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ABSTRACT

The objective of this research is to study the shear capacity of hollow t8

gfOrmed Tre and flat
ompression flange and lean

duplex stainless steel is proposed. The main para
plate slenderness, and aspect ratio of the web

tubular compression flange plate girders. Also, web plate sle
hollow tubular compression flange irders.

inless steel; Hollow tubular compression

lateral torsional bu and gorsion. Accordingly different types of beams and girders with hollow
tubular flanges have sed in buildings and bridges. This has prompted research aimed at
minimizing the weigh hile still providing adequate strength. The hollow sections can act as
composite sections when they are filled with concrete [15].This paper aims to broaden the scope of
using compression HTFP girders in stainless steel construction as shown in Fig. 1. This combination
of material and structural efficiency of the girders have yet to be investigated to bring about their full
potential with respect to their applications. A brief review of the key studies relevant to the context of
the present paper follows. An assessment of the lateral torsional buckling and shear strength of steel
HTFP girders with slender stiffened webs using finite element models have been carried out by
Hassanein and Kharoob [10] and by Hassanein [9]. Span length, the flange dimensions, the thickness
and the aspect ratio of the web have been considered as key parameters. Several remarks regarding the
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selection of optimum dimensions for the steel HTFP girders have been presented. It is noticed that
shear resistance of stainless steel plate girders or steel tubular hollow flanges have been previously
investigated by Saliba and Garder [7], in addition to other references [9], [7], [1], [4], [6], [14] and
[18]. Both numerical and experimental tests have been conducted. Attention has been paid to the
effect of including stiffeners, both transverse and longitudinal.

The use of duplex stainless steel material combines well the advantages of both austenitic and
carbon steel materials. The duplex grades offer a combination of higher strength than austenitic in
addition to a great majority of carbon steels with similar or superior corrosion resistance. However,
high nickel prices have more recently led to a demand for lean duplexesmamsith low nickel content, such

section plate girders showing the effect of flange width-ta#VeR
ratio and web plate slenderness have been completed.
models to investigate the shear behavior and stren
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. Definition of symbols of HTFP girders

FINITE ELEM DEL AND VERIFICATION

A. General

In order to analyze the shear behavior of lean duplex stainless steel compression HTFP girders, a
numerical analysis is conducted. Finite element full size models incorporating all material properties
and dimensions are developed using ANSYS [2] computer package. The finite element model details
are described in the following subsections.

The following parameters are covered:

e Span length; 9, 12 and 15 meters (m).
e Compression flange depth (Dy); 100, 200 and 300 millimeters (mm).
e Web plate slenderness (hu/ty); 250 and 150.
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e Aspect ratio of the web panel (a/hw); 0.5, 1 and 2.

The height of the web is fixed to 1500 millimeters for the whole finite element models. The
compression and tension flanges for each girder have the same cross-sectional areas as listed in table
1. This was guaranteed by fixing the width (Bs) of both flanges to 500 millimeters. The thickness of
the flat tension flange (tr)) is then calculated to give the same cross-sectional area of the HTFP
compression flange as listed in table 1.

The webs of the girders are stiffened transversely each distance (a) with the values of 750
millimeters, 1500 millimeters and 3000 millimeters. These rigid plate stiffeners are welded to the
flanges and the web of each HTFP girder and extended to the edge of asimllanges. Edge distance of (e

Hassanein [12].
The modeling of the lean duplex stainl

dimensions as shown in Table
with cross section dimensions
meters, followed by web plate t
(a’/hw).

Table |. Cross sectio specimen flanges (millimeters)

D¢

Compression flange

Tension flange

Compression flange

Tension flange

B. Finite element typ€ and mesh

Four-node quadrilateral shell element SHELL181 is used to model the girders. Membrane and
bending capabilities along with six degrees of freedom at each node: three translations and three
rotations are observed in this shell element. The girders are divided into a number of finite elements
with an aspect ratio of about one, as shown in Fig. 2.
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Wherever Times is specified, Times Roman or Times New Roman may be used. Avoid using bit-
mapped fonts if possible. True-Type 1 or Open Type fonts are preferred. Please embed symbol fonts,
as well, for math, etc.

pite element mesh of H

millimeters) bédfore
compressign tubular

from 700-900 Meg
1.4162 [5] has.

The stainless steel rgéterial relationship has been modeled as a von Mises material with isotropic
hardening. Nonlinear relationship between stress and strain for stainless steel can be seen as generally
represented the Ramberg—Osgood equation by Rasmussen [16] and as used in Hassanein [9] as given
below

e= 2 +0.002(—)n
E o

0 [}
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In “(1)”, n is called the nonlinearity index which indicates of the nonlinearity of the stress strain
behavior, with lower n values indicating a greater degree of nonlinearity. The grades of stainless steel
differ in their degrees of nonlinearity. Increasing the value of n converges the material behavior to the
elasto-plastic behavior of carbon steel (elastic-perfectly plastic behavior for n =), while low n values
have higher hardening behavior.

