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SUMMARY:

The H-SA700 is a new high-strength structural stieai is more environmentally friendly and moretahiie for
mass production than conventional high-strengtllsfe new column, built up with H-SA700 steel plgtevas
developed to achieve the steel construction thgeta at continuous use after severe earthquak&sevEhe
column of the envisioned system is intended toesasvan elastic member, and hence should sustged&stic
deformation. This paper presents the results ofdiccstatic test on the behavior of the proposeturon
subjected to combined bending and compression. $gigeimens, varying in axial force ratio, bolt piteear the
critical section, and loading direction, were desigy and examined. The column achieved an elasttion of
0.018 rad at the axial force ratio of 0.2, and bBathaximum moment surpassing the plastic momenhef t
perforated section.
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1. INTRODUCTION

H-SA700 steel is a new structural steel that adsexery high strength without significantly alteyin
the chemical composition (less increase in alloygtgments) and without intensive heat treatment.
Due to these attributes, this steel is more enumamtally friendly and more suitable for mass
production compared to conventional high-strenddels The H-SA700 steel has a specified yield
strength range of 700 to 900 MPa, and a specifiesile strength range of 780 to 1,000 MPashida

et al. (2009))

A low- to mid-rise building system that allows ciontous use after major earthquake events was
promoted by making full use of the benefits of avnaigh-strength steel H-SA700. The concept
drawing of the envisioned steel structural systenshown in Fig. 1. The system is achieved by
connecting columns, beams and dampers using oltly &red no welds, so that all the components can
be replaced, reused, and recycled. The beams caith®e conventional beams using mild steel or
new beams using high-strength steel. The colummdaitt up from H-SA700 steel plates, either flat
or cold bent, using bolts exclusively and no welllse columns are supposed to have large strength
and large elastic deformation, aiming to keep Eldmsthavior under a very rare earthquake event.

This paper presents the experimental study on ehenm behavior subjected to combined constant
axial force and cyclic lateral force. Five specimevere designed for three parameters, the direction
of the lateral loads, the bolt pitch to fabricate tolumn and the magnitude of the axial forcetexer
on the column. The specimens were reduced in dimerfsom the prototype section used in the
writers’ previous researcfiin et al. (2011)) The effect of different parameters on column béira
such as stiffness, elastic deformation capacitgngth and failure modes, were evaluated.
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Figure 1. Concept of structural system.

2. EXPERIMENTAL PROGRAM
2.1 Specimens and test setup

Fig. 2 shows the baseline specimen and the tagp.s€he column consists of two plates and two
cold-formed channels, and is built using high-siitbrbolts (see Fig. 2(a)). The bolts had a nominal
diameter of 8 mm and a specified minimum tensitergjth of 1,220 MPa. Five specimens with the
same section of 110 mm x 110 mm were constructied.parameters of the specimens are listed in
Table 1. Since the column was intended for uséénelastic range, the elastic deformation capacity,
elastic stiffness, and the safety margin aboveethstic limit were the main concerns for specimen
design. There were three parameters, lateral lgadtbn (about the strong or weak axis, bolt pitch
(60 mm or 120 mm) near the critical section, andlaforce ratio (0.0, 0.2 or 0.4). The baseline
specimen (denoted as X60N2) was loaded about thegsaxis (X-axis), and had a bolt pitch of 60
mm and an axial force ratio of 0.2. The axial forago is defined as the ratio of the axial compnes
force to the axial compressive yield strength & ¢gfnoss cross-sectional area. Larger bolt pitch may
cause an early local buckling, and hence reducestiieagth of the column, while larger axial force
may affect the stiffness, strength, and yield fotatThe exterior plate of the flange between two
adjacent reduced sections was more critical to lmgkLin et al. (2011)shows its buckling can be
well estimated by the elastic column buckling tlyedaking each bolt pitch as the column length, and
assuming that the ends are fixed against rotatlae (o the channels preventing the exterior pkates
buckle into the section). The critical stress tue tocal buckling of the exterior plate was 1,68Ravi
for the specimen with a bolt pitch of 60 mm, and3@, MPa for specimens with a bolt pitch of 120
mm, so the specimens were expected to avoid lagMling of the exterior plate before yielding. The
material properties of the steel plates for thecigpens are shown in Table 2. The H-SA700 steel had
a rupture elongation of about 13%, which is onlif b&that of conventional mild steel, and a yield
ratio (the ratio of the yield stress to tensiles$) of 0.94, which indicates limited strength éase
beyond the yield stress.

