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1. Introduction

In the plastic design of structures, ductility is defined as the capacity of a structure to undergo
deformations after reaching its initial yield without any significant reduction in ultimate strength.
The ductility of a structure allows prediction of the ultimate capacity of a structure which is the
most important criteria for designing structures under ultimate loads.

The inelastic behaviour of a structure depends upon the amount of moment redistribution. The
attainment of the predicted collapse load is strictly related not only to the hinge position where
the sections reach the full plastic moment M,, but also to the inelastic rotation of other hinges
elsewhere (Shokouhian & Shi 2014).

The following ductility types are widely used (Gioncu 2000, Figure 1 and Figure 2):

— material ductility, or axial ductility, which characterizes the material plastic deformations

— cross-section ductility, or curvature ductility, which refers to the plastic deformations of
cross-section, considering the interaction between the parts compaosing it

— member ductility, or rotation ductility, when the properties of a member are considered

— structural ductility, or displacement ductility, which considers the behaviour of the whole
structure.

In Figure 1 the subscript u refers to the ultimate deformation (strain, curvature, rotation or
displacement), while subscript y indicates the corresponding deformation for first yielding.
Referring to the ultimate deformation, the collapse of an element can be reached by plastic
deformations limited by buckling or by fracture of some components. So, the ductility can be

— deformation ductility, when the collapse is due to buckling of a compressed element,
or

— fracture ductility, when the collapse is the result of the fracture of a tensioned element.

This study focuses on the cross section ductility, and the study is based on the fracture ductility
of different steel grades. Usually in limit design of structures it is required that plastic hinges
have a sufficient rotation capacity, which is based on the occurrence of local buckling of plate
elements in the member cross-section (Figure 2). However, local buckling is excluded from
this study.
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Figure 1. Different type of ductility (Gioncu 2000). First two cases are based on material
ductility of tensioned parts of the cross section, third one on the stability of compression parts
of the member, and the last one on member and connection ductility of a frame.
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Figure 2. Different structural factors effect on the structure ductility (Gioncu 2000).

Section ductility of a steel section is usually defined as the ratio px between the curvature which
leads to the maximum moment ymax and the curvature corresponding to plastic moment y;

_ Xmax

‘L[_
x Xp

Most usually section ductility is used for the classification of cross sections based on the plate
buckling of the cross section, not for material ductility as in our case. The differences among
cross section classes are governed by the element slenderness, defined by the width-to-
thickness ratio.

In Eurocode approach the definition of the section ductility is related to the fully plastic moment
(Figure 3 (b)). The rotation capacity is determined in the descending post-buckling curve at the
intersection with the theoretical full plastic moment M,. This definition is given in the
Background Document 5.02 of Eurocode 3. In the Background Document of Eurocode 8
(earthquake design) there is also a proposal to use a reduced plastic moment My/1.1 = 0.9 M,
which leads to an increase in ultimate rotation values (Gioncu & Petcu 1997, Shokouhian &
Shi 2014).

In Eurocode 3 (RFCS1998) the formula calculating the available rotation capacity is given as

Re yy =0 00 _ 6,
—pp=p O O
GP GP 919

where 6, is the ultimate plastic rotation, &, is the rotation corresponding to the formation of the
plastic hinge and § is the total ultimate rotation (see Figure 3 (b)).

During some loading conditions of experimental tests the yielding plateau can occur under the
reference value M,. Therefore the above definition of rotation capacity cannot be used. For
this case the rotation capacity can be determined for a reduced plastic moment 0.9 M,. Based
on Eurocode 8 proposal (Gioncu & Petcu 1997) the rotation capacity is then

0r0.9
Roo = HUgoo = ; -1
P
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According to (Gioncu & Petcu 1997, Shokouhian & Shi 2014) also two other definitions have
been proposed. Some researchers have proposed that the ultimate rotation should be based
on the maximum moment with different levels of 0.8—-0.95 Mmax (Figure 3 (a)). The rotation
capacity can also been considered in a more general way, in which, in addition to the rotation,
the slope of the descending part of the moment-rotation curve is calculated (Figure 3 (c)).
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Figure 3. Different approaches to determine the rotation capacity (Gioncu & Petcu 1997).
In Eurocode 3 four classes of cross-sections are defined as follows (Figure 4, Figure 3b):

— Class 1 cross-sections are those which can form a plastic hinge with the rotation capacity
required from plastic analysis without reduction of the resistance.

— Class 2 cross-sections are those which can develop their plastic moment resistance, but
have limited rotation capacity because of local buckling.

— Class 3 cross-sections are those in which the stress in the extreme compression fibre of
the steel member assuming an elastic distribution of stresses can reach the yield stress,
but local buckling prevents development of the plastic moment resistance.

— Class 4 cross-sections are those in which local buckling will occur before the attainment
of yield stress in one or more parts of the cross-section.

%] ______ R B Class 1

Class 3
Class 4

v
= )

# Pl Prnax v 2 4¢0p.’ ¢

Figure 4. Cross section classes according to Eurocode 3.
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Based on (Shokouhian & Shi 2014) the definitions of Classes 2 and 3 are clear. In the former
case the girder must develop the plastic moment of the cross section (M), while in the latter
the yield moment of the section (My). For the limit between Classes 1 and 2 some discrepancy
exists between the codes in regard to the appropriate value of the rotation capacity. EC3 does
not propose a certain value, stipulating that for Class 1 ‘sufficient’ rotation capacity must be
available to allow for a plastic redistribution of the bending moments!. The AISC LRFD
specification states in the Commentary a value for the rotation capacity R = 3 for Class 1
sections, while the AlJ LSD Code (Japanese Recommendations on Limit State Design of
Buildings) stipulates R = 4 (from Shokouhian & Shi 2014).

According to Shokouhian & Shi (2014) Mazzolani and Piluso (1997) have proposed
classification criteria for members according to ductility classes:

— HD, high ductility, pe-= 7.5
— MDD, medium ductility, 4.5 < ue-< 7.5
— LD, low ductility, 1.5 < pygr < 4.5

where e is the rotation capacity of a flexural member.

2. Theoretical study of material ductility for beams without
holes

Material ductility is necessary so that the requirements of Class 1 and Class 2 can be achieved.
To be able to reach plastic moment resistance My in Class 1 and Class 2 cross sections, the
gain due to material strain hardening has to overcome the loss caused by the imperfect cross
section plastification. Moreover, the condition of rotation capacity R = 3 for Class 1 cross
sections assumes that the material can tolerate certain plastic deformations. For instance
beam flanges should provide sufficient plastic deformation capacity to satisfy this condition.
Eurocode 3 gives for the uniform elongation of material a requirement of & = 15¢ (g = f,/E).

2.1 Rotation capacity

The deflection of a beam, which is loaded by end moments, is a circular arc with uniform axial
strain distribution along its length. This is valid for uniform elongation until the ultimate strength
of the material is reached and the necking in the tension flange starts. The load is typically
rapidly decreasing beyond this point. Therefore we can conservatively assume that the rotation
capacity is defined by the rotation at maximum load ¢max instead of ¢ (Figure 4). Then the end
rotation of a symmetric cross section can also be expressed by means of beam curvature y or
by edge strain ¢ of the cross section (Figure 5).

Pmax _ €max _ Xpl

Ppi €pl Xmax

where @max, &max @and ymax refer to Mmax, and ¢pi, g and g, refer to My in Figure 4.

1 In addition to the previous, however, it has been found that rotation requirement R = 3 has also been used in
Eurocode background documentation. The documentation has been presented in Annex 12 of reference (RFCS
1998)
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Figure 5. Strains in a partially plastified section of a beam subjected to uniform bending.

Because the plastic rotation in Figure 4 is defined as

Mo Wi
(ppl My (py w (py

the rotation capacity for gav = gmax can be expressed as

_ Pmax 4 qumax 4 W &max

Pp1 Wi @y W €y

R

where g = f,/E. Then the condition for the uniform edge strain is

Emax

Wpl
. Zw(R-}-l)

y

Assuming that gmax is achieved when gnax = &, the condition for material ductility corresponding
to R = 3 can be presented as

where the uniform elongation & corresponds to the ultimate strength f, on material stress-
strain curve.

Table 1 shows the condition for selected cross sections. The table is determined using the
centreline dimension of the cross section. Because the effect of plate thickness is omitted, the
real values of min & can be slightly higher then given in the table. The most conservative value
of &, = 6g is valid if the cross section is a solid rectangle, or in the case of CHS if di/d2 > 0.65.
Therefore in the case of usual | beams and hollow sections with any shape the minimum
uniform elongation of 6¢y results in adequate ductility. For example in the case of f, = 1000
MPa 6¢ is 3%.
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Table 1. Required minimum uniform elongation & for some cross sections.
. |14 .
Cross section w Wi W”l min &,
| section without web bts - hy, bt - h,, 1.00 4.0¢,,
| section with hytw = bt; w w 1.07 43¢,
RHS with hy = b 4b - iy 3“2' oy 113 45¢,
RHS with h, = 3b 2bt - h,, >b tz' a 1.25 5.0¢,
CHS rit 4r?t 1.27 5.1g,,
4 54 3_ ;3
CHS with d/d, 2065 | "2 —d) | (7 —di) <15 6.0¢,
32d, 6
2 2
Solid rectangle % % 15 6.0¢,
tr is flange thickness of | section
tw is web thickness of | section
b is flange width of | section and RHS
Notations hw is height | of section and RHS
t is plate thickness of RHS and CHS
t is centreline radius of CHS
d:; and d; are inner and outer diameter for CHS
b and h are width and height for a solid rectangle
2.2 Plastic moment resistance

The reduction of cross-section capacity caused by imperfect cross section plastification in the
vicinity of the neutral axis has to be compensated by material strain hardening, in order to
reach plastic moment resistance M, (Figure 6). In common double symmetric cross section
the gain M* and loss M~can be calculated from quarter of the section as:

Xo
M- = 4f x-0 (x)dA
0
and the gain can be determined as
h
Mt = 4f x-ot(x)dA
Xo

Stress distributions ¢~ (x) and o™ (x) are shown in Figure 6.

