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SEISMIC STRUCTURAL DESIGN WITH
JUMBO SIZE COLD FORMED HOLLOW STRUCTURAL SECTION COLUMN

Hirotaka Futamura

ABSTRACT

It is said that 10% of the earthquakes in the world occur in the vicinity of Japan.
As a result, we’ve been accumulating much knowledge and technology with
regard to earthquake-resistant structures of buildings, and among these is the
"Box column — H-beam structure". (Fig.1)

"Box column — H-beam structure” is one of the two-way rahmen structures,
in which box-shaped structural columns of square section (Hollow Structural
Sections: HSS in the following) are joined with H-section steel beams by rigid
frame connections, and this has been the de facto standard of the architectural
structures of multiple-story commercial buildings in earthquake-prone Japan
for more than three decades.

Although immense damages were brought to Japan by the Great East Japan -
Earthquake of March, 2011, no major damage to the main structural parts of Figure.1.

“Box column — H-beam structures” by the earthquake and tsunami was found
as a result of a survey conducted immediately after the earthquake, which proved anew their earthquake-
resistance. The HSS columns had supported whole structures by bearing the horizontal forces due to the
earthquake as well as such forces as the hydraulic pressure of the tsunami and those from being hit by
drifting debris.
"Box column — H-beam structure”, in addition to its high earthquake-resistant performance, has the
following features.
1. It is possible to reduce the size and weight of the whole structure so that it may result in reducing the
cost of construction, including foundation work, compared to the Reinforced Concrete (RC in the
following) structure.
2. The period of construction will be shortened compared to the RC structure or the SRC structure.
3. There is a higher degree of designing flexibility compared to the “H-column - H-beam structure” because
bracing is not required and larger effective space can be made available.

Although construction firms, designers, fabricators and especially clients tend to pay attention only to the
initial construction costs and material costs, it is becoming prevalent in advanced construction markets to pay
attention not only to the initial construction costs but also to the value of the building, that is, to the ROI (return
on investment) and the LCC (life cycle cost) from the long-term point of view.

In this way, the Jumbo size square HSS and the “Box column-H-beam structure” enhance the long-term
value of a building. This value includes not only the commercial value but also the value of protecting human
life from disasters may occur in the future.

The Tohoku-Pacific Ocean Earthquake in Japan

2:46 PM on March 11, 2011. The earthquake which occurred near the northeast coast of Japan, together
with the great tsunami which hit various locations starting approximately forty minutes later, brought great
damage to the coastal area of northeastern Japan, with approximately 19,000 dead or missing. (Fig.2) It was
M9.0 in terms of the magnitude of the seismic energy. This magnitude was fourth largest in the past century,
after the Chile Earthquake (M9.4) in 1960, the Alaska Earthquake (M9.2) in 1964 and
the earthquake off the coast of Sumatra, Indonesia
(M9.1) in 2004.

General Manager, Structural Steel Products Export Dept. Nippon Steel and Sumikin Metal Products Co.,Ltd.
2-17-12, Kiba, Koto-ku, Tokyo 135-0042, Japan, hfutamura@ns-kenzai.co.jp
On the other hand, a characteristic of this



mailto:hfutamura@ns-kenzai.co.jp

earthquake was that the damage from the tsunami
was greater than the damage from the earthquake
as it was not an urban near-field earthquake like the
Great Hanshin Earthquake of 1995. (M7.3) (Fig.3)

Figure.2. Figure.3.

From immediately after this earthquake disaster, many missions have travelled to the site to survey the
damage, and structural engineers joined also from our company to investigate the damages to structures.

As damages by earthquake to steel-structure buildings, although many cases were found such as of
outer walls and suspended ceilings that had collapsed in multi-story buildings (Fig.4), and of buckled light-
gauge bracings (Fig.5), there was no major damage to the main structural parts of “Box column — H beam
structures”. (Fig.6)

In the areas tsunami had swept almost everything away, those scenes in which we can observe nothing
but some foundation of the buildings or residences were broadcasted in the world, we found some steel
structures still on the ground.(Fig.7) The core part of those steel structures were not damaged even they
have lost roofs and walls. Most of them were "Box column — H-beam structure”(Fig.8) Our investigation team
didn’t find any major damages at the core part of "Box column — H-beam structure”. Some of them have been
re-paneled with new roof and wall to be used once again within a few months.

Figure.5.

Figure.7. Figure.8.

