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The désign of structures subjected to seismic forces has the ob]ecti% T
not only to reduce the risk to life, but also to reduce secondary damage by ‘
controlling peék accelerations and deflections.

This study deals with the friction dampéd braced frame, which possesses

manyhdvantag?s in the seismic design of steel structures. -

The system utilizes a friction device In the bracing to dissipate-energy -

4 nﬁech'anlcally.\ The joints resist the actlon of normal service loads and \

. moderate earthquakes, but will slip during high selsmic excitation.

~ N -~

Friction devices were incorporated in the following types of braced

~

frame: ‘
- Z-Braced Frames
K-Braced‘ Frames
X-Braced Franmes

-

’ s

Noniinear dynamic analysis was performéd on these structural systems and
the results were compared with the computed response of the foilowlng frames
without friction dampers: - |

- Moment Resisting Fra?nes‘
- Concentric Braced Frames’ using .. °

X-Bracing



. K-Bracing, with consideration of bbst. bucklilrig’_ibehaviou‘r’ of braces’

- Eccentric Braced Frames ‘ | '

A steel model was designed, and tested on a shaking table. A spring:
loading device was developed 10 create a known slip force in the joints. By
varying the slip force the model coul‘d be made to exhibit tﬁe behaviour of:'a
moment resisting frame (2ero slip force), a frlction damped braced frame, or

a concentrlc braced frame (no slip in the device)

The tests ihdlcated that friction damped braced frames have stable,
unpinched hysteretic loops, and the behaviour correlated well with the |
computer prediction. ' '

L}

v A dlrect method to calculate the optlmum slip force is presented, and

valldated by the theoretical and experimental resuits.
’

Thls study shows the superlorlty of the optimised friction damped braced

!

frames over the other systems studied.
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i ’ INTRODUCTION

1.1-GENERAL

Struc'tures in seismic regions must be designed not only to withstand

Iarg_e lateral forces, so as to reduce‘the risk of human loss, but also to

minimize secondary damage and economic deprivations.

Certain baslc requirements are to be fulfilled in the design of

earthquake reslstant structures. First, the structure should stay elastic

~ undervind forces and moderate earthquakes This is met by controlling the

_storey dri%! and providing'the required strength for the structure. Second,

the structure should not collapse during a major earthquake. Inelastic
deformations are allowed so long as the structure does not suffer major -
structural damage which can endanger human life. Thlsgs prasently required

by mast codes and the requirement can be met using tra Itlonal structural .

. systems. However, it Is being lncreaslngly recognized thatthere is a

further requlrement to minimize the secondary damage to the bulldlng enveiope
and its furnlshlngs,’so as to minimize economic losses.

One of the most effective methods available to a'bsor'b the energy fed
intQ the structure is undoubtedly the use of slidlno friction joints.

The first requirement is met before slipping occurs. The second
requitement Is satisfled by giving the frame sufficlent strength. To
mlnlmlzewmg acceleration, distortion and non-structural damage, energy

< mustbe dlsslpated and the frlction device has been shown to be one of the

Best methods. - -




1
- A slldiﬁg friction device is made up of steel plates held together by
high tension bolts in slotted holes, with flat brake lining pads trapped in
-~ between. Slip occurs at a predetermined load, giving the device a
- re\cfangular hysteretic loop, as shown in Fig. 1.1 (1). A friction device
limits the force in the joint, behaving as a "fuse”; after slipping it acts

! s as a damper. The system is thus ideal for dissipating energy caused by

~

seismic forces.
. * |

‘ this chapter gives a general survey o;‘ the possible uses of friction
" devices in buildings, énd then discusses the other methods of energy-
'dlsslpatlon in buildings. In chapter 2, mégans of establishing the optin;bm
slip force in friction damped braced frames, FDBF, and gpupled braced

shearwalls are proposed. In chapter 3, dynamic analyses of various types of

br&cing with friction darﬁpers are reported, illustrating the opti?num slip
force. Other types of steel tramgd and braced building are then compared
‘wlth the optimised FDBF. Finglly, chapter 4 describes static.and dynarnic
tests conductqd on a large model of a friction damped braced frame. |

g 1.2- SOME PROPOSED APPLICATIONS OF FRICTION DEVICES IN BUILDINGS

1.2.1- JOINTS BETWEEN CONCRETE SHEAR WALLS
. Concretb shear walls are very stiff and they are' widely used in tall
buildings for their lateral rigidity. They pérform well under wind,load's and
moderate earthquakes, but during high seismic forces their performanbe is
dependent on the material and detafling, as survival relies on the ductility
| ot the st‘ructqre. Even though conerete shear walls may possess good ;iuétile

behaviour (2,3), bnergy Is disstpated by cracking concrete and yielding’ -
reinforcing bars, causing permanent damage. . S T “ *
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VR | To avoid this damage a friction joint to gannect shear walls was et al

£ 4

J ‘ ) bed were conducted (in 1981), 6n a model of a shear wall incorporating -

developed at Concordia University by Pall st'a¥(1). Tests on an earthquake

/ friction devices (4,5). The efflciengy of these devices was demonstrated in
comparison with the two extreme eases of isolated walls (zero sllp force in

—the jolnts), and the monollthic wall (no slip in the joints). The
-experimental set up is shown in Fig. 1.2 (5).

In a practical application the shear walls are anchored to the
foundation and act as independent vertical cantilevers joined by frlctlen
' “*devices in the style of a leaf spring. The sliding joints consist of steel
plates anchored into the edges of the shear walls, to which are bolted
plates with slotted holes, shown in Fig. 1.3 (6). The ellp load is ,
sufficient to resist wind loads and moderate seismic ‘orces, but under higher .
lateral inertial forces caused by earthquake, the shear force in the vertical

interface causes the joints to slip, extracting energy by triction.

