607

Grade 55, while the web plates of specimens G4 to G8 may made of steel type ASTM A607

Grade 60. Finally, the web of specimen G9 may made from steel type ASTM A607 Grade

65.

3.4 INSTRUMENTATION

The instrumentation used in the experimental investigation was designed to measure:

Ð the applied loads at the third points of the girders and the reaction forces at the end

supports;

the vertical displacements of the specimens and the end supports of the girders;

the lateral deformations of the specimens and the lateral supports; and

ü)

üi)
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iv) the strains in different sections and locations of the specimens.

3.4.L LoadMeasurements

The loads were applied through hydraulic jacks with capacities of 200 Ton (2000 kN) and

100 Ton (1000 kN), as shown in Figure 3.15. To monitor and control the applied loads and

to measure the reaction forces, the following pre-calibrated load cells were used, as shown

in Figures 3.15 and 3.16:

Ð a 200 Ton (2000 kN) capacity'Wagezelle-type 66load cell was used at the first point

of loading;

ä) a200 kip (900 kN) capacity Strain Sert compression flat load cell FL-200C-35 GK

was used at the second point of loading;

äi) a 200 kip (900 kN) capacity SR-4 type CXX load cell was used at the first end

support; and

iv) a2201<tp (1000 kN) capacity MTS-661.31A-02load cell was used at the second end

support.

3.4.2 Vertical Displacement Measurements

Linear Motion Transducers (LMTs), Linear Variable Differential Transducers (LVDTs) and

dial gages were used to measure the vertical displacement of the specimens at various

locations along their spans.

The LMT is a stainless steel cable attached to the moving object and the body of the

transducer, as shown in Figure 3.17. Extension of the cable rotates a spring loaded shaft,
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coupled to a sensing circuits. The constant force spring provides torque for cable retraction.

cable refraction velocity is limited by torque generated by the spring.

To monitor the vertical displacement and the rotation of the bottom flange

(compression flange), four LMTs with a range of 10 in. (500 mm), were clamped to the flange

edges. Two of these were located at the mid-span section of the specimen and the other two

were located at a distance o1375 mm from the mid-span section of the specimen (the quarter-

span section), as shown in Figure 3.I7, withthe exception of specimen Gl, where the LMTs

were located at a distance of 250 mm from the mid-span section.

Two LVDTs with arange of 2n. (51 mm), were also used . They were placed at the

mid-width points of the top flange (tension flange), as shown in Figure 3.I7 . To observe the

rotation of the tension flange a vertical dial gage with 2 in. (51 mm) range and 0.001 in.

(0.0254 mm) accuracy, was placed vertically at20 mmfrom the flange edge at the mid-

section of the specimen. In addition, similar two vertical dial gages were placed at the end

supports to measure the vertical movement of the end supports, as shown in Figure 3.18.

The instrumentation used for measuring the displacements and the sfains is shown

schematically in Figure 3.19.

3.4.3 Lateral Displacement Measurements

A series of 15 dial gages with a range of i in. (25.4mm) and accuracy of 0.001 in. (0.0254

mm), was used in each test to record the lateral displacements at various locations of the

specimen.

Five horizontal dial gages were placed along the web height at the mid-span section
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of the specimen, as shown in Figures 3.19 and 3.20. Four gages were placed along the web

height at a distance of 375 mm from the mid-span section. In addition, two horizontai dial

gages were used to measure the lateral displacement of the compression flange and the

tension flange at the mid-span section of the specimen.

A group of four dial gages was piaced horizontaily on both flanges very close to the

locations of the lateral supports, as shown in Figure 3.19, to monitor the lateral displacement

at these locations.

3.4.4 StrainMeasurements

To measure the longitudinal strains at the mid-span and the quarter-span sections, 20

electrical resistance sffain gages were used in each specimen. The sftain gages had 5 mm

gage length and I20 ohm resistance. The gages were mounted according to the specified

procedures. The locations, where the strain gages were to be mounted, were cleaned from

any rust, oil or grease prior to mounting, as shown in Figure 3.21.

A series of eight strain gages was placed along the web height at the mid-span section

of each specimen, as shown in Figure 3.19. They were placed on both the front and the back

of the web so that each pair measured the sfrain at the same point of the web. This

arrangement was adopted to monitor the membrane strains and to observe any web buckling.

Another series of six strain gages was placed along the web height at the quarter-span section

of each specimen, in a way similar to that used at the mid-span section.

At the mid-span section of each specimen, four strain gages were placed on both sides

of the compression flange, 20 mm from the edges, to record the strains and observe the
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buckling of this flange. Another two strain gages were placed on the top of the tension flange

at a distance of 20 mm from the edges.

Figure 3.19 shows, schematically, the locations of all stain gages used. These

location of the strain gages in specimen Gl was slightly different from the other specimens.

The decision to chânge the location was made after observing the results from the testing of

the first specimen G1.

The load cells, the LMTs, the LVDTs, and the strain gages were connected to a 50-

channel Data Acquisition System which monitored and recorded all data onto a hard drive of

a 286 PC Computer. The data was recorded at two seconds interval time. The readings

obtained from the dial gages were recorded manually at aload increment of 25 kN.

3.5 TEST SETUP

A great deal of effort and time was spent in designing and constructing the test setup. All

specimens were tested using the setup shown in Figures 3.22 and,3.23. The girders were

loaded upward at the third points by pushing the bottom flange (compression flange) up. The

girders were 4.5 m long. The actual specimens were 1.5 m long and were connected to stiffer

ends with 26 mmthick end plates. Each specimen was connected to the girder ends using

two groups of 12-I n. (25.4mm) diameter 4490-bolts, as shown in Figure 3.23. The girder

ends were designed to prevent failure during testing at these ends and also to be reused. All

bolted and welded connections were designed so that no failure in these parts couid take place

during testing.
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3.5.L Load Equipment

An Enerpac RR-2006 hydraulic jack of 200 Ton (2000 kN) capacity and 6.625 in. (i68 mm)

stroke range, was used at one loading-point. The jack reacted was placed against the

structural floor and load was applied to the bottom flange of the girder at the locations of the

end-plates. The loading was applied by an Enerpac hydraulic pump PAM1022. The

WagezelTe-type 66load cell was placed between the hydrautic jack and the girder, using two

0.75 in. (19 mm) plates, as shown in Figures 3.15(a) and3.23. A support consisting of two

plates and cylinder was welded to the top load-cell plate. The cylinder allowed the top plate

to be in full contact with the bottom flange of the girder and at the same time allowed the

girder to rotate at the loading point.

A group of three Enerpac RLC-1002 hydraulic jacks with acapacity of 100 Ton (1000

kl$ and sffoke range 2.25 in. (57 mm) each, was used to apply the load at the second third-

point, as shown in Figures 3.15(b) and 3.23. The jacks were placed on top of each others to

have a combined stroke range of 6.75 in. (171 mm). The three jacks were controlled by using

another hydraulic pump PANIL022, which was connected to the three jacks at the same time.

The Strain Sert compression flat FL-200C-35GK load cell, was placed at the top of the jacks

and the load was applied in the same way as that at the first point of loading.

To avoid any stress concentration and to allow for the rotation at the end supports,

additional plates and cylinders were welded to the top flanges of the girder ends. Load cells

were placed between these units and the supporting frames to measure the reaction forces,

as shown in Figures 3.16 and3.23.
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3.5.2 Supporting Frames

Two frames were consffucted to provide supports for the girder, as shown in Figures 3.24

and3.25. Each frame consisted of two columns and a rafter connected to the columns with

two 1 n. (25.4 mm) end plates. The rafter was connected to each column using 10-1 in.

(25.4 mm) 4490-bolts. Each column was welded to base plate. This base plate was then

connected to the sffuctural floor using four 1 in. (25.4 mm) presffessed dwyidag bars.

Each supporting frame provided the girder with lateral supports, as shown in Figures

3.24 and 3.25. Both the compression and the tension flanges were laterally supported.

Teflon sheets were placed between the supports and the girder to allow the girder to displace

vertically without friction.

3.5.3 Lateral-Supporting Frames

In addition to the lateral supports provided at the ends of the girder, lateral supports were

also placed at the loading positions, as shown inFigures 3.22 and3.26. Both top and bottom

flanges were supported. The supports consisted of columns located on both sides of the

girder and braced by back-to-back angles. The columns were welded to a base plate while

the back{o-back angles were connected to the column using a gusset plate and connected to

the structural floor using a base plate, as shown in Figure 3.26. The base plates were

connected to the structural floor using prestressed dwyidag bars with a diameter of I in. (25.4

mm).

Adþstable brackets were attached to each column, as shown in Figure 3.26, tobrace

the top and the bottom flanges of the girders. Teflon sheets, similar to those at the end
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support sections, were used to allow the girder to move with respect to the bracket supports.

3.6 TEST PROCEDURE

It took, approximately, two weeks to prepare and test each specimen.

3.6.L Specimen Preparation

The following procedure rvas followed in preparing each specimen for testing:

Ð The specimens were cleaned from rust.

ü) The dimensions of the specimens were measured, as discussed in Section 3.2.

üi) The specimens were positioned in the test setup using an overhead crane.

iv) The specimens were attached to the girder ends.

v) The specimens were levelled and aligned.

vi) The Teflon sheets were placed on the brackets to allow the girders to deflect

vertically.

vii) The locations of the instrumentation were marked.

vüi) A grid was marked on the web of each specimen to assist visual observation of the

buckling distortion.

ix) The strain gages were mounted at the desired locations, as shown in Figure 3.21.

x) The specimens were whitewashed.

xi) The imperfection of the flanges and the web were measured.

xü) All dial gages, LMTs and LVDTs were positioned at the desired locations using

magnetic bases and metal stands, as shown in Figure 3.17.
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xüÐ All instrumentation was connected to the Data Acquisition System.

3,6.2 Testing the Specimen

Each test started by adjusting the loading jacks so that contact with the bottom flange of the

girder was achieved. The load cells at the load positions and at the ends were checked. Initial

readings of all used instrumentation were then recorded.

The specimens were loaded using an increment load of 25 kN to allow for the readings

of the dial gages to be recorded. Readings were recorded at two seconds intervai time. The

readings of the dial gages were recorded manually. Visual observations were also made

during the test. The loads were controlled by using two hydraulic pumps, one for each point

of loading. Loading of the girders was terminated after the maximum load was achieved and

the recorded load was IÙVo below the maximum load achieved.

Once the recorded load started to drop, it was difficult to maintain load confrol. This

was due to the failure of the specimen.

The testing of seven specimens was videotaped.
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Table 3.1 Specified Dimensions of Specimens and Girder Ends*

Specimen
h

(mm)
wb

(mm) (mm) Ww bl2t
be de

(mm) (mm)
t

(mm)

G1

G2

G3

G4

G5

G6

G7

G8

G9

800

800

800

1000

1000

1000

t200

r200

t200

200

270

350

200

270

350

200

270

350

160

160

160

200

200

200

240

240

240

12.50

16.88

21.88

12.50

16.88

21.88

t2.50

16.88

21.88

5

5

5

5

5

5

5

5

5

8

8

8

8

8

8

8

8

8

270 816

270 816

350 816

270 1016

270 1016

350 1016

270 1216

270 1216

350 1216

Girder Ends t178 12 350 t9 9.2r 350 1216
*These 

dimensions are illustrated in Figure 3.2

98
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Table 3.2 Average Measured Dimensions of Specimens and Girder Ends

Specimen

Web

hw
(mm) (mm)

h/w

Compression Flange

bt
bl2t(mm) (mm)

Tension Flange

br
bl2t(mm) (mm)

G1

G2

G3

G4

G5

G6

G7

G8

G9

799.10 4.68 r70.7s

798.40 4.70 169.87

802.62 4.65 172.61

1000.50 4.68 213.78

1000.00 4.7r 2t2.3r

1000.00 4.70 212.77

1200.50 4.74 253.27

1200.00 4.67 256.96

1196.00 4.65 257.20

20L67 8.05 12.53

270.71 8.10 16.71

351.71 8.i3 21.63

20136 8.00 12.59

270.50 8.03 1.6.84

351.50 8.0s 2r.83

200.93 8.04 12.50

270.50 8.04 16.82

352.00 8.07 2r.8r

20L20 8.07 12.47

270.64 8.10 1,6.7r

351..78 8.08 21.77

201.18 8.03 12.53

270.50 8.03 16.84

351.50 8.07 21.78

20i.00 7.96 12.63

270.00 7.99 16.90

351.00 8.01 2r.91

Girder End 1

Girder End2

1177.88 12.56 93.78

1176.27 12.57 93.58

349.80 18.55 9.43

351,.40 1,8.77 9.36

350.83 18.57 9.45

350.00 t8.73 9.34
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Table 3.3 Dimensional Tolerances and Flanges Imperfection

c (mm).* z (mm)--*
Specimen

Md-Span Quarter-Span Top Flange Bottom Flange

G1

G2

G3

G4

G5

G6

G7

G8

G9

1.7

3.0

2.8

1.5

J.J

2.8

1.8

2.8

5.5

1.3

1.5

2.5

1.0

2.8

2.3

1.3

2.0

3.5

0.5

0.5

1.3

1.8

1.0

1.0

1.3

0.3

1.5

0.5

0.5

0.8

1.0

0.8

i.0

3.8

1.0

1.8

.c 
is sketched in Figure 3.3

**z 
is sketched in Figure 3.3

*According to the ANSVAWS Dl.1-88 Standard (1988), c andz
should be less or equal to 6.4mm
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Table 3.4 Maximum Web Imperfection

Specimen
^*

L:;
Aws Aw:-- 

csA-w59.*.
Clause 8.13.2 App. VI vet L rr Jl

G1

G2

G3

G4

G5

G6

G7

G8

G9

2.9

2.6

4.3

17.8

r4.5

17.7

20.4

20.t

20.9

10.0

10.0

10.0

t2.5

12.5

12.5

15.0

15.0

15.0

8.0

8.0

8.0

9.5

9.5

9.5

14.3

t4.3

1 1.1

8.0

8.0

10.0

12.0

10.0

10.0

16.0

16.0

12.0

.À 
is the maximum measured imperfection of the web as shown

in Figure 3.4
**Â* 

is the maximum allowable imperfection of the web
According to the ANSVAIVS Dl.1-88 Standard (1988) and the
CAN/CSA-W59-M89 Standard (1 9S9)***According 

to the CAN/CSA-V/59-M89 Standard (1989) rhese
values are not a mandatory part of the standard
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Tabie 3.5(a) Mechanical Properties of Coupons Cut from the Compression Flanges

Specimen
FF"

(MPa) (MPa)
ð

(Vo) lì
E

(GPa)

G1

G2*

G3

G4

G5

G6

G7

G8

G9

327

330

332

325

327

J5J

332

330

s06

512

522

505

511

510

509

510

2t.5

2r.5

22.5

22.5

22.0

21.0

23.0

0.289

0.308

0.3r7

0.290

0.284

0.313

0.306

235

Not Available

198

2rt

226

21r

204

221

212

21.5 0.282

Average Values

Standard Divisions

330

2.88

511

5.18

215

12.00

2r.9

0.68

0.299

0.014

*m.'This compression flange was distofted to obtain flat coupons
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Table 3.5(b) Mechanical Properties of Coupons Cut from the Tension Flanges

Specimen
Fy

(MPa)
F"

(MPa)
E

(GPa)
ð

(%;o)

G1

G2

G3

G4

G5

G6

G7

G8

G9-

JJJ

330

328

335

327

327

327

329

504

509

508

517

505

505

505

511

24.0

21.5

22.5

21.8

21.5

22.5

24.0

22.5

0.293

0.282

0.318

0.182.

