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SUMMARY:

This paper describes an experimental study omglastic behavior of X-bracing of steel angles saotsd to
monotonic and cyclic loading, and specifies basisraic performances, such as rigidity, ductilitgl@mergy
dissipation. The diagonal bracing is set into 3stjuare frame, and connected to the frame usinggiighgth
bolt and gusset plates. The section of bracesualéeg angles of which the width -thicknesses&ir&mm and
75-6mm. Moreover, the brace sections are of siagge and of composite section of two angles oh biotes
of the gusset plate are tested. It is found thedirctility of single angle brace is quite goodpiesthe
eccentricity and slenderness, and considerabletgtst damping is found.
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1. INTRODUCTION

In Japan, X-braces are employed as anti-earthqelakeents in many steel buildings, such as factories
school gymnasiums or station facilities, etc. Efdbcsteel equal leg angles are popularly usethas
section of such X-braces. But failure or severekling of such steel angle braces during great
earthquakes are often reported (Hasegawa 2005 yistuaa2005).

In design of such slender X-braces, the strengttonfpressed brace is often neglected. However, the
deformation capacity is strongly affected by buegli Bending-torsional buckling occurs and many
researches discuss about the buckling strength20@8, Arai 2000). However, when used as braces,
performance for cyclic load is important. As fohet sections, Kato et al (the AlJ annual 1990)
conducted experiments of X braces of H-shaped dtwekyclic load and investigated inelastic
deformation capacity. Yoo et al (Engineering Stuues 2009) conducted detailed FE analysis of
X-brace of rectangular hollow section to investigtite effects of joint detail on seismic perfornesic
But real-scale experiments of X-braces of steeleafgy cyclic load are few, as far as the author
knows, in spite that angle-braces are popularlg usdapan.

In the present study, through real-scale tests-bfaes of steel angle for both monotonic and cycli
loads, basic anti-seismic performances, such aerrdafion capacity or energy dissipation, are
investigated. The X-braces are diagonally instaltéd 3.7m square frame. The maximum story drift
is approx. 0.04 rad.

2. EXPERIMENTSOVERVIEW
2.1. Setup of experiments
Fig.2.1 illustrates the setup. A 3.7m x 3.7m squieme was constructed using H-shaped steel and the

X-braces were installed to the diagonals. The ratef H-shaped steel was SS400 (JIS 2004) and the
H-350x175x7x11 section was used to avoid yield wcking preceding the yield of diagonal braces.



To minimize the horizontal stiffness of frame ifsed web-connection illustrated in Fig.2.2, was
employed to connect the column and beam in thedrarhe frame was fixed at the bottom to the
thick concrete floor slab of the facility using B@rs. The load was given at the left of top beaimgus
an oil-jack.

The sections of diagonal X-brace were single andbldo angles. For the single-angle brace, the
L-60x5 and L-75x6 sections were used. The notatleB0x5” represents single angle section in
which the nominal equal leg length is 60mm andttiekness is 5mm, for example. For the double
angle sections, the 2L-65x6 and 2L-75x6 sectiongwsed. The two angles were connected to each
other at interval of 550mm by high strength bold inserted plates between two angles. The SS400
steel was also used for these braces. The mechprigeerties are given in Table.2.1. The thicknesse
of used angle sections were slightly less thamtminal. Therefore, the section properties to awly
the experimental data, are calculated from the namialues assuming proportion to the thickness
(see also Table 2.1).

All the braces were connected to gusset platestfibknesses of gusset plate were 9mm for L-60x5,
L-75x6 and 2L-60x5 and 12mm for 2L-75x6. Five higthength bolts were used per one joint. The
connection detail was designed in accordance wihBuilding Standard Law of Japan (BSL 2007)
which demanded yield over the full-length of bragceceding the joint failure.

2.2. Load and monitoring

In the experiments, two load patterns, monotondtc@relic, were given to each section. However,
monotonic load test using the 2L-60x5 brace cooldoe conducted because of a construction trouble.