Applications of Jumbo HSS in the world

There is a variety of uses of HSS in the world. Although material of relatively small section is also used in
such items as steel furniture, handrails and fence posts, with sizes over 250-300mm square, the main use is
for large-scale structures such as large truss roofs such as in an airport or of a stadium (Fig.9), columns and
braces of large-scale logistics warehouses (Fig.10) and stacker cranes in high-rise warehouses (Fig.11), and
places where there are many constructions of such large-scale structures constitute the major markets for
Jumbo size HSS. These may, in other words, be said to be the “architecturally advanced cities”, so to speak,
such as in North America, Europe, Oceania, some parts of the Near and Middle East, as well as in the Asian
Zone, Singapore, Hong Kong.

Figure.10 Figure.11



These areas are leading the world also in terms of the penetration of all steel structures including those
other than HSS, and the background to this is that they are areas with, first of all, ease of procurement of
materials, as well as not only integrated technical capabilities from design to construction which goes without
saying, but also advantages in comparison to the RC structure such as the 1. reduced size and weight of
materials, 2. shortened construction period and 3. effective utilization of space, which have greater value
since, as a market, land prices and labor costs are relatively high. Furthermore, although not common to all
the markets, there is also the aspect that such matters as the 4. high recyclability of steel are highly evaluated
from the heightened interest in global environmental issues.

Applications of Jumbo HSS in Japan

On the other hand, the majority of the uses of Jumbo HSS in Japan is for columns of multi-story
commercial buildings such as offices, shopping malls and multi-level parking lots. The background to this
includes, in addition to the three economic and one environmental advantages which were described in the
foregoing, the fact that "Box column — H-beam structure" has the excellent seismic performance.

Seismic Design Concept of Steel Structure in Japan and the performance of HSS and "Box column —
H-beam structure”

The general approach to the seismic design of steel structures in Japan is a two-step approach. The
primary design is an elastic design to prevent damage by medium scale earthquake. And a secondary design
is a plastic design which permits partial damage by large scale earthquakes but does not allow collapse.

That is, the point of the primary design is to keep to a minimum the damage to the structure, and in the
secondary design, the seismic energy is made to be absorbed by the viscosity of plastic deformation even
though there are also some elements that collapse. In other words, in the secondary design, the
deformability which absorbs the seismic energy is important.

(Fig.12) is the performance test of the HSS column, and the result shown in the graph is a bilinear loop
to indicate the stable yield strength and the high capacity to absorb the seismic energy.

(Fig.13) is the performance test of a rigid frame connection via a through diaphragm, standard
connection in Japan, and the the result shown in the graph is also a bilinear loop to indicate the same as HSS
column. Many such experiments have been conducted in Japan, and these data have indeed been proven in
the disaster two years ago.
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Japanese building structure

From the viewpoint of earthquake-resistant performance, it is also possible to enhance that of the RC
structure, by making the sectional areas of the elements larger and placing a large number of earthquake-
resistant walls. At present, approximately 70% of the building architectures in Japan are steel structures, and
buildings of steel structures and of RC structures exist together even in metropolitan areas such as Tokyo.
This is because the required characteristics differ according to such factors as the use the building and,
roughly speaking, there are relatively many RC structures of residences, schools and hospitals whereas
many single-story factories have one-way rahmen, other-way braced structures in which both the columns
and beams are of H-section steel. On the other hand, nearly 100% of the commercial architecture such as
offices, shopping malls, multi-level parking lots and warehouses are “HSS column-H beam structure”.

This is because the “HSS column-H beam structure” makes possible structures of large spaces without
bracing, which enlarges the effective area and results in greater flexibilities in the positioning of openings and
in the internal layout. These are very significant advantages in commercial buildings such as offices and
shops, and lead to the enhancement of the values of the buildings for the owners. That is, the effective area
of a commercial building is the office space of businesses, the shop space of shopping malls and the parking
space of parking lots. These are linked directly to the income from the buildings and have impact on the ROI
for their owners.

History of Architectural Structures of Commercial Buildings in Japan
From “RC structure” to “Steel structure” (1960s)

It was during the so-called era of high economic growth of the 1960s that the architecture of steel
structures became prevalent in Japan. During that time, rapid modernization of cities took place and, in
parallel to the increase in floor areas of construction starts, there was an increasing proportion of steel
structure constructions. (Table.1)

The main reasons for this were the following four points.

1. The steel structure, compared to the RC structure, allows the structure (columns, beams, etc.) to be
smaller and lighter, reducing the load on the frame.

2. The steel structure, compared to the RC structure, allows the effective internal space to be larger
since the size of structure can be smaller.

3. The steel structure, compared to the RC structure which requires almost all the work to be on-site,
has a greater component of production and working in the factory, which results in stability of the
qualities of the products and workings.

4. With the steel structure, curing periods are not required for the columns and beams, which enable
construction periods to be shortened and construction costs to be reduced.

Table.1.