0.293

0.295

0.293

0.270

220

215

239

207

227

2t2

214

t99

Not Available

Average Values

St¿ndard Divisions

330

3.02

508

4.38

216

t2.27

22.5

1.00

0.292

0.015

.This 
value was not considered
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Table 3.5(c) Mechanical Properties of Coupons Cut from the Webs

h
SDecrmen' (mm)

ô
(vo)

Fy

(MPa)
F"

(MPa)
E

(GPa)

G1

G2

G3

23r

218

212

465

469

468

381

388

382

20.0

21.0

22.0

0.294

0.218

0.265

Average Values

Ståndard Divisions

220

9.71

467

2.08

384

3.79

2t.0

1.00

0.279

0.0i5

G4

G5

G6

G7

G8

1000

1000

1000

1200

t200

432

437

440

432

430

507

503

503

489

492

224

209

2tr

208

224

18.0

18.0

17.0

19.0

22.5.

.0.282

0.240

0.280

0.260

0.293

Average Values

Standard Divisions

18.0

0.82

499

7.82

434

4.t5

215

8.1 1

0.266

0.02r

1200 479 527 0.281

.This 
value was considered
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Cross Section at A-A
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Elevation

Figure 3.2 Specified Dimensions of Specimens

(a) Warpage of Flange
(b) Variation Between Flange

and Web Centrelines

+
26 mm

I'a

Figure 3.3 Initial Distortion of Flange



Top HaIf of Specimens Gl to GB

Specimens G4 to G9 and the Bottom Half of Specimens G1 to GB

Quarter-Span Sections
of Specimens GL to GB

(a) Longitudinal Direction

Specimens G4 to G9 and Mid_Span
Sections of Specimens Gl to GB

(b) Transverse Direction

Figure 3.4 Yariations from Flatness of rested specimens webs
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(a) Coupon Cut from the Tension Flange of the Specimen

I

!-
(b) Coupon Cut from the Web of the Specimen

(c) Coupon Cut from the Compression Flange of the Specimen

Figure 3.5 Relative coupon Locations in their Respective plates
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Figure 3.6 Strain Gage Placed on the Tested Coupon in the Longitudinal Direction

't tl

., ì '-i,

Figure 3.7 Stain Gage Placed on the Tested Coupon in the Transverse Direction

60



Figure 3.8 MTS Extensometer Placed on a Tested Coupon

Figure 3.9 A Necked Coupon before Failure
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Figure 3.10(a) Typical stress-strain curve of a Tested coupon cut from the
Compression Flange of Specimen G4

Figure 3. 1 0(b) Regression Analysis and, 0 .2Vo Offset Method of a Tested Coupon
Cut from the Compression Flange of Specim en G4
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Figure 3.10(c) Typical Longitudinal-Transverse Strains of a Tested Coupon Cut
from the Compression Flange of Specimen G4
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Figure 3.11(a) Typical stress-Strain curve of a Tested coupon cut from the
Tension Flange of Specimen G4

Figure 3.1 1(b) Regression Analysis and 0.2Vo Offset Method of a Tested Coupon
Cut from the Tension Flange of Specimen G4
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ou = 509 MPa
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Figure 3.12(a) Typical stress-strain curve of a Tesred coupon cut from the
Compression Flange of Specimen G8

Figure 3.12(b) Regression Analysis and,0.2Vo Offset Method of a Tested Coupon
Cut from the Compression Flange of Specimen Gg
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u = 507 MPa
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Figure 3.13(a) Typical Sness-snain curve of a Tested coupon cut from the
V/eb of Specimen G4

Figure 3.13(b) Regression Analysis and.0.2Vo Offset Method of a Tested Coupon
Cut from the Web of Specimen G4
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Figure 3.14(a) Typical stress-Snain curve of a Tested coupon cut from the
Web of Specimen G8

Figure 3.14(b) Regression Analysis and0.2Vo Offset Method of a Tested Coupon
Cut from the Web of Specimen Gg
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Figure 3.76 Load Cell Placed at the End-Support Section

Figure 3.17 LMTs and LVDTs Placed on the Specimen before Testing
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Figure 3.18 Dial Gage Placed at the End-Support Section
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Figure 3.20 Dial Gages Placed Horizontally at the Mid-Span Section
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Figure 3.21 Strain Gages Mounted on the Specimen
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Figure 3.22 Test Setup
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Figure 3.25 End-Supporting Frame
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CHAPTER 4

DISCUSSION OF THE EXPERIMENTAL RESULTS

4.1 INTRODUCTION

h this chapter, the behaviour of the tested specimens is analyzed and the experimental results

are discussed. These include:

Ð the vertical deflections of the tested specimens;

ü) the lateral displacements of the webs; and

üi) the strains at mid-span and quarter-span sections.

Due to the large amount of data collected, the discussion will focus on three typical

specimens, one for each range of the flange to width-to-thickness ratios (blzt) and each range

of the web height-to-thickness ratios (Uw). More specifically, specimen G2 was chosen to

represent the low values of bl2tratio and the intermediate values of the h/w ratio, specimen

G4 was chosen to represent the intermediate values of bl2tratio and the low values of h/w

ratio, and specimen G9 was chosen to represent the high values of bl2tratio and h/w ratio.

In addition, the compression flange of each of these specimens buckled forming a different

mode, which provides another aspect of the experimental results.

The results from the other tested specimens are presented in the appendices.



4.2 VERTICAL DEFLECTION

Two sets of LMTs and LVDTs were used to monitor the vertical deflections of each tested

specimen. The first set was placed at mid-span section, while the second was placed at

quarter-span section, as described in Chapter 3. The vertical deflections at mid-flange point

of the tension flange were monitored using two LVDTs identified asL3 atmid-span section

and as L6 at quarter-span section of the specimen, as shown in Figure 3.19. The deflections

at these points were obtained by computing the difference between the LVDT readings and

the vertical deflection readings at the end supports of the girder. Typical load-deflection

curves at mid-span and at quarter-span sections of specimen s G2, G4 and G9, are presented

in Figures 4.1to 4.3, respectively.

The vertical deflections of the compression flange were monitored by LMTs located

at the edges of both the mid-span and the quarter-span sections. Two LMT3 were used at

each section in order to compute the rotation of the compression flange. The vertical

deflections were obtained in the same way as that used in computing the vertical deflections

of the tension flanges. The results are also shown in Figures 4.I to 4.3 for specimens GZ, G4

and G9, respectively.

Specímen G2

A linear behaviour was observed for the load-deflection curves for LVDT L3, until a ioad p

: 173 kN was reached, as shown in Figure 4.1. This corresponds to p/pu: 0.503 and p/p,

: 0.351, where P" and P, are the failure (ultimate) and the yielding loads, respectively. Then

nonlinear behaviour was observed until failure occurred. The same change in behaviour was
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observed at aload of 124 kN for LVDT L6. This load corresponds to P/P": 0.361 and,plp,

:0.252. Table 4.1 lists the levels of load or moment, as a function of the ultimate moment

capacity of the tested specimens, where the change in behaviour, from linear to nonlinear,

took a place.

Sfecìmen G4

During testing, a sudden change in the web profile was observed in specimen G4 as it changed

its profile in the transverse direction from a half sine-wave to a sine-wave pattern. This

sudden change in profile was accompanied by a loud noise and was observed at an applied

load of 20 kN. This reversal of the web profile could explain the change in the slope of the

load-deflection curves shown in Figure 4.2 at this load level. The same behaviour was

obtained during the testing of specimens Gl, G3 and G8 at load levels of 170,36 and 305 kN,

respectiveþ.

A linear behaviour is observed in the load-deflection curves for LVDTs L3 and.L6

up to a load of 298 kN, as shown in Figure 4.2. This level corresponds to p/p" : 0.jj3 and,

P/Py:0.565, as listed in Table 4.1.

Sfecímen G9

As evident in Figure 4.3(a),linear behaviour of the load-deflection curve for LVDT L3 was

observed until an applied load of 568 kN was reached, which corresponds to p/p" : 0.878 and

P/Py: 0.577, then nonlinear behaviour was observed until failure was reached. This change

in behaviour was also noticed at load level of 497 kN for LVDT L6, which corresponds to
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P/Pu: 0.769, and P/Py: 0.505.

The load-deflection curves of the other tested specimens are presented in Appendix

A. The change in behaviour of the vertical deflection at mid-span sections took place when

the P/ft ratios ranged from 0.750 to 0.936 for specimens G3 to G9, as listed in Table 4.1.

The lower P/P" ratios obtained for specimens Gl andG2 were due to the buckling mode of

these two specimens at failure. In these specimens, the compression flange and the adjacent

portion of web buckled forming a one and a half sine-waves, sketched in Figure  .4(a),while

these of the other tested specimens either buckled forming a sine-wave or a haif sine-wave,

as sketched in Figures 4.4(b) and 4.4(c),respectively.

4.2.1 Rotation of Compression Flange

The rotation of compression flange (0) about its longitudinal axis was obtained from the

deflectionreadings of LMTs Ll and L2 atthe mid-span section and LMTs L4 and,L5 at the

quarter-span section of each specimen. Typical curves of this rotation, as a function of the

applied moment at the mid-span and the quarter-span sections, are presented in Figures 4.5

to 4.7 for specimens G2, G4 and G9, respectively. The results are discussed below.

Sfecirnen G2

As shown in Figure 4.5, the rotation angle of the compression flange increased gradually at

a low rate until an applied moment (M) of 222k<N.mat mid-span section and.446kN.m at

quarter-span section was reached. These moment levels correspond to IM/M' : 0.430 and

0.866 at mid-span and quarter-spãl, respectively, and lvf/M, : 0.300 and 0.603, respectively,
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where I\4 and lvl *" the ultimate (faiture) and the yielding moments.

Comparing the results in Figure a.5@) to these in Figure 4.5(b), it was noticed that

the rate of increase of the rotation angle at quarter-span section was higher than that at the

mid-span section up to the point where nonlinear behaviour began. After this load, the rate

of increase was higher at the mid-span section than that at the quarter-span section and

failure took place at the mid-span section of this specimen.

The rotation of the compression flange at the mid-span section was in the opposite

direction to those at the quarter-span sections due to the fact that the compression flange and

the adjacent portion of the web buckled in a one and a half sine-waves pattern, as shown in

Figure 4.8.

Specímen G4

A nonlinear relationship between the rotation angle of the compression flange and the applied

bending moment was observed at the mid-span section of specimenG4, as shown in Figure

4.6@). While a linear relationship at the quarter-span section was observed until an applied

moment of 300 kN.m was reached, as shown in Figure 4.6(b),which corresponds to lvl/M"

: 0.519 and lvf/M, :0.379, as listed in Table 4.1.

The linear behaviour was not observed at the mid-span section of this specimen

because of the initial-imperfection shape (mode) of the web, which caused the sudden change

in the web profile as discussed earlier. The same behaviour was observed at the mid-span and

the quarter-span sections of specimen G3.

When the compression flange reached the ultimate moment capacity (M"), the rotation
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at the quarter-span section of the specimen continue to increase without any additional load

applied, as shown in Figure 4.6(b). This was due to the fact that failure of this specimen had

occurred at or very close to the quarter-span section of the specimen, as shown in Figure 4.9.

Specírnen G9

The nonlinear relationship of the moment-rotation of the compression flange started when the

applied moment reached 431 kN.m at the mid-span section and 506 kN.m at the quarter-span

section of specimen G9. These values correspond to \ûM" :0.444 and0.52L,respectively,

and l#Na, :0.292 and0.343, respectively. In this specimen, the compression flange buckled

in a half sine-wave mode, as shown in Figure 4.10.

In all specimens, it was observed that the compression flange began to rotate from the

onset of first load and continued in a gradual manner until failure took place. Except for the

sudden change in the web profile in specimens Gl, G3, G4 and G8, no sudden change in

behaviour was observed. The maximum rotation angle of the compression flanges was

smaller than 5o at both the mid-span and the quarter-span sections when failure took place,

as shown in Figures 4.5 and 4.6, exceptfor specimen G9 where the angle of rotation was 10o

at failure. The compression flange and the adjacent web portion buckled in a half sine-wave

pattern, as shown in Figures 4.10. This buckling mode allowed the compression flange to

rotate with higher rate and value than these of the other specimens, which buckled in different

patterns.

In all specimens, except specimens G3 and G4, the range of Ivl/M" ratio, where the

change in behaviour from linear to nonlinear took place, was between 0.331 to 0,537 at the
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mid-span sections. These moment levels, which may reflect local buckling and the beginning

of postbuckling behaviour of the compression flanges, are affected by:

Ð the flange width-to-thickness ratio (bl2t) as well as the web height-to-thickness rario

(h/w); and

ü) the initial imperfection shape (mode) of the web.

