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Abstract

Satoshi KITAOKA* Yusuke SUZUKI
Satoru HIROSHIMA Shun YOSHIMOTO
Masato NIKAIDO Hiroshi ITO

Recent buildings are characterized by progressively increasing height and large spans.
Therefore, large section beams are typically required in those buildings. Based on this need,
Nippon Steel Corporation has developed and commercialized the world’s largest H-shape
product, MEGA NSHYPERBEAM™. New structural design methods for MEGA NSHY-
PERBEAM have also been developed in order to optimize the cross-section size and to en-
hance the seismic performance preventing lateral buckling and beam-end fracture. This
paper presents an overview of the MEGA NSHYPERBEAM product and its design methods.

1. Commercialization of MEGA NSHYPER BEAM™
1.1 Background of development

Nippon Steel Corporation established a process of rolling H-
shaped beams with a web height of up to 1200 mm and much larger
than the manufacturing range of conventional H-shaped beams. In
2020, we started the manufacture and sale of MEGA NSHYPER
BEAM™ H-shaped beams in sizes larger than those of NSHYPER
BEAM™ (H-shaped beams with constant outer dimensions). To
meet further market needs, we increased the flange width to a maxi-
mum of 500 mm in 2021. MEGA NSHYPER BEAM™ is produced
at a wide flange beam mill in the Wakayama Area (Sakai) of the
Kansai Works. The mill began its operation in 1961 as the first of its
kind in Japan to use a universal mill. It has developed H-shaped
beams with the world’s largest thickness, hat-shaped steel sheet
piles, and many other new products ahead of other mills. The devel-
opment of an epoch-making manufacturing process led to the manu-
facture and sale of NSHYPER BEAM™ in 1989. The outside di-
mensions or the web height and flange width of NSHYPER
BEAM™ were held constant to simplify its design and save on its
manufacturing labor. The size menu of NSHYPER BEAM™ has
been gradually increased and customers have highly rated the abun-
dant variations, excellent shape and dimensional accuracy, and ac-
curate delivery of NSHYPER BEAM™. NSHYPER BEAM™ is
now widely used in buildings for various applications, including su-
perhigh-rise buildings and large logistics facilities.

1.2 Overview of products

Table 1 shows the available sizes of NSHYPER BEAM™ and
MEGA NSHYPERBEAM™ and Table 2 shows the shape and di-
mensional tolerances of MEGA NSHYPERBEAM™. Assuming
use in large buildings such as superhigh-rise buildings, JIS G 3136
SN490B is adopted as the manufacturing standard for MEGA
NSHYPERBEAM™. MEGA NSHYPERBEAM™ can be pro-
duced in a total of 30 series with a web height range of 800 to 1200
mm and a flange width range of 300 to 500 mm. We have accepted
specific inquiries for the entire range of manufacturable sizes and
have tallied the production records. We plan to closely examine
market needs, set constantly manufacturable sizes, and strengthen
our ability to meet the delivery and other requirements of our cus-
tomers. The fillet radius (r) of MEGA NSHYPERBEAM™ is set at
30 mm for shape stability as compared with 18 mm for NSHYPER
BEAM™., To comply with the strict steel frame production require-
ments based on the Architectural Institute of Japan’s “Japanese Ar-
chitectural Standard Specification for Steel Work JASS6”, MEGA
NSHYPERBEAM™ has strict shape and dimensional tolerances
specified as done for NSHYPER BEAM ™.,

2. Development of New Lateral Buckling Design
Method for Large Span Beams

2.1 Background of development
In 2017, Nippon Steel developed a lateral bracing elimination

* General Manager, Head of Dept., Dr. Eng., Building Products Engineering Dept., Construction Products Development Div., Plate & Construction