Any set of walls with fix bases which_form an “L", 1", or "box" shape can be

interconnected by a vertioaf line of friction devices. ’

1.2.2- CONNECTIONS OF CURTAIN WALLS AND INFILL PAthLS
o Frames may support vertical interior or exterlor rigid panels fer’the
vertical surfaces, which can contrlbgte to the shear strength and stiffness
of the structure. The connection of these panels can be made using friction
devlces to act as energy absorbing elements. Figure 1.4 shows how sliding
panels may Incorporate friction joirits in horizontal connections or verﬂcal

“ - connections.
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- 1.2,3-BASE ISOLATION

If buildings were designed in such a fashion thatthe ground move
independently from the buildlng; the force exerted on the buﬁdin‘g by the

P

ground motions would be eliminated. -

By using sliding rrictlon supports betwaen the foundation and the
superstructure, the friction will résist forces due to wind and minor
earthquakes but the building will be partly isolated from the ground motion
during seve'e earthquakes, as the force applied to the base of the building
will be Ilmited to the slip load. The support may allow the bullding to move
in any direction, and may provrde a rising resistance, as the displacement

increases, by using ramped or dished friction surfaces as seen in Fig. 1.5¢

; (7Y% order to control the maximum movement.

Conventional gase isolation systems slide on teflon or roller bearing,

control the motion by means of springs, and absorb the energy by lead, rubber

or dash-pots. The friction support could clearly be less costly.

itis preferred that there be no uplift so the aspect ratio of the base
isolated bulldlngs should be small (height/base width <3), -thus leading to

" applications mainly in low-rise buildings. .
B ) | /\ oy )
1.2.4- CONNECTIONS IN STEEL FRAMED BUILDINGS - -

_The system which js the concern of this report utilizes friction devices
in the connections of the brablng (8,9,10,11). The system was originally

 developed by Pall and Marsh (8), at Concordla University, where fests have

been conducted since 1982. Other resgarch centres which have taken up these
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studles. following the lead of Concordia Unlversity, are:

o ) The University of British Columbla 12);
0 The Univeysity of Callfornia, Berkeley (15 14), uslng the computer
aided deslgn ‘gnvironment Delight Struct (15), and
0 Imperial College, London.
‘ . Sald studies demonstrate the efficiency of frlctlon damped devices when
they are Incorporated in braced frame structures. .
. In order to ]udge the value of this device lt is necessary to understand

how traditional steel buildings perform in earthquakes Thls wlll be

discussed in the following section. ‘

:‘?

. M B i . ,
1.3- THE QEHAVIOUB OF STEEL FRAMED BUILDINGS 7 Co
1 m =

1.3.1- MOMENT RESISTING FRAMES (MRF)
. A'moment resisting frame is a rectangular skeleton frame wltﬁ rigld
) 1olnts “These structures have stable ductile behaviour under cycllc loading,
'and energy dlsslpatlon is ichieved by plastlc bending of the beams.
) : .
Ductility Is a feature 'r}'f these structures, and they often have an
unpinched hysteretic loop. Fig. 1.6 }6) shows the load:deflectlon loops for

successive cycles of loading on a joint in a moment resisting frame, The

. consistency of the loops shows that there is no detericration in the jolnt

after a few cycles. However, bacause of the large deflections after
yleldlng, the stability of these structures is affected by the P-4 factor,

“and ""damage is permanent. . . - e
\ : ¢




1.3.2-’BRACED r-'\nAmes .
B‘acing members are used in framed structures to provide resvistance)
. ‘ against lateral forces. This type of structure is more economical than a
rigid iram;: since it is cheapet 1o resist the iateral forces by braces than

by the-moment resistance of the frame alone.

P ¢
Single braced moment resisting frarnea are initially stiff, but after
-%buc‘king or.yiéding of the braces, they hehave as ductile frames.
~¢"” . , . ’. ’

Axially loaded members under the actlon of cyclic tension and
compression have only a limited capacity for energy dissipation, due to their
:deterlorating hysteretic loops. Frg 1.7 shows the typical pinched loops for

. 7 asingle brace (25). - e )

¢

A number of studies have been rna,de on braced frames, both experimentai
| and theoretical (18’”i§ 20,21,22,23,24,25), The cyclic inelastic behaviour
T “ ; invdives yieidinﬁ\}n tension and bucklingin compression of the individual
bars The force—diSpiacement relationship has been divrded into seven zones,
~ ag shown In Fig. 1.8 (24). Successive cycles huave “c‘:‘haracteristics similar to .
“the first cycle, except for the new starting pbint, the reduction in the

~ "~E

buckling load, and the increaeing deilection of the building.

-~

T

+ ' » . . [

e T . Fig 1.9 (25) shows the behaviour af a cross-braced frame in' which each

brace behaves in the manner described, rliustrating the reduced capacity

' afterafew cyclee Failure of a cross braced frame 6ccurs when one brace

P4
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. As aresuit of many uncertainties in the evaluation of the response of -
these structures designs have been developed which combine the ductillty ot )
moment resistant frames and the sﬁfness of braced frames. In Japan, the
braces are often designed to cagry a portion of the lateral forces (1 8)
while the remainder of the lateral forces is carried by the moment reslstance

of the frame. . A . .. v
1.3.3.- ECCENTRICALLY BRACED RIGID FRAMES (EBF)

| Various types of eccentric braced frames have been. suggested in which -
‘energy is dissipated by local yield'ing at the eccentric joint. Fujimoto et | .
al (26) studied an eccentric K-braced frame, seen in Fig. 1.10 (a), where the
braees (dtagcnals) are offset at the beam centre and energyis dissipated by
yielding in the central section of the beam. This system gave an unpinched
hysterstic-loop, but large deflections caused conéldereble demage tothe
floor slab. - A - [

» ?
Hisatoku et al (27) suggested the frame shown in Fig, 1.10 (b). An

unpinched hysteﬂgtic loop is obtalned for reversals of yielding in the -

vertical studs, but severe distortions occurred at the mid-span of the beam.
»

L]



in the eccentric braced frante developed by Roeder and Popov, the S
intergsection of the diagonals with the horizontal beams is offset from the
column, as seen iﬁ Fig. 1.11 (28). The energy is dissipated by shear '
y]eldlng in the web of the beam between the brace and the column

