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- « bracing in seismic resistant structures

- rd Depariment. University of California, Irvine, USA

rious forms of bracing, including simple tension rods, compression members

RACT: : : .
4BST . phase pracing are reviewed. Accurate mathematical representations of the
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god 8%, response curves are developed.

' . Incorporation of the inelastic
s of bracing members into a computer based model of a moment resistant

¢ lows analysis oI the post—elastic behavior of general cross—braced frames
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The inclusion of bracing elements in selected representative
d plane frames is shown to reduce both the displacement and the

d in the main frame by seismic action whilst confining energy dissipation
crificial elements. Inclusion in the design process of the material
ble more reliable use to be made of the attractions of an initially

re incorporating compressive braces which is capable of
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o a more flexible, yet still load resistant, configuration.
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la INTRODUCTION

e unsatisfactory behavior of cross-
braced steel frameworks in past

carthquakes has resulted in building codes
requiring the application of significant
penalties to the design of structural
configurations which rely on cross—bracing
as a major contribution to lateral
resistance.

To some extent the recorded poor
performance reflects a lack of clear
::jeutanding of the properties of braces
"G 4 consequent inability to predict

dccurately their r . |
loading, esponse to cyclic axial

”::_t:ﬁid MEM of bracing elements were

F'Gbableyt:::ilable to designers it seems
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COntrol which uable increase in drift

Otheryige £1 €ross~bracing provides to
;._lﬂxible structures.

LG, m;“’iwed + Their behavior 1is
'-gQEﬁﬁiﬁgq;'th‘ structure in which they

i 1
" £ =

a ||". =
Bt e L
i e LEmed :1 .
T ¥ -
- B v B o
e T o
s o P -
fo g .
e SF e

E R = I I'I. g -‘ ':‘ -
r o e Bt
I e R

g ; Several configurations
§ Tt "Vestigated in an attempt

"I. - B
wlidy ]

s

.}.

1.1 The Tension Brace

The simplest form of brace 1s a diagonal
wire or rod which can resist tension but
which buckles under very small compressive
load. Such braces are common 1n elevated
water tower structures (see figure 1)
where pairs of crossed braces are charac-
terised by no structural connection at the
cross—over position. Provided that
adequate attention is given toO detailing
the end connections, the braces can be
accurately modeled as exhibiting a linear
force/deflection relationship up LO yield
and a second linear relationship, of
reduced axial stiffness, representing the
true force, true deflection curve
(Kalpakjian, 1967) between the initial
elastic limit and the end of the useful
contribution of the brace to the strength

of the structure.

Pairs of diagonally opposed simple
tension braces may be subjected to initial
pretension. The value of lateral stiffness

contributed by the braces is then
of fectively doubled sO long as both

members remain tensioned. When as a
one of the braces

becomes slack,
characteristics
tensicn brace.
tensioned configurat
load/deflection characte

return to that of a single

Fffectively this pre-
ion confers bilinear

ristics on the
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the cross bracing stiffness
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Figure 1. Cross-braced tower.

| .2 The Compression brace

The compression brace may be considered CO
act in one of two basic forms. In.tjﬁa
first it is assumed that the member yields
in axial compression. In the second the
member is assumed to buckle elastically.
This second case neglects the dissipation
of energy provided by inelastic deforma-
tion, an important consideration in
selsmic resistant design. The load/
deflection relationships for each of the
Cwo compression erCE'mOdElS, coupled with

a ylelding tension brace behavior, are
shown in Figure 2

Sdeveral investigators have Proposed
models which lncorporate reversed elastic
and inelastic distortions, including
buckling effects where appropriate. The
mosSt detailed (Higginbotham,
to be so complex 48 Co be diffi
apply to large stryc
series of Simplifie

Proposed (Nilforous
1977).

Load

s T e —
b e —

Deflection / R

Figure 2. Inelastic behavior of truss

-

elements.

Reasonable veritication of the
mathematical models has been provided by
the results of experimental cyclic load
tests (Kahn, 1976).