Products Unit
2-6-1 Marunouchi, Chiyoda-ku, Tokyo 100-8071

-66-



NIPPON STEEL TECHNICAL REPORT No. 130 MARCH 2024

Table 1 Cross-section size of MEGA NSHYPERBEAM
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method (hereinafter simply referred to as the method). The method
allows the elimination of conventionally used lateral bracing from
beams by use of a seismic design technique that considers the effect
of floor slabs that restrains the lateral buckling of beams. The meth-
od is now being adopted for buildings with a floor area of 2 to 3
million m%year and mainly for buildings constructed with NSHY-
PER BEAM™, such as large logistics facilities. Many urban rede-
velopment projects are stably conducted under way in the Tokyo
metropolitan area and major regional cities. There are active plans
to construct new buildings such as data centers and ultra-large facto-
ries. These buildings require the use of longer beam spans for im-
provement in internal space usability and productivity. Against this
background, Nippon Steel developed new lateral buckling design
method suitable for the design of long-span beams and acquired a
building performance certificate from the General Building Re-
search Corporation of Japan (GBRC) in 2020.

2.2 Outline of new lateral buckling design method

When the horizontal movement of the top flange of a beam is re-
strained by a floor slab, a vertical load such as the weight of the
floor slab or the load on the floor slab acts at the midspan of the
beam and improves the lateral buckling strength of the beam under
an earthquake. The new lateral buckling design method are used to
verify the safety of the beam against lateral buckling by considering
the effect of the vertical load.

2.2.1 Elastic buckling strength
Equation (1) is used to calculate the elastic lateral buckling mo-

ment M* for primary design when end moment, shear force, and
vertical uniformly distributed load act with a constant ratio on a
beam with the lateral movement of the top flange constrained by the
floor slab. M* can be obtained by applying the principle of mini-
mum potential energy to the beam system in Fig. 1.

M= 1 B 27°Eld, R (1)

(I=p=)A+(B+y) C+yD L d,
where £ and y are coefficients representing the bending moment dis-
tribution of the beam (Fig. 2). For example, when checking the re-
sidual capacity for the constant load of a beam in a seismically iso-
lated building, the values of § and y are determined by Egs. (2) and
(3) from the bending moment distribution of the beam obtained by
frame analysis, etc.
_ .M, _wl? 1
S VAR A N V2

where w is the value of the vertical uniformly distributed load acting
on the beam per unit length. 4, B, C, D, and E are the functionals of
the torsion angle ¢ of the beam due to lateral buckling and are ex-
pressed by Egs. (4) to (8), respectively. M, and M| are bending mo-
ments acting on the left and right ends of the beam. Let negative
bending be positive. Then, M <M. In Fig. 1, M* is M, when the
beam buckles laterally.

(2.3

A=L[ ¢"dz, B=%f§¢”2dz, Cc=[z¢"d (4-6)

2 Lz '
D=2 1!l dus, E=4-C-D .9

Equation (9) is used to determine the elastic lateral buckling mo-
ment M * against a horizontal load such as a seismic force when the
vertical uniformly distributed load w is taken as a fixed load. That
is, the end load is a variable and w is fixed as an independent vari-
able. Substitution of Eq. (3) into Eq. (1) and equality transformation
yield the following equation:
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In Fig. 1, M * is M| when the beam buckles laterally.

2.2.2 Lateral buckling slenderness ratio

When the effect of the vertical load w is considered, the lateral
buckling slenderness ratio 4,* of a beam with a floor slab can be cal-
culated by Eq. (10). The symbol w is the fixed load directly support-
ed by the beam and f is set to 2 by assuming the bending moment
distribution when plastic hinges are formed at the ends of the beam
in the ultimate condition. The 4,* calculated in this way is taken as
the ratio of M, to the elastic lateral buckling strength M * under cor-
responding load conditions when the beam ends reach M,. In other
words, 4,* can be used as an index when the beam strength and de-
formation capacity that depend on lateral buckling are estimated by
considering the vertical uniformly distributed load.

