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inelastic behavior of chevron braced steel frames
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D

CT: A parametric study of the dynamic inelastic behavior of chevron braced steel
ABSTRAWais <ome important phenomenae. The effects of brace slenderness, beam stiffness
frames I¢ icipation on several response quantities are investigated. Design guidelines are

and frame
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INTRODUCTION

Concentrically braced frames, chevron or K braced
frames in particular, have shown a poor performance
n recent earthquakes. Their behavior 1s complex
and still not as well understood as that of other struc-
wral systems. Several studies (Nilforoushan 1973,
Singh 1977, Jain 1978, Inoue 1978, Sakamoto 1978,
Fujiwara 1980) have looked at different aspects of
braced frames behavior and have arrived at
conflicting conclusions. Poor performance and lack
of definitive design guidelines have prompted many
to propose banning K-braced frames entirely or to
stipulate the use of large design lateral loads (Aoy-
??:?5)1981, SEAONC 1982, SEAONC 1985, Walpole
As part of an ongoing research program at Berkeley
on the behavior of K braced steel frames subjected to
carthquake loading, a systematic investigation of the
parameters controlling their tesponse is currently
HMWWay, In th.e first phase, force redistributions
m" ﬁzuasl-gtatlc, monotonically increasing lateral
5 studied. In t_he second phase, the sensitivity
. response 1o dynamic loading is investigated, con-
Mm“.mg m design parameters. These results
of the !Wgrm tative understanding of the influence
ning design parameters and serve as a

basis by which
o
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BEHAVIOR UNDER QUASI-STATIC LOADING

Nonlinear quasi-static analyses of K braced frames
indicate that the main parameters controlling force
redistribution were the brace slenderness and the
beam relative stiffness (Khatib 1987). When a K
braced bay 1s subjected to a lateral load the braces
resist most of the load; one 1n tension and the other
in compression. After the compression brace buckles
a vertical unbalance force results on the beam at the
brace junction. The subsequent resistance charac-
teristics of the structure depend mainly on brace
slenderness and beam stiffness (hgure 1).

Brace slenderness was found to influence the post-
buckling stiffness of the brace. Braces with small
slenderness ratios (0-80) have a mildly negative post-
buckling stiffness. Their high buckling stress means
that only a relatively small cross-sectional area 1s
needed to achieve a given buckling load, implying a
smaller elastic stiffness compared to more slender
braces. The frame participation in resisting the load
is accordingly more significant. Moreover, the high
buckling stress reduces the maximum unbalance load
that can be applied on the beam.

Braces with relatively high slenderness ratios (130-
200) have a long range of elastic buckling where the
brace axial stiffness is theoretically zero. This is fol-
lowed by a rapid deterioration of load capacity.
Since their buckling stress is very low, they must
have large cross-sectional areas to achieve the desired
buckling load. Their elastic stiffness is therefore very
high compared to that of the frame. Large unbalance
loads could be imposed on the beam.

Braces with intermediate slenderness ratios (80-
130) are characterized by a rapidly deteriorat_ing post
buckling resistance; they have the most negative
post-buckling stiffness. The unbalance load that they
can apply on the beam grows rapidly with increasing

deformation.
Equally important are the stiffness and strength of
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m to which the braces g dort
tt?:el];e ?]exible beam does not allow the tensio
to develop its full resistance; the story

tion curve is similar 10 ?hat of tl_ie l:\au!:;3 * intermedi-
This is particularly detnmeqtal in € s At 1o
ate slenderness braces. A stiff beam

m 18
sion brace to develop greater lo_ad. If tgﬁxn?iflayield
sufficiently strong then the tension brac

' ' ri-
and the story force deformation curve will be t
linear. The require

d beam stiffness 1s proportlonal to
the area of the braces an

d therefore increases with
the square of brace slenderness ra

tio. In practice, fo_r
intermedi-
usual frame geometries, most braces are of 1nte
ate slenderness and most beam

s are too flexible to
develop the full strength of the tension brace (even

considering composite action with a floor slab).