4.2.2 Rotation of Tension Flange

Typical curves of the rotation of the tension flange at mid-span section, as a function of the

applied moment, are presented in Figures 4.1 1 to 4.I3 for specimens G2, G4 and G9,

respectively. These rotations were obtained from the deflection readings of LVDT L3,

located at the mid-flange point, and those of dial gage D8, located at the edge of the flange.

In all specimens, small rotations of the tension flange were observed, as shown in Figure 4. 1 4.

These rotations were less than 3o, as shown in Figures 4.II to 4.I3.

The sudden change in the web profile in specimen G4, shown in Figure 4.IZ,had, a

greater effect on the rotation of the tension flange than on the rotation of the compression

flange because the lateral deformation of the web recorded in the tension region was larger

than that recorded in the compression region of the web.

4.3 LATERAL DISPLACEMENT OF \ryBB

Two groups of dial gages were placed along the depth of the web at mid-span and quarter-

span sections of each specimen. kritiai readings were taken to establish the initial

imperfection of the web, as discussed in Chapter 3. The largest initial out-of-straightness
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(initial imperfection) values of the web are listed in Tabie 3.4 and, the modes of this

imperfection are sketched in Figure 3.4. These initiai imperfections for the webs in the

transverse direction at both the mid-span and the quarter-span sections of specimens G2, G4

and G9 are shown in Figures 4.I5 to 4.17 as the deflection coffesponding to an N{/Mu ratio

equal to zero. These figures also show the web profiles at different moment levels.

The lateral displacement curves of the webs are shown in Figures 4.18 to 4.20 for

specimens G2, G4 and G9, respectively, as a function of the applied moment. A discussion

of the lateral-displacement results for the web specimens is presented in the following

sections.

Sîecímen G2

The initial out-of-straightness of the web of this specimen was in the form of a half sine-wave,

in the transverse direction. However, once the load was applied, the web started to deflect

lateralTy, in a gradual manner, towards a sine-wave pattern at mid-span section, until faiiure

was reached, as shown in Figure a.Ií(a).

A linear behaviour of the lateral displacement of the web versus the applied moment

was observed until an applied moment of 259 kN.m was reached at mid-span section. Then

a nonlinear behaviour was observed, as shown in Figure 4.18(a). The moment of 259 kN.m,

which corresponds to IW\4" - 0.502 and iWM, : 0.348, may reflect the limit at which the

postbuckling strength of the web started to take place.

The maximum recorded lateral dispiacement of the web was 6.73 mmat a height of

190 mm from the compression flange at mid-span.
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Specímen G4

As discussed eatlier, a sudden change in the web profile occurred when the applied moment

was 30 kN.rn This level conesponds to NÍI\A: 0.05. This can be noticed by comparing the

web profiles at M/lvlu : 0 and at lv{/l{, : 0.06 in Figure 4.16. As shown in this figure, the

web profile suddenly changed from a half sine-wave to a sine-wave pattem, in the transverse

direction.

At higher loads, the web tried to recover from this sudden change in its profile and

gradually returned to the original haif sine-wave pattem, as shown in Figure 4.16.

The maximumrecorded lateraldisplacement of the web was 13.51 mm at a height of

2¿û mm from the compression flange at quarter-span, as shown in Figure 4.19.

Sfecímen G9

As shown in Figure 4.17, the initial out-of-straightness of the web was in the form of half

sine-wave in the transverse direction. The web deflected laterally, in a gradual manner, once

the load was applied into the sine-wave form, as shown in Figure 4.17.

The maximum recorded lateral displacement of the web was 19.86 mm at a height of

290 mm from the compression flange at mid-span, as shown in Figure 4.20.

Due to the high values of initial out-of-sftaightness of the webs of specimens G4 to

G9, the linear behaviour of the lateral displacement was not observed. Instead, nonlinear

behaviour of these lateral displacement took place from the beginning. The same behaviour

was observed for the lateral displacement of the web of specimen Gl because of the initiat

imperfection shape (mode) of the web which also caused the sudden change in the web profile

88



as discussed earlier.

4.3.L Web-Flange Angle

The angle between the web and the flanges (a) was plotted as a function of the applied

moment in Figures 4.21 to 4.23, for both the mid-span and the quarter-span sections of

specimens G2, G4 and G9, respectively. Theoretically, this angle is supposed to be 90o and

stay constant if there is no relative distortion between the flanges and the web. As shown in

these figures, the maximum distortion of this angle from 90o atfailure was 6o. It occurred in

the compression side at mid-span section of specimen G9.

The sudden change in the web profile had aftected the web-flange angle in the tension

side of specimen G4 atmid-span section. At the same time, the maximum distortion of the

web-flange angle had occurred due to this sudden changes in the web profile did not exceed

30.

4.4 STRAIN DISTRIBUTION

To evaluate the strain distribution along the depth and along the span of the specimen, 20

electrical resistance strain gages were mounted on the web and on the flanges at mid-span and

at quarter-span of each tested specimen. As discussed in Section3.4.4, the strain gages were

placed in pairs, one on either side of each plate, to monitor the plate bending strains, except

for the strain gages on the tension flange which were placed on one side only.

The strain disftibution along the depth of the sections at mid-span and at quarter-span

sections of the specimens, are presented in Figure s 4.24 to 4.26 for specimens G2, G4 and
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G9, respectively. The membrane sfrains were computed by averaging the results obtained

from each pair of strain gages. The strain distribution for each specimen was plotted for

various moment levels including the moment at failure. The strain distribution according to

the beam theory at failure is also presented in these figures.

The strain distributions presented in these figures show that the stains over one-

quarter of the web, þst below the mid-height point were very small and in some, small values

of tensile strains were observed in these areas instead of compressive strains. Consequently,

the compressive strains at the compression flange, except for specimen G9, were considerably

higher than those obtained by the beam theory. However, the sfrains of the top half of the

webs and in the tension flanges were very close to those predicted by the beam theory.

From the sfain distributions, shown in Figures 4.24 to 4.27, and. the lateral

displacements, shown in Figures 4.I5 to 4.17 for specimens G2, G4 and G9, respectively, it

may tle observed that the compression portions of webs that had least strains were those with

highest lateral-displacement values. These high values of lateral displacement reduced the

stiffness, which may result in a reduction in their capability to resist the applied bending

moment, which may lead to these low values of the strains at these portions of the web.

The strain curves at mid-span and quarter-span sections of specimenG2, as a function

of the applied moment, are presented in Figures 4.27 to 4.30. The stains predicted by beam

theory are also shown in these figures. The web bending strains observed by each back-to-

back pair of strain gages as well as their average values (membrane strains) at the mid-span

and the quarter-span sections are shown in Figure 4.27 and, 4.28, respectiveiy, while the

strains for the compression and the tension flanges are presented in Figure s 4.29 and, 4.30,
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respectively. Comparing the strain results of the compression flange in Figure 4.29(a) to

those in Figure 4.29(b), the strains at S17 and S18 locations were increased as the applied

moment was increased with a lower rate than that at S19 and S20locations. This resulted

from the rotation of the compression flange, which caused vertical deflection at S i 7 and S 1 8

locations in the opposite direction of the initial warpage of the flange, while it caused a

vertical deflection in the direction of this warpage at S19 and S20 iocations.

The strain results, as a function of the applied moment, at mid-span and quarter span

sections for the web of specimen G4 are presented in Figures 4.3I and,4.32, while these

results for the compression and the tension flanges are presented in Figures 4.33 and.4.34.

Due to the sudden change in the web profile, from half sine-wave to sine-wave pattern at a

moment of 30 kN.m, a horizontal shift in these strain readings was recorded, as shown in

Figures 4.3I to 4.34. At the same time, it had an insignificant effect on the membrane strains.

'When the web buckled, the bending resistance contribution provided by the compression

flange increased as indicated by the rate of increase of the strains in the compression flange

shown in Figure 4.33(c).

The strain results versus the applied moment are shown in Figures 4.35 and, 4.36 for

the web of specimen G9 at mid-span and quarter-span sections, respectively. Figures 4.37

and 4.38 presents the sfrain results of the compression and the tension flanges, respectively.

As evident in these figures, the bending strains in the web were very small, while these sfains

in the compression flange were high, especially when the specimen was close to failure. This

may indicate that the failure of this specimen was due to the distortion of the compression

flange and the adjacent portion of the web.
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In all specimens, no sudden change in the strains was observed at the criticalbuckling

moment of the web or the compression flange.

4.5 FAILURE MODE

In all specimens, the failure was due to the distortion of the compression flange. The

compression flange started to distort and rotate gradually once a moment was applied. In

Figure 4.39,the rotation of the compression flange of specimen G9 at a moment of 450 kN.m

(ivllvf :0.464) and at a moment of 825 kN.m (M/M" : 0.858), is shown. As evident in rhis

figure, once the load was applied the flange buckled forming a half sine-wave, as shown in

Figure 4.10, and sketched in Figure a.4@). The web also buckled forming a half sine-wave,

longitudinally and transversely.

As evident in Figure 4.4O,the compression flange of specimen G8 started to rotate,

in a gradual trìztruter, forming a sine-wave, once the moment was applied and until failure was

reached, as shown in Figure aÁÙ@). The top portion of the web has buckled, iongitudinally,

in a half sine-wave pattern, while its bottom portion has buckled in a sine-wave pattern.

Transversel¡ a portion of the web buckled in a half sine-wave pattern, as sketched in Figure

4.41(b), and the other portion has buckled forming a sine-wave, as sketched in Figure a.4l(a).

The yield-line pattem, shown in Figure 4.41, ß distinguishing between the two portions. This

mode of failure was typical of those observed in testing specimens G3 to G7.

The distorted compression flange of specimen G2 at failure is shown in Figure 4.8.

This compression flange and the bottom portion of the web buckled, longitudinally, forming

a one and a half sine-waves, as sketched in Figure 4.a@). At the same time, the top portion
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of the web buckled, longitudinally, forming a half sine-wave. Transversely, the centre portion

of the web buckled forming a half sine-wave, as sketched in Figure 4.41(b) while the end

portions buckled forming a sine-wave, as sketched in Figure 4.41(a). This also was the

typical failure mode of specimen Gl.
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Table 4.1 Linear Behaviour Limits

e-^^ì*^*
Vertical Deflection Rotation of Comp. Fl. LateralDisp. of V/eb

Mid-Span Quarter-Span Mid-Span Quarter-Span Mid-Span Quarter-Span

G1

G2

G3

G4

G5

G6

G7

G8

G9

0.638

0.503

0.750

0.773

0.855

0.872

0.823

0.936

0.878

0.638

0.361

0.786

0.773

0.482

0.783

0.823

0.936

0.769

0"486

0.430

0.427

0.455

0.331

0.537

0.444

0.819

0.868

0.519

0.482

0.502

0.331

0.537

0.522

0.502

0.505 0.628

-Nonlinear 
behaviour started at zero moment
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Figure 4.8 Rot¿ted Compression Flange of Specimen G2 at Failure

Figure 4.9 Rotated Compression Flange of Specimen G4 at Failure
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Figure 4.10 Rotated Compression Flange of Specimen G9 at Faiiure
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(a) at 450 kN.m Applied Moment

(b) at 825 kN.m Appiied Moment
Figure 4.39 Specimen G9 Compression-Flange During Testing
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(c) at Failure
Figure 4.40 Specimen G8 Compression-Flange During Testing
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5.1

CI{APTER 5

FINITE ELEMENT A¡{ALYSIS

INTRODUCTION

As evident, none of the discussed techniques in Section2.5 dealtin depth with the problem

of laterally-supported slender plate girders subjected to bending about the major axis. This

has led many standards and specifications to recommend or specify that the design of such

type of girders may or should be according to the Cold-Formed Steel Structures Members

st¿ndards or specifications.

In the current study, the finite element method was used to develop a model which

could be used adequately in simulating the behaviour of such girders subjected to bending

moment about the major axis. The postbuckling behaviour was also included in the analysis.

Eight-node quadrilateral and six-node triangular shell elements were used in the finite

element model, each node had six degrees of freedom. One of the reasons of using these shell

elements in the model was their capability to represent deformed plates which made the

simulation of initially imperfected plates possible. Due to the nonlinearity of the postbuckling

behaviour, the Newton-Raphson iterative method was used and the load was applied in

increments. A bilinear elasto-plastic stress-sftain response of the material was used in the

analysis. The effects of the residual stresses were not included in this model for the following



reasons:

Ð The effects of residual stressos are more pronounced in stockier plates where overall

yielding of the plates governs. For slender plates, practical levels of geometrical

imperfections tend to mask the effects of residual sffesses (Dubas and Gheri, editors,

1986).

ü) The component plates of the tested specimens were bumed mechanically and cut to

size, as mentioned in Chapter 3. This process produced longitudinal residual stresses

in the opposite dfuection of those stresses produced by welding the plates, especialiy

in the flange plates.

In addition to these reasons, there was a difficulty of determining the actual dístribution of the

residual stresses along the cross sections of the tested specimens, and as will be discussed

later in this chapter the finite element model results were in excellent agreement with the

obtained test results.

Newtonian approach was adopted for the nonlinear analysis using the ANSYS finite

element program (Swanson Analysis Systems, Inc., 1992). The main objectives of modetling

the problem using the fînite element method were as follows:

to ascertain the validity of the model by comparing its ultimate moment capacities to

those obtained experimentally with a special emphasis to the corelation between the

longitudinal stress and strain distributions obtained theoretically and experimentally.

to extend the range of the study, once the validity of the model was verified, to

perform a parametric study, which could lead to develop a design model for such

girders.

ü)
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5.2 QUADRILATERAL AND TRIANGULAR SHELL BLEMENTS

As mentioned before, the slender plate girders were modelled, in this study, using

quadrilateral and triangular shell elements. The quadrilateral shell element had eight nodes,

four-comer nodes and four-mid-side nodes, while the triangular shell element had six nodes,

three-corner nodes and three-mid-side nodes, as shown in Figure 5.1. Each node had six

degrees of freedom, translations (u*, ur, and u, ) in the nodal X, Y and Z directions,

respectively, and rotations (RoÇ, Rot, and Rot, ) about the nodal X, Y and Z axes,

respectively.