T (18,19,20,28). Braces are fequlred to be strong enough not to buckle, and

are usually‘designed with a 50% margin, making them much stronger that would
be required for wind forces only (19). Stiffeners are required to avoid ° |
shear instability in the web (Fig. 1:12). As in all systems which rely on
the yielding of the structure to absorb energy, there will be large perrﬁane_nt
deformations cégsed by the seismic forces, requiring méjor repairs. #igure
1.13 shows the damaged beam after severe cyclic Ioad’ing.
1.3.4- FRICTION DAMPED BRACED MOMENT RESISTANT FRAMES (FDQ#)
In frictloﬁ dambed braced frames, which form the sﬁbject of this std‘dy,
* each brace Is connected by a friction joint which will slipata
predetermined value o} the shear force. It is designed not to slip under the o a
actlon of wind forces or minor earthquakes, but, under severe seismic
activity, it will slip and dissipate energy while maintaining a constant
réslétlng force. The shear resistance of the building rises as the moment
resisting frame Is brought into action. This ihcreasing resiétance is linear p
up to the first yield in the frame. Up to this point the frame is elgsﬂc'
"and no ‘per‘manent damage has been done to the structuré. it ié for this
condition that‘the slip forces are optimized. Any yielding of the frame
provides an additional source of energy 9iss§paﬂon, giving a hargin pj

_ sacurity not available in other framing schemes.




TNV, AT R T e NSRS AR E S O R A ""]- < :'Wﬁ‘ T TN

| _Friction joints méy be used in aﬁy type of braced frame. Those examined
in this study are: - ‘
é
. Tension-cor;'upression braces (K or Z bracing):
The devléa is at_:tive ln' tension and comprassion and the 'braces‘are
dééigned not to buckle. Figure 1.14 s;ﬁows somé arréngements in which the

- sliding occurs either along the diagonals themselves or along the beams or ‘

’ " columns. o | ‘ ’ T " e
I1. Tension only braées (X bracing):

- To provide a system requiring only tension members, a n'iééhénlsm was
prop0°s9d by Pall and Marsh (8), Fig. 1.15,in which, when slip occurs dueto
tension in one of the braces, the four link mechanism Is actlvétqg, thereby
forcing tHe other diagonal within the mechanism to slip simultaneously, and
t_hug causing_the second brace to shorten. On réversing the load, the other
brace a\'ccepts the t;nsion. In this kind of tension bracing, the energy is ﬂ

disslpated in both half cycles, whne‘acting In tension only,

‘ : Ill. Coupled braced frames: y
' Independent bays of braced frames can be connected together by sliding
friction devices, shown in Fig. 1.16. The concept is similar to that of

coupled concrete shear walls.



3

-

. e L < o v, - ’ " ke M 5 v "
R AR AN AR L TA R SR APREERC T e : I (3 RN s: ‘.:‘v LR L :’I‘Jx x.“u",»/ wﬁ\&;f\m‘“ n\,_:{,!,: Y
. o - / . %
. ' . RS
- T L) - N

1.4- OBJECTIVES OF THE RESEARCH ' ' '
It is evident that an energ; dlselpating device that relies on -
mechanical means such as friction is to be preferred to one in which
structural damage must be suffered to provide the requlred damping That
sufficlent energy can be dissipated by friction before any yielding occurs,
80 as to give the same control over the building motions as is achieved by

* the more destructive means of damping, has been demonstrated by Pall and

Marsh (8). It was now necessary to find a means of establishing the oetimum
value for the elip force, and to campare the resulting desigh with the best

of the current framing methods, under various earthquake conditions.
. * %
&

The study has thus three%% objectives:

|
1. To establish that an optimum, slip load can be rationally derived, 1
and to demonstrate the validity of the values predicted, by both theoretical

and experimental means.
2. To make theoretical comparisons with other structural systems,

. N\ -
showing the relative behaviour of the friction damped system ©

}

3. To conduct statlc and dynamic tests on joints and braced frames te

provlde information on the actual behavlour
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2. OPTIMISATION

2.1- GENERAL ‘
in this chapter a method is derived to determine the optimum slip load,

. based on the maximum energy that can be dissipated while the system is still
elastic, I.e. up to ylelding in the structural frame. The method is expected L
to grdvlde a useful design tool for preliminary design, since it does not

. require computer analysis.
2.2- OPTIMUM SLIP LOADS

2.2.1- BRACED FRAMES
The force/deflection relationship for a framed structure with snp;;aing
bracing is assumed to be rigid up to ﬂfst slipping of the tj:racing connection ‘
"gnd thgn to be linearly Wsihe resistance of the frame isﬂbrought.into
action. The energy dissipated as the friction jo_int slips is given by the
product of the 's{lp force and the distance travelled. To determine that slip
force which will best serve the purpose of reducing the-amplitude of the

fesponse of the structure requires a decision on the nature of the values to

Y

be optimized. 5 ‘ ' \

1

ltis aésumed that a moment resisting frame has been designed to resist
wind forces and other specified live loads. Diagonal bracing Is then
-Introduced into the frame with a view to improving the response to'salsmic
_f“orces‘.‘ As the bracing is much more rigid than the frame action, the full |
vgndifofci muyst now be resisted by the bracing. If the bracing connections

1
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.- slip at a predetermined force, allowidg the frame action to-corne into play,
itis 'as'spmed that the lateral forces can be increased until, at some

location in the frame, the yleld moment is reached. Up to this point the

* frame remains elastic and no permanent damage Is done. The bracings ére
, designed not i’b yield‘ﬂor buckie under the action of the slip force.

There are two approaches to optimization:

<

U -

«+r1. For a given earthquake motion, the slip force Is ad]t.;sted such that
the respon’sa‘ of the structure is minimized In terms of deflection. In this ]
case the slip force is a fu‘nctlon of tﬁe type and intensity of the
earthquake, and will vary with the specifLed ground motion. ltis related to
the elastic properties of the structure, not to its strength, as no ylelding

is expected to occur.

\

The only means of obtaining such an optimum slip force is by trial
runs on a computer, using a programme such as DRAIN 2D (29), with the -
specified earthquake as input.

- . +*
2. With ,Qh‘e given frame; aslip force is chosen such that the maximum
- .amount qf energy will have been dissipated when the yield moment is reached
at some locations in the frame. By this approach it Is anticipated that the

intensity.of the earthquake that the structure can resist, without causing
permanent damage, will be maxlmi_zed.