A* =M, M

e

(10)

2.2.3 Approximation of lateral buckling deformation

A, B, C, D, and E in Egs. (4) to (8) are all the quantities that de-
pend only on the torsion angle ¢ (see Fig. 1) caused in the beam by
lateral buckling. When the correct torsion angle ¢ caused in the
beam during lateral buckling is substituted into Eqgs. (4) to (8), M*
and M * can be obtained as the minimum values of Egs. (1) and (9),
respectively. Because the correct torsion angle ¢ is not known ex-
cept when a uniform bending moment acts on the beam, ¢ is ap-
proximated in series form by Egs. (11) and (12). The following ana-
lytical solutions are obtained by a direct solution method:

When M #M,, ¢ :a(,Jri a,cos {27[(%)? (11)
n=1

When M,=M,, ¢:a0+ia,zc0s {n’(%*l)”} (12)
n=1
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Fig. 4 Comparison of Eqns. 11, 12, and FEM Analyses

As shown in Fig. 3, each of the basic functions in Egs. (11) and
(12) is a cosine function when the wavelength is fixed and the phase
is an exponential function of the coordinate values in the axial direc-
tion of the beam. These finite series approximate ¢ as partial sums
up to the third term at most. As shown in Fig. 4, the ¢ calculated by
Eq. (11) or (12) converges early and can accurately reproduce the ¢
by the FEM elastic buckling analysis when an appropriate value is
given for the undetermined coefficient a . M* and M * can be calcu-
lated as solutions of cubic equations by solving the minimum condi-
tions of Egs. (11) and (12) for the undetermined coefficient a,.

2.2.4 Verification of accuracy of M*

Derivation of the analytical solution by a direct method is an up-
per approximation that assumes buckling deformation. The accuracy
of the analytical solution depends on the correctness of the assumed
¢ (how close it is to the correct ¢). Elastic buckling analysis by
FEM is thus performed to verify M* by Eq. (1). The analysis cases
are shown in Table 3 and the analysis model is shown in Fig. 5.
Analysis variables are the beam cross-section, length, and loading
conditions (8 and y mentioned above). The beam end moment M, ,
on the negative bending side of the first-order buckling mode is ex-
tracted for 2304 cases. As shown in Fig. 6, M* agrees well with
M, when lateral buckling is dominant. In other words, Eq. (1) can
accurately estimate the elastic lateral buckling strength of a beam
whose lateral movement is restrained, regardless of its cross-section,
length, and loading conditions.

2.2.5 Verification of accuracy of 2,*

FEM elasto-plastic analysis is performed with the analysis mod-
el as in the previous section to verify 4,* when M * from Eq. (9) is
used. Table 4 shows the analysis cases. Figure 7 shows the initial
imperfection given to the analysis model. Figure 8 shows the stress-
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Table 3 Analysis cases

Beam (SN490B) Loading condition
Cross-section L/H s y
H-400x400%13%x21 3 0
H-588%300%12x20 2 2-4/3
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Fig. 6 Comparison of M* and FEM analysis

Table 4 Analysis cases

Beam (SN490B) w
Cross-sectional L/H kN/m
H-588%300x12x20 12-40 0,10

strain relationships used in the analysis. The initial imperfection is
obtained by superimposing the primary mode of lateral buckling
(Fig. 7(a)) obtained by elastic buckling value analysis and the pri-
mary mode of local buckling at the beam end (Fig. 7(b)). The size
of the initial imperfection is set so that the maximum value of the
nodal displacement in each mode becomes 1/2000 of the beam
depth. The nominal stress-nominal strain relationship (dotted line in
Fig. 8) is modeled by the modified Menegotto-Pinto model and is
replaced by the true stress-logarithmic strain relationship (solid line
in Fig. 8). The stress-strain relationship is approximated by a poly-
line. The yield strength is 358 MPa and the tensile strength is 490
MPa. In the analysis, a given w is applied to a beam with both ends
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fixed to constrain the lateral movement of the top flange. Antisym-
metric rotation angles are applied to the left and right ends of the
beam while maintaining a constant load. The analysis variables are
the cross-section and length of the beam, and the presence or ab-
sence of w. The relationship between the beam end moment on the
negative bending side and the beam end rotation angle is obtained.
The maximum strength M, and the plastic ductility #,,, are ex-
tracted as the analysis results.