We assume a limit of the spread of plastic axial strain in the section (xo in Figure 5 ). Below
that position in the section the stress distribution is ¢~ (x) which causes the loss in bending
stress with value of o=fyat x =0 and o= 0 at x = Xo. Above that position the stress distribution
which causes the maximum possible gain in bending moment o*(x) has value of o=fy at x =
Xo and o= m-fy at x = h.




WT RESEARCH REPORT VTT-R-02326-16
10 (58)

__________

f.=(1 +m)fy

S
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Figure 6. Effect of strain hardening on bending resistance.

Here it is conservatively assumed that the failure in tension flange occurs when the edge strain
of the beam reaches the uniform elongation of the material. Table 2 shows the formulas for
calculation the loss and gain for some sections. For simplifying the calculations the effect of
ratios ti/h and r/t is excluded.

Calculation results for some specific cross sections in Figure 7 show that the required uniform-
to-yield elongation ratio &./s, depends on the shape of the cross section and on fu/fy ratio. If fu/fy
is at least 1.02, uniform elongation of & = 6g is adequate for usual | beams and hollow
sections. However, if f /fy ratio is higher, also lower values of & are making it possible to reach
My, the requirement for Class 2 cross sections.

Table 2. Maximum gain in bending resistance due to strain hardening and loss due to
imperfect cross section plastification.

RHS and symmetric | beam CHS tube
M, for perfect A, 5
= _) M == 4‘ t

plastification My = 2h(4r + 2 )y p = AT
Lpss due to B M~ = 4f,r’t [1 — cos(@g) — %

mpgrfegt M~ = Awfym 1

plastification + Zsm(Z(pO)]

1 T Qg

A 1
M* = 2mf,h [Af @ | MY =Amfrtt—— | =
n

Maximum gain due 1—sinpyld 2

to strain hardening 1 1
- ﬁ)] - Zsm(Z(po)]
h = hu/2 (half height)
Ar = bt; (flange area) m = fu/fy-1
Notations Ay = hty, (half of web area) n=e/s
m = fu/fy-1 sin(go) = 1/n

n=s&/s
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Figure 7. Relative gain in bending resistance due to material strain hardening.

2.3 Code provisions for material ductility

In rules of Eurocode 3 (EN1993-1-1), valid for steels up to grade S460, the material
requirements are fu/fy =2 1.10 and &, 2 15¢&,, where ultimate strain &, corresponds to the ultimate
strength f, and ¢ is the yield strain (g, = fy/E). The elongation at failure shall be A5 = 15% (Lo
= 5.65 VA). For steel grades above S460 and up to S700 (EN1993-1-12) the material shall
have fu/fy =2 1.05 and A5 = 10%, but the requirement for &, = 15¢y is identical.

In North American specification AISI S100 (2007) for cold-formed structural members the
requirements are f,/fy 2 1.08 and Aso = 10% (Lo = 50 mm). If these requirements cannot be met,
the local elongation across the fracture shall be 220% in a 12.7 mm gauge length and the
uniform elongation outside the fracture shall be 23%. Background for AISI approach is
presented by Dexter & al. (2002).

3. Determination of rotation capacity

3.1 Testing methods

The rotation capacity (R) indicates how much the plastic hinge can rotate before the moment
falls below the plastic moment resistance (Mp) on the descending part of the moment-rotation
curve.

The background for the rotation capacity is in utilization of plastic design in continuous beams
(Figure 8). Therefore in Eurocode background documentation (RFCS 1998) three point
bending test has been used to obtain the rotation capacity under moment gradient. However,
there is mentioned that to obtain the rotation capacity of section with moments but without
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moment gradient, four-point bending test may also be used. Four-point bending test has been

used e.g. by Wilkinson & Hancock (1998) in determination of class 1 limits for rectangular
hollow sections (Figure 9).

.. I 14 | 1stPlastic Hinge | 2 nd Plastic Hinge
e ML w9 Ml o
Fay FaY 7 ; :
| - ; Al e I ¢
90, <10
!4 |
¢ |
Lo
1 B
i P
reg
Figure 8. Obtaining the required rotation on support (RFCS 1998).
14
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Non Dimensional Curvature (kMp)

Figure 9. Non dimensional curvature y/y, of cold-formed RHS beams (Wilkinson & Hancock
1998).

3.2 Four-point bending test

The principle of the test is shown in Figure 10. The rotation capacity is expressed as

Xpl

where y/y, is a non-dimensional curvature. Value of yp in the non-dimensional curvature y/y,
is determined by

My Wty
L™ Ep El

It is dependent only on material yield stress and cross-sectional properties. The beam
curvature y is based on measurement of displacements in three positions. The measuring
points are positioned at the region of uniform bending moment. The measured curvature
includes both elastic and plastic deformations.
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Figure 10. Determination of rotation capacity by four-point bending test (Wilkinson &
Hancock 1998).

Because the curvature of a uniform beam under uniform bending is constant, the curvature
can be determined based on a circular arc with radius r = 1/y and deflection . The length of
the arc is the distance L of the outermost measurement points. Based on the equation in Figure
11,

1 86

1= Eras

6=r —r2—(L/2)?

L2 .
=Y ==

Nl r

Figure 11. Determination of the curvature based on measured difference of deflections.

3.3 Rotation capacity in the case of a localised plastic hinge

The rotation capacity can be presented by the help of the end rotation ¢ (Figure 12). When the
curvature of the beam is constant,

R= 2 1

(ppl
where the reference value for the rotation is defined as

o Mo L_Wofy L
PLTEr 27 EI 2

In the case of small rotations:

_+r_,.L_ML
(’o[rad]_Zr_X 2 EI 2

Figure 12. The relationship between the curvature and end rotation.
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If a plastic hinge with an angle of 46 is formed in the middle of the beam (e.g. because of a
large hole in flange, Figure 13), it increases the end rotation of the beam by A6/2 (Figure 14).

SIMULATION

A UME W0 PRESCRIBED \ i /
- gl Necking followed by
D =0 Fracture
I | 2000
A it
2 Sl
{
by
4
Ky
i 2

Figure 13. Local plastic hinge of a beam (Arasaratnam 2008).

In addition to the local angle, there exists also end rotation 6, due to the uniform curvature of
the beam (Figure 14). Then the rotation capacity is

Op +20/2
<ppl

Figure 14. End rotation in the case of localized plastic hinge.

In the case of localized plastic hinges, 6, due to uniform curvature depends on the length of
the beam but 46 is independent on it. Therefore, with shorter length (L) the effect of a local
hinge on the rotation capacity is increasing. Due to the localized failure, the rotation capacity
is a subjective measure and it depends also on loading arrangements of the test (see also
Arasaratnam 2008).
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3.4 Required rotation capacity — an example based on localized
failure

If we consider the case of a uniformly loaded continuous beam with a hinge forming on the
support; and conservatively assume that the hinge does not take any bending moment (Figure
15). What kind of rotation capacity is necessary at the support, if the design is based on limited
deflection or on initiation of yield at mid-span?

A\_,/l@/lé /
| \

Figure 15. Rotations in the case of localized plastic hinge of a two-span beam.

Assuming that that determining factor in the design can be beginning of yield in the mid-span
or mid-span deflection.

The deflection of a single span beam is

5FL®  5FL* 5L
384E] 16-24El 16

where F is the load of one span. The end rotation (slope at the beam end) is

FL? _ 166
24EI 5 L

This is the maximum value of end rotation if L/h is large enough (Figure 16) and the design is
limited by the deflection limit (6/L). Otherwise the end rotation is smaller and it is determined
based on the beginning of yield in mid-span.

40% -

3,5% - /

20% —355
- Deflection —700
£ 25% 1 limits
o ——960
B 2,0% - J/
= - ——1/500
£ 15% -

—— /400
o | ® °

1,0% 1’ / / / . —+—1/300

0,5% - &/\mem limit /200

0,0 % : : . . L/100

0 5 10 15 20

L/h

Figure 16. Limit for end rotation of a beam based on yield limits or deflection limits (steel
grades S355, S700 and S960).
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In the case of symmetric beam with height h, the deflection at the beginning of yield is (Figure
16)

_ 5f,12

"~ 24Eh
166 2f,L
5L 3Eh

The required rotation at the mid-support is double to the end rotation

32
5

=~ O

AG = 20 =

Based on the deflection limit (6/L), to reach such a rotation, the difference of elongations of
top and bottom flanges shall be

Al = A8 h—32h6
B 5 L
:Al_ 25_645
h 5 L L

If e.g. deflection limit L/200 is used in the structural design, the required difference in elongation
of flanges is A4l = 0.032h. In the case of h = 600 mm that means axial deformation of 9.6 mm
in both flanges. The beam has to tolerate these local deformations without failure.