DYNAMIC RESPONSE ANALYSES

The second phase of the research was aimed at
investigating in a realistic setting the eﬁec_:t of brace
slenderness and beam stiffness on dynamic responsc.
In addition, the effects of frame participation 311_‘1
structural configuration were also studied. The inves-
tigation of structural configurations covered the com-
parison of isolated braced bents versus dual systems
as well as variants of the K braced frame and frames
with braced bays allowed to uplift. A ductile
moment resisting frame and an isolated X braced
frame were used for reference. Due to space limita-
tions, this discussion will be limited to the effects of
brace slenderness, beam stiffness and frame participa-
tion on frame response. The simulations are
confined to severe ground motions only, because K
braced frames show an excellent response in the elas-
tic range (corresponding to moderate excitations). In
all parameter variations presented the braces design
bucklin_g loads are kept constant. This is necessary to
keep within the spirit of limit states design. The
lo?ver limit on buckling loads of braces is deter-
mllll?d by the need to !J:ave an elastic response in the
service and damageability limit states [Reference]. It

also' corresponds to the typical design situation where
equivalent lateral loads are specified.

ber proporti

f 10ns, A36 st

fﬁi— ilesltl;ur?tural steel members, The inertial
rizontal degree of freedom at egch Bltl;ass

ry

ass (there are two syvm.
: alf the story m AT, Sym
consists of b crames in each direction). For the

. aced " - .
metric br s of freedom, inertial mass is com.

. C
veﬂlcal degre tributary area and dead load Wt":ight_

d on _ :
Pu'}"i']‘t %&:-S;t: frame 18 designed as an 1solated braced

frame and will be refered to as NDBF. In the Nppp
raﬂ;) aced bay resists all lateral loads alone. Other
the il;lg “esists gravity loads only. Another frame
fz“;?-cd to as DUAL, 18 design_ed as a dual system |
:his frame, the brace_d bay T€Sl§ts the total_ lateral
load, but the frame 15 also designed to resist a frac.
tion (25%) of that load. The last frame, named
SBBF, is similar to NDBF except for the beams of
the braced bay. These beams are ten times as stiff
and strong as the corresponding ones in the NDBF
Given the geometry of the braced bays and the 1oaq4.
ing assigned to them all braces have a slenderness
ratio between 92 and 1 10 (intermediate slenderness),
Subsequently, the NDBF and DUAL frames were
refitted with braces of same buckling load but of half
the original slenderness. Since no existing stee] sec.
tion could exactly satisfy these requirements, the gec.
tion properties had to be computed; they do not
correspond to any real steel section, but they fit
between existing steel sections in the AISC tables
The frames containing them are refered to STO-

NDBF and STO-DUAL.

0

EARTHQUAKE LOADING

The design static lateral loads were computed
according to UBC Zone 4 requirements with K=1 for
the NDBF and K=0.8 for the DUAL frame, but for
the dynamic analysis each frame was subjected to the
"worst ten seconds” of six earthquakes selected for
their-damaging potential. The damaging potential
used 1n selecting the chosen earthquakes was meas-
ured in terms of two criteria. The first criterion is
the earthquake power spectral intensity in the fre-
quency range corresponding to the frames first funda-
mental frequencies. This criterion measures the
damaging effect of the earthquake to elastic struc-
tures that are likely to enter in resonance. The
second criterion is the severeness of acceleration
pulses as measured by maximum ground velocity
changes. This component is particularly punishing
for structures that yield or otherwise exhibit inelastic
behavior. It tends to exacerbate the ductility
tligrgnla)nd In these structures (Bertero 1978, Bertero

The "worst ten seconds” from each chosen earth-
quake were obtained by selecting the ten seconds
window where there is a maximum increment in root
mean square acceleration. The ten second window
:é;;’eagted from the Elcentro 1940 NS record was
remainti(:l 4 peak ground acceleration of 0.5g and the
o meag excitations were'then scaled to the s::um?f
the peak grf)qua;e accclera_tlon. The ove;all_meaﬂ Od
is still aboutuons acceleration for the excitations use

.98 (table 1). The Tstart entry in tabl¢

" be ' ! i . the
original record ginning of the 10 s window in 1
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tic response is highly nonlinear and

dant, the response quantities con-

sured by their mean and their .

sidered are ?::riatiml (COV). The COV is the ratio
0

sefficient . +ion estimate to the mean value.
| eviation €
- dard duscd 1{0) show trends and COV

