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ABSTRACT: In the present study, the effect of material properties and slenderness ratios on the nonlinear ~ Review History:
behavior characteristics and energy dissipation behavior of steel plates under shear loading is studied
using FEM. First, the steel shear plates with respect to their slenderness ratio and nonlinear behavior
are qualitatively and quantitatively classified into very slender, slender, moderate, stockys and very
stocky. To quantitatively determine the slenderness classes for each steel material, modified theoretical
relationships are presented separately using statistical analyses of the obtained results for various steel
plates. Also, new relationships for assessment of inelastic and plastic buckling loads are proposed, that
can estimate buckling loads for moderate and stocky plates more accurately compared to the available

theoretical relationships in AASHTO. In general, with increasing slenderness ratio, the capability of
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steel plates for energy dissipation, due to the occurrence of buckling and the resulted pinching in the ].'lc .mg
hysteresis loops, is gradually decreased. In the case of very stocky plates, the capability of plates for Vielding
energy dissipation is only dependent on the material yield stress, while in the class of slender, moderate, ~Shear Loading

and stocky plates, it is dependent on both the slenderness ratio and material yield stress. In the case of  Finite Element
very slender steel plates, the capability of different steel plates for energy dissipation, disregarding the
material yield stress and the plate slenderness ratio, seems to be similar, less or more, for various steel

materials.

1. Introduction

Shear panels are widely used civil engineering structural
members. Steel plate shear wall, box girders/plate girders of
steel structures and bridges, slabs, link beam in eccentrically
bracing systems, metallic yield dampers, and liquid/gas
containment structures are only some of the examples of
engineering elements that according to their applications use
various thickness plates [1, 2]. In general, the behavior of a
plate can be very complex depending on the occurrence of
buckling and yielding. In turn, the occurrence of buckling
and yielding depends on boundary conditions, material
characteristics, aspect ratio, and slenderness ratio.

During recent decades, many research works have been
carried out to investigate the strength and post-buckling
capacity of slender metal (aluminum and mainly steel) plates
under shear loading [3-11]. The study of the elastic buckling
capacity of unstiffened flat plates was studied first by Bryan
[12]. Timoshenko used the energy method to study the
buckling behavior of rectangular plates under in-plane shear
stresses and only for symmetric buckling modes [13], while
stein investigated the shear buckling behavior of rectangular
flat plates with simply supported boundaries, considering
both symmetrical and asymmetrical buckling modes [14].
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However, the studies on the behavior of stocky/relatively
stocky plates, especially under shear loading, are relatively
limited [1, 15-20].

The present study investigates the behavior characteristics
of shear steel panels using the finite element method. The
aspects of linear/nonlinear/energy dissipation behaviors
of steel shear plates, including three types of conventional
steel materials (structural mild steel, low yield point steel,
and stainless steel), are investigated for a wide range of
slenderness ratios, assuming simply supported boundary
conditions.

2. Methodology

In this study, more than 120 steel plates with different
slenderness ratios and materials, but constant aspect ratios,
are numerically analyzed under shear loading using Eigen
buckling/nonlinear static/quasi-static cyclic analyses [21]. As
mentioned before, studies are done for three different steel
materials and a wide range of slenderness, while the boundary
conditions are assumed to be simply for different steel plates.

3. Discussion and Results

In very slender plates, buckling happens with out-of-
plane displacements at the initial stage of loading. The plate
shows significant post-buckling capacity, until the occurrence
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of its first yielding which is followed by the sudden loss of
stiffness. In contrast, slender plates have relatively higher
buckling capacity and so, limited post-buckling capacity.
In this category, generally, with the increase of slenderness
ratio, due to the decrease in the buckling capacity, the elastic
portion of behavior is gradually reduced. With the occurrence
of buckling, the behavior of the plate becomes geometrically
nonlinear

The occurrence of buckling and yielding phenomena
in the moderate plates is almost simultaneously. With the
occurrence of these two phenomena, the plate reaches its
maximum capacity and then enters the softening stage of
its behavior. Hence, the plate behaves almost elastic before
reaching its ultimate strength.