The given load was measured using a load-celltsbegack head (Fig.2.1). The horizontal
displacements at the two column heads were alssureé by two displacement gages (Fig.2.1). The
average of two measured horizontal displacemerdadt column head (denotedd)ywas taken to
express the deformation of brace. Forced displasewas manually given monitoring the valuejof
The maximum limit of displacement was 140mm duth&capacity of gages. The loading velocity
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Table2.1 Data of Brace

Unit L-60x5 | L-75x6 | 21.-60x5] 2L-75x6] L-60x5 | L-75x6 | 2L-60x5]2L-75x6
Load Monotonic Cyclic
Yield strength N/mm? 345 305 305 345 305 345 305
Tensile strength N/mm? 460 424 424 460 424 460 424
Equal leg length (Nominal) mm 60 75 75 60 75 60 75
Thickness (Nominal) mm 5.0 6.0 6.0 5.0 6.0 5.0 6.0
Section area(Nominal) cm? 5.802 8.727 17.454 5.802 8.727 11.604 17.454
Thickness (Measured) mm 4.6 5.7 5.7/5.7 4.5 5.6 46/46 | 56/5.7
Gusste thickness mm 9 9 12 9 9 12 12
High Strength Bolt 5-M16 | 5-M20 5-M20 | 5-M16 | 5-M20 | 5-M16 | 5-M20




was very low.

The amplitude in the cyclic load was gradually @ased. Table 2.2 indicates the amplitudes for each
cycle. When the amplitude was less than or equéDtom, two cycles were given at one amplitude.
The story drift angle is defined by Eq.(2.1) in terms éf(see Fig.2.2)

o
|, sin@
The axial strain of brace is estimated as follofwssuming that the gusset is rigid, and ignoring the
bending strain due to eccentric joint, the complgtiequation between the horizontal displacemgnt

and axial strain of bracgis expressed by Eq.(2.2) considering the axiabraedition of column and
beam(see Fig.2.3).

5=l 1 £+sin20£+coseg
*lcos®# ' cos® ¢ 2 ° (2.2)

wheree, andey, are the axial strain of column and beam of thesgframe, respectively. The
equilibrium between the axial forces leads to E§)(2

e = N, siné e = N, cosd

c b

EA EA
whereA; andA, are the section areas of column and beam, respBgiN; is the axial force of brace.
Elato-plastic bilinear relation betwedlande; is assumed.

N, =EAs, (&<¢))

(2.1)

(2.3)

(2.4)
N, =EAs, (& >¢,)
Substituting Egs.(2.3) and (2.4) into Eq.(2.2)eapression of; in terms ofj is derived.
o)
E<SE
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Fig.2.4 indicates the correlation between the agiedin calculated by Eq.(2.5) and the story drift
angle for the L-60x5 and 2L-75x6 braces. They atrooscide and the correlations are almost linear.
In the calculation of above Eqgs (2.1)-(2.4), 45rdeg and 4240mm are given as the valugaoid|,.

Table 2.2 Amplitudes in cvclic lo ﬂi ’*’I*’*'*’*’ | ’ Fig.2.4 Axial strain of brace
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3. INELASTIC BEHAVIOR

3.1. Monotonic loading tests

3.1.1. Behavior of tensioned brace
When subjected to the monotonic load, stable itielaghaviour of the tensioned brace was observed.
No failure of brace and slip of bolts were foundiluhe limit story drift of 0.04 rad.

As shown in Fig.3.1, the axial strain at the midpaif brace remained low until the story drift 000
rad but began to rapidly increase after that.dtitea presumption that the overall axial strain of
tensioned brace causes at the story drift of 0dd3&0.02rad, the mill scale began to come off all
over the brace.

3.1.2. Behaviour of buckled brace

Buckling caused at the compressed brace. But ihdictause at the both two compressed braces but
only one brace was buckled. Table3-1 shows thdittaf buckling. As for the single-angle braces,
slight buckling was observed at the story drifodd016 rad., and it became clearly identifiabléhat
drift angle of 0.005 rad. (Fig.3-3). Bending-torsab buckling was observed. Moreover, (as also
reported by Hozumi et al ()), the angle sectiothatbreak point of buckling significantly flattened
(Fig.3.4) and the brace bent very smoothly. Thatt¢hing of section prevented local buckling.
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On the other hand, severe local buckling was oleskat the break
point of the double angle braces (Fig.3.5). Bendorgional
buckling accompanying the flattening of sectionhsabserved in
the case of single-angle brace did not occur. [Bleal buckling
leads to very large bending strain and low-cycteytee failure for
cyclic load.