These shell elements lvere used to construct the finite element model because of their

capability to:

Ð include the initial imperfection of plates in the model geomeffy;

ü) account for plasticity, stress stiffening, large deflection and large stains in the analysis;

and

üi) handle the membrane as well as the bending stresses and strains in the process.

In addition, these elements could be used in modeiling variable thickness plates by introducing

different thicknesses at the element corner-nodes. The thicknesses at mid-side nodes were

taken as the average of the corresponding corner-nodes. Over the area of the element, the

thickness was varied smoothly.

To adopt nonlinear behaviour of the material in the stiffness matrix of the shell

element, five through{he-thickness integration points were used, while only two through-the-

thickness integration points were used for the linear material behaviour. Moreover, for in-

plane analysß,2x2 integration points were used for the quadrilateral shell element, whiie only
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three integration points were used for the triangular shell element.

5.3 SOURCES OF NONLINEARITY

Because of the nonlinearity of the postbuckling behaviour problem, two major sources of

nonlinearity were taken into account in the current study, the material and the geometric

nonlinearity. The nonlinearity due to the flexibility of the connections between the tested

specimens and the girder ends was not included in the analysis since these connections were

designed to be as rigid as possible and no significant deformations, in these connection

regions, were noticed during testing.

An elasto-plastic behaviour was used due to the localized nature of failure, which

occurs immediately after local plastification (Klayanaraman and Pekö2, 1978). This type of

failure was also observed in the specimens tested in this study as evident in Figure 4.40, where

local plastification in the compression flange caused the failure of specimen G8. Moreover,

the moment-strain curves, presented in Chapter 4, show sudden increase in the longitudinal

strains at and close to failure, as shown in Figure 4.35(a) for example.

It has been recognized that the critical buckling load of a plate is not a satisfactory

measure of plate strength for design pulpose. There are several important parameters that

severely modiff the critical buckling behaviour of an ideali zed, pLate. The most important of

these are probably the effect of initial geometric and material imperfections, the effect of

plasticity and the effect of postbuckling stability. In order to investigate the true collapse

behaviour a of a plate it is necessary to extend the small deflection plate equation to include

the effect of out-of-plane deformation on the in-plane stress state of the plate. This essentially
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means the inclusion of the large deflection plate membrane actions resulting from stretching

of the mid-plane of the plate (Dubas and Gehri, ed., 1986).

As discussed in Chapters 3 and 4, the values of the initial imperfections of the

components plates of the specimens were in the order of the magnitude of the plate thickness,

thus nonlinear behaviour of the transverse deflections was observed from the onset of loading.

Moreover the measured transverse deflections of the component plates of the specimens

reached, in many specimens, 4 times the plate thickness. Due to these reasons, the nonlinear

geometrical analysis was considered in the theoretical study.

In the nonlinear buckling analysis, the ANSYS program uses an incremental procedure

based on the Newton-Raphson method, in which a series of linear iterations converges to the

actual nonlinear solution, as shown in Figure 5.2. The solution is converged only if the

change from one iteration to the next one is insignificant. The ANSYS program has the

capability to include the snapthrough in the nonlinear buckling analysis, where the sffucture

reaches a second stable state after buckling if the load continues to increase.

5.3.1. MaterialNonlinearity

'When the stresses are not proportional to the strains, the material nonlinearity probiem exists.

The ANSYS program can simulate both nonlinear sffess-sffain relationships, plasticity and

nonlinear elasticity. This is accomplished by using an incremental procedure based on the

Newton-Raphson method, in which a series of linear iterations converges to the actual

nonlinear solution. The stiffness matrix is updated ateach equilibrium iteration to form the

tangent stiffness maffix.
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The Newton-Raphson equation can be presented as follows:

[",](Lu)=(n.)-(r-) (s.i)

where,

Krl : tangent stiffness matrix;

(Au) : nodal displacement increment vector;

G) : vector of applied load; and

(F*) : vector of restoring loads corresponding to the element internal load.

Using the incremental Newton-Raphson method, higher accuracy can be achieved compared

to the other iterative procedures.

The ANSYS program accounts for three concepts in the plastic behaviour of the

material, the yield criterion, the flow rule and the hardening law. The yield criterion is

considered by computing a single equivalent stress. The von Mises criterion is used to predict

the yield as follows:

(s.2)

where,

o* : single equivalent stress; and

oy o2, 03 : principle sfesses.

The yielding begins when the single equivalent sfress (o*) reaches the uniaxial yield strength

F)'
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The flow rule is used to predict the direction in which the yielding will occur and it

is associated with the von Mises yield criterion so that the plastic strains occur in a direction

normal to the yield surface. The associated flow rule is based on the Prandtl-Reuss flow

equation:

(a"') = x( (s.3)

where,

: plastic multiplier determining the amount of plastic sftaining; and

: function of stress termed the plastic potential determining the direction of

plastic straining.

Once the material has been loaded into its plastic range, hardening laws determine how the

material's yield surface is changed. The ANSYS program uses two kinds of hardening laws,

isotropic (work) hardening and kinematic hardening. In the isotropic hardening, the yield

surface expands the same in all directions and implies that an increase in the tensile yield

stress causes an increase in the compressive yield sffess. The kinematic hardening predicts

an increase in the tensile stress accomplished with a decrease in the compressive yield stress.

Therefore, the material which was initially isotropic wili become anisoffopic after yielding

(Bauschinger effect), which is more realistic, especially for metals.

In the cuffent study, the classical bilinear kinematic hardening procedure was used in

the finite element model to simulate the material response of the component plates of the

tested specimens taking into account the von Mises criterion, the Prandtl-Reuss flow equation

and the kinematic hardening effects. A tangent modulus (E ) equal to zero was used in this

ao\
a")

)t

a
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procedure to simulate the elasto-perfect-plastic response of the material. Since the end

girders were designed such that no failure could take aplacein their regions, a linear material

response was used to simulate the material behaviour of their component plates.

Figure 5.3 shows the elasto-perfect-plastic behaviour of the material used in the

current study to simulate the material behaviour of the component plates of the tested

specimens' The mechanical properties obtained from the standard tension coupons, listed in

Table 3'5, such as yield strength Gr), elastic modulus (E) and poisson,s ratio (¡r), besides

shear modulus (G) were used to identify the material behaviour of the specimen component

plates. The shear modulus (G) was calcuiated from the following equation:

E(r = --
2(1 +P) (s.4)

5.3.2 Geometric NonlÍnearity

The geometric nonlinearties should be taken into account in the analysis if the change in the

structure displacement is significant. As the sfructure deflects, the large deflection results in

a change in the element orientation and consequently a change in the element stiffness mafix.

The ANSYS program deals with the large deflection problem by updating the element

orientation as the structure deflects. In addition, due to this effect of the large deflection on

the stiffness of the element, an iterative method was used to evaluate the change in the

stiffness matrix at each iteration. This iterative method, as mentioned before, is based on

increment¿l Newton-Raphson procedure, which depends on updating the tangent stifftress

matrix as follows:
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I K ],-, ( Ãu )¡ = (Fo ) - (r* ),_, (s.5)

where,

[K]i-t : deformed stifftress matrix resulted from the deformed geometry of iteration

(i- 1 );

(Au), : nodâl displacement increment vector such that:

(u)i= @)¡t+ (A,u),

(u)t-t : displacement vector resulted from iteration (i-1);

(u), : displacement vector at the current iteration (i);

(F) : applied load vector; and

(F*)t-t : load vector based on the displacement resulted from iteration (i-1).

The large deflection concept assumes that the rotations are large but the mechanical strains,

which cause the stresses, a¡e small. At the same time, the sfress state of the structure is used

by the ANSYS program to calculate a stiffness matrix [S], which is added to the normai

stiffness matrix [K]:

ltrf .tsl] @) = ( Fa ) (s.6)

where,

ttKl+tsll : tangenr stiffness based on deformed geomeûy;

(u) : displacement vector; and

tr) : applied load vector.
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5.4 FINITE ELEMENT MODEL

The main objective of developing this finite element model was to simulate

behaviour of slender plate girders subjected to bending by incorporating all

the

the

actual

nodes,

elements, material properties, dimensions and boundary conditions, in addition to a suit¿ble

analysis method. The following sections present these steps which were used in generating

the finite element model.

5.4.1 Solid Modeiling

The geometric boundaries of the girder such as flange width, web height, specimen and girder

lengths, etc., should be defined as the first step in solid modelling. To simulate the tested

specimens geometric boundaries, key points were used to define the corners of the plates in

the cartesian coordinates. The main advantage of using such key points was their capability

to represent easily the imperfect shapes of the plates. Then lines were generated by the

ANSYS program to fit these keypoints using cubic spline technique, as shown in Figure 5.4.

Moreover, a surface was also generated to fit these lines using the same cubic spline technique

to form the imperfect surface of the plate. The initial imperfection values of the tested

specimens were obtained from the laboratory, as described in chapter 3.

The end girders'plates (web, flanges and stiffeners) were simulated using perfect

rectangular plates. The average measured dimensions of these plates and the component

plates of the tested specimens, as listed in Table 3.2, wereused in this model.
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5.4.2 Discretization process

once the geometric shape of the plates was set, a glue command was used to connect these

plates at their conjunction lines. The purpose of using this glue command was to create

common nodes for these plates along their conjunction lines. Then the discreti zationprocess

subdivided the structure into an equivalent finite elements system. As known, refining the

finite element mesh leads to more accurate results, but it may lead to an expensive process.

To minimize this problem fine mesh was used in the regions of the model where failure was

expected to take a place, more specifically in the compression flange and the adjacent region

of the web of the tested specimens. Gradually the finite element mesh became coarse in two

directions, towards the tension flange and the end support section of the girder. This was

accomplished by speciffing the size of elements in each plate,as shown in Figure 5.5, which

presents the generated finite element mesh of specimen G9 (553 element and 166g node).

Figure 5.6 shows a computer generated plot of the finite element model of the tested

specimen G3 which had dimensions (flange width, web height or both) less than those of the

girder ends"

5.4.3 Boundary Conditions and Applied Load

only one-half of the girder was modelled using the advantage of symmeûry about the mid-

span section' Three degrees of freedom were restrained for all nodes at thatsection, the

translations in the longitudinal direction Z (IJ,:0) and the rotations about both X and y axes

(Roç: 0 and RoÇ: 0).

The tanslation in the Y-direction was resftained along a line at the end-support
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section to simulate the vertical support of the girder, as shown in Figure 5.4. Finally the

translation in the X-direction of the top and the bottom flanges was restrained at both the end-

support and the loaded sections to simulate the lateral supports, as shown in Figure 5.4.

A line load was used to push the bottom flange at the end-plate section of the girder

end to simulate the applied load, as shown in Figure 5.4.

5.4.4 Model Analysis

Last step before processing the data using the generated finite element model was to define

the type of analysis. In the current study, nonlinear buckling analysis was used, taking into

account both the nonlinear response of the material and the nonlinear geometric behaviour

of the structure, as discussed earlier in this chapter.

The wavefront (frontal solution) procedure as discussed by Irons (lg1¡)and Melosh

and Bamford (1969), was used by the ANSYS program to solve a system of simultaneous

linear equations developed by the finite erement model.

To determine the ultimate load of the modelled girder, one load step was specified.

This load step was automatically divided into unequal substeps searching for the ultimate

load' The range of each substep was determined by the program depending on the behaviour

of the girder in the previous substep. At the end of each substep, the program adjusted the

stififtress matrix to reflect the nonlinear changes in the girder stiffness. The ANSys program

overcame the problem of out-of-equilibrium in the final results at the end of each substep

through the use of Newton-Raphson equilibrium iterations, which drove the solution ro

equilibrium convergence.
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5.5 FINITE ELEMENT AND EXPERIMENTAL RESULTS

COMPARISON

The main obþctive of this comparison was to ascertain the validity of the finite element model

to simulate the actual behaviour of the slender plate girders subjected to bending, so that it

could be used in developing a design model for such girders.

Figures 5.5 and 5.6 show the deformed configurations of the finite element models

used to simulate tested specimens G9 and G3, respectively, as typical deformed

configurations. As evident in these figures, the compression flange and the adjacent web

region of each specimen rotated about their conjunction longitudinal axis. At the same time,

a small rotation of the tension flange also occurred. The deformations of specimen G9 were

more severe than those of specimen G3, as evident in these figures and shown in Figures 5.7

and 5'8' The figures present the deformed mid-span sections of specimens G9 and G3,

respectively, just before failure. The more severe deformations of specimens G9 compared

to those of specimen G3, which were obtained from both finite element and experimental

analysis, were due to the effect of web heighrto-thickness ratio (trlw : Z57.Zfor specimen

G9 and 172.6 for specimen G3) on the girders behaviour.

Slight difference is noticed between the tanslations obtained from the finite element

analysis and those obtained from the experimental testing. This occurred because the

simulated finite element model took advantage of the symmetry about the mid-span section,

as mentioned before' which was not the actual case, especially for the initial imperfection of

the web and the flanges.

As shown in Table 5.1, the difference in predicting the ultimate moment capacities
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of specimens Gl to G9 using the finite element model and by obtaining them experimentally,

ranged from -4'1vo to +6.lvø which emphaszes the validity of the finite element model.

As the determination of the ultimate moment capacities of the slender girders was the

most important obþtive of the finite element analysis, gïeat concern was given to the stress

and the strain distributions in the longitudinal direction of such girders. Typical contour

figures of these stresses for specimens G9 and G3 are shown in Figures 5.9 and 5.10,

respectively' The stress distribution along the compression-flange width was almost

uniformly distributed (flange width-to-thickness ratio (blzt) :21.g1 and2r.63 for specimens

G9 and G3, respectively), while it was not the case when this ratio exceeded 22. Thestress

distribution along the compression flange, in this case, became nonuniform, higher stress

values were noticed at the portions adjacent to the web. on the other hand, lower stress

values were noticed along the edge regions, as shown in Figure 5.11. The figure shows the

stress contours in the longitudinal direction of the slender girder with a flange width of 450

mm and a thickness of 8 mm (b/2t:28.125) and a web height of 1400 mm and a thickness

of 4'68 mm (trlw :299.1). This may reflect the postbuckling behaviour of the compression

flange.