A Stocky plate experiences almost full yielding at a load
equivalent to its nominal shear yielding capacity. After that,
the plate shows a small loading capacity until the occurrence
of plastic buckling. After the occurrence of the plastic
buckling, the plate reaches its ultimate strength. As a result,
in this category, the plate does not experience geometrical
nonlinear behavior, before reaching its ultimate strength.

In very stocky plates, the entire plate yields simultaneously
at a load equivalent to its nominal shear yielding capacity.
Then, the plate shows a limited loading capacity before
reaching its ultimate strength. In this category, the plate does
no buckle, so it’s out-of-plane displacement is very limited.
Depending on the material properties and disregarding the
slenderness ratio, an important portion of the loading capacity
is provided by the plate in the elastic range of behavior.

Also, according to the nonlinear static analysis results,
new relationships for moderate and stocky plates are
proposed, which can predict the respective buckling load of
each category more accurately than those of AASHTO [22].
(Egs. 1 and 2, respectively)

7o = 0592 % (EKJy)O'SOJ | (1)
K % E.\ 0047
Ter = 0.827 x O'y X (ﬁ) (2)

Based on the cyclic analysis results, for different steel
materials, with an increase of slenderness ratio, due to the
increased effect of buckling and the resulted the pinching
phenomenon in the hysteresis curves, the energy absorption
capacity of the plate always decreases. Very stocky plates
do not buckle. As a result, the capability of this category in
energy dissipation is only dependent on the material yield
stress and thus, does not change with the slenderness ratio.
However, in the cases of stocky/moderate/slender plates, the
energy dissipation capability of plates is dependent on both
the material yield stress and especially, plate slenderness
ratio. Also, in the case of very slender plates, it seems that
the energy dissipation of plates is mainly dependent on the
material modulus of elasticity (and not the material yield
stress and plate slenderness ratio). Hence, it remains almost
the same for different steel materials.
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4. Conclusions

Very slender plates buckle at the initial stages of loading.
At the ultimate strength, the stress level within most of the
plate is relatively low, and only a very small area of the
plate at the tension corners experiences yield stress level.
Compared to very slender plates, slender plates depending
on their slenderness ratio have higher buckling capacity, and
at the ultimate strength, yielding occurs only in a narrow
region along with the tension diagonal. In moderate plates,
first yielding and buckling happen almost simultaneously.
At the ultimate strength, similar to slender plates, the yield
zones occur in a region along with the tension diagonal, but
in a larger area. On the contrary, stocky plates yield almost
entirely at a load equivalent to their nominal shear yielding
capacity. Similarly, the whole surface area of very stocky
plates yields simultancously at a load equivalent to their
nominal shear yielding capacity. Plates of this category do
not buckle and therefore, they have negligible out-of-plane
deformations. Modified mathematical relationships for the
classification of different steel materials regarding their
slenderness ratio were proposed and compared with those
of AASHTO. Also, using the statistical analyses of the finite
element results, new mathematical relationships for the
assessment of buckling capacity of moderate/stocky plates
were proposed. In general, the energy dissipation capability
of plates decreases gradually with the increase of slenderness
ratio, mainly due to the occurrence of buckling and the
resulted pinching phenomenon in the hysteresis curves. The
energy absorption capacity of very stocky plates is only
dependent on the material yield stress, while that of stocky/
moderate/slender plates is dependent on both the material
yield stress and plate slenderness ratio.
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Fig. 1. Shear loading and boundary conditions, (a): Eigen-buckling/nonlinear static analyses, (b): Cyclic analyses
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Table 1. Material properties
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Fig. 2. Material Ramberg-Osgood curves, (a): Stainless steel, (b): Mild steel, (c): Low yield point steel [1, 43, 44]
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Fig. 3. General behaviors of steel shear panels for different slenderness categories, (a): Very slender, (b): Slender, (c):
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Table 2. Summary of the nonlinear analysis results of stainless steel shear panels
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Table 3. Summary of the nonlinear analysis results of mild steel shear panels
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Table 4. Summary of the nonlinear analysis results of low yield point steel shear panels
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Table 5. Quantitative classification of different steel shear panels according to their slenderness ratio and comparison
with the available relationships in AASHTO

el N Logie Y JEVA-

(ﬁzl\@ﬁy\/@ @VK < B =2 [2<yVK) VK < B =22
X y X y X y X y X y
}_:.;';/' - - - Y VY \/E. \/E. - V- -
L SS - <10 <10 AVRIA AVRIA V0¥ V0¥ VoY \VF/eY -
< ST - “ [0 e AN <120 VYY VIYY  VYEIYA VFIYA -