A

= 30 -
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The optlmum slip force is then a property of the structure, unrelated to

thedtype or intensity of seismic activity.
- .

1

If, for the given frame, for t;\e maximum intengity of earthquake that
_can be resisted without yielding, the two approaches givdthe same slip
force, then the following simple procedure of maximizing ene}gy dissipation
on the basis c;f a static analysis becomes a very aﬂractlze preliminary

daslbn method.

. Consider a single stc;rey of a multi-bay framed structure with oneor
- more bays of bracing. -After the braces have slipped, let;
V, = shear resisted by the bracing
V, = shear resisted by the frame

The total shear is then:
VeV +V, A 2211 ,

~ The buiiding frame provides a shear }esistanca that is limited to some d
pre-established value. It is also assumed that the columns can resist the

applied moments and axial forces for all conditions of loading and structural

Ibehaviour. ..

-

. Let the rigidity of the frame be K, such that the shear resisted by the
trame action is given by:

Y 4

- 31 -
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V, = Ks . : 2.2.1.2

Where & = shear deflection of the storey.

-

o

Elastic deformation priér to slipping is neglectgd. o
" " In the quarter cycle from ﬂrst/sllpplng to r&achlng the IlmltI;\g Qhear
force In the frame, the shear force resisted by the frame rises from zero to.
~V,, while the shear force resisted by the bracing remains constantatV,,
Fig. 2.1. ’ —
*
Thé sliptravel is propgrtlonal to the shear detormation of the frame
after slipping occurs. The force resisted by the frame is (V - V,) and the
deflection Isthus: . :

o~

am (V-VK - 22.1.3

The energy dissipated by friction is then:

, o
~— - )
g CW,mV,am=mV (V-V)K v 22.14
; - | } -
This is a maximum when:
V, =Vi2. 2245
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At the limit of elastic behaviour, the total shear force is shared’equally

e

_between the bracing and the frame, thus:

V, =V, = V/2 ' L2246

Because the purpose of friction devices is to prevent permanent damagé,

. . . 6 .
the limiting value of V, across a multi-bay storey is deemed to be that which

>

4

causes first yield, Sr a fully plastic moment if preferred.

For a simple, single bay frame, using the simplifying assumption of a
point of contraflgxure at mid-height of the columns in each storey, and based
on a weak beam/strong column design, the shear force resisted by the frame

action Is related to the limiting moment in the beams by:

gMp =V,h o o 22.1.7
Whera h is the storey height, and Mfis the limiting moment in the beam.
Lo ‘

T

[

The shear force at which the bracing connectio\‘?é slip is then:
|
V,=V,=2M/h - 2218
This optimum slip condition, as defined, ié a structural property. For '
earthqugkes of lesser intensity than that which will cause incipient yielding
of the beams, the slip force Is not optimum in the sense that it will
minimize the response, but it will énsure that the structure remains elastic.

.
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At the extrame deflection, the energy that has bGQf; dissipated by
friction is given by; | |

W, = VK 22.1.9

Thisis dou‘ble the elastic energy due to tr!—avshear distortion in"the
frame. \

~ The sﬁeatforcg is shared equally between the braces and the frame at
first yield. If the bui:dlng' continues to deflect, the energy absorbed by
the yield h‘Inges will be added to that)dlsslpa"ted by the friction joints.
Should a sufficiant number of hinges be formed to make the frame a
mechanism, the total rate of energy dissipaﬂ;m will be double that of ';he
- friction joints at the storey where ihp mechanism is formed. L e
| if a rigid frame Is already of sufficient strengiii to withstand the
u fo'rces' from a-specified intehslty of earthquake, and it is planned to add
bracing with-frict!_on joints to minlmige the acceleratjons (deflections) )
durII.nQ an earthquake, then the simplé analysis fonr the value of the optimum
slip load does not apply directly. On"thé other hand, this reasoning shows
~ thatthe opﬂmum' slip force would give equal sharing of the shear force, =~
created by the &esign earthquake, between the two systems. The optimum
- slip fqrce in this cgsebls determined by computer analysis fpr the.specified

, éanhqualie intensity, as the maximum shear force is not Initially known. -
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‘The preceding reasoning was based on the limiting extreme excursion.
‘For much of the period of an earthquake the buflding behaves e'lastical’ly,‘and
does rrot call on the friction devices. Theﬁ\guestuicjh arises as to whether tﬁhe
static optimum value is valid for the rand.om actjon of the building during an

earthquake. In the following chapter dynamic analysis is used to provide an

(answer. | B - ») r

Itis o be observed that In a braced frame, with friction jointsdethe
bracing, thare are two structural systems acting in parallel, and tpe manner
in‘'which they share the lateral shear force can be optimised. In moment
resisting frames which incqrperare eccentric joints, there is only one
system, which' has a limiting spear capacity, and an'optimizing procedure of
the type discussed Is not possible.

2.2.2- COUPLED BRACED FRAMES .

Cougled braced frames similar in. concept to coupled shearwalls in
concrete, rﬁay be composed of two braced frames ]omed by friction jomts. as
illustrated in Fig. 2.2. g

‘ ‘ ‘ X
: In thls case the shear force and base moment are shared Qy the two
frames equally, but the distributlon of stresses between the two Entral

-

columns varies with the slip force.

It no slipping occurs, there is no load in the two central collirhns.
v . i ~ )

. - 35 =, ’ @
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If there is no connection between the columns, the load in column at thé

base is: (
R.= VH/2b : . 2221 )
\ | ‘ \ | . \ _ N
U in which: L . = N |

, R -= load in the column/
| V = shear force
- H = building height ) S
b = bay width

. - ¢
- if the inner colum's are connected by friction devices, then:

! I

. Load in the outer columr’ns,‘at distance x from top, Is:
R, =Vx2b - | . 2222

_ l.oad in the inner columns,'is:
: . R, = (Vx/2b-qx)

»

T 2223

P4

‘ In\hich, q = slip force per unit length of the joint between two central
columns. ' ’

»

] . . ‘ ‘
The axial displacement of a point at a distance x from the top is:
) ]

' &= (1/AE) [*(VI2b-q) xdx -
g ‘ g = [(V/2b) -q] (H* -X*)/2AE - 2224

o | in which, E = the modilus of elasticity, :

A = the cross sectional area of the inner column, \

A
'
. o+ B
. -~ ¢
" by - .
.
’
o »
. *

=36~ ) ‘ o



Energy dissipated b'y friction is:

W, = 2 " qadx . T 2225
= [2q(V/2b - q)/2AE] [* (H* - X*) dx |
= [V/2b - q) q 2H*/3AE . 2228

- For W: maximum:
: i

L

dW,elq = (V/2b - 2q) 2H*/3AE ‘= 0 . 2227
giving: ] ‘
q = V/db o ’ 2.2.2.8

I the limiting value of V is determined by the available compressive
capacity of the outer columns, R, ., then thezoptimum slip force becomes:
q = R /2H ‘ | 2.2.2.9

This, again, is a structural property.