Figure 9 shows the analysis results. Both the MFEN/MF—/lh* and
N Telationships are almost the same with and without w. In
other words, by using M * from Eq. (9), 4,* can evaluate the lateral
buckling-dependent yield strength and deformation capacity of the
beam by considering the effect of the vertical uniformly distributed
load.

Fig. 7 Initial imperfection
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3. Development of Haunchless Beam End Method

(Inverted Scallop Method)
3.1 Background of development

Weld access holes or scallops are cut out at beam web ends for
on-site welding of beam flange ends. The haunchless beam end
method (inverted scallop method) prevents the premature fracture of
beam end flange welds from originating from the strain concentra-
tion at the bottom of scallops by reviewing the shape of the scallops.
In the 1994 Northridge Earthquake in the United States and the
1995 Hyogo-ken Nanbu Earthquake in Japan, premature fractures of
beam end flange welds'™ were confirmed as examples of damage to
steel frame structures in epicentral earthquakes. Consequently, a
composite circular scallop method and a haunching beam flange
method have been proposed and implemented in Japan. In the for-
mer method, a curve with a radius of about 10 mm is provided at the
bottom of a scallop to relieve the strain concentration there. In the
latter, the ends of a beam are widened in the beam width direction.
Furthermore, in the 2011 off the Pacific Coast of Tohoku Earth-
quake, long-period and long-duration ground motions were ob-
served. The safety of structures against such ground motions was
not fully verified in conventional seismic design. Industry, govern-
ment, and academia are jointly developing design methods to pre-
vent the fracture of beam end flange welds.? Against this back-
ground, Nippon Steel, Nikken Sekkei Ltd., and Nagai Seisakusho
Co., Ltd. jointly developed the haunchless beam end method (in-
verted scallop method) and are now applying it to actual construc-
tion projects.

3.2 Overview of method

In the haunchless beam end method (inverted scallop method),
the scallop shape is changed to the inverted scallop shown in Fig.
10 to alleviate the strain concentration at the scallop bottom and
prevent premature fracture of the beam end flange weld from origi-
nating from the scallop bottom. The shape of the inverted scallop is
a conventional composite circular scallop turned almost upside
down. A straight line, an approximately quarter circle with a radius
r, of about 6 mm, and an approximately quarter circle with a radius
r, of about 35 mm are combined to smoothly shape the scallop bot-
tom. In addition, the scallop bottom is raised about 6 mm (d,) in the
web height direction to alleviate the strain concentration at the scal-
lop bottom. Scallops are machined with a five-side cutting machine
(Photo 1) or with a cutter (Photo 2) on an H-shaped beam beveling
machine. When using an H-shaped beam beveling machine, scallops
can be machined with an inverted scallop cutter (Photo 3) in place
of the conventional composite circular scallop cutter.

3.3 FEM analysis

FEM elasto-plastic analysis was performed to verify the effect of
the scallop shape on the strain concentration at the scallop bottom
(Fig. 11). The analysis model is a through-diaphragm type T-shaped
partial frame. The analysis variable is scallop shaped. Two types of

Column \rl |
d(/u_rj Beam web

/ I Beam ﬂange‘
-

Fig. 10 The inverted scallop
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scallops, or a composite circular scallop and an inverted scallop, are
analyzed. The loading method is monotonic loading in which forced
displacement is applied at the beam end in one direction.

Figure 12 shows the equivalent plastic strain distribution around
the scallop when the member angle of the beam is 1/30 rad. The
composite circular scallop has an equivalent plastic strain largely
concentrated at the scallop bottom. On the other hand, it can be con-
firmed that the equivalent plastic strain at the bottom of the inverted

Photo 3 Cutter for the inverted scallop

scallop is smaller than that of the composite circular scallop.