J}u\?ﬂd

LYP - AN AN < [AY IAY VY VY. \Ailas \VF/PY -

(6 oo ileS — ol )| é 2LeS) auied —lawgie slrosgazes
S8, 5l eogase ol jo Alas aici¥l Joow posd 4 g5 b 50
2 ol (B) das s arexoVl Jode 5l eoliiul cllas
B Jolod b paa seoei B 4 ke glur By,
ol Geiod anels jo g wlb o | st Sldllae bt ()l

=

S balg) 9 goue Julod s dunlio g (L5, -T-)-F
WleS )l (gl 39290
sty (V =T _XbXt) ailes )b mls # 50 JSl o
i Fa E B Lalg)) sgzse 5,55 Ly 5 soue Jolo jl el
s 5 Lawgie laodguze 5 2V lews 5 2 slaodgaze sl
i g 05 e odalie O USE 10 45 jsblan sl dulia
03guze )0 WS o Ll [V ] onn g by aridS livios
@lo 5 (F gakal)) 05250 595 Laly, Y Jlon 5 Y Db
sy oo dyge 45 Wl crlie 3l dgumme bl (slo Luls
laosgazme ;5 blie yo esl 5 JlBle s yo Julow g (gsludas
S9290 5y Luly, d9d o0 osalin s 5 hwgle Slxio
wilaS s sgamms lall (gla el gl b deylia 5 (% 50 Lulg))
mlE @ a2 b e eed 4 05 o0 3] S5 eS so> b,
sdel Cawods i (g 5lel ko 51 oolaiwl b g sgame oyledl Judos
b bl sle o Llsy ol s )5 ks o go¥g8 llas |
yoboled a5 (wloalds Slpiiny ped g lawgio Olxan iileS
Gt Lomd 80 L sl jolB gl oo cdaline £ G 0 aS
Lasgie 03g0es ;3 1) Sloxio oileS L Y] gal Loy 4 e

@) &S G (B3 (leS) o g (o)l e (23leS)

b oo ol pasine o> s,y

S8, 5l el edguzme ;3 359 Y Lo g 2Y Slrio o
ol Sed bl Ced )b S 0sbpe GHLeS s 952
5SS s Y Bl Loy cud woly Gl SeeS SAp eels
Ced 2l (VY0 0=h) 2Y jls (slo s 50 45 sligSay g oo
RUSHPE Y VAESRE

sanlive 55 F B Y Johiz 15 5 o oo U3 a5 j5bilon
Sz sl lore Wlgt (658Y jlne ey oo Yl 4 098 o
or SNl Cos Dlxio L) edguze jariS g gy
Gl iyl s F Y Jgham 4o oad @) mls 4y amgs by sl
@S s, leosgaze 51 S 5o sl Y (all) slacens
Jsoz o o¥s8 calizne wllas sl 6,8V slrodgazs (o) e
alonts aglie [Y] 95T J0 ez ge (solgrins Lals, b 5 cail,1 0
Joaz 5o Yo O] awsds clidss o ond 3155 mlbs b alis
GeioS (nl jo 0l 485 L 5o ilisie g3V Do gl 55 0
&l ogame el o 5l sael Cawsds gulis a5 09 o sonlive
5% codhey 3l BB 08, b ilises (go¥g8 Dlio (gunjye
Sy gl e e g Lawgie 2 Slrio (slaosgace
sanlice B! guil Lulg, b ogase oLl Jdow 5l ol Cowsas
B) Y ol iy pmi ogo 4 g5 ol o Yozl o9 oo
oiileS (el )| (iileS) alize slaosgae (gl aS 00,5 o p
e (25 sl il 4 az i b (e LS 5 ol e
A a5 by calons iy ya5 (B) adgl il J5o0 5(0,)
=)l (BLeS) Lagie = 2Y (slaosgase §ye (raat 5 Sy
S (0) ks 9 5 el 5l oslici (el e iloS

S e )3 e 8L Sl gllas (0)) ks v 23

Vil



Fig.