It should be noted that the end rotation in the case of uniform bending, based on deflection
limit, is a little bit higher than in previous study. Then

(9—4(S
)

and then in the case of deflection limit the difference of elongations of top and bottom flanges
shall be

AL_ o8
“hT°%L
3.5 Required rotation capacity — plastic collapse

A good literature review on background of rotation capacity is presented by Wilkinson (1999)
which is referred below. In plastic design the already formed plastic hinges must be able to
rotate a certain amount to redistribute the bending moment.

Kerfoot (1965) analysed three span beams with point loadings. It was found that only in
extreme cases would a plastic hinge rotation greater than MyL/El be needed to form a plastic
collapse mechanism (L is the length of each span). For I/W = h/2, MuL/El = (f/E)(2L/h). That
means that the required hinge rotation depends also on the material strength in the case of
plastic collapse.

Driscoll (1958) considered three span beams (each span of length L) with distributed loads. It
was shown that a plastic hinge rotation of 0.425 MyL/El was the maximum required for the
three-span beam. Driscoll extended the analysis to frames. For a single span rigid frame
(Figure 17) 0.475 MyL/El was the required plastic hinge rotation, and for gable frames (pitched
roof) 1.05 MyL/El was the maximum required plastic hinge rotation.
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(a) Loading (b) Plastic hinges

Figure 17. Plastic hinges in a simple portal frame (Wilkinson1999).

Since the rotation capacity requirements vary according to the loading and geometry of the
structure, it is convenient to establish a representative value of rotation capacity that covers
most common practical situations. The Eurocode 3 Editorial Group (1989) summarise the
rotation requirements for a variety of frames and multi-span beams constructed from | sections
and concluded that a value of R = 3 was a suitable value to ensure that a plastic collapse

mechanism could form. The value of R = 3 is therefore used in Eurocode 3.

Yura, Galambos and Ravindra (1978) state that the AISC LRFD specification is also based on
R = 3. AISC LRFD states, in Commentary to Clause B.5, that in seismic regions greater rotation
capacity may be required that the rotation provided by a compact section, and rotation
capacities of the order R = 7 ~ 9 (Chopra and Newmark 1980) need to be provided.

Korol and Hudoba (1972) considered hollow sections and recommended that a value of R = 4
was the minimum necessary to ensure that a plastic mechanism could form. Hasan and
Hancock (1988) and Zhao and Hancock (1991) followed the suggestion of Korol and Hudoba,
and used the value of R = 4, for determining suitability for plastic design in the establishment

of values for the Australian Standard AS 4100.

4. Code provisions for member resistance

4.1 Members in bending

According to Eurocode, for beams with Class 1 and Class 2 cross sections, the design
resistance shall be greater than
Wpify
ply
Mepra =—; Ymo = 1.0
Ymo

Each cross-section of the beam shall fulfil the above condition. Therefore, for net section
resistance Wyi.net can be used in the equation. In that case internal forces and moments may
be calculated according to elastic global analysis; however the section check is still carried out

using plastic resistance (RFCS 1998).

Concerning the fastener holes in the tension flanges of beams, the holes may be ignored
provided that for the tension flange

0-9Af'net fu > Affy

Ym2 Ymo
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Note that the condition is not required for cross-sections if the global analysis is elastic; it is
required only in capacity design of Class 1 cross sections in a plastic global analysis. A cross
section requirement for plastic global analysis is that the member has Class 1 cross-section at

the plastic hinge location and that adjacent to a plastic hinge location any fastener holes in
tension satisfy the condition above.

In AISC (2010) the holes in tension flange of beams may be ignored provided that for the
tension flange

Af,netfu = YtAffy

where Y; = 1for f, /f,, < 0.8, else ¥; = 1.1. Otherwise the moment resistance is determined by

_ Af,net
Ar

M, fuW

where W is elastic section modulus.

4.2 Members in tension

According to Eurocode, the design resistance in tension is based on the plastic resistance of
the gross cross-section (Npirg) and ultimate resistance of the net cross-section at holes for
fasteners (Nu,rd). Design resistance shall be taken as the smaller of Npi.ra and Ny rd.

Afy

Npira =—=; Ymo = 1.0
Ymo

0.94,,.¢ 1,
u,Rd = ﬂi Ymz = 1.25

Ym2

Where capacity design (EN1998) is requested, the design plastic resistance Nprd Should be
less than the design ultimate resistance of the net section at fasteners holes Nyrqd. This results
in the following condition for capacity design

1.25f, fy
A >——=A=139—=—A4
"t 09 f, fu

In AISC Specification (AISC 2010) the corresponding resistances are determined by
F, =0.94, - f,

Fy = 0.75Anet " fu

Based on AISC equations the condition for the yield of gross cross section is

f;
Aper = 1.20}%Ag

u

This means that the Eurocode requirement is more conservative than the AISC requirement.
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5. Preliminary study for | beam with real material properties

5.1 Input data

The case study is made to describe the influence of material properties on the moment rotation
behaviour. One | beam (Figure 18, height 256 mm, width 164 mm) made of four different
materials (Table 3, Figure 19) has been compared. The tension flange has a small hole on
both sides of the web. In addition to the beam without holes, two diameters with hole sizes 8
mm and 16 mm are studied. The length of the beam is 1000 mm except of some preliminary
studies with length of 500 mm. Both ends are modelled infinitely stiff and the beams are loaded
by end rotation, resulting in uniform bending moment along the beam. Because only the
material ductility is under consideration, the buckling of the compressed flange is prevented by
forcing it to remain in the horizontal plane. One quarter of the beam (length L = 500 mm), using
symmetry conditions, was modelled by Abaqus.

80 mm
E
E
% . 4 mm
- d=8 mm
[ | 8mm

Figure 18. Cross-sectional dimensions and material thicknesses used in modelling.

Table 3. Material properties based on tensile testing of coupons.

fu E
(MPa) | (GPa) | /T | &u(Ag) & &af

t (mm) | b (mm) |f, (MPa)

S960 8.07 20.12 | 1062 1167 210 1.10 3.0% 9.8 % (Aso) 98%
S700 10 20 708 792 210 1.12 9.5% 20.6% (A5) 114%
S355MC | 7.97 25 397 473 210 1.19 17.6% 31.3% (A5) 141%
S355J2 | 9.98 19.8 393 550 210 1.40 13.4% 28.1% (A5) 138%

t — material thickness & (Agqt) — percentage of total elongation at
b — specimen width maximum load (gauge length A5 or 80 mm)
fy— upper yield strength or 0.2% proof stress|s — percentage of total elongation at fracture
fu — ultimate tensile strength &q,f —Maximum equivalent plastic (true

E — Modulus ofelasticity strain) at fracture (FEM calculation)
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True stress-strain

-

Engineering stress-strain

—S960
—5700

300 4 $355 12
—S$355 MC

0% 5% 10% 15% 20% 25% 30% 35% 40%
Strain

Figure 19. Material stress-strain -curves of the case study. The true stress-strain curves
correspond to the case that the Abaqus model of the tension test specimen results to
measured engineering curve (Hradil & Talja 2015).

In the case of specimens with a small hole, the maximum equivalent plastic strain at fracture
can be somewhat lower than given in Table 3. For example in CHT (centre-hole tension) tests
for the materials S960 the calculated maximum strains at experimental failure elongation were
87% for 8 mm hole in flat bar of 80x8 mm?. Based on the test results for different notched test
specimens, the strains at failure have been found to be always higher than A5 (or Aso) (Talja &
Hradil 2015). Therefore in a common case the failure occurs somewhere between strains of &
and &qf. However, because the stress triaxiality at failure of a tension test coupon and CHT

specimen are same order of magnitude, &qf gives a good estimate of the fracture for
specimens with a hole.

5.2 Moment-rotation behaviour

M-o curves and plastic axial strains (PE11) in the middle of the tension flange are shown in
Figure 20. Axial strains PE11 are taken from distance of 0 mm and 250 mm from the hole. The
strains show that when &g (Table 3) is reached in specimens with holes, PE11 at 0 mm starts
to grow very fast, PE11 at 250 mm strains continues steady growth. The local deformations
and reduction of tension area of the cross-section are starting at that moment. In the case of
specimens without holes (‘no hole’), that kind of failure of the tension flange does not occur
(Figure 21).

The results assembled in Table 4 show the following:

— In spite of the prevention of plate buckling of the compressed flange, the flange buckles
when the rotations are large. In the case of specimens without holes, the flange
buckling happens in all cases. The buckling mode resembles beam buckling on elastic
foundation (Figure 22).



Ysvar

— @ at Mmax is always less than ¢ at &qf given in Table 3 (i.e. the maximum load is
reached before the strains begin to grow very fast in hole-affected zone ). Highest
values of elongations &, at Mmax 0ccur in the case of the larger hole.
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— The lower is f,/fy ratio or &, the lower are the rotations corresponding A5 and &g .

— The lowest rotations corresponding A5 and &g elongations correspond to the biggest
hole.

— The rotation corresponding maximum moment is strongly depending of the hole size in
the case of S700 and S960 steels.