The érie}gy dissipated by friction in one quarter cycle is:
W, = R_*H/6AE S . 22240

b

{

This is equal to twice the elastic ?anergy in the central columns’
at maximum deflection. If the area of $ach of the outer columns Is twice the
area of the Inner columns, the energy dissipated is equal to the total :

elastic energy in the columns.

PP N . - . A
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The columns and bracing should be designed ie resist at least the

moments and shear forces developed at the time when thesfriction joints heve

- all snpped For higher sarthquaks intensities, the behaviour will depend on

| the relatlve resistance of the frames to shear and.overall moment, with no

clearly defined reserve source of energy dissipation as there is in thg,‘~
friction damped braced frame. - . <
)
Because the behaviour ot these braced frames parallels that of shear )
walls, which have already been stud!ed @4, 5), no further analyses were

pursued. i/ _
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, CHAPTER 3
INELASTIC DYNAMIC ANALYSIS

3.1- INTRODUCTION:

This chapter deals with the dynamic analysis of varlous structural -
framing systems using th'e computér program DRAIN-2D(30). Three types of
friction damped frams, three structura; systems without damping, and an
eccentrically braced frame wers anﬁalyzad, Fig. 3.1(a) to (d).

o
3.2- DRAIN-2D DYNAMIC PROGRAM:

‘l‘hi_s program performs a plane frame inelastic dynamic analysis for
structures subjected to a base ex_cltatlon. The program employs a step by
step procedure, and at the end of each time étep it checks the yisld st%te of
each element. The tangent stiffness modifications and the equilibrium
corrections f6r any imbalance due to any change in the yield state are
.appl‘léd'at the end of each time step. The time step is kept consta;nt .
throughout the arialysis and no iteration is used, except the equilibrium
corrections and the chan‘gé in the tangent stiffness matrix at the end of each
time step. These corrections are made to prevent th9 accumulation of
imbalances and divergences. The exact solution could be approached if a
suﬂiclantly‘ small time increment wa;' used; but to keep down the cost of the -
anélysis it is desirable to find the largest time step which gives a

reasonable solution. ‘ ' A

et et g et ot 4
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The program has most of the subroutines required for the analysis of a

structure in the linear and non-linear ranges and also perniits the addition
of new inelastic elements to the. program The elements in the exnsting
DHAIN-2B program of interest in this study are:

f . .
1) Brace type element which yields or bu‘ckles, Fig. 3.2.
- 2 Beém-column element which includes the interaction between the
bending moment and the axia!l force.
~ 3) Beam element wh;ch considers only yielding due to bending.\
4) Shear yield element for the eccentric bracing system.
5) Post—buckllng brace element which considers the post-buckling
behaviour of the braces, Fig. 3. 3(30)

i

3.3- ANALYSIS

3.3.1- PROCEDURE
Staep-by-step integration-procedure is perhaps; the most powerful method |
available for nonlinear analysis. In this method, the response is found for
short equal time increments At, and the calculated response at the end of
each interval is considered as the initial conglition for the next interval.
The procedure is c‘onﬂ::ed step by step from the beginning of loading to any

desired time. ~

N
B n At b a e =

' Atany Instant of time 't', the equation of dynamic equilibrism can be

written as:

it
1
-
)
.
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M1 {dP} + [C] {dr} + K] {dr} = {dp} " - ad
where {dr} {df}, and {dr) are the increments of accelaration velocity,
and displacement, respectively, at the nodes, {dp} s the Incremant in ’
applied loading, [M] is the mass matrix, and [C,] and [K_] are the tangent
values of the damping and stiffness matrices for the structure In its current

state. For a finite time step, at, the above equation can be wrlttan as

[MI{8F} +(C, 1 {oF} +1K 1{ar} = {2P} . 32

, 0 ' \ R . q

in which { ar }, { ar}, { ar},and { &P } are the finite increments of

' acceleration, velocity, displacement an/_,load respectlve!y The tangent

sth‘fnass and damping matrices are defined at the beginnnlng of the time
inflfvals. { oP } is the increment of load and Is equal to: -

, I -
- {-0P} =-[M]{1} ox 3.3

8

" in which [ M ] is the mass matrix and ax Is the increment of the ground

accsleration. The method of Drain-2D is baéed ona consfant acceleration

withina ilme"step (29). ’
S

3.3.2-TIMESTEP . ~ . S o
The accuracy of thg time higtory anélysls depgnds on the ratio of the

time step and the period of vibration, and greater eccuracy can be expected

‘as tha'lntegratlon time step is reduced. However, to reduce the computation
time, it Is desirable to choose as long a time step as possible. It was ’ -

-4~
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E o found that for some structures, due to a sudden yield of structural elements,

- _ smaller time steps were required.

_ <In general, thé time step should be no longer than one tenth of the
fundamental period (31). \If the frequency content of the acceleration is
high, a -much smaller time step Is required. In the analysis a time step of
0.1 second-was utllized for MRF and CBF arid 0.05 second for EBF and FDBF.

i

3.3. 3- DAMPING
Baslcally, the vlscous damping resuits from a combnnation of mass and
s , stlffness dapendent effects, so that:

[Cl= =[M] +B[K] \ 3.4

In which [ C ] is the viscous damping matrix; [\ Mlis .the mass ;natri‘x; and
«JK] Is the stittness matrix. I the step-by-step ahalysis this could be
taken as the current tangent stiffness matrix, at any time step ‘', or the
'orlglr‘;al elastic stiffness. This Is a matter of engineering judgement‘and‘
manﬁ analystgp}efer to base their analysis on the stiffness;dependent part

rather than on the original elastic stiffness.