O tity
| sensitivity of the response quan
should refl th:nd Tang 1984). In Jl:lgiglng the
_ : l.%onnance from a reliablllt‘y point of
structurc - ute the reliability index as the

m
wou:igs th;:e safe allowable value and the

: divided by the square root of the sum
mean Je8 " ;‘ the safe allowable value and the mean

* n desirable to have as small a stan-

variances O
' . mate as possible to increase the

savigtion €stl . N
dﬂ{dbfh?gaﬁﬁgx and hence the reliability of the struc-
relia

1986). _
fure M.a:lf:lnresponsc quantities considered here are:

energy dissipation demand and 1ts distri-

. .0 over the individual stories. The total energy
b!m'm;tion demand is a measure of the overall ‘
glmsil:m of damage inflicted to the structure. The dis-
tribution over the individual stories 1s a measure of
design effectiveness: presumably tl:}e more uniform
the distribution, the better the d651gn.

. The maximum story shears. Maximum story shears
in conjunction with story ductility may be used heu-
ristically to decide how much one should increase or
decrease story strength to achieve a more uniform
ductility demand over the structure. Furthermore,

. The total

an investigation of story shears at first brace buckling

indicates the desirable story strength distribution to
achieve a simultaneous or successive brace buckling
and hence a more uniform energy dissipation

demand.

- The maximum story drift. Maximum story drift is
another measure of damage incurred in the structure.
It should be kept below a certain limit (eg. 1/75 or
1/50 for the strength limit state) to avoid geometric
nstability (Mahin 1981).

;D{Limmum colurpn compression. The maximum

” digz)cﬁmpl‘essmn load was found to be a good
R ml' of the frame participation in the response.
ey 1F:ilel::lents Were not considered because the
“mns-colu; Drgpo_monefl according to weak-beam-
rab) il design philosophy. Beam yielding is

©and not as critical ield;
Overall ; as column yielding for
* Structural integrity.

WALYSIS STRATEGY
The sty
the n

Malygis oo - o Preliminary trials the following
- Ween giapir: _Was adopted as the best compromise
“Newmary » 4CCuracy, and economy:

me acceleration SChemE, f()l' ltS

LB '

- _An Integration time step of 0.001 s to capture
higher modes effects.

- Constant stiffness iteration at each time step to

Insure convergence despite softening force deforma-
tion characteristics.

- A Rayleigh damping of 1% in the first two modes.

The resplting damping in the highest significant
mode did not exceed 7%

- Floors were assumed to be rigid in plane and flexi-
ble out of plane.

- Al_l :vertjcal degrees of freedom were retained in
anticipation of the effect of vertical vibration modes.

DYNAMIC EFFECTS

A very interesting and disturbing effect is the
Interaction of vertical vibration with story strength.
The sudden buckling of the compression brace
Imposes an impact loading on the attached beam.
TI'he beam then starts to oscillate vertically. On its
downward displacement it increases the compressive
deformation in the buckled brace and reduces its
resistance. It also reduces the elongation in the ten-
sion brace thus reducing its tensile load. The net
result 1s a sharp reduction in the story strength. On
its upward displacement, the beam tends to reduce
the compressive deformation in the buckled brace.
However, if the lateral story deformations continue
to increase, this effect is compensated for. The buck-
led brace keeps compressing or elongates slightly: in
both cases its resistance keeps decreasing. The ten-
sion brace elongates sharply, and since it is still elas-
tic its tension also increases sharply. The net effect is
a momentary but noticeable increase in story
strength. All this 1s superimposed on the slower but
larger hysteretic cycling of the story resistance (figure
3). This phenomenon was equally observed with
stocky and regular slenderness braces. It was less
noticeable 1n the case of strong stiff beams (SBBF).
Initially 1t was thought that there was some error
in the analysis. But after plotting the time histories
of vertical displacements at the braces junction :and
of the sum of vertical forces across the story, this |
doubt was put to rest. It was noticed that the verti-
cal displacement and vertical force were constant
until brace buckling. Both curves then showed
intense high frequency oscillations that decayed
slowly. The vertical displacement showegi a per-
manent deformation and the sum of vertical forces
returned to its previous static equilibrium valpe. _It
was also noticed that for the top story the oscillations
of the sum of vertical forces had negative excursions,
meaning an overall tension component! This was
found to coincide with the elastic nonlinear stiffening
force-deformation curves of that story (figure 4).
Despite all changes in stiffness 1n going from regu-
lar to stocky braces or from NDBF to DUAL sys-
tems, the values of the modal periods did not change
considerably. The first mode period remained about
0.36 s, the second mode period hovered ground 0.12
s, and the vertical beam vibrations remained around

0.012 s.

s
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ENERGY

The energy dissipatl O eclarid -
mostly in the braces. o
remained elastic and the

ne
demand 1n the beams was

that in the braces. Sinceht:l; g
city of the braces 13 muc

the discussion of energy dis . e 2, 3, 4
ited to that of the braces.