The loading system in Fig.2(c) was adopted to pl®vihe combined action of bending and
compression to the column. The top end of the 2Nical oil jack was fixed to a reaction beam,
while the bottom fixed to the top end plate of todumn through oil jack connector. The right side o
the 200-kN horizontal jack was fixed to a reacticame, while the left side to the oil jack connecto
The specimen was placed into the setup, and casthéatthe base and the oil jack connector by end
plates. To simplify the connection between the ilogdystem and the column, the end plate was
welded to the column. Two base components wereedhdlb clamp the bottom of the column to
present the boundary conditions for bolted conpastie.g., bolted column base or extended end-plate
beam-to-column connectidiiin et al. (2012)) Two stiffeners that were made of H-SA700 stealewe
welded to the internal channels to avoid the ldogal deformation and damage in the connection



between the column and base components.

Table 1. Specimens

SpecimerNo. Load direction Bolt pitch(mm) | Axial force ratld/Ny Instructions
X60NO X 60 0.0 No axial force
X60N2 X 60 0.2 Baseline Specimen
X60N4 X 60 0.4 Larger axial force
X120N2 X 120 0.2 Larger bolt pitch
Y60N2 Y 60 0.2 Different load direction

Table 2. Material Properties
Thickness Yield Stresf, | Tensile StresEn. | Yield Ratio Rupture

SpecimerNo. (mm) (MPa) (MPa) Fy/F rax Elongation
X60NO, X60N2,
X60N4. X120N2 6.0 803 851 0.94 13%
Y60N2 6.0 787 833 0.94 13%
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Figure 2. Specimens and setup (unit; mm).

2.2 Instrumentation and Test procedure

The segment of the column above its stiffeners maasured as the tested portion, which excluded
connections at the bottom. The height of the columas taken as the distance from the stiffener to
centreline of the horizontal jack (1,230 mm). Twspthcement transducers, DT3 and DT4, were used
to measure the deflection angle at the stifferaard, other two, DT1 and DT2, were used to obtain the
drift of the column, as shown in Fig.2(c).

Cyclic loading was applied to all the columns. Tbading protocol for the lateral drift of the colam
was as follows: two cycles for each story drifiodtalled as SDR hereafter) of £0.005, £0.01, 20.0
+0.03, £0.04, +£0.06, +0.08 rad and finally threeleg of £0.10 rad. The story drift ratio here ig th
ratio of the drift to the column height. The loaglinould also be terminated due to severe local
buckling or rupture in the column.

3. ANALYSISOF THE RESULTS



Fig.3 shows the moment versus rotation relationBirigach specimen. The moment uses the bending
moment of the column at the first perforated sectrom the stiffener (Section 1 in Fig. 3(b)), winic
was expected as the most critical section to yigléind rupture. The column rotation was obtained by
subtracting the deflection angle of the bottonfestiérs from the story drift angle of the columnré&éa
types of markers were used to indicate the instahtn local buckling, plate fracture, or bolt fuaet

was observed. Fig.4 presents the photos for tla fililure state of each specimen. The arrowsén th
photos indicate the locations where fracture oezlrr
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Figure 3. Moment versus rotation relationship: (a) X60NQ; Xi60ON2; (c) X60N4; (d) X120N2; (e) Y60NZ2.
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Figure 4. Final states of the specimens: (a) X60NO; (b) X60d2X60N4; (d) X120N2; (e) Y60N2.
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Although all the specimens responded linearly ursteall rotation, the specimens exhibited different
failure modes. The baseline specimen X60N2 yiefttst] and then had local buckling at the rotation
of about 0.06 rad (see Fig. 3(b)). Bolts at thekbrd: portion fractured as the loading continued] an
the strength dropped sharply as the fractured hattser aggravated the buckling. The local buaklin
mode is shown in Fig. 4(b). With no axial force gSimen X60NO only had slight local distortion at
the rotation of 0.07 rad (see Fig. 4(a)) and frasztuafter two cycles of +0.75/-0.65 rad (see F{g))3
The tension-side exterior plate and the flangeth®fchannels fractured almost simultaneously at the
first reduced section from the stiffeners), andeadrto the webs immediately. Bearing larger axial
force, Specimen X60N4 achieved smaller strengthdafdrmation capacity, and local buckling and
bolt rupture occurred in the cycle of +0.50/-0.9@ (see Fig. 3(c)). With a double-length bolt pitch
Specimen X120N2 presented local buckling and hgiture earlier than the baseline specimen (see
Fig. 3(d)), and fracture occurred in the comprasside flanges of internal channel due to the sever
local buckling deformation (see Fig.4(d)). As a @gpen loaded about the weak axis, Specimen
YG60N2 exhibited stable strength growth after yietdiNo local buckling was observed in Specimen
Y60N2, and a small crack was observed at the efigéolt hole when loading was completed.



The column was demanded for large elastic defoonati the target structural system, so the elastic
bending stiffness and vyield rotation of the coluame concerns for the design. Table 3 shows the
values of the yield rotation, yield bending momeartd elastic stiffness from both of the test and
estimation My is the measured yield bending moment, defineti@sioment at Section 1 when any
of the measured strains at Sections 1 and 2 s@p#ss yield strain. The yield rotation was obtdine
from Fig. 3 when the moment reachég.s. My, is the estimated yield bending moment, calculated
by My, =F, S, whereS§ is the elastic section modulus of reduced seet@mounting for the bolt holes.