Figure 13, Linear simplification of force-

deformation curve.
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. of diagonal braces so that
of different load/deflection
o . cics act in parallel allow an
swﬁﬁﬂﬁj jte range of lateral load
mfiﬂ be achieved. Tests including
sonses .,.tad in Figure 4 have shown
}.ﬂ'*ﬂﬂiﬁtfg'ﬂ’ua) that it is possible to
(smghaf ’a frame with tension braces
cﬁﬁ#tfu‘:tinitially gtiff under lateral
ghich 15 significantly more flexible at
_'-. iﬁﬁd! is SNay, 18 capable of exhibiting
; gide sior and is able to stiffen up
to collapse. Since these
are in demand by designers

resistant structures the use
cross braced frames appears

tiphase
ﬂ: ::i'e zignj_ficaﬂt potential.
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Figure 4. Sidesway stiffness of a portal
frame braced with parallel diagonally

opposite rods.

2 MMATICAL REPRESENTATION
2'1 ' me | Tension Brace

In the elastic range the axial stiffness K

| "7“ Predicted using the expression

_ff: ,-A6E

fff;’ (i)

S —

L
()

o

et %iathe original cross sectional

. area of the brace
E E“ the elastic modulus

T
L
2 ¥

tyieid axial stiffness may be

on the basis of the post-yield

PR
i

B o :"1. I;

B B ¥ '

a1 L :' E %

) R T — - I

i el ';' + ¥ ;

g I_. IH ~ N

¢£€@¥ﬁ€ ﬂéf1ection relationship
:%%i & * _:. > :_ £ ; : |

Fo
"
]
ik

i
Seger s ar
i -

is the true strain

n is the strain hardening
coefficient.

and

derived.
of the load/deflection re

True

Axlial extension (iIns.)

0 5 10
Figure 5. True force/time deflection
curves for bracing rods.

2.2 The Compression Brace

ssumption of pin ended, oné
gg;eisiongl braces allows simplification
of the mathematical model. Up Fo
lateral deflection expression (i) w%%l )
provide a representation of the sti net
characteristic. Subsequently a constan

load P__ ban be
applied compressive A
pizdicted using the Euler approache.

where I 18
the member's Cros

yield at
a modified
ered to existe

At the onset of
the compressed brace
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moment an may be cons
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a
the first 4 from the

components, :
axial deformation and the seco
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involves the use of ‘& N e
the compression characteristic O

brace. In this
25.Py,
P =
cr ELo/rj

where r is the radius of gyration of the
cross section of the brace.

2.3 Multiphase Bracing

In addition to the multiphase
characteristics implicit in the behavior

of individual tension or compression
members, the use of two or more braces in
tandem provides for multiphase response
arising from the superposition of the
individual responses. Possibilities
include the use of pairs of parallel
braces, one of each of which is designed
fzagfgain elasFic under all anticipated

g conditions whereas the second one
isdzilsgze:eszrzi:ld and finally_break.
vt Themathz expected applied

matical representations

of such systenms may be compiled by

compounding the indivigd |
ual ‘s
Presented above. g e
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Figure 6. Hysteretic behavior of a
bracing member
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#' | RESPONSE TO SEISMIC EXCITATION

m applications of diagonal braces in
.ivil engineering structures involve their
mrparation into frames which possess at
least some lateral stiffness contributed
: hythenment resistant joints of the
basic frame. The over all stiffness of
the system can be derived by superposition
efthhase frame stiffness on the bracing
stiffness. Matrix techniques allow this
‘to be accomplished relatively efficiently.

- The response to time varying loads such
- @ those arising in earthquakes can then
ﬁe ‘mined by standard numerical

- iBtegration techniques (Clough, 1975).

‘i€ non-linear stiffness characteristics
~ ©¢ Nandled by assuming linear stiffness
g °8 over the short time intervals
1 . 'Dthe integration with adjustment to
{ . 'titness, as appropriate, at each

s O,
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.18 the velocity proportional
damping

Ax 1s an increment of velocity

K 1s the systenm (lateral) stiffness

AX is an increment of displacement

Ax dgan increment of base
acgeleration.

This technique has been applied (Shep-
herd, 1973b) to the analysis of a cross
braced water tower frame (Moran, 1958).