. ‘ that in ) ottom
nd 6 4 oen D0 n?“qucw soft stories near the b

frame ;:)articipﬂti‘:’rl

increases the ma
increases and ten " mo iy 4 i i
story to the second). 3 gt
b . tiffness and strength are mc_rease =
e (681 d increases a

' man
- o the third story).

with increasing framg part
stiffness. and decreasing brace sl
trend is more acute when stocky

(Tables 5 and 6).
It can be inferred that as frame pa

increased by increasing column SIZes, frame Stlﬁhﬁss
and strength increase. The increase 18 most noticeable
in the first story where the base fixity allows the
columns to develop their full strength and stiffness.
The increase is less noticeable in other stories where
the development of strength and stiffness depends on
joint fixity and the restraint provided by the beams.
The first story being now relatively stronger, damage
tends to concentrate in the second story. The
aforementioned trend is even more noticeable when
stocky braces, with smaller relative stiffness are used.
In the SBBF all braced bay beams are stronger, there-
tore the third story, where column sizes are reduced,
becomes the weakest story. This is confirmed by the
percentage of energy dissipation there (Table 7).

There is more inelastic activity i
' y 1n the columns
SBBF than in those of the NDBF. -

enderness. This
braces are used

rticipation 18

MAXIMUM STORY SHEAR

shears by design; this is reflected i
As frame participation i

net result 18 an increased story Strengyy,

elastic [ing.
buckling COV with increasing frame

stiffness, and decreag;
rness reflects tl}e variability of the
echanism. This mechanism depe,
the joints rotations at colump ey,
larg;e?zti; ¢ at the ends of a column are r()tann’;ti;
If t me direction while story drift occurs, colump,
the sa s increased. If they are rotating iy OPpo

- 1

resistance : -

gt mn resistance 1S decre;

site direct10ns, colu ased. Op

in a NDBF maximum sto ,
other hand 1n a _ Iy shear j,
:,l;f-y simply linked to the buckling strength of ‘lhem

races. s
b The story shears distribution at first brace bucklin

:n the NDBF 15 remgrkably constant. This diStribu_E
tion is compatible with a quarter SINE curve distripy,.
tion of the static lateral design loads instead of the
linear distribution recommended by UBC. Thjg
agrees with the observed _tendency of damage tq -
centrate in the lower stories and of brace bUCkling to
initiate in the lower stories (first or second). |t also

. dicates the relative importance in this case of the
second mode of vibration. It seems that for the same
base shear the UBC lateral loads distribution makes
braces in the upper stories stronger than necessary.

i
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MAXIMUM STORY DRIFT

Maximum story drifts are larger for DUAL systems
than for NDBF because DUAL systems are designed
for smaller lateral loads. Story drifts are reduced
almost to the half when stiff beams are used. Com-
paring NDBF to STO-NDBF and DUAL to STO-
DUAL shows that the increase in mean drift as brace
slenderness 1s reduced is due to the accompagnying
reduction in brace stiffness. The reduction in COV
of story drift as frame participation increases may be
due to the reduction in the difference between the
post buckling stiffness and the prebuckling stiffness.

INTERIOR COLUMN COMPRESSION

The maximum column compression has four com-
ponents:

- A gravity load component that is static.
- A vertical inertial component due to the excitation
of vertical oscillation modes. This component 15 par
ticularly important in the braced bays.
- A quasi-static component due to the vertical unbal-
ance load applied on the beam of the K-braced bay:
upon brace buckling.
tht :frlilcrzonent due to the overturning moment 01
Rostias Ure caused by the inertial lateral loads.