1957 = 1970 = 1990
Building(mil.m?) : 44(100%) = 200(450%) = 280(636%)
RC(%) 1 17(100%) = 22(129%) = 21(120%)
Steel(%) © 6(100%) = 29(480%) = 38(641%)

From “H-column — H-beam structure” to "HSS column — H beam structure" (1980s)

However, during the approximately two decades beginning with the 1960s, which was described in the
foregoing, the main role in steel structures was played by H-shape in terms of both columns and beams. In
this case, reinforcement by bracing was required in the direction of weak axis (direction of the flange), which
had been a major restriction in the architectural design.

It had already been understood at that time that it is possible to make an extended-space earthquake-
resistant structure which does not require bracing over a large span by using non-directional box-structured
columns which make two-way rahmen structures possible, but at that time it was not yet possible to produce
box structures of large dimensions, and thus, even though four-face welded boxes and H-shape to which
cover plates were welded had also been used, they did not become very prevalent, as there were also
defects in quality upon manual welding by the fabricator.

In 1978, our company began to produce large size HSS by cold roll forming. And, in that year, a great
earthquake occurred off the coast of the Tohoku region, which is the same location as the earthquake two
years ago. Three years later, in 1981, the standards of earthquake-resistant design were made stricter, and
the “HSS column-H beam structure” rapidly became the de facto standard.



Commercial Value Comparison between “RC structure” and "Box column — H-beam structure”

Fig.14 and Table.2 is an example of a commercial value comparison between “RC structure” and "Box
column — H-beam structure” in case to build the three-storied building under the same loading conditions.

"Box column — H-beam structure” is 25% lighter by weight, its construction period is 30% shorter and the
effective area is 7% larger compare to those of “RC structure” in this case.

The weight of structure and its construction period mainly affect the initial construction cost, but the
effective area affects the ROI as described above. It is one of the values of the building along with the large
flexible open space.

The comparison result of the construction cost is only for a reference purpose because there must be
some differences of pre-conditions such as the labor cost or the utility cost. This result is based on the high
labor cost in Japan.

It is more important to evaluate from the view point of ROI or LCC at the same time as stated above.
In fact, there are some cases that the ratio of the steel structure is increasing from the view point of global
warming even in some developing countries.
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Table.2
Steel RC
Column size Beam size Column size Beam size
3F [1-350x12 H-446x199 [1-600x600 [J1-700x400
2F [1-350x12 H-500x200 [1-600x600 [J-700x400
1F [1-350x16 H-600x200 [1-600x600 [J-700x400
Total 75% 100%
Weight
Term of 70% 100%
Work
Effective 107% 100%
Space
Cost 90% 100%
(Japan)

Manufacturing Process of HSS

There are several different types of processes to manufacture HSS as follows.

1. Use Hot Rolled Coil to be cold roll-formed continuously. (One seamline)

2. Use two Heavy Plates to be pressed into C-channels and two of them to be welded together. (Two seams)
3. Use four Heavy Plates to be welded at the corner part. (referred as Welded Box, Four seams)

The 1% process is the most economical and stable continuous process, however the maximum size of HSS is



rather smaller than those of other processes 2 and 3. The maximum diameter is about 16mm x 400mm x
400mm in most of the countries though NSMP can produce 22mm x 550mm x 550mm.

Those “Jumbo size cold roll-formed HSS is manly used as the column of 3 - 6 storied commercial building in
Japan. In the regions where those jumbo size are not available, they must use relatively high cost HSS
manufactured by the 2" or 3 process.

Figure.15 is the outlines of our manufacturing process. (above type 1)

Shear and weld Looping Forming

High-frequency welder Warking

Bead removing

c'_"%% Y 4

Oiling >
Bundling

Shaping
Traveling cut

Figure.15

Fabrication Cost Comparison between “Welded Box Section Column” and "Cold Roll-formed HSS
Column"

Below is to compare the fabrication cost between “Welded Box Section” and “Cold Roll-formed HSS” to
be fabricated into the same size building column for three-storied building with 6 pieces of diaphragm plates.
Figure.16 shows the pre-conditions and graph.1 shows the result. We did this simulation in Taiwan.

The cost is broadly divided into the material cost (steel including yeild loss) and the fabrication cost.

The result cannot be said to be universal since the material costs (Heavy Plate or Roll Formed HSS) are
constantly changing, but the fabrication costs are much lower with HSS in this case.

This difference comes from the difference in the amount of processing, mainly welding length. The
added value in the HSS production plant is resulting in the lowering of the fabrication costs.

Further, the reduction in the amount of welding means that reductions in inspections of the welded parts
and in defects due to such causes as poor welding are also great advantages. Fabricator may be able to use
the available capacity of welding for other jobs or they can reduce their fixed cost in a long term bases.
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Column to Beam Connection

In the connection part of "Box column — H-beam structure”, the diaphragm plate has the important role to
receive and transfer the horizontal seismic forth from the beam to the column. There are many types of
connection details and the most prevalent in Japan is the type to use “Through Diaphragm” as in Fig.17. .