The measured elastic bending stiffness was obtdiyefitting a straight line to the first +0.01 rad
loading cycle of the curves in Fig. 3, while théiraated value was calculated BY. E is the Young's
modulus and is the moment of inertia of the column gross sectlield rotation indicates the limit
of elastic deformation, and it grew as the axiatéoratio decreased. The column was planned to be
used under the axial force ratio of 0.2, and adl ¢hecimens with the axial force ratio of 0.2 aobic

a yield rotation of over 0.018 rad, which is deernf@de enough for the column to remain elastic in
rare earthquake events. The measured stiffneseafdlumn listed in Table 3 become smaller as the
axial force ratio increases, which might be causgthe P-delta effect on the distribution of bemdin
moment in the column. The values of the measureditiel stiffness are slightly smaller than the
estimated value, and the maximum difference is iwith?o, so the column can be taken as a
solid-section column for the estimation of its @tabending stiffness.

As shown in Table 3, the maximum difference betwdenmeasured and estimated yield strengths
was 4% about the strong axis, and 6% about the aeak

Table 3. Test results and estimations

Specimen | N/N | Yield rot. Bending moment (kN.m) Elastic stiffnes€l (kN.n’)

No. 0 (rad) Mytess | Myr | Myted/ My, Test Est. Test/Est,.
X60NO0 0.0 0.029 69.6 | 72.4 0.96 1.201x19| 1.230x10 0.98
X60N2 0.2 0.021 55.5| 55.3 1.00 1.165x10| 1.230x10 0.95
X60N4 0.4 0.014 39.1| 38.3 1.02 1.149x19| 1.230x10 0.93
X120N2 0.2 0.021 54.8 | 55.3 0.99 1.181x19| 1.230x10 0.96
Y60N2 0.2 0.018 27.0| 254 1.06 0.564x10| 0.590x10 0.96

Fig. 5 shows the measured yield bending momenth@dmum moment (about the strong axis), and
the estimated yield moments and plastic momentg hAbrizontal axis is the bending moment
normalized by the estimated plastic moment of #auced section under zero axial force, while the
vertical axis is the axial force ratio. The soliddahollow markers (square or triangle) indicate the
measured yield moment and maximum moment, resgdgtiVhe lines show the estimated values for
both the net area of the reduced section and guess of the full section. The estimated plastic
moment was calculated assuming that all fiberdhefreduced section reached measured yield stress
Fy, either in tension or compression. The yield gitenwas inversely proportional to the magnitude of
the axial force, and also as shown in Table 3,a$iimated yield strength of the reduced section
matched well with its corresponding measured valié® estimated yield strength can be used to
identify the limit of elastic range.

The design goal was to achieve the plastic monmktiteoreduced section. The maximum moment of
all tests exceeded the estimated plastic mometthefeduced section, although none reached the
plastic moment of the gross section. The amournhefoverstrength from the plastic moment of the
reduced section varied in different specimens. Asm in Fig. 5, the specimen with a smaller bolt
pitch achieved a larger maximum strength, e.g.sffezimens under the axial force ratio of 0.2. When
axial force ratio equalled to zero, the overstrenghs caused mainly by the stress hardening of the
material after yielding, and the maximum strengthswimited by the fracture of the tension-side
flange. As the axial force ratio increased, thersivength became larger. The overstrength was not
only caused by the stress hardening but also bretieon that the compressive resistance of thgdlan
was not simply governed by the reduced section. Adles participated in the compression of the
flange after yielding, and the end plate at thetdmot of the column further enhanced the



compression-side column flange at Section 1. Ferdhding about the weak axis, Specimen Y60N2
yielded at the moment of 27.0 kN.m and increasdtstmaximum moment of 53.3kN.m, which was
almost twice the yield moment. The presence ofdiasjrength increase about the weak axis was due
to the shape effect of the section.
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Figureb. Yield strength and maximum strength (about thenstraxis).

4. CONCLUSIONS

The behavior of the column subjected to the combimending and axial force was investigated with
five specimens. The basic conclusions are as fslidd) The column exhibited a very large yield
rotation exceeding 0.018 rad under an axial foat® rof 0.2; (2) The elastic bending stiffness was
within 7% to the estimated value based on the aggBamthat plane sections remain plane, and using
the gross area of the section; (3) The strengtheicolumn is limited by the net area of the reduce
section; (4) The yield strength was inversely prtippal to the axial force; (5) The flexural stréimg

of the specimens exceeded the plastic moment oteetisections using the measured yield strength
of the steel.

The study is continuing to address the design naetbo the proposed built-up column and other
design issues of related connection componenth, asicolumn base connections, column splices, and
bracing connections.
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