Table 4. End rotation ¢ (radians) corresponding A5 and &eqs and Mmax (from Figure 20).

S355 J2 S355 MC S700 S960

fu/f, 1.40 1.19 1.12 1.10

&) 13.4% 17.6% 9.5% 3.0%
Hole | no 8 16 no 8 16 no 8 16 no 8 16
gfggl'ﬁ‘]gge 0.48 | 0.46 | 0.29 |>0.40| 0.37 | 0.26 | 022 | 019 | - |013| - -
@ at &qmax = A5 |>0.48|>0.16| 0.10 |>0.40| 0.17 | 0.06 |>0.22| 0.05 | 0.03 |>0.13| 0.03 | 0.02
@ at g >0.48| 0.43 | 0.24 |>0.40|>0.37| 0.21 |>0.22|>0.19| 0.07 |>0.13| 0.08 | 0.04
@ at Mmax 0.29 | 0.28 | 0.22 | 0.29 | 0.28 | 0.19 | 0.18 | 0.16 | 0.05 | 0.11 | 0.07 | 0.04
&oq At Mimax 12% | 55% | 97% | 12% | 58% | 95% | 6,7% | 70% | 74% | 3,5% | 60% | 51%
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Grey colour
more than 50% 8700

d=16 mm
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d=16 mm

{ITLRRE )] ] | |

S355 MC

NEENNENEEER

Grey colour
more than 50%

ST
d=8 mm

EEENNNNENENEE W

10-12,5%

7,5-10%

5355 MC
01259 | dT8IMM

INNRNNNRREEEE: B

[ []]
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S700
No hole

o
No hole

[11] [{[[]]]
INENERNNENEEE
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No hole
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111} nEERER

RS 10-12.5%

Figure 21. Equivalent plastic strains &, when the maximum moment Mnax is reached
(deformations in true scale).
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Hole 8 mm No hole
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Figure 22. An example of an observed buckling mode of the compression flange (S700).

5.3 Rotation capacity

The moment-rotation relationship M/Mp — ¢rem/@p Was determined from the results.

The rotation capacity R is calculated from equation

Pfem MpiL i
R= <£_pz — 1, where ¢, = —2=and My, = f, W, (Figure 23)

values of | and Wy are based on full gross section. Therefore can be presented (Figure 24)

Pfem
gopl

=R+1

‘\
~
_________________ L M

L

B EE—

Figure 23. End rotation ¢.

Note that the results, presented here, are calculated on the basis of full cross-section
properties. If | and W, would be determined based on net section instead of full cross section,
both Mmax/Mp and R+1 would increase by a factor 1.05 (Table 5, hole 8 mm) or 1.10 (hole 16
mm). For the given cross-section Wp/W = 1.09.

Table 5. Comparison of net section properties (no hole) to the gross cross section properties
with holes 8 and 16 mm.

no hole hole 8 mm hole 16 mm
I 1.0 0.949 0.906
w 1.0 0.922 0.843
Wy 1.0 0.956 0.906

The values concerning rotation capacity R in Table 6 show the following:
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All materials fulfii Eurocode Class 1 requirement Mmax/Mp = 1.0, when &g+ failure
criterion is used.

S960 with holes do not fulfil Eurocode Class 1 requirement Mmax/Mp 2 1.0, if A5 failure
criterion is used.

For specimens without holes Mmax/Mpi (&q1) = fu/fy, and for S700 and S960 even > f./f,

Except S960 with hole 16 mm, all materials fulfil Eurocode Class 1 requirement R+1 2
4.0, when & failure criterion is used.

S355 J2 and S355 MC fulfil Eurocode Class 1 requirement R+1 = 4.0, even when A5
failure criterion is used.

Mmax/Mpi 2 Wp/We = 1.09 except S960 with hole 16 mm, when &g failure criterion is
used.

Mmax/Mp and f/fy are the same order of magnitude also for specimen with holes. (When
comparing Mmax/Mp to fu/fy, note also that the gross cross section of flange divided by
its net cross section is 1.24 for hole 16 mm. For hole 8 mm the ratio is 1.11.)

Table 6. Results of moment-rotation capacity (from Figure 24 and Figure 25).

S355 J2 S355 MC S700 S960
fu/fy 1.40 1.19 1.12 1.10
& 13.4% 17.6% 9.5% 3.0%
Hole no 8 16 no 8 16 no 8 16 no 8 16
R at flange 60 | 58 | 36 | >50 | 46 | 32 | 28 ; 24 | 17 - -
buckling

Mmax/Mpi (&eq,1) 139|138 |13 |117 (117|113 |115| 114|109 | 1.16 | 1.13 | 1.06

Mmax/Mpi (A5) 139 | 133|122 | 117 | 1.14 | 1.06 | 1.15 | 1.10 | 1.04 | 1.16 | 1.05 | 0.96

R+1 (&q) >60 | >58 | 30 | >50 | >46 | 26 | 15 | 14 | 50 | 6.1 | 3.7 | 2.0

R+1 (A5) >60 | 20 12 | >50 | 21 7.3 15 37 | 20 | 61 | 16 | 11

PE11 (250)/g 49 47 33 48 47 29 17 15 33 | 54 | 30 |0,90

PE11 (max)/g 61 78 82 61 54 68 20 38 25 5,7 15 7,3

PE11 (250) 9.2% [ 8.8% | 6.2% | 9.1% | 8.9% | 5.5% | 5.7% | 5.1% | 1.1% | 2.7% | 1.5% | 0.5%

PE11 (max) 11% | 15% | 15% | 12% | 10% | 13% | 6.7% | 13% | 8.4% | 2.9% | 7.6% | 3.7%

Figure 25 and Figure 26 show the maximum axial plastic strains in the tension flange at the
moment when the maximum value of bending moment is reached. The figure shows the
following:

Except of S960, the hole of 8 mm have no effect on beam behaviour, because the curve
of plastic strains for cases ‘no hole’ and ‘hole 8 have almost equal level. Hole of 16
mm affects in all cases on beam behaviour (Figure 25).

If the hole has no effect on beam behaviour, plastic strains in the tension flange at the
moment when the maximum value of bending moment is reached, are not constant
along the beam. It is particularly evident when the value f./f, ratio and &, is large (which
means that also P11 (250) values are high).

Except of case ‘no hole’, the maximum axial strain is not located exactly in the middle
of beam where the hole locates.

Axial strains in two points of flange are presented in Table 6; PE11 (max) is in the mid-region
and PE11 (250) at distance of 250 mm from the hole Plastic strains are also shown relative to
& = fy/E. The table shows the following:
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— The lower is f/fy ratio or &, the lower are PE11 (max)/g and PE11 (250)/g,.

— In the case of S355 cases PE11 (250)/g = 29-49, but for S960 PE11 (250)/¢ = 0.9—
5.4,

— Except S960 with hole 16 mm, PE11 (250)/g = 3.0 (i.e. plastic axial strain in flange
outside the hole-affected zone is greater than 35 when Mnax is reached).

— Except of non-holed S960 beam, PE11 (250) is in all cases less than &g—f,/E.

— Inthe case of non-holed S960 beam PE11 (250) = 2.7% = g—f,/E = 3.0%—0.5% = 2.5%
(i.e. plastic axial strains & of material test are reached in the beam flange). In other
cases PE11 (250) < g—fuE. Note that if axial strains in flange can reach &, R = 3 may
be reached in the case of a non-holed beam if g, = 4f,/E (i.e. for S960 & = 1.9%).
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Figure 26. Plastic axial strains &, (PE11) for the case of 8 mm hole, at the moment when
maximum moment Mmax iS reached (deformations in true scale).



WT RESEARCH REPORT VTT-R-02326-16
30 (58)

54 Effect of beam length on the rotation capacity

To compare the effect of beam length on rotation capacity, the rotation is determined from two
different distances from the mid-beam. The rotation capacity R based on the rotation at the
distance 250 mm is compared to the value based on rotation at the distance 500 mm (end
rotation). Figure 27 shows that the localized plastification at the hole has some effect on R, as
described in Section 3.3. The longer the beam, the lower is R. Therefore a relative long beam
with half-beam length of L = 500 mm is used in this study.

1,4
M-R -curves (hole 16 mm)
1,2
— il
1 N = -~ -
30,8 \ = - S

E \
S,
Z 06 S
\ """---.—--n-..____
0,4
— 5960
— 5700
0,2 5355 MC —
535512
0 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

R+1

Figure 27. Effect of beam length on rotation capacity R in the case of 16 mm hole.

6. | beam with virtual material properties

The case study is made to see the influence of material properties on Eurocode Class 1
requirement R 2 3.0 and Mmax/Mp 2 1.0. The comparison is made for the same beam as in
previous Section 5.1.

6.1 Material data

Tri-linear material model were used in material modelling (Figure 28). Elastic stage, strain-
hardening stage and ideal plastic stage were used for describing true-stress strain curve. This
means that strain-hardening was not utilized after the ultimate tensile strength on engineering
stress-strain curve was reached.