3.4 Full-scale test

To investigate the fracture process leading to the fracture of
beam end connections welded by using inverted scallops and the cy-
clic deformation performance of beam end connections, through-di-
aphragm beam end connections were tested under constant ampli-
tude cyclic loading. SN490B beams and BCP325B square steel pipe
columns were used in the test. As shown in Table 5, the test speci-

“+— > Pin (u.ug.u, : Fix)

L,=3000

~— > Pin (u.uu, : Fix)

Fig. 11 FEM analysis model

0.12 008 0.04 001 0

0.10 0.06 002 0002

(a) Composite circular scallop (b) Inverted scallop
(conventional)

Fig. 12 Distribution of equivalent plastic strain

Table S Specimen list

. Beam Column Frange groove SAW Amplitude
Series No. Scallop K . M/ M
[SN490B] [BCP325B] orientation E,(D* ©,) Jowor
No.1 BH-700x200%x12x22 0—500x22 Insid 91 1.18
No.2 BH-700x200x12x28 | 0-500x22 e 92 1.24
Inverted —
No.3 BH-700x200x12x22 0—500%22 . 91 1.18
1 Outside 3 —
No.4 BH-700x200x12x25 0-500x19 106 1.30
Composite circular .
No.5 BH-700%200x12x22 0—500%22 . Inside 91 1.18
(conventional)
No.6 BH-700x200%x12x25 o—500%19 20 1.2 1.30
2 No.7 BH-700x200x12x22 0—500x22 Inverted Inside 91 1.2 1.18
No.8 BH-700x200x12x25 0-500x19 20 2 1.30

* Results of Charpy impact test @0°C
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mens were designed so that the ratio of the total plastic moment M
of the beam to the maximum bending strength M, of the beam end
connection became 1.18 to 1.30. The test variables are scallop
shaped (inverted or composite circular), flange groove orientation
(inside or outside), and loading amplitude. Non-metal end tabs were
used as the end tabs for beam end flange welds, and S50N grade sol-
id wire (JIS Z 3312 YGW18) was used as the welding material.
Specimens were cyclically loaded with constant amplitude (Fig.
13). Specimen columns were pin supported at both ends. A hydrau-
lic jack was horizontally connected to the beam end through a load
cell. To prevent the beam from deforming out of the structural plane,
the beam was constrained at one point by a pantograph. The elasti-
cally calculated beam member angle 6 when the beam end reaches
M, was taken as the reference displacement. The single amplitude
of the cyclic loading was set to I.ZIﬂF, 2b0p, and 3 ;ﬂ,;
3.5 Test results

Beam end connection fracture modes are schematically illustrat-
ed in Fig. 14. Typical ultimate states of specimens are shown in
Photo 4. None of the specimens buckled locally. Each specimen de-
creased in strength due to fracture of the beam end flange weld and
ended the test. The test confirmed the presence of the crack C origi-
nating from the bottom of the scallop and the cracks C, and C,,
originating from the weld toe and weld root at the weld start and end
positions of the beam flange weld, respectively. In specimens No. 1
and No. 2 with inverted scallops and inside groove, the flange frac-
tured at the crack C,, at the weld toe on the inner surface of the
beam end flange weld (Fig. 14 (a), Photo 4 (a)). In specimens No. 3
and No. 4 with inverted scallops and outside groove, the flange frac-
tured at the crack C, at the weld toe on the outer surface of the
beam end flange weld (Fig. 14 (b), Photo 4(b)). In the No. 5 speci-
men with a composite circular scallop used, the flange fractured at
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Fig. 13 Test set-up and loading condition
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the crack C_ at the scallop bottom (Fig. 14(c), Photo 4(c)). Speci-
mens Nos. 6 to 8 fractured at the crack C, formed at the weld toe
position on the inner side of the flange end, regardless of the tough-
ness of the flange-web Submerged-Arc Welding (SAW) metal and
the loading amplitude. The test confirmed that the fracture originat-
ing from the scallop bottom was suppressed in the beam end con-
nection welded by using an inverted scallop and that the flange frac-
ture originated from the ductile crack at the weld toe of the beam
flange end.