VAV B VSFA ddo NFe o JL“’ A O)Lo..w HY 0)9 ‘)A.AS).:AI ul)o.c uw.\...e(c du).mJ

[ 1400 (5341) 2¥ 1200 () 2Y
g »o &Y P g 1w =y P = 1000 Y P DU
= 300 < 1000 =
S 250 = >‘5 800
= LYP 200 ST = b
3: 200 3; 3: 600
P o 600
9 150 d 5 400 S5
> 100 O FEM K o FEM % o FEM
«
1, “ AASHTO i 200 —AASHTO 1, 200 —AASHTO
04— %re—60—+—o0—o e 0+1-°9%0 00 06 0 0o o0 oI 0 i 00 ° ° |
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

Gr2Y e A=bJt
LYP) by oo 25 b oYg8 (g
22V 5w 9 ,2Y odgume Wilxio gl 09250 (55955 lg, b dgume ylodl Judxs ) ool Cawddy oS b 2o LS aw o O B

5. Comparison of buckling loads from finite element/theoretical for slender/very slender plates, Stainless steel, (b):
Mild steel, (¢): Low yield point steel
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Fig. 6. Comparison of buckling loads from finite element/theoretical/proposed equation for moderate/stocky plates,
Stainless steel, (b): Mild steel, (c): Low yield point steel
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Fig. 7. Separation of linear/nonlinear behavior phases for steel shear panels of different slenderness ratios, (a)

Stainless

Low yield point steel

1d steel, (c):

i

M

steel, (b)

ol ey s

LAz (el § Ao gl A Al fepdd [l Slbo -

G0 O 68 S g Axxhio i & A 1o Sl -

ol 8, a5 Jbjo wed o (o e Sl Lloday 6, ol

B el )l eogaze 10 (5,0,b 5l bz g5 JB s (6 ,2Y S

Slr S 2l Sedib 1o, YO 5 A0 AD s 5 a) widl o

wmio )b 5l stz sd S

G555 6EY e sl ok 4

L o¥sé 3 ST) Sleisls any Y48 «(SS) K500 oY4d Alas

‘é)ﬁ 3o [g..J.mJ 6955 l; U‘ )l o= M‘&S‘ él.a.s‘ G‘a} odgde 4O

85 5 ks 339 O G (LY P) oy s s

R

(o) ileS €589 b (ylojor a5 (5 )b (2lod 0> U 5,5 LS,

iy



VAV B VSFA ddo NFe o JL“’ A O)Lo..w HY 0)9 ‘)A.AS).:AI ul)o.c uw.\...e(c du).m.:

fwv,\v,\vaAI\AMM
PRMMMMMMALLL !

-20 +

(yroalss) lowsl

0 3 6 9 12 15 18 21
JSw

S 651055k Jloe! azmsy )b A S
Fig. 8. History of cyclic displacement

Jobeo L 5 e Lo Joo plos (sl (B,) ek 0o glral
Sl 3 olSsanl BTV 5 TS sl olral>
5555 sl ety 1 PS5 sl 5 S5 UK w5 V8,
85 jebolen Culoas (28 IS5 JSew 93 (V8 B YE) T 5
Jeadlygiwo b aslin Ly 185 b oloasl> Jlesl 1o 058 o0 odnlin
oS Sglis ol b dF0] oot Joe 10 0l anlionn] (Ao Julos
2RSS 90 QIS A s Y‘Sy 3 YSy sl plralr o
o )Lﬁ Sloras u;w).’ L;)‘Jf)l.: ‘59@‘ 9 SHye Ja.i‘).w Cewloalds
Cawloauds CD).......» =) -\ L}i“‘”
Iy 6oV g8 Glmto ' s it slo v S (555014 S
&l alizee mllas glp peded [l B 2 s lrodgamxs (o
e ol oy s 3B gl ygme b A1) o aiS e
) & Con 3 B slajeme o (V=T XDXY) G55 (o5
pobai ;o a5 jebilen il o (Ciyye Cond) W (o dxbo
Sloras LSL“°°5“\"‘° ).b) LSJ'C‘Y S u,..«.:blf L 09.....»‘59 odline
oS Boee axio )l8) &5 alyd 9 (s )l 5 meied
5 it Sz ) gl el Ol o el gsbs il
PFlae jo sl diiz 5 Slas (65,5 Q> Ll xS o
Sl 0hgds g ,8Y ddawgie odguze jo (5,8Y Cas S L
D9 oo i p Slxio Jl3; )0 leS A w4 a5 &Y
Slo e ;0 T FanKS ouy il )0 5 iileS 485 Judoa
e s S 18 il ol Slrio 655 @dz Sl e