Eight different material with f./fy, = 1.02-1.2 and with & = 2-10% were under consideration
(Table 7). Results with fy = 1000 MPa and f, = 500 MPa were compared. In all cases E =
210 GPawas used. Figure 29 compares the new materials to the true stress versus true strain
curves of the materials used in previous Section 4.1. SC-10-05 it is most similar to S960.
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Figure 28. True and engineering stress-strain curves.
Table 7. Material properties for virtual materials.
Engineering values True values Eng. values
fu/ fy &u fu/ fy &u gu/ &y
SC-02-02 1.02 2% 1.04 2.0% 3.2
SC-02-05 1.02 5% 1.07 4.9% 11
SC-05-02 1.05 2% 1.07 2.0% 3.2
SC-05-05 1.05 5% 1.10 4.9% 11
SC-05-10 1.05 10% 1.16 9.5% 21
SC-10-05 1.10 5% 1.16 4.9% 11
SC-10-10 1.10 10% 1.21 9.5% 21
SC-20-10 1.20 10% 1.32 9.5% 21
15 +
L R R
5 P
@ | =T
o
»
[}
E —S700
09 - $355 J2
— 8355 MC
08 0 Extra for CHT
07 |
06

10%
True strain

0% 5%

15% 20%

Figure 29. Comparison of virtual and true material models. The dots show the end of strain-
hardening stage. The continuous lines show the stress-strain curves of the true materials
used in Section 4.1. Open dots are used only for tension plates in section 7.



VIr

RESEARCH REPORT VTT-R-02326-16
32 (58)

6.2 Moment-rotation behaviour

Figure 30 and Figure 31 show that in all cases without hole in specimen, and also in some
cases with small hole, the failure mode is buckling of the compression flange. However, Figure
32 and Figure 33 show that the maximum bending moment of specimens with hole is reached
before the failure starts at the compression flange.

Table 8 and Figure 34 show that when My, is based on gross cross section, all materials except
of SC-02-02 (S1000 and S500) and SC-02-05 (S1000) with hole of 16 mm, fulfil Eurocode
Class 1 requirement Mmax/Mp 2 1.0. However, if fu/fy > Wp/Wopinet, all cases satisfy the condition
Mmax/Mpi 2 1.0. If net section resistance is calculated by My = Wi net'fu, Mmax/Mu = 1.0 except of
two cases of S1000 with fu/fy = 1.2, where Mmax/Mp = 0.99 (Figure 34). Comparisons in Figure
34 show also that, besides of hole size, moment resistance Mmax is affected by the ratio fu/fy.
The results for case ‘no hole’ are affected by plate buckling of the compression flange.

Table 8. Ratio of Mmax/Mpi.and Mmax/Mu. Materials with f, = 1000 MPa.

Mmax/Mpl Mmax/My
hole 16 mm | hole 8 mm no hole hole 16 mm | hole 8 mm no hole
SC-20-10 1.03 1.08* 1.08* 1.04 1.06* 1.05*
SC-10-10 1.01 1.06* 1.06* 1.02 1.05* 1.04*
SC-10-05 1.00 1.06 1.08* 1.03 1.04 1.03*
SC-05-10 0.98 1.04* 1.06* 0.99 0.99* 0.95*
SC-05-05 1.08 1.14 1.14* 1.06 1.07 1.04*
SC-05-02 1.03 1.09 1.13* 1.05 1.06 1.03*
SC-02-05 0.98 1.06* 1.09* 1.06 1.06* 1.01*
SC-02-02 0.96 1.04* 1.07* 1.03 1.03* 0.98*
Table 9. Ratio of Mmax/Mpi.and Mmax/Mu. Materials with f, = 500 MPa.
Mmax/MpI Mmax/Mu
hole 16 mm | hole 8 mm no hole hole 16 mm | hole 8 mm no hole
SC-20-10 1.04 1.09* 1.11* 1.07 1.07* 1.04*
SC-10-10 1.02 1.07* 1.08* 1.06 1.06* 1.05
SC-10-05 1.02 1.07* 1.09* 1.04 1.05* 1.04*
SC-05-10 1.00 1.05* 1.07* 1.00 1.01* 0.99*
SC-05-05 1.09 1.16* 1.19* 1.08 1.08* 1.05*
SC-05-02 1.04 1.10* 1.14* 1.07 1.07* 1.04*
SC-02-05 1.01 1.07* 1.10* 1.08 1.07* 1.03*
SC-02-02 0.99 1.05* 1.07* 1.04 1.04* 1.01*

* Failure starts in compression flange.




WT RESEARCH REPORT VTT-R-02326-16

33 (58)

hole 16 mm — — 5C20-10

—-————

—SC-10-10

- = SC-10-05
——SC-05-10

SC-05-05
SC-05-02

= SC-02-05
- = SC-02-02

* failure starts in compression flange

0 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

-_——-——-—-—
‘ *
\
~
~
had -
= = S5C-20-10
—SC-10-10
=— = SC-10-05
—SC-05-10
SC-05-05
SC-05-02
—SC-02-05
0.2 — — 5C-02-02
* failure startsin compression flange
O T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
R+1
1,2
no hole
1
0,8
E_n. - = S5C-20-10
£ 06 SC-10-10
= — = SC-10-05
0,4 e §C-05-10
SC-05-05
SC-05-02
0,2 ——5C-02-05
= = 5C-02-02 * failure startsin compression flange
0 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Figure 30. M-R curves of | beams, materials with f, = 1000 MPa.
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Figure 31. M-R curves of | beams, materials with f, = 500 MPa.
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Figure 34. Ratio of Mmax/Mpi.and Mmax/Mu. Materials with f, = 1000 MPa and f, = 500 MPa.
The vertical dashed lines show the lower limit of condition fu/fy 2 Wp/Woinet fOr holes 8 mm
and 16 mm (see Table 5).

Table 10, Figure 32 and Figure 33 show that the equivalent plastic strain at the hole is 40—
72% for S1000 and 29-77% for S500 when the maximum bending moment is reached and
that the strains do not depend much on the size of the hole. The material has to tolerate these
plastic strains in order that the conclusions presented here are valid.

Table 10. Equivalent plastic strain (PEEQ) at maximum moment.

f, = 1000 MPa fy = 500 MPa

hole 16 mm | hole 8 mm no hole hole 16 mm | hole 8 mm no hole
SC-20-10 64% 56%* 3.9%* 59% 69%* 9.2%*
SC-10-10 57% 55%* 3.0%* 49% 61%* 5.6%*
SC-10-05 48% 54% 3.9%* 39% 55%* 4.8%*
SC-05-10 43% 49%* 2.7%* 36% 44%* 4.6%*
SC-05-05 72% 60% 5.4%* 69% 77%* 10%*
SC-05-02 53% 65% 4.7%* 48% 64%* 5.0%*
SC-02-05 40% 49%* 2.5%* 31% 45%* 2.4%*
SC-02-02 42% 47%* 2.0%* 29% 38%* 1.9%*

* Failure starts in compression flange.

Figure 32 and Figure 33 show that the strains begin to grow very fast in hole-affected zone
when the maximum load is reached. Therefore, here the rotation capacity R is determined by
the maximum point of the moment-rotation curve. This is a conservative assumption, because
the descending part of the curve is not utilized.
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Figure 35 shows that rotation capacity R = 3 is reached in this case study, if calculated Mmax =
1.06-1.09-M,.. Therefore the correct estimation of the design value for Mmax iS very important.

Figure 36 shows that the R < 3 values are more dominant in the case of hole 16 mm than in
the case of 8 mm. Ratio of fu/fy = 1.1-WpWopinet, With values of 1.15 and 1.21 for holes 8 mm
and 16 mm, seems to be a conservative estimate for R = 3. Figure 36 shows also that R is
slightly depending on & and f./fy ratio.

The theoretical value for the rotation capacity of the beam without holes in this study (Wu/W =
1.09) is

R = W e, 1
v Wy €y

The equation is based on beams without holes and assumption that gmax =& (see Chapter 2.1).

When & = 2%, Ry, = 2.9 for S1000 and Ry = 6.7 for S500 (E = 210 GPa). These R, values are

not exactly reached in the case materials SC-05-02 and SC-02-2 and (Table 11, no hole).

However, it has to be noted that the rotation capacities of the beams without hole were limited

by the plate buckling of the compression flange.

Table 11. Moment-rotation capacity R.

fy, =1000 MPa fy, =500 MPa
hole 16 mm | hole 8 mm no hole hole 16 mm | hole 8 mm no hole
SC-20-10 2.7 7.7* 7.4* 6.2 19* 25*
SC-10-10 1.0 4.2* 4.9* 2.2 12* 21*
SC-10-05 0.7 3.5 6.3* 1.7 8.4* 13*
SC-05-10 0.5 2.5* 3.0* 1.3 7.1* 13*
SC-05-05 0.4 2.0 4.8* 0.9 4.9* 12*
SC-05-02 0.2 1.3 3.0* 0.6 3.1* 6.2*
SC-02-05 0.2 1.3* 3.2% 0.6 2.7* 10*
SC-02-02 0.1 0.8* 2.6* 0.4 1.9* 4.9*

* Failure starts in compression flange.
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Figure 35. Comparison of Mmax/Mpi to rotation capacity R. The plots are based on results in
Table 8, Table 9 and Table 11.
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Figure 36. Material models which results to moment-rotation capacities of R >3 and R < 3.
The horizontal dashed lines show the values of 1.1-Wy/Winet.