Table 6 lists the test results. Figure 15 shows the examples of
the load-deformation relationships of some specimens. Fracture
modes can be roughly divided into two types: brittle fracture and
ductile fracture. Brittle fracture is defined as a fracture that occurs
without significant strength degradation during loading, and the area
of ductile cracks on the fracture surface is small compared to the to-
tal area. Ductile fracture is defined as a fracture that occurs as the
strength decreases with increasing loading cycles, and the area of
ductile cracks on the fracture surface is large compared to the total
area. The number of cycle to fracture N, (hereinafter referred to as
fracture life) is defined as the number of cycles when either flange
fractures, the number of cycles when the peak load is reached before
the half-cycle maximum member angle is reached, or the final num-
ber of cycles when the half-cycle peak load accounts for 50% or
more of the maximum peak load, whichever is smallest. Figure 16
shows the fracture life N, on the horizontal axis and the ductility fac-

(a) Flange fracture at beam-end weld (Inner bevel)

I

Cr
Cr1

(b) Flange fracture at beam-end weld (Outer bevel)

(c) Scallop fracture

Fig. 14 Mode of beam-end fracture
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tor « on the vertical axis. The dashed, dotted, and solid lines respec-
tively represent the empirical equation (C=5.6) and the design
equation (C=7.0) for beam end connections welded without scal-
lops in the low-cycle fatigue curve® shown in Eq. (13) and the de-
sign equation (C=5.4) for evaluating beam end connections welded
by using inverted scallops. We can confirm that specimens with in-
verted scallops are superior in cyclic deformation performance to
specimens with composite circular scallops and can exhibit cyclic
deformation performance roughly equivalent to that of specimens
without scallops. The inverted scallop method also has the cross-
section reduced by the scallops. With the lateral stiffener elimination
method discussed above, as a measure for evaluating the test results
on the safe side, the design C value is set to 5.4 so that the actual
cyclic deformation performance becomes about 70% of the mini-
mum test cyclic deformation performance.

u=C-N—p (13)

(¢) No. 5 : Flange fracture at beam-end weld scallop

Photo 4 Specimens after the experiment

where C is a fracture life coefficient and S is the slope (= 1/3) of the

evaluation equation.

Table 6 Experimental data

Amplitude Fracture |Fracture
No. Weld hole M/ M R N
) |7 " 7| point type !
Fl
No.l 118 M8 | puctile | 17
weld line
Flange .
No.2 1.24 . Ductile | 25
Inverted weld line
scallop Flange .
No.3 1.18 - Ductile | 8
3 weld line
Flange .
No.4 1.30 - Ductile | 17
weld line
C it
. ommpostte Near the .
No.5 |circular scallop 1.18 Brittle | 2
. scallop
(conventional)
Flange .
No.6 1.2 1.30 i Ductile | 342
weld line
Inverted Fl
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Fig. 15 Load-displacement relationships
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Fig. 16 Plasticity-fatigue performance relationship

3.6 Application to actual projects

The study results concerning the beam end connections welded
by using inverted scallops were summarized as design and construc-
tion guidelines. In 2021, the Building Center of Japan evaluated the
design and construction guidelines. We have started to apply the de-
sign and construction guidelines to construction projects such as
high-rise buildings.

4. Conclusions

In this paper, we have outlined MEGA NSHYPERBEAM™
products and described the long-span beam horizontal buckling de-
sign method and on-site beam end welding technology we have de-
veloped. MEGA NSHYPERBEAM™ and these design and con-
struction technologies can be combined to reduce the weight of
long-span beams and to save the labor required for steel frame fabri-
cation and on-site construction. We will focus on the rapid spread
and stable supply of MEGA NSHYPERBEAM™ and will take the
initiative to develop new environmentally friendly construction
methods toward a decarbonized society.
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