§
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3.2. Cyclicloading tests

3.2.1. Behaviour of single-angle brace

Table3-1 also shows the location of buckling anldifea when
subjected to the cyclic load. As shown above, |bcakling did
not occur at the break point of single-angle braels low-cycle
fatigue failure at the break point did not occufasthe L-60x5 Fig.3.5 Break point of 2L-75x6
brace. But the failure at the first bolt at the éswgusset connectior brace

caused at the story drift of 0.03rad (Fig.3.6) féxsthe L-75x6

brace, failure and slip of the bolts did not ocentil the maximum story drift of 0.04 rad.

3.2.2. Behaviour of double-angle brace

In contrast to the mild behaviour of single-anglades, the double-angle braces buckled
accompanying severe local buckling at the breaktpéit first, in-plane buckling was observed where
the break point of braces was just at the midpwititout intermediate connection bolt. But the
buckling mode gradually transformed to out-of-plénekling accompanying the growth of local
buckling especially at the inner angle. The finatkling modeshape and location of the break pdint o
the 2L-75x6 brace differed from those for the monat load. Finally, failure occurred at the drift
angle at around 0.01 rad. for both the 2L-60x5 2ind5x6 braces. The location of failure was the
break point at the midst for the 2L-60x5 brace (Fif). But as for the 2L-75x6 braces, the failure
location was not at the break point but at thellboakling at the intermediate connection boltttha
caused after the general buckling (Fig.3.8).

4. RESTORING FORCE CHARACTERISTICS

4.1. L oad-displacement curve

The yield strength of brace for non-dimensioning élxperimental inelastic strength is determined by
Eq.(4.1).

Q,, =0, ,Acosf (4.1)
in whicheoy, andA is the actual yield strength and section areaaddy respectively. Figs.4.1 shows

the non-dimensioned load-displacement curves fontbnotonic load and Figs.4.2 shows those for
the cyclic load. The X-axis is the story drift aagl
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Fig.3.8 Failure of 2-75x€
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The load is the sum of the brace and frame stren@gilt the exact separation of measured load at the
jack-head into these two components is difficulg..43 shows the load-displacement curve of the
square frame without diagonal braces. This franpeement was conducted after the completion of
all the brace experiments. The frame strength wexasAt the drift angle of 0.04 rad., it was 23kN,

only 18% of the minimum o®,, (of the L-60x5 brace). Although the inclinatioms the positive and
negative displacement are different, the load-disginent relations seem to be almost linear.

To extract the strength of braces, the frame stheQg [Frame
Is approximated as two linear functions (for plog a = /
minus sides) of the story drift angle Y
Q = {5751/ (y=0) (unit: kKN) =
300y (y<O0) (4.2) =
-0| 3 0.04

The function of Eq.(4.2) is shown in Fig.4.3 by thadd
lines.

Assuming that); is commonly applicable for all the 20
tests, the strength of brace itself is extracted by 25
deducingQ; from the measured load at the jack-head. ¥ (rad)

Fig.4.3 Load-displacement curve of frame



4.2. Slender ness and compressive strength

In structural design of ordinary X-braces, onlysiened brace is assumed to be effective and
compression brace is often neglected when the §&eeslender. However, buckling is strongly
related to the deformation capacity and energyrgtisn. Thus an evaluation of slenderness and
compressive strength is required.

X=y
The slenderness is given by Eq.(4.3). J/min
N a
Ac = _y, Ny :JyA ’Ne: 7722E| (4.3)
N, b Fig.4.4 Axes of angle section

whereE is the Young’s modulus (=2.05xMYmn¥), | is the second moment of inertia concerning
buckling,ly is the buckling length.

As stated in the previous section, bending-tordibnekling caused to the single-angle brace.
However, how to evaluate the slenderness of suctibg-torsional buckling is not established as far
as the author knows. Therefore, a simple methoengiv the AlJ standard*) is employed herein. For
the single-angle bracdg/2 (Fig.2.2) is determined to be the buckling lendthe second moment of
inertia about the “min.” axis (Fig.4.4) is employed

To determine the slenderness of double-angle bréeesnaximum of the values for out-of-plane and
in-plane buckling is taken. For out-of-plane bueglithe slenderness is calculated in accordante wit
a composite member regulation in the AlJ standatdl 2004). For in-plane buckling, 0.4s taken
assuming that the gusset is rigid and the crogsingis pin. In this case, the second moment of
inertia about the “x=y” axis is employed.

The compressive strength of braces in the expetsr{denoted bi.*) is calculated by Eq.(4.4).

Ncex —_ I:)max - Qf _
Ay - \/E[Q—yo 1} (44) 2L-75x6C ‘

2L-60x5C
in which P, is the maximum measured load at the jack heac "

Q is calculated using Eq.(4.2) in accordance wighdtory drift L-75x6C
angle atP .