The values of = and g are to be found fromdwo given critical damping ratios

that correspond to two frequencies of vibration. ‘ S -

If only mass ‘depéndent damping is assumed, then:

)

;:.’“
g
R
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in which X, is the critical damping in a mode with period T .

If Bnly stiffiness dependent damping is assumed, then: - d

. L

B=XT/n ' ' © 3.6

No dampin§ was assumed in the analyses that follow, but it is possible
to make comparative runs to establish damping factors equivalent to those

provided by friction joints, as discussed in Section 3.9. o

3.3.4- INPUT MOTION .

' The main characteristics of a ground motion affeqﬂng the dynamic
response of a structure are frequency cqntent, intensity and duration. The
frequency characteristics of a given ground moﬂun depend on the resonance or
quaél-resonance phenomenon, 'whlch occurs when the frequenc\l of the Input
motion approaches the natural frequency of the structure Intensity is used .
asa characterlsﬂc measure of the amplitude of the acceleration pulses in a
record in terms of the ground acceleration ‘g’. .The duration of a ground
motion is the length-of the exciting motion ’with relatively large amplitude |

.

pulses.

in time history analysis of any structure, itis important, but
difficult, to choose a ground motion close to that which the structure will
experience on a spetific site. Variability in the character of the ground
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motion makes !t'd.eslrable to consider a number of representative examples td
determine the possible maximum response of a particular structure. Different
records, with the same intensity but different frequency spectra, may give

diffarent structural responses.

-
'

Two different base excitations were used for the iime history ahalysts:

[) The first.seven saconds of El-Centro 1940 (N.S. cor‘nponent),’because

" this time period contains almost all of the peak accelerations. Following

this excitation, a two second period of zero acceleration was introduced to
'show the behaviour of the structure after the earthquake.

) The must severe segment of. 1952 Kern County (Taft), Cé@fﬁornié,
occurring between third and tphth seconds, followed by two seconds of zerd

acceleration.

The earthquake record of El-Centro 1940 (N.S. component) was scaled by

factors of 0.5, 1.0, 1.5 and 2.0, to give peak ground accelerations of 0.16g,
0.32g, 0.48g and 0.64g, respectively. The record of Taft earthquake was_
‘'scaled by factors of 1.0, 2.0 and 4.0 to give peak ground accelaratigns of

0.16g, 0.32g and 0.64g, respectively.

3.4- FRAME DIMENSIONS AND PROPERTIES
Steel with a yield strength of 250 MPa was used throughout.

3
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o The frame chosen for the analysis was that described by Workman/(23) for

the basic moment resisting frame, MRF, shown in Fig. 3.1(b). Because of the,,

\_ggmsive use made of this model in the literature, it providerg an axceilent ’

standard for comparative studies. }

Into this basic frarﬁe, different types of bracing wers introduced.
Those ralying_ on yielding and buckling of thebraces to at;s'orb energy were:
' Fig.3.1(b)' Cross bracing (CBF) with a higher yield force in tension

than the buckling force in compression, providing a total
shear capacity given by the su.m of the strengths cif the two
,braces, one in tension and the other in’compreséion, ,

_Fig.3.1(c) ' K-bracing acting in tension and compression, with the shear
force controlled by the buckling strength of the brace In /-

4
compression.

e

v . . ~
A system which combines bracing and ductile moment resistance Is the
ecdentric braced frame (EBF) showrt‘in Fig. 3.1(d)

N - : /
. o - -

o
. The three friction damped {raced frames (FDBF) studiqd were:
. . '
. i , _ . -
ng 3. 1(e) Z-bracing with braces designed not to buckle A
Fig.3.1(f) Crogs-bracing of the tension-only types uslng the Pall device .

- at the intersection of the braces.

5' Fig.3.1(g) K-bracing having braces designed not to Buckle, with the
friction joints sli%g along the horizontal beams. . —
’ - 48 - -
: ‘. "



In all the analyses equal mass of 60,’000 kg was assigned at each floor

of the structural framing. / 8
0
leferent building heights were studred Tall huildings of 10,15 and
(20 storeys showed little difference in performances, so the 10 storey "
bulldlng was chosenVas the minimum that could reasonably represent high - /

"~ . buildings. ' 'l (/ ‘ ' } :

3.5- PROPORTIONING OF BRACES

3.5.1- FDBF .
Eecausedone of the main objectives of the study was to establish that
t?ere is an optlmum slip force and that it can be readily determined a

deslgn earthquake whlch would just yiéld the beams in the optimum fra?ne of

the FDBF type was requlred This was established as closeto 1.0x 7

El-Centro, for the Wprkman frame. :f ~—

€ ¢ - !
»

" ForaZ-Braced frame (Fig. 3.4), the limiting shear force is divided

equally between the braces and the moment resisting frames. Using equation

/ 2.2.1.8, the horizontal component of the required slip load, P_, is .

P,CoSa=V, =2M

. { P .

S in which«M;, = the pléstlc moment for the beams '
o " 4h = the storeyneight . ‘ - / !

. R ° «”'- the angle between the brace and the beamﬁ ‘ ' -
R - RECEEN ' 0 ..