7. Centre hole tension specimens with virtual material
properties
7.1 Material data

A flat bar with length of 27000 mm, width b = 80 mm and thickness t = 8 mm, having a hole in
the middle, is modelled in tension; thus corresponding to half of beam flange in the previous
study. The flat bar can be understood as ideal cases of a beam with zero web thickness. One
eight of the flat bar with length of L = 500 mm is modelled.

Specimens with hole of 16 mm and 8 mm and bars without hole are modelled. Materials with

f, = 1000 MPa and f, = 500 MPa are studied.

In addition of the previous materials use for beams (Table 7), four additional material models
SC-20-02, SC-20-05, SC-30-05 and SC-30-10 (Table 12) are used in this case.
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Table 12. Material properties of centre hole tension specimens.
Engineering values True values
fulfy & fulfy &
SC-02-02 1.02 2% 1.04 2.0%
SC-05-02 1.05 2% 1.07 2.0%
SC-10-05 1.10 5% 1.16 4.9%
SC-20-10 1.20 10% 1.32 9.5%
SC-02-05 1.02 5% 1.07 4.9%
SC-05-05 1.05 5% 1.10 4.9%
SC-05-10 1.05 10% 1.16 9.5%
SC-10-10 1.10 10% 1.21 9.5%
SC-20-02 1.20 2% 1.22 2.0%
SC-20-05 1.20 5% 1.26 4.9%
SC-30-05 1.30 5% 1.37 4.9%
SC-30-10 1.30 10% 1.43 9.5%
7.2 Force-displacement behaviour

Lengthening capacity R is determined by

Rt=M_1=Am;ax_1; Ay=Lf—y
€y Ay E

It should also be noted that the equation assumes that the geometry and behaviour of the
compression flange are identical with those of the tension flange. In addition the web of a beam
affects not only the bending resistance. Therefore the results with the tension plate approach
are not fully comparable with the results of the beam model.

Plastic tensile resistance is determined by
Fp=FE=4;,-f
Ultimate tensile resistance is determined by

E, = Apet " fu

In addition reduced ultimate tensile resistance F., is used in comparisons.

A .
F,, = "e;( f“; kr=1+0.1<%—1>
y

Table 13, Table 14 and Figure 37 (top graphs) show that in all cases Fmax/Fy = 1.0, if fu/fy 2
Ag/Anet. However, when the trend lines in Figure 37 are considered, Fnax/Fy may be slightly less
than 1.0 when Ag/Anet = 1.25 (hole 16 mm, S500). This means that the condition fu/fy = Ag/Anet
can be slightly unsafe.

All cases which have been modelled until the maximum load do not fulfil Fnax/Fu 2 1.0 (Figure
37, mid graphs). In the case of hole 16 mm and high f./fy ratios Fmax can be 2—-3% less than F..
However, if small reduction factor k; (dependant on fu/fy) is used for F,, all results will be
conservative (Figure 37, bottom graphs). Results for both S1000 and S500 are almost
identical.
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Table 15, Table 16 and Figure 42 show that the equivalent plastic strains at the hole are 10—
57% for S1000 and 11-53% for S500 when the maximum axial force is reached. The strains
do not depend much on the size of the hole.

Figure 38 shows that lengthening capacity R; = 3 is reached, when calculated Fnax = 1.01—
1.09-Fp. Therefore the correct estimation of the design value for Fmax iS very important.

Figure 39 shows that the R; < 3 values are more dominant in the case of hole 16 mm than in
the case of 8 mm. Ratio of fu/fy = 1.1-Ag/Anet, With values of 1.22 and 1.38 for holes 8 mm and
16 mm seems to be a conservative estimate for R = 3. Figure 39 shows also that R is slightly
depending on & and f./fy ratio.

The theoretical value for lengthening capacity of flat bars without holes is Riu = &/g-1, when
the capacity R: is determined based on the maximum point of load-displacement curve. In the
case of g, = 2%, R, = 3.2 for S1000 and R, = 7.4 for S500 (E = 210 GPa). For those cases
where the maximum elongation has been determined R;, is quite exactly equal to R, (Table
15 and Table 16, case ‘no hole’).

Table 13. Ratio of Fmax/Fy and Fmaxd/Fu. Materials with f, = 1000 MPa.

Fmax/Fy Fmax/Fu
hole 16 mm | hole 8 mm no hole hole 16 mm | hole 8 mm no hole
SC-02-02 0.82 0.93 1.02 1.01 1.01 1.00
SC-05-02 0.84 0.95 1.05 1.00 1.01 1.00
SC-10-05 0.88 0.99 1.08D 1.00 1.00 0.98Y
SC-20-10 0.94 1.07 1.102 0.98 0.99 0.922
SC-02-05 0.83 0.93 1.02 1.02 1.01 1.00
SC-05-05 0.84 0.95 1.052 1.00 1.01 1.00?
SC-05-10 0.84 0.95 1.022 1.00 1.01 0.972
SC-10-10 0.87 0.99 1.052 0.99 1.00 0.952
SC-20-02 0.96 1.08 1.20 1.00 1.00 1.00
SC-20-05 0.94 1.08 1.192 0.98 1.00 0.992
SC-30-05 1.02 1.17 1.282 0.98 1.00 0.982
SC-30-10 1.01 1.142 1.152 0.97 0.972 0.882
1) Calculated only up to elongation of 4% 2 Calculated only up to elongation of 5%.
Table 14. Ratio of Fmax/Fyand Fmaxd/Fu. Materials with fy, = 500 MPa.
Fmax/Fy Fmax/Fu
hole 16 mm | hole 8 mm no hole hole 16 mm | hole 8 mm no hole
SC-02-02 0.83 0.93 1.02 1.02 1.01 1.00
SC-05-02 0.85 0.96 1.05 1.01 1.02 1.00
SC-10-05 0.88 1.00 1.08D 1.00 1.01Y 0.98Y
SC-20-10 0.94 1.08 1.102 0.98 1.002 0.922
SC-02-05 0.83 0.94 1.02 1.02 1.02 1.00
SC-05-05 0.85 0.96 1.052 1.01 1.022 1.00?
SC-05-10 0.85 0.96 1.032 1.01 1.022 0.982
SC-10-10 0.88 1.00 1.052 1.00 1.01? 0.952
SC-20-02 0.96 1.09 1.20 1.00 1.01 1.00
SC-20-05 0.95 1.08 1.202 0.99 1.002 1.00%
SC-30-05 1.03 1.17 1.292 0.99 1.002 0.992
SC-30-10 1.01 1.152 1.162 0.97 0.982 0.892

1) Calculated only up to elongation of 4% 2 Calculated only up to elongation of 5%.
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Figure 37. Fmax/Fy and Fnaxd/Fu vs. fulfy for centre hole flat bars. The vertical dashed lines in
topmost graphs show the lower limit of condition fu/fy = Ag/Ane: for holes 8 mm and 16 mm
(see Table 5).
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Table 15. Equivalent plastic strain (PEEQ) at maximum force and R; factors for centre hole
flat bars. Materials with fy = 1000 MPa.

PEEQ Rt Note

hole 16 mm| hole 8 mm | no hole |hole 16 mm|hole 8 mm | no hole &/&-1
SC-02-02 10% 11% 1.5% -0.08 0.02 3.1 3.2
SC-05-02 13% 14% 1.5% -0.03 0.08 3.2 3.2
SC-10-05 30% 37% 3.5%% 0.23 0.39 7.4Y 9.5
SC-20-10 52% 57% 4.4%2 0.68 7.0 9.52 20
SC-02-05 22% 24% 4.5 % 0.05 0.16 9.3 9.5
SC-05-05 27% 31% 4.5 %? 0.13 0.26 9.5% 9.5
SC-05-10 36% 43% 4.5 %2 0.26 0.42 9.59 20
SC-10-10 43% 49% 4.4 %2 041 0.58 9.52 20
SC-20-02 16% 15% 1.5% 0.16 1.6 3.4 3.2
SC-20-05 35% 37% 4.3%? 0.42 4.0 9.59 9.5
SC-30-05 40% 34% 4.3%2 1.3 5.7 9.59 9.5
SC-30-10 56% 41%3? 4.4%2 1.4 9.52 9.52 20

1) Calculated only up to elongation of 4% 2 Calculated only up to elongation of 5%.

Table 16. Equivalent plastic strain (PEEQ) at maximum force and R; factors for centre hole
flat bars. Materials with fy = 500 MPa.