Equation (1) gives good agreement with experimental stress strain data up to the 0.2% proof stress
(c02); however, the formulation generally overestimates the corresponding stresses for higher strains
as shown in Hassanein [9]. That necessitates developing two stage versions of expressing the full-
range stress strain material behavior of stainless steel. For this purpgsemiasmussen (2003) proposed

| alloys. Equation (2)
ps the ultimate tensile
strength (o) and strain (g,). Good agreement between stress if@ests over the full range
of strains up to the ultimate tensile strain is observ in th

steel materfa

2.40.002(-%)n
E, o
0.2

In the equations, Ey is the initis
modulus of the stress gtrai ¢ agll given as “(3)”

y ANSYS is a multilinear stress strain curve. Elastic behavior is
Itilinear curve up to the proportional limit stress with measured

E. Finite element mogél verification

Before studying the behavior of HTFP girders, it is essential to validate the numerical model.
Unfortunately, there are still no experimental results on these girders with slender webs in literature.
Reference [10] proposed a simply supported HTFP girder with L 9 meters and hw 1500 millimeters.
Ds, By, thickness of the compression flange, and the stiffeners were 101.6, 508, 12.7 and 20
millimeters, respectively. t;; was 29.2 millimeters, while two values of t, were used 6 and 10
millimeters. Three a/h,, were used 0.5, 1 and 2 respectively. Loading was distributed evenly on the top
wall of the compression HTFP girder. A bilinear elastic—plastic stress strain curve with linear strain
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hardening was used to simulate the steel material. Table 2 presents the shear load (Vge) in Kilo newton
(KN) obtained numerically and compared to the results contained in [10] (Vrer1). The steel girders (S)
are labelled starting with tw in millimeters then L in meters, and finally (a/hy,).

Table Il. Vee versus Vrert

SpeCimen VREFL (kN) VFE (kN) VREFllvFE

(S)-6-9-0.5 1754 1915 0.92
(S)-10-9-0.5 3440 34125 1.01
(S)-6-9-1 1387 15485
(S)-10-9-1 2446 2763
(S)-6-9-2 1096 1123
(S)-10-9-2 2021 2142

(Vrer2). A good agreement was

numerical modeling results.

Vee (KN) Veer2/ Vre

353 0.99
411 1.05
550 0.99
575 1.04
629 1.03

Mean 1.02

Standard
deviation

Finally, verification Jfas conducted to compare the experimental results of [13] with the finite
element model. Cold-formed lean duplex stainless steel members at axial compression were cut to a
specified length of either 550 or 1550 millimeters. Both ends of the specimens were milled flat and
then welded to 20 millimeters thick steel end plates for the specimens to be connected to the roller
hinged end bearings. The label C2 indicates cross section with dimensions (millimeters) “50x50x1.5”.
The letter “L” indicates the length of the specimen in millimeters. The label C3 indicates (millimeters)
“50x50x2.5”. Finally, label C5 indicates (millimeters) “100x50x2.5”. Table 4 shows the test strength
of the specimens (Testyuner) Obtained by [13] compared to the authors results (FE1). A good agreement
was achieved between the current numerical results and the previous experimental results.

0.03
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Table IV. Testyyner Versus FE1

Testyuner FE1/
FE1 (kN
(kN) (kN) TeStyuner

C2L550 139.3 156 112
C2L1550 65.4 70 1.07
C3L550 302.1 276 091
C5L550 3723 404.3 1.09

Specimen

C5L1550 193.7 195

Mean

Standard
deviation

RESULTS AND DISCUSSIONS

ased on the web only.
(Mge/Mp) and shear loads

moment (Mgg) are obtained by t
It is observed that the cases of
the flanges. However, the plastic

than plate girder
compared to the othe

df the current finite element model

distance Shear
between force Moment
Specimen vertical ahy (Meg) Veel/Ve Mee/Mp
. (Vee)
stiffeners KN kNm
(a) (mm)

B (1)-9-6-0.5 250 2068 4653

B (1)-9-10-0.5 3445 7751
B (1)-9-6-1 1751 3940

B (1)-9-10-1 2782 6260
B (1)-9-6-2 ‘ 1227 2761

B (1)-9-10-2 2376 5346

B (1)-12-6-0.5 2197 6591

B (1)-12-10-0.5 2223 6669
B (1)-12-6-1 1759 5277
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B (1)-12-10-1 10 150 1919 5757 0.62 0.56