\ ! ’ ‘ " °

. < . [
. : - 49 -
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As shown In Fig. 3.1 (e), (f), and (g) the slip forces in the braces . .

vary with the piastic moments of the beams. Consequently three different

slip forces were utilized in each FDBF based on the following input:

a = 31°, h = 3660mm, M, = 650 kN.m, 500 kN.m, and 410 kN.m,
The slip force for Z-bracing (braces active In tension and comgression),
Fig. 3.1(e), is obtained from: ’ “
P,=V,/cosa ' - - S
- 2Mp/h COS«

i

giving P, = 415 kN, 320 kN, and 260 kN
A . .
/

Q

-

The siiib\force in each brace for tension only bracks (Fig. 3:1(f)) Is

obtained from:
y ,
[ P, =V, /2 cosa - ) Lo °
vy < - - =M_/h cosa |
' ' giving P, = 208N, 160 ki, and 130 kN. :
q . A} . Pl . -
N For K-bracing, which slips horizontally along the bgams Fig. 3.1(g), the
! ", slip forces are optained from: "
' ) slip forc sa , ’
d ¢ -
c i o T - | \ -
r . » , S b
. ; - 50 - : -
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P,=V,=V,
=2M_/h
Ve ‘ ‘ ) - ﬂ
‘giving P, = 335 kN, 275 kN, and 223 kN - -~

A

. o )
The shear forces in the columns for 1.0 x El-Centro for the FDBF are

.3

. shown.in Fig. 3.1(g). It can be seen that the shear forces carried by the

colum’f# are close to the’shear forces carried by thq_friction devices for the

lower floors. The horizontal components of the slip forces are the same for

the three case (8), (f), and (g).
| To check that the values were close to the optimum, aﬁalyses were ..
conducted for 1.0‘Ix El-Centro, uttlizing the Z-braced frame shown in Fig.
3.1(e). By varying the slip loads, the characteristics of the structure
varied from those of a momght rﬁsisting frame to those of a fully braced -
7rame Figure 3.5 shows how the top storey deflection varied wnth the slip
Ioad and how there lsa weII deﬂned optlmum range very close to the
theoretical value, P, = 2M /h COSa, with values of slip force being equal to
those shown In Fig. 3.1 (8).. In reality, there is little ?ffference in

response for variations of + 15% in-the slip.force, thus to use the -

v tfg?ﬂcal value is reasonable for design purposes,kas the security of the
b

uil nb is not influenced by minor inaccuracies in the installed valus.

The slip-loads used in the frames, for the follo\vmg comparatave studles
of FDBF's, were the optimum values calculated using the slmple relationship
of equation 2.2.1.8. The Ioads wers optimum forfOxEI Centro.

i s . . v
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3.5.2- CBF X- AND K-Bracing

Fot X-braclng, the bracir‘g was the same as that utllized by Workman (23)*-
as shown in Fig. 3 1(b) The assumed behaviour of the braces was the simple
model shown in Flg. 3.2(b).

For K-bracing, }he brac&es used by Nilforoushan (30) as shown in Fig.
3.1(c) were utilized. The behaviour pf the braces was modeled as lilustrated

’ xin Fig. 3.3.

3.5.3- eBF 7

The eccentric braged fra"ua (EBF).is a modern fragning system devised to -,

cdmbine the benefits of a braced frame with the ductllity of a
moment-resisting frame. Energy is absorbed by shear yielding in the region
of thie beam between the brace connection and the column. The braces are
designed not to buckie and the columns not to yield before the shéar links In
the beams reach, and exceed, their yleld state.

’

The fogce in the braces as shown in Fig.3.6 is obtained from:
P =V, (b-e)2sin«(b/2-6) : 3.7

in which P Is the force in the eccentric braces, \/b the shear capacity of the
beam, = the angle between the beam and the diagonal bracings, b the bay '
width, and e the le@th eccentric beam (shear link). - ¢

.
H
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Plastic hlnges are expected to form at both ends of the shear link v

shortly after the shear ylelding 5& satisfactory relationship is obtamed
(20) when:
AV, <2M fe< 1.3V, ~V, =17M" Je 318
i | A - Using 3.7 this gives: - ’ o
A, P 1.7M’, (b-g)fesin a (b-2e) 3.9 |
> ' 4

in which M'p - plastic moment capacity from the flanges of the b;r_n*s.eaon.

There is no method, comparable to that used for the FDBF, by which the
EBF can be optimised. It is simply ;;roponiohad to resist the design
earthquake by making the shear resistance of the link such that it will yield
_at a force somewhat below that caused by the earthquak'é. The columns are

designed not to yield under the moments created.

The basic beam slement in the Drain-2D program was changed by Roeder
(20) for energy dissipation by cyclic shear yieiding of the eccentric )
element. This subroutine was used for the analysis of the EBF.
N ’ L .

 For this study, the EBF was designed for 1.0 x El-Centro to compars the
behaviour with the optimum FDBF. - &

L4
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“and (e).
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‘Thé most Iroportant difference betwesn the FDB'F.and the EBF Is that tl:te.
shear force (across the frame) in the former is divided equally between the :
brace and the: moment-resisting frame in tl;e optlmum condjtion while'in the )
latthr the entire shear force must be resisted by the bracing. This results

in much heavier braces, as can be seen by compé\ring"tho'sfzes in Fig. :‘B.j (d)

3.6- FORCE VS. DISPLACEMENT FOR 'BRA(F'}ES‘,'

-

3.6.1- FDBF , , ,
For simpie Z- and K-bracing with friction jointsh. up to the slipping of

“the joints, the force displacement relationship is linear. After slipping,

the bxace force remainsg constant. Reverse lxa,ding is elastic.and linear,

until slip occurs in the opposite direction, as s owh In Fig. 3.7(a). The

" structure remains elasﬂc so long as the beams have not ylelded.

L 2

In the analysis the braces in FDBF with Z-and K-bracing were modelled as
truss elements in the "Dr'aln-an” program, with braces ylelding In tension and
compression as shown in Fig. 3.7 (3). - .

Sy

For the Pall mechanism, theré is a small compressive capécity In the .

" bars, P_; which Is assumed to remain constant after buckling. The sum of the

t@nslon and compressive_forces causes the mechanism to slip. The model for -

"the behavlour of each bar Is that shown in Fig. 3.7(0).

gy - -
o o
¥ e e Lt
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' For the detailed analysis of the Pall mechanism, existing ”Drain-2D"
Program was utilized, with braces modelied as combination of truss elements

and beam elements as shown in Fig. 3.7(c). &

Changes were made by'the author to the basic slip model in the state
determlnaﬂon and input subroutine. In this element in the event of slip in
one of the braces the other brace in the same bay slips simultaneoisly. A
listing of the element subroutines are given in Appendix A. By introducing
~~ this subroutine in "Drain-2D" program, the bracing system can be modelled as
| slmple‘cross bracing, with braces slipping slmulteneously one brace in ’

tension (P,), and the other brace in compression, P_.