By comparing the stress contours of specimen G9 in Figure 5.9 to that of specimen

G3 in Figure 5'10' it is evident that larger web portion of specimen G9, with respect to web

height, was not stressed, which is indicated by the green colours in these figures.

Moreover, Figures 5.12 and,5.13 show that the strains obtained from the finite

element analysis of specimens G9 and G3, respectively, as functions of the applied moment,

were in very good agreement with those strains recorded experimentally, which ascertains the
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validity of the finite element model used in this study to simulate the actual behaviour of

slender girders in bending. Appendix E presents the strains, obtained from the finite element

analysis and recorded experimentally, of the rest of the specimens as function of the applied

moment' The difi[erences between the strains obtained experimentally and those of the finite

element analysis at or very close to the failure, as shown in these figures, are due to the

following:

Ð The failure of this type of girder was localized and sometimes the predicted tailure

by the finite element model took place in a different cross section specimen than the

experimentally failed one. This was due to taking advantage of symmetry, with

respect to the mid-span section, in the finite element model, which was not the case

in the actual tested specimens, especially the initial imperfection of the webs and the

compression flanges.

ü) The finite element solution was terminated once the program failed to converge to the

solution. This occurred when the maximum moment capacity of the girder was

reached' The maximum moment capacity obtained by the finite element model was

less than |vo range of the ultimate moment capacity that could have been obtained by

more precise analysis.

5.6 PARAMETRIC STUDY

The comparison of the finite element model results with the experimental results indicated a

high degree of agreement. Based on this, an extensive paramefic study was conducted to

investigate the effects of flange width-to-thickness ratio (bl2t) and web height-to-thickness
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ratio (h/w) on the behaviour of slender girders subjected to bending about the major axis.

5.6.1 Parametric Study Variables

Two series were investigated in this parametric study. In the first, a flange thickness of g mm

and a web thickness of 4.68 mm were used, which were the average measured thicknesses of

the component plates of the tested specimens. The flange width varied from 200 mm to 650

mrn' giving a range in width+o-thickness ratio (bl2t) of r2.5 to 40.6. The web height varied

from 650 mm to 2000 mrn' giving a.trrngein height-to-thickness ratio (t/w) of 13g.9 to 427 .4.

Figure 5.1a@) presents a layout of this series and its variables.

The second series included eight groups. For each group, both the flange width and

the web height were kept constant, while the flange thickness or the web thickness was varied

to have the same ranges as the first series. The iayout of this series variabies, which is

presented in figure 5.14(b), shows that each two groups had the same flange width-to-

thickness ratio (blzt) or the same web height-to-thickness ratio (h/w), using different flange

or web dimensions, respectively.

The average mechanical properties obtained from testing the standard tension

coupons' cut from the component plates of the tested specimens, were used in this parametric

study' A yield strength of 330 MPa was used for the flange plates, while a yieid strength of

384 MPa was used for the web plates up to 800 mm height and a yield streng th of 434lv¡.a

was used for the web plates of 1000 mm height or higher.

The higher yield strength used for the web plates, wittr respect to that used for the

flange plates, had no effect on the resuits obøined from this study because of using slender
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component plates for the studied girders. This was verified by using a330 Mpa yield strength

for the component plates, flanges and web, in analyzing girders with low slenderness ratios

of the component plates, with respect to the range of this study.

The web initial imperfection was taken into account, as follows:

Ð For the girders with web heights up to 800 rnm, the initial imperfection mode was

assumed to be as those of the tested specimens Gl to G3, shown in Figure 3.4.

ü) For the girders with web heights of 1000 mm or higher, the initial imperfection mode

was assumed to be as those of the tested specimens G4to G9, shown in Figure 3.4.

The values of the web initial imperfection were assumed to be linearly proportional to the web

height. The effect of web initial imperfection was investigate dby analyzing the same girder

with the same initial imperfection mode but the values ranged from one half to double those

values used in this study. It was found that the values of the web initial imperfection had an

insignificant effect on the ultimate moment capacities of such girders. However, when the

same girder was analyzed using different web initial imperfection modes, it was found that

these different modes had a significant effect on the ultimate moment capacities of such

girders.

The warpage of the flange (c), as shown in Figure 3.3, was taken into account in the

analysis, by assuming a linear relationship between this warpage and the flange width.

Analyzing the same girders with different values of flange warpage, no effect of this walpage

on the ultimate moment capacities of such girders was obtained .

t61



5.6.2 Effect of f,'lange Width-to-Thickness Ratio (bl2t) and Web Height-to-Thickness

Ratio (h/w) on the Behaviour of Slender Girders

Figures 5.15(a) to 5.i5(g) and 5.16(a) to 5.16(f) show rhe longitudinal srrain disrriburions

along the web and the compression flange at the mid-span section, respectively, obtained from

this parametric study. The flange thickness and the web thickness were kept constant (g mm

and 4.68 mm, respectively), while the flange width varied from 200 mm to 650 mm, giving

arange in the width-to-thickness ratio (blzt) of 12.5 to 40.6 and the web height varied from

650 mm to 2000 mrq giving arange in the height-to-thickness ratio (h/w) of 13g.9 to 427.4.

As shown in from Figure 5.15(a) and 5.15(b), the strain distribution was aimosr linear

along the webs of 650 mm and 800 mm height (web heighr-ro-thickness rario (h/w) : 13S.9

to 170.9 and equivalent to 25wrf n, (MPa) to 3tlstlFyr (tuIpa) or 961ffi (ksi) to

Ilæl\f \f (fui), respectively, where F"is the compression flange yield strengrh). However,

the nonlinear strain distribution along the web started to take a place when the web height

reached 1000 mm (trlw : 213.7 equivalent to3sszlffi (Mpa) or u\sllFr, (ksi), as shown

in Figure 5.15(c) to 5.15(9), the mid-height portions of the webs were not sharing in resisting

the applied moment, as evident in these unsftained portions. Consequently, the strains at the

web portions, adjacent to the flanges, were increased, which may reflect the postbuckling

behaviour of such webs. The height of these unstrained portions of the webs were getting

larger, with respect to the web height, as the web height-to-thickness ratio (h/w) was

increased.

As evident in Figure 5.15(a) to (g), the web height-to-ttrickness rario (h/w) had. a

significant effect on the buckling and postbuckling behaviour of the web plate. on the other
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hand, the flange width-to-thickness ratio (bl}t)hada significant effect on the maximum strain

(or stress) level at the web portions adjacent to the flanges. This maximum strain (or sfess)

level increased as the flange width-to-ttrickness ratio (bl2t)decreased. Also, by comparing

Figure 5'15(a) to Figure 5.15(g), for exampie, it is evident that the flange width-to-thickness

tatio (bl2t) had more significant effect on the maximum strain (or stress) levels of girders with

low web height-to-thickness ratios (h/w) than those of girders with high web height-to-

thickness ratios (hiw). Also, as the web heighrto-thickness ratio (tilw) increased, these

maximum strain (or stress) levels were decreased, but its effect was not as much as the effect

of the flange width-to-rhickness rutio (b/Zt).

Uniform and linear sfrain distributions along the compression flanges of width-to-

thicknessrarios (br}t)upto2r.9,which is equivarentto3ggrffi (Mpa) or r5z/ln, &si),

were obtained, at the mid-span sections, from the finite element analysis, as shown in Figure

5'16(a) to 5'16(c). However, nonlinear strain distributions were obtained when the width-to-

thickness ratios (blzt) of the flanges exceeded the limit of 2l .9,as shown in Figure 5. 1 6(d)

to 5'16(f), which may reflect the postbuckling behaviour of the compression flange.

The higher strains of one side of the compression flange, with respect to the other

side, shown in Figure 5.i6(d) to 5.16(f), were only localized.at the mid-span region and near

the edge, as shown in Figure 5.1 1. This occurred because of the rotation of the compression

flange causing a deflection of this side in the opposite direction to the initial warpage of the

compression flange, as evident in the typical Figure 5.17. The figure presents the load-

deflection curyes in (a) and the sfess distribution along the compression flange, at the mid-

span section, at different levels of the apptied load (P) or moment (M) in (b). It also shows
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that the postbuckling behaviour of this compression flange started to take a place at an

applied load (P) of 562.4 kN. However, no effect of these local stresses on the ultimate

moment capacities of these girders was obtained.

The web heighrto+hickness ratio (t/w) had a signiñcant effect on the maximum strain

levels of the compression flanges with low width-to-thickness ratios (b/zt). on the other

hand, it had an insifficant effect on the maximum strain (or sftess) levels of the compression

flanges with high width-to-thickness ratios (bl2t), as evident in Figure 5.16. The flange

width+o-thickness ratio (bl2t) affected significantly these maximum sffain levels, which can

be noticed by comparing the strain distributions with the same web height-to-thickness ratio

(h/w) in Figure 5.16(a) ro 5.16(f) ro each orher.

As direct results from this parameftic study:

Ð The yielding moment (Mr) of such girders can be reached if the flange width-to-

thickness rutio (bl2t) does not exceed the limit of zsolffi (Mpa) or oslffi &si)
and the web height-to-thickness ratio (h/w) does not exceed the limit of

25wtf r* (MPa) or 96r/,f Fr, (frsi), where F" is rhe compression flange yield

strength. These limits were confirmed by analyzng another girder with a yield

strength of 260 MPa, for both flanges and web, using the same finite element model.

The girder had a flange width of 350 mm and thickness of 11.3 rnm to have a flange

width+o-thickness ratio (bl2t) of i5.5 (equivalenr ro zs,ll\r (Mpa) or

g5llFyf (l<sí)), and a web height of g00 mm and a rhickness of 5.11 mm ro have a

web heighr-to-rhickness rario (h/w) of 156.5 (equivalent toz|%rffi (Mpa) or

g6utlrx (Ã"Ð). An ultimate moment capaciry equals to the yielding momenr (Mr)
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of this girder was achieved.

ü) The yield strength has a significant effect on the ultimate moment capacities of the

girders whose web height-to-thickness ratios (h/w) lower than 3105/,f-nr, {uro) o,

llælrf r* (tæi) and whose flange width-to-rhickness rarios (b/zt) lower rhan

3981,f n* (MPa) or 1521ffi (Æsi). This also was verified by analyzng girders with

different yield strengths, for both flanges and web. For example, a girder had a flange

width of 220 mm and thickness of 8 mm to have a flange width-to-thickness ratio

(bl2t) of 13.75 (250t ffi {ura) or 95t,f n * Q<s¡) = 1 1. 18), and a web heighr of 650

mm and thickness of 4.68 mm to have aweb height-to-rhickness ratio (hiw) of 13g.9

(25w,f n, (MPa) or 96ll,f r, (t<s¡) = rr2.s3). An ultimate momenr capacity

equivalent to 78.4vo of the yielding moment was reached. In the paramefric study,

where a yield strength of 330 MPa was used, an ultimate moment capacity equivalent

to the yielding moment (M!) was reached.

äi) Girders with web height-to-thickness ratios (h/w) higher rhan 3gszltf r* (Mpa) or

I47s/1f \f (ksi) were analyzed,using different yield strength levels for rhe same girder.

The same ultimate moment capacity was achieved for the same girder with different

yield levels, which confirms that the yieid strength has an insignificant effect on the

ultimate moment capacity of these girders.

In addition, other girders with web height-to-ttrickness ratios (h/w) ranged from

2snltfl, (MPa) or 96uffi(Ésl) to 3t}sr,fr* (Mpa) or rtærtfr*(Àsi)and

whose flange width-to-thickness ratios (brzt) higher than 3ggrlf-Fyr (Mpa) or

lszlrf \f (Ész), were analyzedusing the same finite element model at different yield

iv)
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strength levels. For each girder, the same ultimate moment capacity was obtained

using different yield strengths. This implies that the yield sfrength has an insignificant

effect on the ultimate moment capacity at this range of the study.

v) No failure by vertical buckling of the web was obtained by the finite element

analysis, in the range of this parametric study.

However, more studies are required to evaluate the effect of the yield strength on these iimits

and the ultimate moment capacities of such girders, and they may confirm these limits or

modiff them according to the used steel type, other than the type investigated in this study.
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Table 5.1 Comparison Between the Finite Element Model Results and the Experimental
Results

Specimen
\4r.u.