1 Hysteresis
2 Pinching

muay

bl cplply 0sd oo o  SOlKe Lloday el o] o
el Gk & G, dbd U555 Mes eed Lo Dlnio
S ood 4,25 1) (oS (a8 L) (qwin (s )15, 095

30 b cdes (Dlbio iz A diw g Olws -
bt i 155, arals Sles g 5| e 5T L3, 5| el eaguma
el fash o B 5 5 (Sl i)

5295 slas,EY edgazme ;0 eV Jlews 5 8V Slxio -
1 Gl odes 5 Canl Lrgte Sl b alie ga> b i3,
S amio (LS 58 b o 5l ey bl Gl ol 56
S b ek £989 b aslol 1o S o 200 | (pwiin (oS 8
(@las 5 gunio) JolS (b5 1) 4o b Gys <0 5l o
Jedoas (8 G SR L sy o0 05 ol 2l 0> @
SalS 5 o] s L5, anels by 5 g otileS o s
L8 o3game b leS 51 ey 51 0)l5 (55 ¢ AleS 985 Lol 0
odes 5 5,5 Y Glalans [ glpe s sl
B (wain (b 28) (LS 5l g 039920 53 35 S0k
e 03y (5,2 o il b S s o e S1 Lzl
JBS, anels sl )3 5 WB0 (o0 &) 095 (o Hsbd 5 B 0
e Gl 53 b (llas 5 i) JlS

&35 Sl g (S Sl -V -F

Cix Sloogas 3 6,2V (e3995m) S 13U ()2 S
(SS) Sijas o¥gh wlas 5| Sopp (6l by Slrio 555
LYP) ol pekas 25 b o¥s8 o(ST) Slessle any o¥gs
S Byre oS glaigTa) it (6,£8Y slacums b Jow ol
5 LT o g 59,5 oo il (ansl [ls, alimy sbhesgass
il dglie Sl 3,50 eald jliteas 3,5 oo 3 (A
b alidee Slio (SSw (13 5 6551 @i @l o oSS
cdalie A JSs 50 a5 (luSs (63551 azsu )b G 5l 00
20,5 oolal Galize slo Jus gl e o0

S b (S Judow coale s colie Lg A JSo a9 b
JSo Billae) 39 SBg8 ad 4 (Sl obals IS VY Jleel b
Foghes YOI 8902 (8l (oo B0yt 0 o) B ()
Lty opl 5o caslonds ploil (V07 iy ,s aoys b Joleo Lo i)



gt §9 8 e VWY by (S35 Sagmuic VIVY 31 (59325 o V/VY (3§93 S V/VY

0§92 s VIVY

VBV B VSFR doiio VFe v Lo oF oyl O )93 puS puol (e (owbies 4yl

1.2
0.9 | SS,A=15 I

-0.6

-0.9

-1.2

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
iy 33 S Bingb

SS, A=15 cquids s (V-]
1.2
0.9
0.6
0.3

0
-0.3
-0.6
-0.9
-1.2

-0.03 -0.02 001 0 0.01 0.02 0.03
Cedy ) Cemnds Ain/b

SS, A=60 5W :(\—g.)