: €nor columns all four components arc

signi
: ai:llcf:)cant. For exterior columns, the first and the
Max';ﬂponems are the most significant.

st : . pressions for the
g":;sz:raeﬁvmew close to those of the NDBF even
Mum story shears are clearly smaller:

M 5
aXimum columncﬁompressions for STO-DUAL Sy¥
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| grenotic®CY o compression increases with
. e nderness and increasing beam
s that as brace slenderness 1s
:on in unbalanced force on the
mpensate for the increase in frame

M : ¢ unless the beam isi very stift. _The COV
Muﬂﬂ' a compression 1NCreascs with

interiof wlumpm-ticipation, increasing beam
mﬂm fraﬂf;;easi brace slenderness.

3
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braces are used instead of regu-
ese observations are compatlbl? with an
i .on in resisting overturning

od frame gction 1N

mental coupling between vertical and lateral vibra-
: tons mdmwduoes the benefit expected from stocky

The energy dissipation demand concentrates in the

m dissipation demands tends to concentrate in
stories where changes in section s1Zes occur.
- Energy dissipation demand is quite sensitive to
| members rotational restraints.
q - Maximum story shear increases with decreasing
| brace slenderness.
- The distribution of story shears at first brace buck-
ling is stable and different from the design maximum
’? story shears distribution.
'b::imﬁm story drift increases with decreasing
) “ﬁm interior column compression does not
m‘"? decrease with decreasing brace slender-
;-’; it increases with increasing stiffness of braced
::"m €xterior column compression increases
' : COVW frame Partici';{ation. A3
\ mm m"?:mt quasttl;:tiws are larger in inelas-
Cons ersel elastic es.
3 e if a DUAL system is adopted instead
o W NDBF system, then one can expect the

i e di”i t. demand in thc

- Ag e in maximum story drift.
- Aninerers 0 the COV of maximum story shear.
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- A decrease in interior columns compression.

And for the same brace buckling load, using small

slendemn?ss braces instead of regular slenderness
braces will cause:

- An increas_.e in the energy dissipation demand in the
braces and in the structure.

—.An Increase in the COV of both interior and exte-
ror columns compression.

- An increase in the COV of maximum story shear.

- A decrease in the COV of energy dissipation in the
braces.

- A decrease in the COV of maximum drift.

Finally, increasing the stiffness of the beam in the
braced bay will cause:

- An Increase in maximum energy dissipation
demand.

- An 1ncrease in interior columns compression.
- A decrease in story drift.

CONCLUSION

There are three major phenomenae at work in
chevron braced frames. The vertical vibration of the
braced bay beam is detrimental to the development
of story resistance. The moment resisting frame
resistance 1s very sensitive to nodal rotation res-
traints. By keeping the buckling load of braces fixed,

one introduces a coupling between brace slenderness
and brace stiffness.

The results of the dynamic analyses agree in gen-
eral with those of the quasi static analyses. They
both show the indesirability of intermediate slender-
ness braces: either small slenderness or large slender-
ness braces should be used. It is more difficult to
achieve a stiff beam effect with large slenderness
braces, hence one should try to use stocky braces.
The instantaneous story tangent stiffness varies con-
siderably during the earthquake; this condemns .all
the schemes aiming at controlling the lo_ad distribu-
tion by manipulating the initial story stlﬁqesses.

Damage tends to concentrate in the stories where
there are sudden changes in stiffness. ‘ThlS S una-
voidable in steel structures where sections come 1l

discrete sizes. It can be cor_lsiderab_ly reduced 1n
larger structures by scheduling section changes over

several stories. This was not possible in this case due

imited number of stories. ‘
5 (t)t,tlleellimitation of the results obtaiped is that they
only show trends; they are not sufficient by theui-:i- N
selves to decide if the structures simulated wo -
excessively damaged. 10 this end one needs to €O

lect enough data about the energy (.iiss§pat10n capa-
city of braces or similar damage criteria.

The results show that the 1qelgst1c dynann;: i
rcsponse of K braced fralpes is indeed comr;a)l ex;mme-
any given response quantity th?re are sev% _ Em-
ters that affect it in OppOSINg directions. For N
ple, reducing brace slenile{?et;scr;;l:cc:; :;?;Tal;n <

mpression only 1 ‘
32:";'::3&?0 Rgducing brace slenderness 11:;;31‘01{&:5 ttllla: y
shape of hysteresis 100ps of braces thus reducing th€

displacement ductility demand. However it also
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reduces their energy ¢ ; o
the reduced section S1Z&- Jissipation demd
:ncreases the COV of energy cipation.