In Figure 10 the response is presented
of the three storey frame to a digitised

earthquake when the mild steel tension

braces are allowed to yield at appropriate
load levels. |

Time
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Figure 10. Displacement/time response.
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Figure 11. Displacement/time response.

The response of a similar frame but with

i 1tiphase sacifical bracing of total
it 1 to that of the

first set of braces
11. Significant red

induced movement is

where the response _
multiphase gacrificial bracling m

uction in the seismic
evident in the case

was broken up by the
embers .

More recently (Haroun,
applied to the analysis.of a
Eiiggzegtoizy portal frame in which :22—
cross-bracing could act in bothiCOEES e
sive and tensile modes. Again ; thé
demonstrated that ihewﬁiiEOZiz Zracing
structural system 10 iy
is modeled more realistically

:i;gigicantly less than the resEonzeszim.
the equivalent infinitely elastic SySLE&l
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5. BRACING LIMITATIONS

The sparse applicat
in past practice r€

gatisfactory structura
Details, noticeably end CGHHECtigziére
require special attention if pze
failure is to be avoided. OHucC <
unanticipated fractures can leave a

otherwise satisfactorily balanced
structural system vulnerable CO

se
catastrophic torsional responses ThehtilCh
of parallel braces, at least ?ne of w
significant

is designed to exhibit

ductility, can prevent
of torsional imbalance occurringe.

the worst features

The reduction in the deflections of

frames afforded by bracing does introduce
an adverse consequence in that although
column members benefit from a reduction in

bending stresses they suffer an '
accompanying change in axial load arising

from the necessity to balance the vertical

component of the bracing loads. In
particular the tension braces increment

the dead load compressive stresses in the
lower columns which are almost invariably
critical components in any multistorey
structural system. This consideration
leads to the concept of diminishing
returns from including progressively
stronger braces in a frame. Designers
need to recognise that too much cross-
bracing can be as structurally inefficient

8 too little.

6. OPTIMISATION OF BRACING

The consideration previously discussed

;igid jointed plane frame. Three space
Iames were modeled. Each was one bay
wide and one bay in width. The dimensions

of the one two and
th
shown in figure 12 Aedie Fasomer Yo

of 0.0, 0s1, 02, 0.3, 0.50, 0.75
used. The twenty-one

tures were analysed to determine the
struc D 1evel lateral displacement N0
the minimum axial force in a lower_cﬂiumn
using the techniqu?s_discussed earlier to
+his paper. Ihe digitised ground
acceleration of the El'Centro 1940, E-y.
component was used as input é'?md the brace,
re allowed CO buckle and yield as
section 3 above.

values
and T 0 were

we
outlined 1n

All beams 20 ft long

All columns 12 ft long

Figure 12. The frames modeled.

-The analysis results are summarised in
Figures 13 and 14. Examination of Figure
;3 indicates that significant reductions
10 response are obtained for relatively
low S values. Figure 14 confirms that
higher S values are detrimental to the
column axial load demands. Although care
muUsSt be exercised in forming any general
conclusions from such a limited study, the
results tend to confirm the intuitive view
;::ziz relatively small proportion of
11 8, Oof the order of S equal to 0.25,

result in a more Structurally
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Figure 14. Effect of varying S factors on
paximum axial column load.

7. CONCLUSIONS

The uncertainty regarding the reliability
of bracing under seismic loading has
influenced design codes. The Uniform
Building Code typifies this in the use of
a large structural type magnifier in the
horizontal design load requirement for
a-lev-ated water tank support structures
when they are of cross-braced leg
'W'igutation. In cases where a designer
h“ the option of conducting a more
Sophisticated analysis as part of the

:“thquake resistant design process than

ﬁ’-*mpliance with the letter of the
4Cable code would necessitate, the

=t gl

’1‘3 to facilitate this are currently
- ‘*hble' Mathematical models can be

- @ With confidence to predict seismilc

oY A mtﬁ refine the designe.
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im
be
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Conomically Providing gains in

of €ssentially flexible Structures will

preept 1ts return to favor in seismic
resistant construction.

It seems Probable that continued

Pr?iement ln the awareness of the
nerits and disadvantages of bracing in

rigidity
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