B (1)-12-6-2 6 250 1310 3930 0.71 0.42

B (1)-12-10-2 10 150 1671 5013 0.54 0.49

B (1)-15-6-0.5 6 250 1420 5325 0.77 0.56

B (1)-15-10-0.5 10 150 1500 5625 0.49 0.55

B (1)-15-6-1 6 250 1318 4943 0.71 0.52

B (1)-15-10-1 10 150 1350 5063 0.44 0.49

B (1)-15-6-2 6 250 0.50 0.37

0.38

B (1)-15-10-2 150

B (2)-9-6-0.5 250

B (2)-9-10-0.5
B (2)-9-6-1
B (2)-9-10-1
B (2)-9-6-2
B (2)-9-10-2
B (2)-12-6-0.5
B (2)-12-10-0.5
B (2)-12-6-1
B (2)-12-10-1
B (2)-12-6-2
B (2)-12-10-2
B (2)-15-6-0.

B (2)-15-6-2
B (2)-15-10-2
B (3)-9-6-0.5
B (3)-9-10-0.5
B (3)-9-6-1
B (3)-9-10-1
B (3)-9-6-2
B (3)-9-10-2
B (3)-12-6-0.5
B (3)-12-10-0.5
B (3)-12-6-1

B (3)-12-10-1
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B (3)-12-6-2 6 250 1736 5208 0.94 0.46
B (3)-12-10-2 10 150 2323 6969 0.76 0.58
B (3)-15-6-0.5 6 250 2492 9345 1.35 0.83

B (3)-15-10-0.5 10 150 2594 9728 0.84 0.81

B (3)-15-6-1 6 250 2430 9113 1.32 0.81
B (3)-15-10-1 10 150 2510 9413 0.78

B (3)-15-6-2 6 250 2410 9038 0.81

B (3)-15-10-2 10 150 2593

A. Failure mechanism

In this section different failure modes are discussed.
buckling of the web plates (S) or flexural mechani

where ultimate shear occurs depends on a/hw. It
failure mechanism to be near the support.

Figure 3. Deformed shape of B (1)-15-10-1

Figure 4. Deformed shape and stress distribution of B (1)-9-6-0.5
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Figure 5. Deformed shape and stress distribution of B (1)-9-6-1

B. Behavior of girders

The effect of various parameters on the behavior of HTFP gir: sed accompanied with
load versus mid span vertical deflection of different girders.
1) Effect of aspect ratio of web panel (a/hy)
The relationship between Vee/Vp and a/hy, can be see
shear strength of HTFP girders increases with decre
shorter intervals is highlighted. The load versus i
in Fig. 8. The least load corresponds to a/h,y
values of a/hy,. This is attributed to the effe
all three curves are similar in the elastic zone, w ' i g to the value of a/hy,
in the inelastic zone

=0,50 =1,00

1.40
1.20
= 1.00
/ 0.80
0.60
0.40

0.20

0.00

B(2)- 9-6-ahw

of agpect ratio of the web panel (a/h,,) on HTFP girders with t,, 6 millimeters
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1.60

=0.50 =1.00 2.00
1.40

0.60

0.40

0.20

0.00

B(3)- 9-10-whw

B(3)- 12-10-a/hw
B(3)- 15-10-a/hw

Figure 7. The effect of aspect ratio of the web panel (a/hg) on HTFP

Load (kN/m")

15 20 25 30 35 40 45
id Span Vertical Deflection (mm)

vertical deflection curve of B (1)-15-6- a/h,,

hw/tw is discussed versu /Vp. Accordingly, Fig. 9 to 11 show the values of Vge/Vp that correspond
to hy/w for the same sp€cimen with different a/h,,. It is concluded from the figs. that for most cases
Vee/Vp increases with higher hy/ty, i.e. more slender webs. This can be explained by saying that
calculating the value of VP depends entirely on the web while excluding the effect of flanges in shear
resistance; so more slender webs have lower Vp. As can be seen in Fig. 11 only one specimen with L 9
meters shows higher values of Ve/Vp with smaller hy/t,. Fig. 12 shows the load versus mid span
vertical deflection of B (1)-tw-1. This Fig. shows that higher load corresponds to lower h,/ty.
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0.5
(

Bil)- 9-tw

S r
]“H 15"“\“[‘." r

Figure 9. effect of h,/t,, versus Vge/Vp for different N/vith = 0.5

mhw/tw = 250

mhw/tw =150

‘-
-‘-r

Figur re/Vp for nt HTFP girders with a/h,, = 1

Figure 11. The effect of h,/t,, versus Vge/Vp for different HTFP girders with a/h,, = 2
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Load (kN)

R

/ —a— hw/tw 250

—e— hw/tw 150

T T T
10 20 30 40

Mid Span Vertical Deflection (mm)

Figure 12. Load versus mid span vertical

3) Effect of tubular flange depth (Dx)
Different depths (Dy) for the compression in JMis investigation.
The results indicate that the flange depth ( T Vel Vp; see Fig.
¢ are calculated. These
imeters, respectively. This

so, the load versus mid span
vertical deflection of B1-15-6- . provided in Fig. 14. This Fig.

shows that girders with different
and inelastic response. Also, the in
increasing flange d (D).