1.2
0.9 | SS,A=100
0.6
0.3

0
-0.3
-0.6
-0.9
-1.2

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Gy 30 Cndc Din/b

SS, =100 Jawgo :(\-z
1.2
0.9 | SS,A=250 L
0.6 [
0.3

0
03
0.6
0.9 +
1.2 L

-0.03 -0.02 001 0 0.01 0.02 0.03
Sy )8 e Ain/b

SS, A=250 &Y «(\-s

1.2
0.0 | SS,A=2200 [
0.6 [
0.3
0
0.3
0.6
0.9 £
1.2 L
0.03 002 -0.01 0 0.1
ady )5 Cemde Bingb

SS, 1=2200 « &Y s :(\-0

0.02 0.03

32 (59585 e V/Vy 3 (8932 Cmade V/VY b3 (5938 e V/Vy 0§98 Cems VIVY

32 (59585 Cammnde VIVY

1.2

0.9 | ST, A=15 T

0.6 7

0 — i f |- :
0.3

0.6

'0-9 4

1.2 L

-0.03 -0.02 001 ©0 0.01 0.02 0.03
Cads 30 e Din/b

S8, A=15 conieds s (Y-l
1.2
0.9 | ST,A=60

0.6
0.3

< (i

-0.03 -0.02 0.01 0 0.01 0.02 0.03
Cady 33 Condc Bin/b

1.2
0.9 | ST,A=100
0.6
0.3

0
-0.3
-0.6
-0.9
-1.2

-0.03 -0.02 001 O 0.01 0.02 0.03

g3 G Binfb

ST, 2=100 Lawsio (Y-
1.2
0.9 | ST,A=250 L
0.6 +

o NﬁW

0.3 >

_0.6 4

0.9 £

1.2 L

-0.03 -0.02 001 0 001 0.02 0.03
Cady 33 Condc Bin/b

ST, A=250 «,£¥:(Y-5

1.2
0.9 | ST,A=2200 L
0.6 L
0.3 L
0
03
_0.6 ,:
0.9 L
1.2 L
-0.03 -0.02 0.01 0 0.01
Cads 33 Cannde Bin/b

ST, A=2200 « &Y lws «(Y-o

0.02 0.03

o S90S VIVY 2 (958 o VIVY ey /At 2 9 5 Copndc VIVY

S Sommds VIVY

1.2
0.9 |LYP, A=15
0.6
0.3

] T t t =t
-0.3
-0.6
-0.9
-1.2

-0.03 -0.02 -0.01 O 0.01 0.02 0.03

Cads 30 Cnsde Bin/b

S8, A=15 s s (F- i)
1.2
0.9 | LYP, A=60
0.6
0.3
0 1 t * NE
-0.3
-0.6
-0.9
-1.2

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Cady y Conde Din/b

LYP, 2=60 puzei> (Y-

1.2
0.9 | LYP, A=120
0.6
0.3
4] - - - =
-0.3
-0.6
-0.9
-1.2

-0.03 -0.02 -0.01 O 0.01 0.02 0.03

Cads 30 Cannde Bin/b

LYP, 2=120 Jawgis (-7
1.2
0.9 | LYP, A=250
0.6
0.3
0
-0.3
-0.6
-0.9
-1.2
-0.03 -0.02 001 © 0.01 0.02 0.03
Cady y Conde Din/b

LYP, =250 « &Y «(Y-o

1.2
0.9 | LYP,A=2200 [
0.6 [
0.3
0
0.3
0.6
0.9 £
1.2 L

0.03 0.02 001 0 0.01 0.02 0.03

Sl )5 Cegmdc Bingb

LYP, 2=2200 «s&Y s (Y=o

ol jlonn B 12V jlows grosguxo jo il oY g8 Wlxto (o ) pownd s (0 A s
Fig. 9. Hysteresis curves of different steel shear panels

yig



VAV B VSFA ddo NFe o JL“’ A O)Lo..w HY 0)9 ‘)A.AS).:AI ul)o.c uw.\...e(c du).mJ

e

S35l @i bl 8V g Lawgie ies Dlxio o3gace )
GAY Cos ohs g pllae peled 5 30 Co Dlbrio
S5Pl oizr Lol amio 68V Lo s b el Slrio
0gaze Sy (2,8 b o jed WS s Soddy Wlg oo Dlxas
S 00y Slmbio b aliee ol (6,8Y Canid 5 atine 5 ,£Y
ol Olxas poxe axly 4 cald O (65, Ay eated
Vs 5 (ST) lazslo any o¥ss (SS) K05 ¥ wllas (sl
Oliao )0« Jilie 10 058 oo sanlie (LYP) (ol ok 250
Laes Dlxio (65, @iz CoblE a5 oy oo Slaiay 1Y Ly 00,
rkand (35 & ol ply g Al Slmbo iVl Jgae 130 Co
Sl Slas Caz a3l W5l (T 50 6,65 Y o @
Oh s S ogaee (pl jo Gl (go¥sd b (6351 i
L) dolie