(kN.m)

M"*n

(kN.m)
MF.E./M"*e

G1

G2

G3

G4

G5

G6

G7

G8

480 465

515

598

578

688

804

752

810

r.034

0.984

1.017

1.045

1.061

1.045

0.974

1.038

507

608

604

730

840

733

840

G9 930 970 0.959
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(a) Quadrilateral Shell Element

(b) Triangular Shell Element

Figure 5.1 Shell Elements Adopted in the Finite
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Figure 5.2 Incremental Newton-Raphson procedure

Strain

Figure 5'3 Elasto-Plastic Bilinear-Kinematic Hardening Stress-strain curve

U)
ct)
6)
iJ
V)

t69



ÀNSYS 5.0 24
ocT 27 L995
1-3 :21- : 08
PLOT NO- 5
LTNES
TYPE NT'M
U

XV =1
YV=1
ZV =-1
DrsT=1159
YF =602
zF =1200
CENTROID HIDDEN

Figure 5.4 Finite Element Model Applied Load and Boundary conditions



ÀNSYS 5.0 24
ocT 29 1995
t7 ¿t4¿26
PIJOT NO. 1
NODAIJ SOLUTTON
STEP=1
SUB -9
TrME=3100
UY
MIDDIJE
RSYS=0
DMX =14.067
SMN =-4.4
SMx =14.953r _t'*=
Ë -'0.áógznt
I :.:::E :.191
@:'Y??t.yg¿

o ôtl@t i:'::_E iÍ:33i

Figure 5.5 Translations in the Global y-Direction of Specimen G9



AI{SYS 5.0 24
FEB 26 1995
14:09:48
PTJOI NO. 3
NODÀIJ SOI'UTION
STEP=1
suB =7
TIME=2025
IJY
TOP
RSYS=0
D[fi =11.668
sMN --0.423229
SMx =11.666

Figure 5.6 Translations in the Global Y-Direction of Specimen G3

E
Ig
I
I
ñ@

lnE
I

-0.423229
0.920051
2.263
3 .607
4.95
6.293
7.636
I .98
L0 .323
11.666



Figure 5.7 Deformed configuration of the Mid-Span Section of specimen G9
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CHAPTER 6

PROPOSED DESIGN MODEL

6.I INTRODUCTION

A design model for laterally-supported slender plate girders subjected to bending about the

major axis is proposed in this chapter. The development of this design model is based on a

parametric study performed using the finite element analysis described in Chapter 5. A
comparison between the ultimate moment capacity of such girders computed according to the

proposed design model and the capacity computed according to various standards and

specifications is presented in this chapter. A comparison between the experimental results and

the results obtained through the proposed desþ model is also discussed in this chapter. The

following st¿ndards and specifications were used in the discussion that follows:

Ð CANiCSA-S16.1-94 Standard (1gg4),referred to as rhe 516.1-94 Standard;

ü) ECCS Recommendations (1986); referred to as the ECCS-86 Recommendations;

üi) AISC-LRFD Specification (1986); referred to as rhe LRFD-g6 Specificarion;

iv) AISC-U/SD Specification (1978); referred to as rhe wSD-78 Specification;

v) AISC-WSD Specification (1989); referred to as rhe wSD-89 Specification; and

üi) ArSC-LRFD Specification (1993); referred to as rhe LRFD-g3 Specificarion.

The S16'1-94 standard makes reference to cAN/cSA-s136-94 standard (rgg4) for cold-



Formed Steel Structural Members which, in this discussion, will be referred to as the 5136-94

Standard.

The design provisions of these standards and specifications for slender ptate girders

were discussed in Chapter 2.

In computing the ultimate moment capacity of slender girders, all safety factors and

resist'ance factors were removed. The average measured cross-sectional dimensions of the

tested specimens, listed in Table 3.2, andthe actual mechanical properties listed in Table 3.5,

were used in computing ultimate moment capacities.

6.2 THE PROPOSED DESIGN MODEL

As stated in chapter 1, the main objective of this study was to develop a design model for

computing the ultimate moment capacity of slender girders based on more realistic behaviour

than that currently used in design standards. This model must take into account the effect of

web-flange buckling interaction as well as the postbuckiing sftength of both the web and the

flange. Such a design model is presented below.

In the proposed design model, the ultimate moment capacity is a function of the

dimensions of both the compression flange and the web, as well as the maximum stess in the

compression flange. The postbuckling strength is taken into account through the use of

effective widths for the compression flange and the web. Expressions for these effective

widths are given below.
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6.2.L Effective Width of the Compression Flange

As shown in Figures 5.16(a) to 5.16(c), the sftain distribution along the compression flange

in girders whose width ranges from 200 mm to 350 mm, is uniform just before failure. This

implies that there is no local buckling in the compression flange and the total flange width is

effective' The flange thickness in this case is 8 mm. Thus, the b/2t range over which the

strain is uniform is from 72.5 to 21.9. Since the yield sfess of the compression flange is 330

MPa, this bl2trangecanbe shown as: )rn s )"r: h¡,,where,

nb
rZt (6.1)

1_22796
" ,rr, (Mpa) ffi {tcsi) 6.2)

1 _ 398 152
re---7_-

,l\, rurø ,f-r, {nsÐ (6.3)

b: width of compression flange;

t : thickness of compression flange; and

F*: yield sftength of compression flange.

Thus, for ).n : )r, < A,r" :
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b-:=l
b (6.4)

where,

b" : effective width of compression flange.

The postbuckling behaviour of the compression flange is evident when ,1., > Lf, ( 21.9) , as

shown in Figures 5.16(d) to 5.16(f). The strain distribution becomes nonuniform when rhe

flange widths are 450 mm, 550 mm and 650 mm. In these girders, local buckling of the

compression flange has taken place and the effective width b", shown in Figure 6.1, may be

used to compute the ultimate moment capacity. This effective width is obtained by equating

the area under the actual stress distribution with the area of a rectangular sfress distibution

which is equal to the maximum sfess multþlied by the effective width of this flange.

The best fitting curve technique was used to develop an expression to represent the

effective width of slender flanges that accounts for the effect of the web-flange interaction.

Thus, for Lrr. Lr t Ln,

235.7 - 9.02 Lr - 0.029 Â, * 0.0043 Lf )., + 0.1159

- 832.19 x I0-7 )r 2 -v) 0.e86 x to-t tÇ fi)

¡2AÍ
b" rr
å B\

<1 (6.5)

where,
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þ = se.4

)t -h
ll w

(6.6)

(6.7)

(6.8)
738 _ 281

ffi{tst>
l^=

Jn

,l\t tur"¡

h: height of web; and

w: thickness of web.

The finite element analysis showed that Equations 6.4 and 6.5 are valid for the specified range

of .1.r, regardless of the yield strength.

The maximum stress in the compression flange is affected by the dimensions of both

the compression flange and the web. As shown in Figure 6.2(a),the effect of the web height-

to-thickness ratio (1.*) on the effective width b" is more noticeable in girders with relatively

high flange width-to-thickness ratios (Àr). The effective width b" increases as Â* increases,

reaching a maximum value at ,t* : 300. Any fuither increase in Â* ratio results in a reduction

h b"'

105.55
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The effect of Â, on the effective width Q is quite pronounced when )", > 
^¡, 

( z1.g) ,

as shown in Figure 6.2(b). The effective width b" decreases as Â, increases, reaching a

minimum value at Lr:36.5. Beyond this value, the effective width increases with an increase

hÀn

6.2.2 Effective Width of the Web

As shown in Figures 5.15(a) and 5.15(b), the sfrain distribution along the height of the web

just before failure is almost linear for girders with web height to thickness ratios (Â*) of 13g.9

and 170.9. This implies that no local buckling in the web has taken place in this range of À*.

The finite element results indicate that the À* range over which the web is totally effective is

L*t3L*.h*o,where,

)1 .=
i9l

1864 _ 710

,f-rr, {urò ,f r, Qcsi)

and

(6.e)

(6.10)

However, a nonlinear stain distribution along

213.6), as shown in Figures 5.15(c) ro 5.15(f),

_ 3105 _ 1183

,[r, wra ffi rnsi>

_ 1478

l\t rr"i>

the web is evident when ,tr.* reaches Â *, (:

where,

3882

f-rr, {ura)
)L=wr
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The best fitting line technique was used to evaluate the effective width of the poftion of the

web in compression (hJ for the girders in this range. The following expression for h", which

accounts for the effect of the web-flange buckling interaction, was developed:

For L*, 3 )", < ).*r:

,L 
= (624- 7.s86 ),r - r,'r3 L* * o.0rz )trh, + ,.ed) i0-3 (6.12)

where,

l¡: effective width of the web in compression; and

t)

^ 7763hwh = ----

lFyf (Mpa) ,fT* Q^i)

2957
(6.13)

The effective width of the web (h.), shown in Figure 6.1(b), is significantly affected by Â*.

Increasing Â. results in an increase in h", which reaches a maximum value at, approximately,

h*:290, as shown in Figure 6.3(a). Any further increase in Â* results in a reduction in the

value of h".

The flange width+o-thickness ratio (Àr) atso affects the effective width of the web, as

shown in Figure 6.3(b). An increase in À, results in a decrease in h", except for the case when

Â* exceeds 363. h this case, h" reaches a minimum value at approximately Âr: 33 for Â* :
363 and Lt: 25 for Â* : 427. Any further increase in À, results in an increase in h..

According to the proposed design model, the effective width of the web (h") ranges

from 54w to 76w for h* L h,,. The effective width of the web (h.) in the LRFD_g6
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Specification, the WSD-78 Specification and the WSD-89 Specification, is assumed to be

equal to 30w, irrespective of the web or the flange dimensions.

6.2.3 Ultimate Moment Capacity

Since the ultimate moment capacity of a slender girder depends on both ,1.* and )r, tbe

discussion that follows is organized into three groups, depending on the value of Â*. The first

range, which covers the range Â*l ( À* . Â*0, deals with girders that do not experience local

buckling of the web but may be subjected to locai buckling of the compression flange.

Because local buckling of the compression flange depends on the dimensions of this flange

and because the stress distribution in the web depends on the effective width of the

compression flange, this range has been further divided into three parts. In the first two parts,

an expression for the critical stress as a function of the yield strength is given. In the third

part, the yield strength has insignificant effect on the critical stress. In this case, an expression

for the critical stress as a function of the flange and the web dimensions only is given. To

make this parameter dimensionless, the critical stress is divided by the elastic modulus (E).

The second range covers high values of Â* (>Â J where the yield strength has

insignificant effect on the capacity.

Finally, the third range (Â*o < À* < À",) covers the tansition between the first two

ranges.

The various ranges and the corresponding expressions for the ultimate moment

capacity are given below and are also shown in Figure 6.4.
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(Ð Â,nr ( Â* 
= Â,nn

As discussed in chapter 5, the sfain distribution along the web in this range is almost linear.

Thus, the stress distribution shown in Figure 6.1(a) can be used to compute the ultimate

moment capacity of girders whose À* ratios are in this range. Altematively, this capacity can

be computed from the following equation:

Mu = F", S*rî 
' M, (6.14)

where,

À4: ultimate moment capacity;

¡zç: yield moment;

S*.n: effective section modulus about the major axis : I*.u /(h. + tl\);

f*.6 : fnoment of inertia of the effective section; and

F". : critical stress at the mid-section of compression flange, as shown in Figure

6.1(a), and defined below.

For À,,r s À* s Â,"n, ho < Lr( Âr. and 0.0373 < ¡f r, tn < 0.0411:

The finite element analysis showed that the ultimate moment capacity of slender girders is

significantly affected by the yield strength of the compression flange in this range.

In this case the critical stress (F.,) is a function of the yield strength (Fyr). This stress

can be computed from the following expression which takes into account the web-flange

buckling interaction.
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(zot- 7.27 )"r - r.1z L* * 0.028 ),r).* + 0.0245 t) ro-, Jl (6.15)

Equation 6.15 is based on the results obtained from tests where CAN/CSA-G40.21-300W

steel with a yield strength of 330 MPa was used. The finite element analysis showed that the

Fcf=

Fyf

same equation can be used for any steel whose lF*tn is between 0.0373 and 0.0411.

However, additional work is required to develop an expression for F., Ær, out side of this

range ot ,f nrt.

For À,nr s Â,o(À*., l.r. < l.r< .l.n and 0.0373 < ¡fr, n < 0.0411:

Equation 6.15 can also be used within this range of )"rand,rfF, lE values, where,

2523 _ 96r

,f-rr, wnò d-rr, {tcst)
(6.16)

For Ârn" ( À* 
= 

Â*, and )"r" < )"r< Àn :

The finite element analysis also showed that the yield strength has an insignificant effect on

the ultimate moment capacity of slender girders in this range. In this case, Equation 6.14 may

also be used to compute the ultimate moment capacity,except that the critical stress at the

compression flange is calculated as follows:

(+søø.t - 1rr.7 ),r- 17.166 ),, * o.4zr5 ),r)"* + 0.3763 ü)ro* (6.17)

L
we

Fr, 
=

E
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(ii) Â,n" I Â* . Â,,no

As discussed in Section 6.3.2 and Chapter 5, the sftain distribution along the web of these

girders was nonlinear in this range. Thus, the sftess distribution shown in Figure 6.1(b) can

be used to compute their ultimate moment capacity. The effective width of the web (h") can

be obtained fromEquation 6.10, while the other terms, shown in Figure 6.1(b), are computed

as follows:

Fcf

E
= (ros - 0.s84 Lr - o.t7z6 Â, * 0.0046 LrL, - 0.0s22 xj) rc- (6.1s)

and

=(rcz.tt - 1.324 )"r- ol7lg Â, * 0.00507 Lr)"* - 0.0445 xtr)rc-t (6.19)

where,

Ft: tensile stress at the tension flange mid_section.

The finite element analysis showed that the yield strength of the steel has an insignificant

effect on the ultimate moment capacity of the girders in this range, as shown in Table 6.3.

In this table, results for the ultimate moment capacity of girders obtained from the finite

element analysis using two different yield strengths (F* :330 Mpa and 500 Mpa) are

presented.

(iiÐ Â,np ( Â,n ( Â.n"

A linear transition is used to compute the ultimate moment capacity of slender girders whose

L
E
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À* ratios are in this range, as follows:

M =M +(Plusr\sp

where,

*)( L -^ Iwf t+, 
IL -L Iv)r wp l

<M
v

(6.20)

M.n: ultimate moment capacity when À* : À*o; and

M,,: ultimate moment capacity when l,*: À*.1

In the range of parameters considered in this study, the effective width of the compression

flange (b.), shown in Figure 6.I, canbe calculated according to the information provided in

Section 6.3.1.

6.2.4 Proposed Lower Limits for Class 4 Sections

Values of the web height-to-thickness ratio (,1.*) and the flange width-to-thickness ratio (Àr)

for which a girder can reach its yieiding moment capacity (Nt) before any local buckiing takes

place are defined in the current 516.1-94 Standard as Class 4limits. They are given as

functions of the yield strength only. The results from the present study indicate that these

limits should also reflect the interactive effect between the local buckling of the compression

flange and the local buckling of the web. The proposed design model is used to develop such

limits and they are shown in Figwe 6.4. Thus a compression flange is Class 4if 
^r 

> Àr" and

Â* ) Â*1.

For girders with tfFr, lE between 0.0373 and 0.0411, an interaction equation is used

to determine the lower limit of the web height-to-thickness ratio (Â*) if the flange width-to-
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thickness ratio (l.r) is lower than Àr..