PEEQ R: Note

hole 16 mm| hole 8 mm | no hole |hole 16 mm| hole 8 mm | no hole &/&-1
SC-02-02 11% 12% 1.8% 0.05 0.16 7.2 7.4
SC-05-02 12% 16% 1.8% 0.10 0.26 7.3 7.4
SC-10-05 30% 36% 3.7%Y 0.63 0.84 15.99 20
SC-20-10 49% 53% 4.7%2 1.47 16.3 20.02 41
SC-02-05 23% 24% 4.7% 0.31 0.42 19.4 20
SC-05-05 27% 31% 4.7%2 0.47 0.63 20.0% 20
SC-05-10 35% 43% 4.8%2 0.73 0.99 20.02 41
SC-10-10 43% 50% 4.7%2 1.05 1.31 20.0? 41
SC-20-02 18% 16% 1.8% 0.42 3.6 7.6 7.4
SC-20-05 35% 33% 4.6%2 0.79 8.8 20.0% 20
SC-30-05 36% 31% 4.6%2 2.89 12.0 20.0? 20
SC-30-10 53% 37%2 4.6%2 3.52 20.0% 20.0% 41

1) Calculated only up to elongation of 4% 2 Calculated only up to elongation of 5%.
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Figure 38. Comparison of Fmax/Fpi to lengthening capacity R:.
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Figure 39. Material models which results to lengthening capacities of R; >3 and R; <3. The
values on the horizontal dashed lines show the value of 1.1-AgAnet.
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Figure 40. F-R; curves for centre hole flat bars. Materials with fy = 1000 MPa.
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Figure 42. F vs. equivalent plastic strain (PEEQ) for centre hole flat bars with hole 8 mm.
Materials with f, = 1000 MPa and f, = 500 MPa.
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SC-02-02 no hole

SC-02-05 no hole

SC-10-05 no hole

SC-20-10 no hole

SC-30-05 no hole

SC-30-10 no hole

Figure 43. Examples of equivalent plastic strains (PEEQ) at the moment of maximum force.
In all pictures dark blue colour presents PEEQ = 0 and grey colour presents PEEQ = 25%.
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8. Material ductility requirements for the validity of the results

In the studies with modified material properties the point of maximum force and displacement
taken from load-displacement curve has been used as the failure criterion (see Chapter 6.2).
This approximation is conservative if the materials can tolerate the equivalent plastic strains at
that moment.

The validity study is based on the assumption that that the equivalent plastic strains (&q,
PEEQ), achieved at the A5 elongation of tensile coupon (gauge length Lo = 5.65 VA), can be
accepted in the specimens with holes (Figure 44). This assumption can be considered reliable,
because the stress triaxiality at the failure of the specimen with a hole is smaller than the stress
triaxiality in the middle of a tension test coupon, and because the relation between failure strain
and stress triaxiality can usually be approximated by a monotonic decreasing function (Hradil
& al. 2015). If a more accurate solution is desired, it has to be based on rather complicated
testing programme.

L4 Structural detail L4 Material test

1.2 1.2
1.0 1.0 Pl
L R .. .
o (1) Design limit o (4) Minimum required
208 (e.g. ultimate load) £08 elongation at failure 45,,,
= =
N N
= 0.6 l = 0.6 T
E E : .
Z 04 (2) Corresponding equivalent 204 (3) Equivalent plastic

plastic strain &, in the detail strain &,, in material test
02 0.2
0.0 0.0
Deformation Coupon elongation

Figure 44. Prediction of minimum required elongation at failure (Hradil & al. 2015).

For determining the A5 elongations corresponding to the utilized maximum plastic strains
PEEQ in this study, the tension coupons were modelled (A = 8 mm x 20 mm). The simulated
coupon test had about the same mesh density as the specimens with holes.

Table 17 and Figure 45 summarize the maximum required plastic strains PEEQ utilized in this
study and the corresponding necking capacity (A5-g) in material tests. It can be concluded
that the results outlined above are valid if A5 is at least 6% higher than uniform elongation.
The most critical case is the beam with material model SC-05-05 and fy = 500 MPa (required
plastic strains PEEQ = 77%).
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Table 17. Maximum required plastic strains PEEQ utilized in this study and corresponding
necking capacity (A5-&) in material tests. PEEQ values are the larger values of holes 8 mm
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and 16 mm.
fy = 1000 MPa fy = 500 MPa
Beam Flat bar Beam Flat bar
PEEQ Ab5-g, PEEQ Ab5-g, PEEQ Ab5-g, PEEQ Ab-g,
SC-20-10 64% 4.7% 57% 4.2% 69% 5.2% 53% 4.1%
SC-30-10 - 56% 4.2% — 53% 4.1%
SC-10-10 57% 4.2% 49% 3.6% 61% 4.6% 50% 3.8%
SC-05-10 49% 3.4% 43% 3.0% 44% 3.1% 50 % 3.6%
SC-30-05 - 40% 3.6% - 36% 3.4%
SC-20-05 - 37% 3.4% — 35 % 3.3%
SC-10-05 54% 4.5% 37% 3.3% 55% 4.8% 36% 3.3%
SC-05-05 2% 5.5% 31% 2.7% 7% 6.0% 31% 2.7%
SC-02-05 49% 3.8% 24% 1.8% 45% 3.7% 24% 1.9%
SC-20-02 — 16% 1.8% — 18% 2.1%
SC-05-02 65% 5.3% 14% 1.5% 64% 5.6% 16% 1.8%
SC-02-02 4 % 4.2% 11% 1.1% 38% 3.6% 12% 1.2%
100 % 100 % .
$1000, PEEQ utilized $500, PEEQ utilized
80 % . 80% *
*
) * * 9% * 2
o 60 % PS g 60 . :
o : & fre
g * A . * *
40% £ 0% *
20% A 20% A
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0% T T 1 0% T T !
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&y &y
10,0 % 10,0 %
$1000, A5-¢, needed S500, A5-¢, needed
8,0% 8,0%
6,0% % .
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Figure 45. Maximum required plastic strains PEEQ utilized in this study (top graphs) and
needed necking capacity (A5-&,) in material tests to achieve the utilized PEEQ (bottom

graphs).
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9. Summary and conclusions

Virtual testing of a beam under uniform bending and a flat plate under tension was carried out.
Two hole sizes and two material strengths with different material models were under
consideration. Tri-linear true stress-true plastic strain material with no strain hardening after
the ultimate tensile strength was adopted in the analysis.

9.1 Test matrix for virtual testing

A beam and a flat bar (Figure 46) was tested virtually by ABAQUS. The specimens were
calculated without hole and with holes of 8 mm and 16 mm. In the case of beam the holes
were only in the bottom flange. Based on the symmetry conditions a quarter of both specimens
with length of L = 500 mm was modelled. The beam was loaded by end rotation, resulting in
uniform bending moment along the beam; and flat bar by axial end displacement. The flat bar
presents a borderline case of a beam with a zero web thickness. Materials with f, = 1000 MPa
and fy = 500 MPa were studied. E = 210 GPa was used in all calculations. Three-stage material
model with parameters shown in the table of Figure 46 were used for material modelling.
Stages are elastic stage up to fy, strain-hardening stage up to f, and ideal plastic stage after f..
It means that no strain hardening was used in true-stress strain curve after &..

Material models

_ 164 » fulfy &
| ——— SC-02-02 1.02 2%
Beam SC-02-05 1.02 5%
SC-05-02 1.05 2%
SC-05-05 1.05 5%
2 4 SC-05-10 1.05 10%
SC-10-05 1.10 5%
SC-10-10 1.10 10%
d=8/16 SC-20-02 1.20 2%
|8 SC-20-05 1.20 5%
I N
1 SC-20-10 1.20 10%
d=8/16 SC-30-05 1.30 5%
[ g Flat bar
I SC-30-10 1.30 10%
[

80[

Figure 46. Cross section of the beam and flat bar models and a table of used material model
parameters.

The point of maximum force and displacement taken from load-displacement curve has been
used as the basis for comparison. This is a conservative assumption, because the descending
part of the curve is not utilized in the calculation of rotation capacity R. However, the
approximation is valid only if the materials can tolerate the plastic strains at that stress level.
Therefore it is required that A5 elongation (gauge length Lo = 5.65 VA) in material testing shall
be at least 6% larger than the uniform elongation. It means that the necking capacity shall be
at least 6%. The conclusion is based on comparison of the plastic strains in holed specimens
with the strains in modelled standard tensile coupons.

9.2 Verification of net and gross cross section resistances

According to Eurocodes the design resistance of beams with Class 2 cross sections is based
on net cross section properties. Then the resistance shall be greater than
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Whinetf;
M¢pa = M} Ymo = 1.0

Ymo
For tension members with holes the resistance shall be greater than both values

N Af, 0.94netfu ,

pLRd = 5= Yio = 1.0 and Ny pg = S Yagg = 1.25
Mo YMm2

The best estimate for resistance in virtual testing is achieved by using ultimate resistance
(Figure 47) which is determined by

My, = Wy net * fo, for beam model

E, = Aper - fy for flat bar model
However, especially in the case of flat bars, a small reduction is necessary.

Fu fu
Fop=-% ky=1+01(2—1
u,r kr T + (fy )

The reduction is significant only in the case of high fu/fy ratios (e.g. 3% for fu/fy = 1.3). If fy is
used in the comparison, as may be used for beams with Class 2 cross sections, factor k; is not
needed. However, then the results are very conservative in the case of large fu/fy ratios.

1.15 1 Hole 8, 1000 115 4 Hole 8, $1000
Beams Hele 16, $1000 Flat bars Hole 16, S1000
Minax/ M, Hole 8, $500 Fax/ Fy Hole 8, $500
Hole 16, S500 Hole 16, S500
1,10 1 1.10 1 *No hole, $1000
s ONo hole, S500
3
N <
~
% 1,05 - 5105
E
= : -
L B *
1,00 - 1,00 -8 ® .
&
0,95 : : : 0,95 : : :
1 1,1 12 13 1 11 12 13
f/5, 1./,
115 115 -
Hole 8, S1000 : Hole 8, 51000
Beams Hole 16, $1000 Flat bars Hole 16, $1000
Mppax/ My, Hole 8, $500 Froax! Fur Hole 8, $500
Hole 16, S500 Hole 16, S500
110 - 1,10 *No hole, $1000
N N ONo hole, S500
= LL:.
105 . 51,06
g AT u
= - - * B H
a‘u=4.2£y ¥ N  §
1,00 | 100 - 2
0,95 : : : 0,95 : : :
1 1.1 12 13 1 1.1 1,2 13
1/, f/f,

Figure 47. Results for net section resistance (Class 2).