L-60x5C
On the other hand, the estimated compressive skrédgnoted
by N.%) is calculated by applying Eq.(4.5), that is giverhe
AlJ standard*). 2L-60x5M
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Fig.4.5N® andN

Table 4.1 Slenderness and compressive strength

Brace L-60x5 | L-75x6 | 2L-75x6] L-60x5] L-75x6] 2L-60xd 2L-75x{
Load Monotonic Cyclic
Bending-torsional| 1, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
buckling A 2.90 2.18 1.03 2.90 2.18 1.32 1.03
. Iy 0.4, 0.4, 0.4,
In-plane bucking = 1.12 1.49 1.12
Ng “/Ny 0.08 0.15 0.52 0.08 0.15 0.31 0.52

N %Ny 0.17 0.17 0.38 0.18 0.10 0.28 0.70




Table 4-1 contains the slenderness and comprestserggth. Fig.4.5 compardg™ andN.=. As a
whole, they show considerably good agreement leutliscrepancies are not small. For examylg,
andN.® are close in the monotonic load test of the L-7Bsdce. But in the cyclic load tedt,™ is
much less thall,=. As for the 2L-75x6 bracé.™ is less thamN:= in the monotonic load test, but it
becomes reverse in the cyclic load test. Thesegfiancies might be due to initial stress or dafhect
caused by construction error. However, the slerederim Table 4-1 is considered to be precise
enough to survey the buckling behaviour. In additaevelopment of precise evaluation method for
bending-torsional buckling strength of such gussetrected angles is required.

4.3. Deformation capacity

4.3.1. Determination of elastic limit

Determination of elastic limit deformation is recpd to analyse the inelastic deformation capacity.
The identification of elastic limit from the expewental load-displacement curves is difficult beeaus
of the effect of buckling of compressed brace ardireg due to the joint eccentricity. Therefordsit
determined using Eq.(2.3). By substituting thed/itaine, into Eq.(2.3), the elastic limit
displacemend,, and story drift angle, are determined.

4.3.2. Inelastic deformation capacity

The inelastic deformation capacity is defined &srttaximum deformation where the strength of brace
holdsQy,. In the monotonic load tests, the load-displacararves are alike the elasto-plastic bilinear
(Figs.4.1) and all the deformation capacities rehetstory drift angle of 0.04 rad. On the othenda

for cyclic load, remarkable difference betweengimgle- angle and double-angles are observed.

The single-angle braces show good deformation dgp#taeaches 0.027 rad. for the L-60x5 brace
and 0.04 rad. for the L-75x6 brace. In contrash#&t, the deformation capacities of the 2L-60x5 and
2L-75x6 braces are only 0.0068 rad. and 0.0094 respectively. Local and overall buckling
simultaneously occurred and had synergistic effgais degrades not only compressive but also
tensile strength because a deep fold due to lagling is not fully stretched when subjected to
tension again, or the effective area for tensiamreleses due to crack.

To evaluate the deformation capacity, the ductfliigtoru is introduced.

—_ 6max
U= 5, (4.6)
wheredn is the displacement corresponding to the defoonatapacity. Also, the non-dimensioned

strain energyy, is defined by Eq.(4.7).
_ W +Wp
 Qudy,
in whichW, andW, are the elastic and plastic strain energies, otispdy. The energy at the end of

the hysteresis loop (when two cycles are givensainae amplitude, the energy at the end of the
second cycle) corresponding to the deformation@gpes taken.

n, 4.7)

Table 4-2 containg andy, of each brace. As for the double-angles bracethéocyclic load, the
values ofu andy, are very

poor especially on the Table 4.ZInelastic deformation capac

2L-60x5 brace4=2.3 and Junit | L-60x5 | L-75%6 | 2L-75x6] L-60x5] L-75x6] 2L-60x6 2L-75%
n,=11). In contrast, those [Load Monotonic Cyclic

of the single-angle braces [peformation[mm | 140 140 140 100 140 25 35
are exce”enw:g and capacity rad 0.040 0.040 0.040 0.027 1/26 1/148 1/146
n,=55 for the L-60x5 and L 13 15 14 9 15 23 3.4
1=15 andy,=94 for the 7n 15 16 16 55 %4 11 32

L-75x6 brace.