' iffness 18 1
post-buckling sti :
energy dissipation capacity. OV L jemand and

increases the COV of energy

:oht of the structure. 10" = . it
:EZywbe;ffbe handled by an optlmlzatlf;?aggters
that implicitly takes carc of all these P

their interactions.
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Flexible Beam

Story Drift (%)

Figure 1. Quasi-static story force-deformation curves
for various beam stiffnesses and brace slendernesses.

Table 1. Earthquake records used
EARTHQUAKE RECORDS USED

EARTHQUAKE

LABEL  Tstart (s) Max Acc (g)

ELCENTRO 1940 NS EC40N 0.92 0.50
HELENA 1935 EW HEISEW - U.24 0.68
OLYMPIA 1949 N86W OL4986 9.84 0.56
TAFT 1952 S69E TAS269 3.48 0.44
PACOIMA 1971 N34E PA7134 0.96 0.62
PARKFIELD N65E PANGSE 1.66 0.59

Table 2. Comparison of NDBF and DUAL systems
with regular braces

ENERGY DISSIPATION STATISTICS (%)

CASE NDBF DUAL

STORY MEAN STD COV MEAN STD COV
l 4179 - 2993 063 3558 13.10 0.3
2 3027 1744 05¢ - 4802 . 1266 O]
3 2035 2432 1D 293 748 2.44
4 0.03  GO07 245 0.00 0.00 0.00
5 0.99 1.74 1.76 E346 .  E1a9 - 083
6 0.00 0.00 0.00 0.00 0.00 0.00

TOTAL 633.73 361.27 0.57 703.43 337.54 0.48

(k-1n)

STORY SHEARS STATISTICS (kip)
CASE

NDBF DUAL

STORY MEAN STD COV MEAN STD COV
1 394.0 529 0.012 353.0 83 0.024
2 367.0 3.72 0.010 332.0 3.2 0.010
3 329.0 6.49 0.020 311.0 19.3 0.049
4 3030 1391 0.046°2720 © 157 0049
5 750.0 10.21 0.042 2120 13.0 0.049
6 196.0 14.30 0.073 168.0 23.3 0.146

STORY DRIFTS STATISTICS (in)

CASE NDBF DUAL

STORY MEAN STD COV MEAN STD COV
| 073 022 042 088  0.46 0.51
2 0.83 0.29 0.34 163 037 34
3 0.72 0.34 0.46 052 0.24 0.46
4 0.50 0.02 0.05 0.46 0.02 0.05
5 0.50 0.02 0.05 QR4 U222 027
6 048 0.05 0.10 0.46 0.02 0.05

INTERIOR COLUMNS COMPRESSION (kip)

CASE NDBF DUAL

STORY MEAN SID COV MEAN STD COV

eatey 8810 310 0035 8090 377 Q047
2 6580 18.0 0.028 627.0 29.2 0.046
3 4870 380 0.078 429.0 18.7 0.044
4 3220 11.0 0.035 286.0 7.2 0.025
5 186.0 9.0 0047 1850 109 005
6 870 17.0 0.191 80.0 104 0.130

EXTERIOR COLUMNS COMPRESSION (kip)

CASE NDBF S T VRl T

STORY MEAN SID COV MEAN STD COV
1 1700 1.9 0.011 176.0 5.3 0.029
2 144.0 4.5 0.031 149.0 4.3 0.029
3 117.0 4.4 0.037 123.0 6.0 0.049
4 88.0 3.7 0.042 94.0 4.5 0.047
5 59.0 2.0 0.033 62.0 2.70 0.044
o 28.0 1.0 0.038 30.0 1.4 0.046
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(k-in)

STORY SHEAR STATISTICS (kip)