4 —#—B-9-6-0.5 —&— B-0-6-1 —4&—B-9-6-2

B-15-6-0.5 —=¥--B-15-6-1 — #— B-15-6-2

100 200 300
D¢ (mm)

Figure 13. Vee/ Vp versus Dsfor girders B-L-6-a/h,,
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Load (kN/m")

,ﬁ/ —8— B1-15:6-2

—e—B2-15-6-2
—4A—B3-15-6-2

T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55
Mid Span Vertical Deflection (mm)

CONCLUSIONS

This paper discusses the shear behavior” of i stainless steel. The
main purpose of this discussion is to add data to re is none available. This
paper aims to benefit from HTFP girders that are stainless steel Grade EN

ore lower price than ordinary
considering both geometric and

the web only without considering the effect of flanges in shear
webs have lower Vp.
epth (Dy) is directly proportional to the ratio Vee/Vp because the
ear carried by the flange is increased when Dy increases.
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Specimen

B (1)

Compression flang8
B(2)

Tension flange

Compression flange

B
sion flange

K
R

e o
AR

Figure 2. Finite element mesh of HTFP girders

Table Il. Ve versus Vrer1
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Specimen VREFl (kN) VFE (kN) VRE|:1/V|:E

(5)-6-9-0.5 1754 1915 0.92
(5)-10-9-0.5 3440 34125 101
(S)-6-9-1 1387 1548.5 0.90
(5)-10-9-1 2446 2763 0.89
(S)-6-9-2 1096 1123 0.98
(5)-10-9-2 2021 2142 0.94

Mean 0.93

Standard
deviation

Table I1l. Vee versus Vger,

Specimen Vrerz (KN) Vee (kN)

LDPG1 (4-10) 350
LDPG1 (4-12) 432
LDPGL (4-16) 54

LDPG1 (4-18)
LDPG1 (4-20)

Standard
deviation
V. TeStyuner Versus FE1

E1/

Specimen
TeStYuner

C2L550
C2L1550
C3L550 276
404.3
195

Mean

Standard
deviation

e VI. Vi and Mge of the current finite element model

distance Shear

between force Moment

Specimen hu/ty vertical v (Mgg) Veel/ Ve Mee/Mp
stiffeners (Vre) kNm

(a) (mm) kN

B (1)-9-6-0.5 250 2068 4653

B (1)-9-10-0.5 3445 7751

B (1)-9-6-1 1751 3940

B (1)-9-10-1 2782 6260

1227 2761

B (1)-9-6-2
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B (1)-9-10-2 10 150 2376 5346 0.77 0.52

B (1)-12-6-0.5 6 250 2197 6591 119 0.70

B (1)-12-10-0.5 10 150 2223 6669 : 0.65

B (1)-12-6-1 6 250 1759 5277 . 0.56

B (1)-12-10-1 10 150 1919 5757 : 0.56

B (1)-12-6-2 6 250 1310 3930 . 0.42

B (1)-12-10-2 10 150 1671 5013 : 0.49

B (1)-15-6-0.5 6 250 0.56

B (1)-15-10-0.5 10 150 : 0.55
B (1)-15-6-1 6 250 052
B (1)-15-10-1 10 150 ° 0.49

B (1)-15-6-2 6 250 . 0.37

B (1)-15-10-2 10 0 . 0.43

Fig eforde shape of B (1)-15-10-1

Figure 4. Deformed shape and stress distribution of B (1)-9-6-0.5
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Figure 5. Deformed shape and stress distribution of B (1)-9-6-1
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Figure 6. The effect of aspect ratio of the web panel (a/hy TFP girders with millimeters
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Figure 7. The effecC tio of the web panel (a/h,,) on HTFP girders with t,, 10 millimeters
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Mid Span Vertical Deflection (mm)

Figure 8. Load versus mid span vertical de ion curve of B (1)-15-6

A" -
r

Figure 9. The effec t,, Versus VV different HTFP girders with a/h,, = 0.5
mhw/tw =250

Bhw/tw =150

B(1)- 9-tw-1
B(1)- 12-tw-1
B(1)- 15-tw-1

Figure 10. The effect of hy/t,, versus Vee/Vp for different HTFP girders with a/h,, = 1
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Figure 11. The effect of hy/t,, versus Vee/Vp for differe
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Figure 13. Vel Vp versus Dy for gif@ers B-#-6-a/h,,
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Figure 14. Loa sus mid span vertical deflection of B-15-6-2
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