, Q/Qy

4.4. Equivalent viscous damping

Damping due to energy dissipation is a very impurperformance of anti-earthquake elements.
Equivalent viscous damping ratig, is often employed as an index for the dampingogffg, is
defined by Eq.(4.8)%).

= L AW »”

4n W

where AW s the area enclosed by a hysteresis loop comeipp to a load cyclad is the elastic
strain energy for the maximum deformation of thepland corresponding strength.

Figs.4.9 show the correlation between the equitalieious damping ratio and the ductility factor fo
the amplitude of each cycle. For two cycles at samplitude, two values for the first and second
cycles are individually calculated. The continuocusve is given by a provision in the limit strength
calculation in the BSL of Japan (BSL 2007). ltdschlculate the inelastic response of bracing
structures.

In spite of large slenderness, the equivalent visatamping ratio holds more than 0.15 even at the
single-angle braces. The value is retained fromisteformation. At the double-angles braces, the
damping ratios are much higher. Figs.4.10 shovegteacted hysteresis loops at the story drifts of
0.004 and 0.008 rad. Both the first and secondddop0.004 rad. where inelastic deformation is
small, do not draw general slip-like shape but navelled shape enclosing larger areas, thus the
equivalent viscous damping becomes considerablge®@img the loops for 0.008 rad., the shapes of
the single and double braces are almost sameditiaag the difference between the first and second
loop shapes is small. Anyway, the dissipated enisrgyuch larger than that of general slip model at
such small deformation level.

The loops of single-angle brace for 0.014 rad. dralip-like shape. As for the double-angles braces,
significant degradation due to the local buckliisgobserved.
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5. CONCLUSIONS

Through the full-scale experiments of X-bracesteésangles, some important overviews about the
seismic performance of such X-braces are obtaiflegly are summarized as follows;

1) The single-angle braces show excellent inelagformation capacity. This is due to the flattgnin
of section at the break point, where concentratitstrain is avoided.

2) In contrast to that, the deformation capacityhef double-angles is very poor because of severe
local buckling at the break point.

3) The energy dissipation is considerable everhersiender single-angle braces. The equivalent
viscous damping ratio holds near 0.15 from smdtbmeation.

Based on the above findings, it is concluded thatseismic performance of steel X-braces of
single-angle is excellent. However, when using deaingles braces such as those in the present
experiments, the inelastic deformation capacityufthbe paid attention to.

AKCNOWLEDGEMENT

The author expresses his gratitude for the Urbaadder Mitigation Center of Kogakuin University
for supplying the finance for the present researshis also grateful to Mr. Akihito Ozawa, Jun
Yamazaki, Seiji Nagai and Yusuke Noguchi, who eariut the experiments together with the author.

REFERENCES

Hasegawa, T., Mukai, A., Nishida, K., and Ishih&tg2005). Damage investigation of steel gymnasidoesto
the Niigataken-chuetsu Earthquake : Part 1 Studstmctural damagdhe AlJ annual meeting (2005).

B-2, 569-570 (in Japanese).

Murayama, F., Kozuka, A., and Doi, M.(2005). StustySeismic Performance of existing steel gymnasinms
heavy snowfall area : Part 1 Condition of seisn@imége in mid Niigata Pref. Earthquak€&lse AlJ annual
meeting (2005). C-1, 597-598 (in Japanese).

Arai, S., Hongo, E., Ogawa, M., Yamazaki, T. an#tdaawa, T. (2000). Study on flexural torsional Bingkof
690N/mnf high tensile steel angels for steel tovilére AlJ annual meeting (2000). C-1, 453-454 (in
Japanese).

Liu, Y. and Hui, L. (2008). Experimental study afdm-column behavior of steel single anglesrnal of
Constructional Steel Research, Vol.64, 505-514

Takahashi, O., Hirano, M., Hozumi, H. and Kaneko(1991). Experimental studies on the collapse iehaf
bracing under cyclic loadings : Partl : Angle st@éle AlJ annual meeting (1991). C, 1431-1432 (in
Japanese).

The Buliding Standard Law of Japan (2007), Theding center of Japan

The Architectural Institute of Japan (2005). Desi&landard for Steel Structures —Allowable Stressigve. The
Architectural Institute of Japan

Yoo, J., Rooder, C. and Lehman, D. (2009) Simuldtedavior of multi-story X-braced frameSngineering
Structures, vol.31, 182-197

The Japanese Industry Standard (2004). JIS B Rdlled Steels for General Structures.