Thus, for ).n : )., < L¡" and 0.0373 3 ¡fr, tn < 0.0411 :

)". > 175 - 1.226 ),r - 0.095 > L*t (6.21)

A web is classified as Class 4 web if À* > À*" and L, 2 Ir". For girders with Àu < )", < hr" a

web is classified as Class 4ff L* 2 L*.

6.3 EVALUATION OF THE CURRENT STANDARDS AND

SPECIF'ICATIONS USING TIIB PROPOSED DESIGN MODEL

The discussion that follows focuses on the results obtained through various standards and

specifications as well as the proposed design model for the ultimate moment capacity of

slender girders. The results are presented in Tables 6.1 and 6.2. For comparison purposes,

the computed ultimate moment capacity is examined as a function of three ranges of bl2t;Low

(blZt " 12.5), intermediate (blZt " 16.8) and htgh (bl\t " 2t.8) and is also compared ro

experimental results.

The results shown in Table 6.2 demonstrate that there is an excellent agreement

between the ultimate moment capacities computed according to the proposed design model

and those obtained experimentally (0.954 < Mro/M"*p < I.042).

Using an average yield strength of 330 MPa, the ultimate moment capacities of the

specimens computed according to the S16.i-94 Standard and according to the ECCS-86

Recommendations, are also in good agreement with the experimental results (0.89 <

N/LsA/M.*p < I.092 and 0.913 < N{"""s/M.*p < 1.122).

c2Lf
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The ultimate moment capacities computed according to the S16.1-94 Standard and

the ECCS-86 Recommendations, are significantly affected by the yield sftength, for all values

of flange and web dimensions, as shown in Table 6.3. This table lists the ultimate moment

capacities, computed according to various standards and specifications, as well as those

computed through the finite element model, using two diflerent yield strengths of the steel (F"

: 330 MPa and 500 MPa). According to the fînite element analysis, the yield strength of the

compression flange does not afiect the ultimate moment capacity of girders with Â* > Â*. and

Â, > Àu or with À* t À*. and À, > À¡", âS discussed in Section 6.2 andshown in Table 6.3.

Table 6.4 lists the ratios of the ultimate moment capacities of girders with a yield

strength of 330 MPa (l\4rrro) to the ultimate moment capacities of girders with a yield strength

of 500 MPa (Mr56o). This table shows that the Mrr:o /Mr5ee ratio is almost equal to one

according to the finite element analysis, while it ranges from 0.76 to 0.79 according to the

516.1-94 Standard and the ECCS-86 Recommendations, indicating thar these design guides

would give unconservative result in girders with high strength steel.

To veriff the proposed model at high yield strengths, the results from an experimental

program conducted by Johnson (1985) were used. Some of the results from Johnson's tests

are given in Table 6.5. Ix these specimens, which failed by local buckling, the yield strength

of the compression flanges ranged from 407 MPa to 437 lvPa(59 ksi to 63.4ksi), while the

h/w ratio ranged from 200.8 to 245.2 and the bl}tratio was kept constant at 15.5. According

to the proposed model these ratios fall between Â*" and l.*n for the web and between Âu and

Àr" for the flange. As shown in Table 6.5, there is an excellent agreement between the

ultimate moment capacities obtained through the proposed design model in this study and

202



those obtained by Johnson (1985) experimenrally (1.000 < M"oJÀA*p ( 1 .045). The

computed ultimate moment capacities according to the S16.i-94 Standard and the ECCS-g6

Recommendations are much higher than those obtained by Johnson (1935) experimentally

(1.154 < M..o/M",p < 1.188 and 1.189 < MEccs/M"* e < 1.225).

The ratio between the ultimate moment capacities computed according to various

standards and specifications as a function of those obtained through the finite element analysis

for two values of yield strength are given in Table 6.6. Itis evident in this t¿ble that there is

a poor correlation between the results computed according to the 516.1-94 Standard and

those computed according to the finite element model using a yield strength of 500 Mpa

(1.017 < McsA/ME < 1.623 and 1.061 < MEccs/MFE < 1.626).

The ultimate moment capacities according to the 516.1-94 Standard and the ECCS-g6

Recommendations a¡e also function of the flange width-to-thickness ratio (Àr). As shown in

Table 6.3, the capacity of the girder with F": 330 Mpa and Â* : 2\6.4computed according

to the 516.1-94 Standard increased from 756 kN.m when Lt: 12.5 to gZZkN.m when Àr:

34'4' However, according to the finite element analysis, the capacity is not directly

proportionar to )'r. For example, the capacity of the girder with F* : 330 Mpa and Â * :
256.4 increased from733 kN.m when \: 12.5 to a maximum value of 960 kN.m when Â,

:28'T. After this value of Âr, the capacity decreased as 1., increased. Consequently, higher

(Mct^/Md and higher (À4""../M*) ratios were obtained at flange width-to-thickness ratios

(Â) of 12.5 and,34.4thanthose obtained at Àrvalues of 21.9 and 28.1, as shown in Table 6.6.

The main reason for the high I\,{o^/M* and N4r.oiM* ratios shown in Table 6.6 for Lr: 12.5

and 34'4, is the omission in the 516.1-94 Standard and the ECCS-86 Recommendations of
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the effect of the web-flange interaction, especially on the postbuckling strength of the

compression flange.

The ultimate moment capacities computed according to the 516.1-94 Standard, the

ECCS-86 Recommendations, the proposed design model and those obtained experimentally,

in this study, are shown as functions of the h/w and thebl2t ratios in Figures 6.5(a) to 6.5(m).

The average yield strength (330 MPa) and the.average elastic modulus (214.8 Gpa) obtained

from testing standard tension coupons were used to obtain the results shown in these figures.

As discussed earlier, there is good agreement between the ultimate moment capacities

computed according to these standard and recommendations and those obtained

experimentally for these specimens whose yield strength was 330 Mpa. However,

unconservative ultimate moment capacities are obtained for girders with flange widths of 200

mm (Âr: I2.5) and270mm(,l.r: 16.9) when the h/w ratio exceeds 280, as shown in Figures

6.5(a) and 6.5(b). Unconservative results are also obtained for girders with web heights

greater than 1000 mm (h/w > 213,7 or Â* > L) when thebl2tratio is lower than 15 or

higher rhan3Z, as shown in Figures 6.5(I) to 6.5(m).

The V/SD-78 Specification yields unconservative estimates of the ultimate moment

capacity of the specimens tested in this study by as much as 28Vo. This specification also

gives unconservative estimation of the ultimate moment capacity of the specimens tested by

Johnson (1985) by as much as 49.5Vo, as shown in Table 6.5. This high values of the ultimate

moment capacities are a direct result of using a buckling coefficient of 0.7 for the

compression flange. The postbuckling strength of the compression flange and the effect of

web-flange interaction, however, are ignored in this specification.
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The LRFD-86 Specification underestimates the ultimate moment capacity of the

specimens with high bl2t ratio by as much as 29.4Vo, as shown in Table 6.2. Atthe same

time, it overestimates the ultimate moment capacity of Johnson's specimens (1985)

experimentally by as much as 147o, as shown in Tables 6.5. Unconservative estimates of the

ultimate moment capacity of the girders with low bl}tratios are also obtained when a yield

strength of 500 MPa is used, as shown in Table 6.6. The reason for these unconservative

results of the ultimate moment capacity of specimens with Iow bl2tratios is the significant

role that the yield strength ptays in evaluating these capacities, as assumed by this

specificationregardless of the web dimensions, i.e. ignoring the web-flange interaction. The

conservative estimation of the ultimate moment capacity of the specimens with high b/2t

ratios is due to ignoring the postbuckling strength of the compression flange, which has a

significant effect on the ultimate moment capacity in this range.

kt both the WSD-89 and the LRFD-93 Specifications, a buckling coefficient for the

compression flange is given as a function of the web height-to-thickness ratio (h/w) only,

while this method gives reasonable results for girders with low bl2tratios, the ultimate

moment capacity of the specimens with high bl2t ratios are underestimated, as shown in

Tables 6.2 and 6.6. This is due to the fact that the postbuckling strength of the compression

flange is ignored. The provisions outlined in this specification are based on the test results

obtained by Johnson (1985).

The results given in Tables 6.2 and 6.6 indicate that the ultimate moment capacity of

the girders with low bl2tratios computed according to the AISC Specifications (LRFD-g6,

LRFD-93, WSD-78 and V/SD-89) depend on the yield sftength level. The ultimate moment
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capacity of the girders with high blZtratios is independed of the yield strength, regardless of

the web dimensions.

The ultimate moment capacities computed according to the LRFD-86, the LRFD-93,

the WSD-78, the WSD-89 Specifications and the proposed design model, along with those

obtained experimentally are shown as functions of the h/w ratio and the bl}trztio in Figures

6.6(a) to 6.6(m). A yield strength of 330 MPa and an elastic modulus of 214.8 GPa were

used to obtain the results shown in these figures. The ultimate moment capacities computed

according to the LRFD-86, the LRFD-93 and the WSD-89 Specifications are conservative,

with respect to those calculated according to the proposed design model, except for low h/w

andblZt ratios, in the range of this study, as shown in Figures 6.6(a),6.6 (h) and 6.6(i).
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Specimen h/w

Table 6.1 lJltimate Design Moment Capacities as Functions of the yield Moments

Gl 170.8

G2

G3

G4

G5

G6

G7

G8

G9

l..)O\¡

bl2t'

169.9

172.6

213.8

212.3

212.8

253.3

257.0

257.2

12.5

16.7

2r.8

12.5

16.8

CSA

0.868

0.736

0.612

0.789

0.720

0.607

0.746

0.680

0.588

ECCS LRFD-86 LRFD-93 WSD-78 WSD-89 prop. Model Exp.

0.892

0.759

0.636

0.801

2t.8

21.6

t6.9

21.9

.These 
dimensions refer to the compression flange.

0.855 0.832 0.966 0.842 0.796 0.795

M/\4

0.701

0.502

0.788

0.669

0.490

0.735

0.624

0.752

0.690

0.600

0.644

0.410

0.170

0.616

0.406

0.712

0.568

0.387

0.892

0.755

0.712

0.616

0.464

0.7t7

0.443

o.lisg

0.647

0.399

0.674

0.546

0.3s4

0.892

0.846

0.726

0.800

0.777

0.685

0.726

0.643

0.752

0.721

0.670

0.703

0.680

0.640

0.697

0.6s2

0.731

0.719

0.682

0.740

0.658

0.657



Specimen l/w

Table 6'2 ultimate Design Moment capacities as Functions of the Experimental Capacities

GI

Cr2

G3

G4

G5

G6

G7

G8

G9

1..)O
oo

170.8

169.9

172.6

213.8

212.3

2t2.8

253.3

2s7.0

257.2

b/2t'

12.5

16.7

21.8

12.5

16.8

21.8

2t.6

16.9

21.9

CSA

1.092

1.0s6

0.939

1.079

1.001

0.890

1.008

1.033

0.895

ECCS LRFD-86 LRFD-93 wsD-78 wsD-89 prop. Modet

1.122

1.089

0.975

1.096

1.022

0.915

1.016

1.048

0.913

'These dimensions refer to the compression flange.

t.07s

1.006

0.770

1.078

0.930

0.718

0.962

0.936

0.706

MuM*o

r.047

0.924

0.629

1.053

0.857

0.595

0.962

0.863

0.590

t.2t5

1.280

1. 158

1.220

1.t77

1.065

1.081

1.18r

1.043

1.059 1.001

1.029 1.042

0.679 0.986

1.038 1.029

0.900 1.003

0.585 0.9s2

0.91I 0.gs4

0.830 1.036

0.539 0.978



h/w

Table 6.3 ultimate Design Moment capacities using Different yietd strengths

b/2t

138.9 21.9

138 9 28.1

170.9 21.9

170.9 28.1

213.6 12.5

213.6 21.9

2t3.6 28.1

csA ECcs tìP-tîl 
T-' *Ji- *

tJO\o

Fvr

456

474

:330 MPa

lvl (kN.m)

476

499

567 587

589 616

256.4 12.5

256.4 21.9

256.4 28.1

2s6.4 34.4

299.1 12.5

299.1 21.9

299.1 28.t

299.1 34.4

34t 279 523

256 210 4s7

624 633

7t6 735

744 772

434

324

756 763 670

868 885 671

900 929 522

922 959 4tt

610

561

420

355

265

F*:500 Mpa

\4 GN.m)

csA ECCS TH ti" Ti
334

251

665

579

597

464

344

890 894

l0l8 1035

1057 1086

1083 ttzt

551

489

687

836

740

386

289

700 784

559 991

428 886

337 72s

586 6t I

604 637

608

570

587

456

337

740 779

764 640

606 508

494 404

604

840

788

728 7s4 434 351 764 386

751 786 324 265 579 28s

662 733

513 930

386 960

304 774

82t 833 775

919 945 561

947 985 420

999 1004 880

I 1 14 tI37 671

tt44 1185 522

tt67 t2t8 4tt

341

256

823 692 724

tttT 554 ll40
l0l7 434 I140

840 340 983

279

2t0

-Ji FE

608 334

457 251

735 951 753 622

464 9s9 4s6 82s

344 740 337 798

858 1070 832 724

559 1133 5.13 930

428 886 386 972

337 7)\ 1ñA .7.1A

ttTs tt77 916

1307 1331 764

1347 1386 606

t37t 1425 494

576

4Rq

608

5Rs

948 ll00 843 724

640 1273 554 ll40
508 1017 434 lr52
!04 840 340 983



Table 6.4 Effect of Yield Strength of Flanges on the Ultimate Design Moment Capacity

Ww

l3 8.9

138.9

b/2t

N)
H
O

170.9

170.9

2t.9

28.1

213.6

213.6

2t3.6

CSA

2t.9

28. I

0.778

0.78s

t2.5

2t.9

28.1

256.4

256.4

256.4

256.4

0.179

0.784

0.779

0.783

0.760

0.779

0.786

12.5

2r.g

28.1

34.4

0.779

0.784

N4rrrÂ{,roo

1.000

1.000

299.1

299.1

299.t

299.1

0.760

0.778

0.784

0.757

0.779

0.787

0.790

1.000

1.000

1.000

1.000

12.5

21.9

28.1

34.4

0.787

1.000

1.000

0.760

0.778

0.784

0.787

1.011

1.000

0.860

1.000

0.757

0.779

0.785
'0.790

0.812

1.000

1.000

0.761

1.000

1.000

1.000

0.870

1.000

1.000

1.000

0.760

0.778

0.784

0.t87

0.722

0.872

1.000

F.E.