G5 A -0
L8, Gl Thy 5 Sleosad owyp oz (G Gl 0
e e KT RO SRS e BER PO
ougy ol esliul b Gz (6,6Y slacnd 5 plae b asis
Seibiol 5T (glabg, 5l 6o 5 dgame el (g5l o
a5l o358 Slmao a8 518 Ll 550 (JSe 5 (a2
(ST) Sleislo asy o¥g8 (SS) Kj0s oVgd) calisee iz
Sl b USignye gty (LYP) il ool i Y 5
2 g ook 50 lulid b adee MY reex) e
28 (YT 20 ) 68Y ola o | ormmg Lo 03900
03, gy o Glas da s ool Cowsds bt 4 axg5 b .asas
e & 4258 b s Jlen 5 ped chwgle fY Y L
Sl g )l Sluogas ol (gonaiud 5 (i Y
B oy g S 9590 (o5 g (S Blda o) 12 (635l L
Slxio 6,13 sl o et Sax Shaily) oo 285
s o Al s 5 lawgie Dloxio (2ileS )L 283 (e
Sl cwl Ohle ol Babod diws
Oled 5o (o) (AleS odsy 2Vl Slondo o

amio §l ) S (T L Glojen 5 aidl o lisl gl sl

1o

Sla oo (6551 45 am3 e i 0K b 53V b calisee pllas
S8, 5l pasuie edguze o (sl il wlas Gl ) s
I3 ot gz Al 08, alie Lo (5,2Y)
S Vg o Al o b ias wl, F5) 4l (Al
5 SS) Sijus oVsh (1 S-i slagimie po iy (las
Sleitlo asy o¥58 4 Cod LYP) (oo (25 L 0Yg
oyt Sl g S5 Slael (o 1, ¥ JSE) (ST
el a5 S 15 3 Cod gusl
5 $AY (Bleodgamae) slacums ;8 (o5 amslio Cuz 4
bgia Vo U5 ko 55, i SoblE 5 gllas i
Gy Slrio wom ol a1y Lol S 50 59 a0 i (65,
odnlice Vo IS 0 aS [jabyles i8S o duglio Galize slo o
S RPN L las g9l b ye (S5 Sl o wed o
Y s b e s w3900 5 s (5,89 i) (5,69
25 (SO oy ol e o 5 amio o 1leS g8y Jloa
Saie B by o Slio pa axly (6550 i OLd) sl s
oyl (650 i bl 500 ()l 4 sl oo (RS (cgume
o] 5o LileS a5 pudes jlows Slorio s3gamme 48 g oo atwlS
O 5l Cou MlS Slrae (655 i collB wes o F
skt w3gamn (2] 55 S8V i b 5 sl llne ks
Sloras odguze 0 (65, ©dx iSlas (mls 4 dxgi b oS el
anyi 358 (SS) Sjas Vb dllas sl o jar el sl

sdel Cawdas (LYP) ol pbs 25 b o¥g8 3 (ST) Slexs Lo

14000 —
wy
i e msS @ST  mLYP
‘(5 12000 ”ti 1]
ne (-]
a 10000 1 i f°§
- 7 e =
3 /I 2
8000 + éﬁ I
& 0 g8
2 6000 + /ﬁ ik~ 2
7 é? n o
] .
é 2000 | é? |
7 .
o 1 éé } A4
— Yl

> 9219 50 (2 Ll S 99 53 o a2 (55l bawgie N+ S
Ciliio 5 ,2¥ ((5Urodgume) SUbums 3 il b oy Slorivo
Fig. 10. Average energy dissipation of the last two cycles
per unit volume for steel shear panels with different
materials and slenderness ratios
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