\\

CASE STO-NDBF SEODUA],
STORY MEAN SID COV MEAN STH v
1 3160 109 0024 3540 100 gp
§ GRG0 82 0022 3280 137 g,
3 3460 7.8 0.022 3200 105 gy,
4 3100 184 0.059 2950 171 g
Bl A8 0059 2150 93 g
6 1760 24.0 0.135 1420 159 (),
STORY DRIET STATISTICS (in) -
CASE _ STO-NDBF Bnia =
STORY MEAN SID COV MEAN SID Cov
1 B 832 083 032 030
) B e 00 112 042 03]
3 R 037 061 029 049
4 e 00 005 053 001 0.0
; BS080s 007 075 0.19 027
6 050 0.05 001 049  0.02 005
INTERIOR COLUMNS COMPRESSION (kip)
CASE STO-NDBF STO-DUAL
STORY MEAN STD COV MEAN SID COV
1 9340 355 0.038 813.0 188 002
B e 00720 6340 187 000
3 513.0 24.0 0.047 427.0 11.8 00
B N 05 0082 2610 116 004
5 170.0 9.3 0.055 161.0 26.5 0.6
6 S eeaEoR 711 115 0160
EXTERIOI_{ COLUMNS COMPRESSION (kip)
CASE  STO-NDBF BRPUAL
STORY MEAN STD COV MEAN SiD OV
1 TR 35 70,026 1620 141 0-07§
2 a0 5§ 9038 1500 9 0-9%
3 118.0 5.2 0.044 1200 5 ”f]
4 89.0 % nosn gl0 47 O
B B Ogep 90 34 00
PR S nosy 280 19 0

Hm:.h.‘-‘-u.—l-..u-'.u_- R
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ATISTICS (%)

Table 5. Comparison of re
the DUAL system

ENERGY DISSIPATION STATISTICS (%)

gular and stocky braces in

STO-NDBF
SfD COV MEAN STD COV
5693 0.63 25.85 23.76 0.92
1 By 0s7 4380 7.96 0.18
R 5¢20 1.15 3033 17.19 0.57
2095 “505 245 0.00  0.00 0.00
0% 174 176 0.00  0.00 0.00
3-30 000 0.00  0.00 0.00 0.00
W? 0.57 743.82 431.24 0.58
TOTA :
i0) TATISTICS (kip)
M’ﬁp COV MEAN STD COV
M 5729 0.012 4160 109 0.024
[ 200 372 0010 3880 82 0.022
2 00 649 0.020 3460 7.8 0.022
3 323'0 13.91 0.046 310.0 18.4 0.059
: 320'0 1021 0.042 252.0 149 0.059
2 %96'0 1430 0.073 176.0 24.0 0.135
= STATISTICS (in)
@B—‘L%%I%S & " STONDBF
%—-//m’_cov MEAN STD COV
ST?R e G2 042 053 - 0.17 0.32
B 0 034 093 022 0.24
3 072 034046 087 032 037
g0 002005 055 0.02 005
s 050 002005 059 005007
B 005 010 050 005 0.10
INTERIOR COLUMN COMPRESSION (kip)
CASE NDBF STO-NDBF

CASE

DUAL

STORY MEAN SID COV MEAN STD COV

STO-DUAL
STORY MEAN STD COV MEAN STD COV
l 35.38.:.13.10-0.37 73590 4.53 0.12
g 4385 lg/.?g 3.27 5491 10.21 0.19
. : 44 2.09 S 0L Z.44
4 000 0.00 000 0.00 0.00 0.00
S 13465 11.19:0.83 189 = 960 135
6 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 703.43 337.54 0.48 901.71 589.39 0.65
(k-1n)
STORY SHEAR STATISTICS (kip)
CASE DUAL STO-DUAL
STORY MEAN STD COV MEAN SID COV
1 353.0 8.3 0.024 3540 100 0.024
2 332.0 3.2 500080 132807 “3.7  6.04%
3 311.0  19.3 0.049 3200 105 0.024
4 272.0° 3157 0,049 .295.0 S VL1 10.049
5 212.0 13.0 0.049 2150 9.8 0.049
@ 168305 23300148 14200 159 i1
STORY DRIFT STATISTICS (kip)
CASE DUAL STO-DUAL
STORY MEAN STD COV MEAN STD COV
1 0.88  0.46 0.51 0.83 0.32 0.39
2 (0o 031034 LI 042 037
3 0.52 0.24 0.46 0.61 0.29 0.49
4 0.46  0.02 0.05 0.53  0.01 0.02
5 0:84 > 02210217 018 o 019027
6 0.46 0.02 0.05 0.49 0.02 0.05
INTERIOR COLUMN COMPRESSION (kip)
CASE DUAL STO-DUAL
STORY MEAN STD COV MEAN STD COV
297 8000 (3.7 0047 B13.0 388 0023
2 6970 - 291 0,046 6340 187 (029
3 490 0 »18.790044 22705118 . 0.027
4 286.0 79 0.025 261.0 11.6 0.044
5 850 109 0059 461.0 - 226.5 . 0.164
6 0.0 104 0.130 71.0 115 0.161
EXTERIOR COLUMN COMPRESSION (kip)
CASE DUAL ~_ STO-DUAL 2
STORY MEAN SID COV MEAN STD COV
e 5 a0 1820 G141 Q078
2 149.0 43 0.029 1500 9.5 0.063
3 123.0 6.0 0.049 120.0 5.5 0.046
4 94.0 45 DOAT 19100 2347 0.05_1,
5 62.0 77 0.044 59.0 3.4 0.0_5"0
6 30.0 14 0.046 28.0 1.9 0.070