0.8r6

1.000

1.000

1.000

L000

1.000

0.957

1.000

0.808

1.000

1.000

1.000

0.780

1.000

1.000

0.732

0.875

1.000

1.000

1.000

1.000

0.822

1.000

1.000

1.000

0.97r

1.018

0.987

0.796

1.000

1.000

1.000

0.748

0.877

1.000

1.000

1.012

1.000

0.988

1.000

0.821

1.000

1.000

1.000

1.000

1.000

0.990

1.000



Specimen (t/w) (b/zt) ,#^,

12 245.2 15.5 428 0.637 0.654 0.605 0.786 0.s23 0.5s0 0.550
:

14 236.0 r5.4 407 0.655 0.672 0.631 0.808 0.571 0.58s 0.564

Table 6.5 Ultimate Moment Capacities of Slender Girders Tested by Johnson (19g5)

J5 203.4 15.5 427 0.656 0.680 0.63s 0.829 0.5s2 0.s82 o.ssï

CSA ECCS LRFD W!D- WSD- prop
78 89 tr¿ódel ExP.

200.8 15.5

M'N4

437 0.656 0.676 0.628 0.825 0.585 0.572 0.5s2

CSA ECCS LRFD W!D- WSD- prop.
78 89 Model

r.154 1.189 Lt00 t.429 0.951 1.000

l.l6l l.l9l l.ll9 1.432 t.Otz t.037

1.183 t.22t 1.140 1.488 1.063 1.045

r.188 t.225 1.138 1.495 1.059 1.036

MrN4*o



Table 6'6 Ultimate Design Moment Capacities as Functions of the Finite Element capacities

h/w bl2t

138.9 2t.9

138.9 28.1

170.9 21.9

170.9 28.r

213.6 12.5

213.6 21.9

213.6 28.1

256.4 12.5

256.4 21.9

256.4 28.1

256.4 34.4

N)

N)

csA Eccs ti LRFD- Trt -Jr"

0.828

0.969

Fn= 330 MPa

0.933 0.965 0.714. 0.583

1.033 1.063 0.568 0.465

0.864

1.020

NA/I{E

r.033 1.048

0.852 0.875

0.944 0.980

0.619

0.524

299.1 t2.5

299.1 21.9

299.1 28.1

299.1 34.4

0.506

0.429

1.031 1.041

0.933 0.952

0.938 0.968

l.l9l 1.239

1.010 0.988

0.668 0.552

0.533 0.437

0.949

0.93s

t.229 1.235 1.022

0.947 0.908 0.670

0.92i 0.953 0.532

1.t02 1.139 0.503

1.094 0.635

1.016 0.s07

0.606

0.513

0.914 0.955

0.722 0.601

0.544 0.446

0.531 0.435

CSA ECCS LTD- LID-

r.017 1.061 0 592 0484

1.235 1.303 0.524 0.429

r.t37 0.972

0.995 0.543

0.939 0.427

F,,:500 MPa

1.t97 1.240 0.714 0.577 r.2s7 0.635

1.284 1.343 0,554 0.453 0.990 0 4e4

M"/M

1.070 0.903

1.065 0.552

0.923 0.402

0.937 0.393

1.320 1.339

1.114 1.145

1.187 1.234

1.076 1.137 0.956

0.561 0.980 0.486

0.446 0.892 0.381

0.411 0.855 0.346

1.380 1.387 1.2t5 l. 185

1.198 1.223 0.722 0.601

t.t77 1.2r9 0.537 0.440

1.508 t.574 0.531 o 43s

WSD WSD-
-78 89

1.056 0.580

0.953 0 s l3

r.246 1.182

0.680 0.562

0.526 0.431

1.623 t.626 t.265 1.309

t.146 1.168 0.670 0.561

1.169 t.203 0.526 0.441

1.395 1.450 0.503 0.41I

1.529 t.ztl
t.t62 0.553

0.927 0 4))
1.478 t.t49
1.218 0.552

0.912 0.397

o c)?7 ô ?o?

1.519 1.t64

1.117 0.486

0.883 0.377

0.855 0.360
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Figure 6.1 stress Distribution According to the proposed Design Model
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'16.9

21.9

28.1

42.2
40.6

34.4

0.7

100 150 250 300
hlw

350 400 450

Figure 6.2(a) Effect of h/w on the Effective width of compression Flange

Figure 6.2(b) Effecr of br}ton rhe Effective widrh of compression Flange
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Figure 6.3(a) Effect of bl2ton the V/eb Effective Width in Compression

Figure 6.3(a) Effecr of h/w on the web Effecrive widrh in compression
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(m) 2000-mm Web Heighr
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7.1.

CHAPTER 7

SUMMARY A¡{D COT{CLUSIONS

SUMMARY

An extensive experimental and theoreticalprogram was conducted to investigate the buckling

behaviour of slender plate girders and the effect of web-flange interaction on the bending

resistance of these girders. In the experimental phase, nine full-scale girders were tested. The

web heights of these specimens ranged from 798 mm to i200 mm, corresponding to heighr

to-thickness ratios (h/w) ranging from 170 to 257. The flange widths varied from 201 to 352

mn! corresponding to width-to-thickness rutios (bl2t)ranging from I2.5 to 2I.9. The girders

were subjected to two concentrated loads applied at the third points of the span causing a

uniform bending moment in the cenftal section of the span. The cenfral span constituted of

the test specimen whose dimensions varied according to the desired width-to-thickness ratios.

The specimens, which were 1.5 m long, were connected to two 1.5 m long stiff end sections

for a total girder span of 4.5 m. The end sections were designed for reuse and for failure to

occur in the specimen. To prevent failure by lateral-torsional buckling, both the compression

and tension flanges were laterally supported at the loaded sections as well as the supports.

Standard tension tests were performed on coupons cut from the component plates of

these girders to evaluate the actual mechanical properties, which showed that the flange plates



were made from CAN/CSA-G4O.21-300W steel and the web plates were made from different

grades of ASTM 4607 sreel.

In the theoreticalphase of this study, a finite element model was developed using the

ANSYS finite element progam to simulate the behaviour of such tested girders. To include

the initial imperfection of the component piates, quadrilateral and fiangular shell eiements

were used in this model. The postbuckling behaviour as well as the interaction between the

web and the compression flange were taken into account. To inves tigatethe effect of large

displacements on the behaviour, a nonlinear geometric analysis was performed. A bilinear

elasto-plastic response of the material was considered. The Newton-Raphson iterative

method was used to perform these nonlinear analyses and the load was applied in increments.

The results from the finite element model showed excellent agreement with the

experimental results. Once the validity of this model was verified, it was used to conduct a

parametric study with the flange width+o-thickness rutio (bl2t) varied from I2.5 to 40.6 and

the web height-to-thickness ratio (h/w) varied from 13g to 427.

A design model based on the results developed from the finite element analysis is

proposed. The ultimate moment capacities of such girders computed according to different

standards and specifications as well as the proposed design model were compared to those

obtained experimentally from the tests performed in this study and another study. The

comparison showed that the proposed design modelresults had the strongest correlation with

the experimental results. The ultimate moment capacities obtained through the developed

model are within 4vo of those obtained experimentally. At the same time, the comparison

showed that the ultimate moment capacities computed according to the current standards and
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specifications varied from overconservative to unconservative depending on the cross-

sectional dimensions and the level of yield sfrength.

7.2 CONCLUSIONS

The results obtained from the experimental phase and the theoretical phase of this study as

well as from various standards and specifications are summari zed inthe following sections.

7.2.L ObservedBehaviour

Ð In all tested specimens, failure was due to excessive rotation of the compression flange

and the web about the web-flange intersection.

ü) Buckling of the web independent of flange buckling was not observed.

üi) Buckling of the flange independent of web buckling was not observed.

iv) Buckling of the web and the compression flange in the longitudinal direction in either

half, one or one and a half sine-waves was observed.

v) Buckling of the web in the transverse direction in either half or one sine-wave was

observed.

vi) A sudden change in the web buckling mode took place in early stages of loading for

many of the tested girders. This affected the angle of rotation of the flanges as well

as the angle between the web and the flange.

vü) No sudden change in the behaviour was observed at the critical buckling loads of the

component plates.

vüi) In all tested specimens, no failure by vertical buckling of the web was observed.
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7.2.2 Current Standards and SpecificatÍons

Ð The ultimate moment capacity computed according to the CAN/CSA-S16.1-94

Standard (1994) and the ECCS Recommendations (1986) gave good agreemenr wirh

the test results when a þld strength of 330 Mpa was used (0.g9 < McsA/ME *p < r.0g2

and 0'913 < M*.Jtr4*p < 7.I22). However, when higher yield strength levels were

used (4O7 MPa to 437 lvPa), unconservative ultimate moment capacities, compared

to those obtained experimentally, were computed according to these standard and

recommendations (r.r54 < M;sA/ME*p < 1.188 and f .i89 < N4ECCS/ME*' < 1.225). The

ultimate moment capacities calculated according to these standards and

recommendations were higher than those obtained from the finite element analysis by

as much as 62vo, when a yield strength of 500 Mpa was used.

ü) The AISC-V/SD Specification (197S) overestimated the ultimate momenr capacity of

the tested specimens by as much as 28Vo when a yield strength of 330 Mpa was used

and by as much as 48Vo when a range of yield strength between 407 ¡¿1pa and. 437

MPa was used.

The AISC-LRFD Specification (1986) was conservative in computing rhe ultimare

moment capacity of the tested specimens with 330 MPa yield strength, especially

when high flange width-to-thickness ratios (bl2t) were used, by as much as 29vo,

while it was unconservative in computing the ultimate moment capacity of the tested

specimens with a yield strength range of 407 Mpa to 437 rvpaby as much as r4vo.

Moreover, the uitimate moment capacity computed according to this specification was

higher than that obtained through the finite element analysis when 500 Mpa yield

üi)
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iv)

strength was used by as much as 27Vo, when low flange width-to+hickness ratios

(bl2t) were used, while it was conservative when high flange width+o-thickness ratios

(b/zt) were used by as much as 5OVo.

The AISC-WSD Specification (1989) and the AISC-LRFD Specification (1993) were

overconseryative in computing the ultimate moment capacity of the tested specimens

with a yield strength of 330 MPa, especially when high flange width-to-thickness

ratios (bl2t) were used, by as much as 46vo. However, good agreement between the

ultimate moment capacities computed according to these specif,cations and those

obtained experimentally, from testing specimens with a yield strength range of 407

MPa to 437 TvlP:a (these specifications are based on the results of these tests). On the

other hand, these specifications overestimated the ultimate moment capacities,

compared to those obtained from the finite element analysis using a yield strength of

500 MPa, by as much as 3lVo when low flange width-to-thickness ratios (blìt) were

used.

7.2.3 Proposed Design Model

Ð The ultimate moment capacities computed according to the proposed design model

were within 4Vo of those obt¿ined experimentally using different yield strength levels

(These experimental results were obtained through this study program or resulted

from other research program in the range of this study).

ü) The lower limit of Class 4 web (slender web) was significantly affected by the flange

width-to-thickness ratios (blzt) and the lower limit of Class 4 flange (slender flange)
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was also affected by the web height-to-thickness ratios (uw), i.e. the web-flange

interaction had a significant effect on these limits.

The ultimate moment capacity of slender girders was significantly affected by the yieid

strength of the compression flange, if low flange width-to-thickness ratios (b/Zt) and,

low web height-to{hickness ratios (h/w) were used, with respect to the studied range.

On the other hand, the yield strength had an insignificant effect on the uitimate

moment capacity of the girders of high flange width-to-thickness ratio (bl¡t) or web

height-to-thickness ratios (Uw).

The ultimate moment capacity was insignificantly affected by any change in the flange

initial imperfection or the web initial imperfection values.

Different modes of web initial imperfection were significantly affecting the ultimate

moment capacity of slender girders.

The maximum limit of the web height-to-thickness ratio (h/w) used in most current

standards and specifications is a conservative limit.

7.3 RECOMMENDATIONS FOR DESIGN

A design model for slender plate girders subjected to bending about the major axis is

proposed. This model is based on experimental results obtained through this research

program as well as a parametric study performed using the finite element analysis. In this

parametric study, the flange width-to-thickness ratio (bl}t)ranges ftom 12.5 to 40.7,while

the web height+o+hickness ratio (h/w) ranges from I39 to 427 toinclude more than 100 case

of study. The postbuckling strength and the web-flange interaction is considered in the

üi)

iv)

v)

vi)

236



proposed model. Lower limits for Class 4 web and flange, based on the web-flange

interaction, are also proposed.

7.4 RECOMMENDATIONS FOR FURTHER STUDIES

Ð The effect of yield strength on the ultimate moment capacity of the girders with low

flange width-to-thickness ratios (blzt) and web height-to-thickness ratios (h/w), with

respect to this study range, is recommended to be investigated at different levels, other

than the range of 300 Mpa to 360 Mpa.

iÐ The effect of the yield strength on the lower limits of Class 4 girders (slender girders)

is suggested to be studied using leveìs other than that range of 300 Mpa to 360 Mpa.

üi) More studies are also recommended to evaluate the limits of flange width-to-thickness

ratios (Wzt) and web height-to-thickness ratios (h/w), where the yietd strength starts

to have an insignificant effect on the ultimate moment capacities.

Ð Experimental and theoretical studies are suggested to investþate the effect of different

modes of web initial imperfection on the ultimate moment capacity of slender girders.

v) Another experimental and theoretical studies are recommended to investigate the

behaviour of hybrid slender girders.

vi) The rnaximum limit of the web heighrto-thickness ratio (h/w) used in most standards

and specifications is a conservative limit, more experimental and theoretical studies

are suggested to increase this limit, especially when slender flanges are used.
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Figure G.6 Moment-strain Relationships at euarter-span web of specimen G3
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