This type of connection with “Through Diaphragm” has many fabrication steps.

1* : Cut the HSS into three parts, top, middle (Panel Zone) and bottom.
2" : Weld two “Through Diaphragm” plates on both side of the panel zone.
3" : Weld top HSS and bottom HSS on each side diaphragm.

Because there are many steps to do, most of the fabricators in Japan use automatic welding robot for

this operation, especcialy for welding. It takes longer time if it was done by manual. (Fig.18)



As there is no automatic welding robot in most of the overseas market right now, there are some other
solutions, such as “Inner Diaphragm”(Fig.19) or “Outer Diaphragm” (Fig.20). Those fabrications can be done
even by manual. Either by the robot or by manual, one of the important part in those fabrication is the quality
control of welding operation.

Figure.17 Figure.18

Figure.19 Figure.20

Factory fabrication vs On-site fabrication

It was stated that with the steel structure, curing periods are not required for the columns and beams,
which allows construction periods to be shortened and construction costs to be reduced. It was also stated
that the steel structure, compared to the RC structure which requires almost all the work to be on site, has a
greater extent of production in the factory, which results in stability of the quality.

In Japan, in most cases columns for up to a maximum of three stories are fabricated in the factory and
these are transported by trailers to the construction site.

For connections of columns and beams also, rather than welding directly to HSS, brackets are welded to
them in advance in the factory which are then connected by bolting to the beams on site. In this way, it is
possible to realize the stability of the quality of the entire structure with a short construction period.

Welding technology and quality

In many regions, there are issues of low reliability of the quality of welding, especially of full penetration
welding. For example, in some Asian countries, there are not a few fabricators who explain that they are
using the welding standards of the AWS (American Welding Society), but the actual condition is that there
are not many reliable proficient welding workers. (It may be same even in America.)

It is difficult to incorporate the "HSS column — H-beam structure”, which has been discussed, into a
design without the reliability of the welding quality since much use is made of full penetration welding such as
in connections between column and beam and between column and columns or diaphragm.

In Japan, there is high reliability of the welding quality of fabricators as a result of having prepared an
original standard which is more stringent than the AWS standard, the “Japanese Architectural Standard
Specification JASS-6" as well as the “Design/Construction Manual for Cold-formed Square Steel Tubes”
incorporating this standard, and of having been engaged over many years in the improvement of the skills of
welding workers.



There are several key points in managing welding quality, and just the three main points are introduced
here.
1. Choice of welding material
The higher grade welding material must be used than for the main body of HSS and the diaphragms.
For example, if the steel grade of HSS and diaphragm was 400N/mm2 class, 490N/mm2 class must be
used for the welding material. Because of the concentration of forces at the welded part, from which
development of cracks frequently occur, it is important to use higher grades than for the main body.
2. Management of heat input and interpass temperature
The heat input and the interpass temperature are held below a certain level in order to prevent thermal
degradation of the welded part and the surrounding material microstructure.
In most of the case, heat input must be 40 KJ/cm2 or less and interpass temperature must be 350 or
less degrees Celsius.
In case high grade material is used such as 490N/mm2 class for HSS and diaphragm and 540N/mm2
class for welding material, the heat input must be 30 KJ/cm2 or less and interpass temperature must be
250 or less degrees Celsius when welding the corner part of HSS.
3. Management of tolerances and other parameters
There are several types of standard range or tolerances in which the gap is managed in various forms of
welding in order to prevent the generation of cracks from the welded parts and to have horizontal forces
transmitted from the beam to the diaphragm without any problem.

Standard Specification and Operation Manual

In most of the case when introducing the new concept, technology or idea, it is important to establish the
Standard and Manual to create the new circumstances. From designing, fabrication to construction, such
standards and manuals of management and of work must be formulated and the job quality and reliability in
each stage must be continually improved by raising the proficiency of the related people by repeated
education and training with regard to the standards.

Conclusion

Below is the “Circum-Pan-Pacific Earthquake Belt” which is referred to as the Ring of Fire.
Because of having suffered great earthquake disasters in the past, New Zealand and Japan have been
accumulating an array of technology and know-how in the aspects of both hardware and software in order to
endure and overcome them.
"Jumbo Size Cold Formed Hollow Structural Section Column” and “Rigid frame connection
between HSS column and H-beam?” in this paper are just one or two among this array.
Those of us who live in the present must cooperate with each other in the future for the sake of both our
homelands and descendants.
| believe that for my own self, having survived the great tsunami by the Sumatra Earthquake with the help
of a great number of people, this is my duty as a human being.
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End of paper