Rt 3110 0035 9340 355 0.038
Bt 180 0028 701.0 20.1 0.029
BTl W0 0078 513.0 24.0 0.047
s 110 0035 3160 19.5 0.062
¥ 1860 90 0.047 1700 g% 0085
6 BT 170 0.191 90.0 8.8 0.100
EXTERIOR COLUMN COMPRESSION (kip)
ERF ~ STO-NDBF
==L MEAN STD COV MEAN STD COV
O 186 0011 1720 4.5 0.026
2 1440  4.49 0.031 145.0 5.5 0.038
i TS 435 0.037 118.0 5.2 0.044
: 88.0 372 0.042 89.0 4.5 0.050
1 B 1970033 59.0 2.9 0.049
. *80 1050038 28.0 1.4 0.049

— 280  1.05 0.038 28

i e eSS
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Table 6. Compariso

the NDBF system
STICS (%)
ENERGY DISSIPATION STATI AL X
ENERGY DISSTZ:
CASE __ NDBF s MEAN 81D _CC
STORY MEAN STD 5002 342 0.17
29.93 0.63 5 62 0‘91
2 30.27 17.44 s 51.97 18.12 0.35
3 20.93 24.22 1‘45 625 8.13 1.30
4 003 0.07 2 L a8 A5 O
pee LM LS | 00 0.00
: 00 000 000 O
TOTAL 633.73 361.27 0. -
Bise ATISTICS (kip)
STORY SHEARS STATIS e
s AN STD
STORY MEAN STr2)9 53(?1\; 1;49570 75 0.072
Sl e A | 17 0.051
3740 - 19.17 Q.
2 B0 0020 1360 1056 003
: 333'0 {391 0.046 310.0 25.53 0.082
s 2500 1021 0.042 2480  23.81 0.096
6 060 14.30 0.073 169.0 39.60 0.234
STORY DRIFTS STATISTICS (in) .
CASE NDBF SBBF
STORY MEAN STD COV MEAN STD COV
1 BT8 . D220 oaae 017 039
2 083 ' 029034 045 0.14 631
3 07240 032046 BBE 030 .37
4 0.50 0.02 0.05 059 0.14 0.24
5 0.50 0.02 0.05 0.63 0.18 0.28
6 0.48 0.05 0.10 049 0.06 0.13
INTERIOR COLUMN COMPRESSION (kip)
CASE  NDBF SBBF
STORY MEAN STD COV MEAN STD COV
I C881.07 310 0035 9310 41 0047
2. 6580 . 1800028 687.0 317 0.046
3. S8RV 3WO-D0IY 5350 “T5.4 0141
4 3220 11.0 0.035 309.0 43.6 0.141
3 186.0 ROCO04T 1770 28556 0314
6 870 1IN0 BI0F LBEOIEI T 040
EXTERIOR COLUMN COMPRESSION (kip)
CASE _ NDBF SBBF
§1‘.¥_‘Y 1;’,‘7%%1‘! STD_COV MEAN STD COV
- 1.86 0.011 170.0 1 =
g 17 i b ig;’lf 3'82(3)
| 35 0.037 1200 55 0.
4. 3800 U MBS gey b Y T
5 59.0 : 7.96 0.087
B 525000 ideane A U820 fhoe
T TR 290 268 01092
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