It is worth noting in that when uniform elongation is relatively low (& = 4.2 for material S1000
with &, = 2%), the results (materials SC-02-02 and SC-02-05 in Figure 47) deviate from other
results. The deviation cannot be seen in the case of flat bars.
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Interestingly, net cross-section together with ultimate tensile strength can be used also to
predict the bending resistance of beams. Some tests of relatively compact RHS beams (Ma &

Havula 2015) support this rule (Table 18, Mmax/Mp = fu/fy). The tests were made for non-holed
beams. The strength class of the steel was S700.

Table 18. Test results for S700 rectangular hollow sections (Ma & Havula 2015).

Dimensions fy fu A5 fulfy Mmax/Mp! R
RHS 160x160x10 743 MPa 869 MPa 15.0% 1.17 1.19 3.6
RHS 150x150x8 746 MPa 841 MPa 14.7% 1.13 1.13 2.8

According to Eurocodes the design resistance of beams with Class 1 cross sections is based
on gross cross section properties. Then the resistance shall be greater than

Wi f,
Mcpa = —2; Yuo = 1.0

Ymo

Concerning the fastener holes in the tension, the holes may be ignored provided that for the
tension flange

0.94 A
nethoy Boly =10,y = 125

Ym2 Ymo

Therefore the results of the beams in virtual testing are compared with the condition
Moy = My = Wy - fy,

For the flat bars the corresponding condition is

Fnax 2 Fp = F, =4, f,

The comparisons (Figure 48) show following results:

— In the case of beam, condition Mmax=Mp is fulfilled in all cases if fu/fy > Wp/Wopi.net
(Wp/Wopinet = 1.05 for hole 8 mm and Wp/Wpinet = 1.10 for hole 16 mm). Dashed lines in
Figure 48 show that for the border line case when fu/fy = Wp/Wyinet, the results are 3—
7% conservative.

— In the case of flat bar, condition Fmax = Fy is fulfilled almost in all cases if fu/fy > Ag/Anet
(Ag/Anet = 1.11 for hole 8 mm and Ag/Anet = 1.25 for hole 16 mm). However, in the case
of high fu/f, ratios, slightly reduced resistance Fy, = Fy/k; is required.

It can be concluded that if Ag/Anet Or Wp/Wpinet iS greater than k, -fu/fy, Eurocode Class 2
requirement is always fulfilled. For the considered case of | beam this approximation is about
5% conservative, but for flat bars the condition is quite accurate (Figure 48).
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Figure 48. Results for gross cross section resistance (Class 1). The vertical dashed lines
show the lower limit of condition fu/fy =2 Wp/Woinet and fu/fy = Ag/Anet for holes 8 mm and
16 mm.

9.3 Verification of rotation capacity

Eurocode requirement for the rotation capacity of beams with Class 1 cross section is

Pmax MplL
= =1L Qp=—7; My =Wy,
qopl 14 El 14 plJy

R

It is based on gross cross section properties. The given rotation ¢y is valid for a beam with
uniform bending moment.

Correspondingly, the lengthening capacity of the flat bar is determined by

thgmax_l =Amax_1; Aysz_y
€y Ay E

Here a conservative approach where the maximum point of load-displacement curves is used
in determination of R and R:. For the case flat bars without hole &naxds = &ls,. Therefore the
condition R = 3 is always fulfilled (Figure 49) in the cases when the calculation has been
continued until elongation L:&,.



WT RESEARCH REPORT VTT-R-02326-16

55 (58)
25,00 -
""" 1 Flat bars
| Nohole_ )

< 20,00 | (7+7 points) P
.‘:-_-:. ]
g ]

15,00
g Y
(%]
<) ]
£ 1
£ 10,00 | .
g ] ,r. $1000
S ] ¥
® ] : $500
§ 500 -
R

000 |

0 10 20 30

£/g,

Figure 49. Results for flat bars without holes. The graph includes only the cases in which the
calculation has been continued until elongation L-&..

Virtual testing of specimens with holes show following results (Figure 50):
— In the case of beams, condition R = 3 is fulfilled in all cases if Mmax = 1.08 M.
— Inthe case of flat bars, condition R; = 3 is fulfilled in all cases if Fmnax = 1.09 Fy.

— If Mmax Or Fmaxis estimated by reduced net section resistance M,,, or F,, the results are
slightly more conservative, then shall be My, = 1.07 My and F,; = 1.06 Fy.

It can be concluded that Eurocode Class 1 requirement for R = 3 is fulfilled if Wpinerfu =
1.1 Wpfy for the beam or Asnerfu = 1.1 Arfy for the tension flange.
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Figure 50. Results for rotation capacity of beams and lengthening capacity of flat bars.



WT RESEARCH REPORT VTT-R-02326-16
56 (58)

94 Main conclusions

Material ductility requirements of beams with flange holes were verified by virtual testing. Local
buckling of the compressed parts was prevented by restraints. Tri-linear stress-strain material
behaviour with elastic stage up to yield stress fy, strain-hardening stage up to ultimate strength
fu and ideal plastic stage after f, was used in true stress-strain material model. Materials with
fu/fy from 1.02 to 1.30 and & from 2 to 10%, and strengths of f, = 1000 MPa and f, = 500 MPa
were under consideration. The requirements for uniform elongation (&) and elongation at
fracture (A5) were determined from the results.

Beams without holes:

Conditions given for the cross section classification in Eurocodes, which are in fact set for
limiting the slenderness of compression plates in the cross section, were used as the basis of
the study. The conditions for cross section classes Class 1 and Class 2 comprise conditions
for bending resistance, rotation capacity and net section resistance.

The basic starting point of the study is a beam without holes. Then, the first requirement of
Class 1 and Class 2 is that the plastic moment resistance My = Wyify shall be achieved. The
study in Chapter 2.2 indicates that for fu/fy =2 1.02, uniform elongation of & = 6, is adequate for
usual | beams and hollow sections, to reach My. However, with higher fu/f, ratio, even with
lower values of &, it is possible to reach the requirement. Class 2 cross sections, which do not
have additions that do not have conditions for rotation capacity, may have lower requirement
for & too.

A second Eurocode requirement specifically for Class 1 is that the plastic rotation capacity R
= 3 shall be achieved. The study in Chapter 2.1 indicates that in the case of usual | beams and
hollow sections with any shape, uniform elongation of & = 6g results in adequate rotation
capacity to fulfil Class 1 cross sections conditions too.

Beams with flange holes:

The virtual testing of beams with flange holes is based on the condition that a specimen with
the holes shall tolerate the same equivalent plastic strains as a tension test coupon in standard
material testing. Based on the study in Chapter 8, the elongation at fracture (A5 elongation)
shall be at least 6% higher than the uniform elongation &, to fulfil the condition.

In the case of beams with flange holes the condition of Class 2 is that the plastic moment net
section resistance My = Wpinet fy Shall be achieved in net cross section. The study in Chapter
9.2 shows that all virtual tests fulfil this condition.

In the case of Class 1 sections, an additional requirement is necessary for the net section
resistance. This ensures that sufficient plastic elongations, resulting in the rotation capacity R
= 3, develop in the gross cross section before the net section fails. The results in Chapter 9.2
show that the condition My = 1.1Mjy is necessary to fulfil this requirement. Then the ultimate
bending resistance of the net section is determined by My = Wpinet fu @and plastic bending
resistance by My = W fy.

The results above indicate that Eurocode requirements are too conservative for beams with
flange holes. In Eurocodes the material requirements are for uniform elongation & = 155 and
for fracture elongation A5 = 10% (see Chapter 2.3). Also the requirement concerning the
fastener holes in the tension flange of Class 1 cross sections seem to be too conservative,
when the partial safety factor mo = 1.25 is applied together with additional reduction factor of
0.9 (see Chapter 9.2).
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95 Some remarks on the results

It should be noted that this study is based on a beam with a flange hole and a uniform bending
moment. Therefore in the case of other loading conditions or structural details the results may
be different. In the case of localised plastic deformations, the rotation capacity depends also
on dimensions and loading arrangements of the beam. Large deformations in the areas of local
discontinuities or other type of large secondary effects (tolerances, residual stresses, sharp
notches, etc.) may have different impact on the material ductility requirements than an ideal
hole in tension flange has.

The most significant parameter affecting rotation capacity is the ratio of &/g. Therefore, for a
fixed R and &, required plastic rotations are the larger the higher is f,. More favourable in the
case of high strength steels should be to use required plastic rotation grqinstead of R.

The net section resistance is proportional to fu. The lower is f/fy the more difficult is the yielding
of the gross cross-section outside net cross section. Therefore materials with low f./fy are more
sensitive to net section failure.

In a general sense the conditions presented above for a hole do not alone guarantee adequate

deformation capacity at other type of local discontinuities. The deformation capacity depends
on the level of local plastic strains and material-dependant critical plastic strains.
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