3.6. 2- CBF X- AND K-BRACING
The behavlour of the braces used in X- and K-bracing were dlscussed

earlier in section 3.5.2.

>

3.7- ANALYSES counucfeo ) (
The types of frame and the types and intensities earthquake for which
analyses were conducted are grouped in the manner in which comparﬁve

. behaviours were studled. This Is shown in the following Table.

. f
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+ Earthquake

T Type Intensities
MRF ' El-Centro | 0.5, 1.0, 2.0
CBF Taft 1.0,2.0,4.0
FDBF, (2-braced) , -
EBF , El-Centro | 0.5, 1.0, 2.0 "
FDBF, (Z-braced) - ¢ Taft 1.0,2.0,40
FDBF, (Z-braced El-Centro 0.5, 1.0,2.0
FDBF, (Pall mechanism)
K-braced El-Centro  |1.0, 1.5
FDBF, (K-braced) "

3.8- FlNDiNGSaFHOM COMPARATIVE STUDIES ‘
. P ~ S
3.8.1- MRF, CBF, FDBF (Z-BRACED) '
Resistance to seismic action has, in the past, been attributed to the '
ductility of rigid frame buildings, or to the energy dissfpated by yielding ,
and buckling in braces. This first program of studies compares the FDBF with
more traditional systems. -

Deflections

The dafiectlon envelopes for the three'framing systems are given in Fig.
3.8, for 0.5, 1.0 and 2.0 x El-Centro.

E

. For 0.5 El-Centro the behaviour represents that of elastic frames, in

- s i i s
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which case the MRF has, as expected, the greatest deflection.

D

In the case of 1.0 x El-Centro, the deflection of the optimised FDBF is
much lower than for the other two intensities, the ratio between the
deflections for FDBF, CBF and MRF being 0.4:0.8:1.0.

For an Intensity factor of 2, the energy absorbed by damage in the MRF
and the CBF, is high enough to bring the deflections closer, but that of the
FDBF Is still only 0.8 of that of the MRF.

The réason why the bBF deflects more than the MRF for 2.0 x El-Centro is
due to the yielding of the ?ol‘umns in the CBF.

L :-\ For Taft type earthquake, resonance led to major damage in the CBF at a

factor of 1.0 with the resulting larger deflections, as seen in Fig. 3.9.

Y
" The deflection envelopes again show the performance of the optimum FDBF
to be markedly‘s‘uperlor for Intenslty factors of 1.0 and 2. 0. For the
lntbnsity factor of 4, yielding in the beam has closed the dlfference between
FDBF and CBF, but has led to large deflections in the MRF.
{

, Moments

ItIs useful to refer to Figs. 3.14 to 3.19 (which sMow the progressive

damage as thevarthquake intensity increases) to understan¥ how the column

i moment envelopes given in Fig. 3. 10 and 3.11 are created. Atthe Iowest

L~

—~
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intensity of earthquake, the braces in the CBF have yielded, causing moment
into the column. Because of the greater distortion than that due to joint

r. Again, the optimum slip

slipping in the FDBF, the column moments are hig

 force for 1.0 x El-Centro and 2.0 x Taft.show the FDBF to the best advantage.

The ratio of column base moments for 1.0 x El-Centro is 0.5:0.9:1.0, for the
FDBF, MRF and CBF respectively.-For a faéfor of 2.0, all the systems are
acting predominantly as ductile moment:reéistlng frames, and the moment
gnvalopes clase up a little, but the ratio of the base moments is still

{

0.55:0.8:1.0. . ' _ - -

N

+

The consistently superior behaviour of the FDBF for the Taft earthquakes
reflects the relationship between the frequ'enqy‘denslty of the exitation and
the natural frequencies of the structure.

Axial Forces in Columns

Column forces are, by nature of the structural action, lower in MRF's
than in braced frames, and a comparison can be reasonably made only between
the FDBF and the CBF. In Figs. 3.12 and 3.13, the envelopes for the axial
forces are shown, and the reduction affected by @he FDBF can be noted for all
intensities. The atypical envelope for the axial force iq the case of the
CBF for 0.5 x El-Cantro Is attributable to the frequency spectrum of the

earthquake matching the natural frequency of the structurs.

-
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Damage ) " , [
. ‘ .

-

Damage.— by the creation of yield hinges or by yielding of the braces,
raciuires repair. Figures 3.14 to 3.16 for El-Centro, and 3.17t0 3.19 for&
Taft, show that structural damage occurs in both the MRF and the CBF at the
lowast Intensities studied, whils the joints in the FDBF are slipping but
" with no structural damage. Only at the highest intensity earthquake doss
ylelding occur in the beam of the FDBF. At this intensity, the MRF is at
“Inclplent collapse, as yield mechanisms have beeh formed in the columns of
several storeys, while most beams of the CBF have yielded. The'FDBF thus has
a further reserve to resist earthquakes of higher intensity than those
sufficlent to destrby the MRF and CBF types.

Time Histories of Top Deflection

']'yplcal time histories of the top storey deflections are shown in Figs.

-.3.20 and 3.21 for the three types of framing. The response for thé opﬂmu.m
condition of 1.0 x El-Centro is seen in Fig. 3.20, where the reduced motion -

of the FDBF will clearly lead to lower accelerations and less secondary ~

damage. For 2.0 x El-Centro, the top storey daflections ar; shown in’ Fig.

3.21. nthis cdse, all the frames have yielded and the relative bshaviour

reflacts the addlﬂonal benefit of the FDBF when the slippi'ng friction joints
-and yielding ‘beams combine to disslpate energy.

-
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General Observations . ‘ e 3

'The élip toddg used were such ihat 1.0 x El-Centro, (0.32g), was close
to the maximum intensity that the frame could resist without permanent
damagse. [t had been expacted that the same Intensl& of Taft, l.e. 2.0 x
Tatft, (9.329): would provide the same li;nlt. Because of the frequency
spectra, however, 2.0 x Taft proved to be less éevere than 1.0 x El-Centro - °
for FDBF, with lower deflections and less darrvuage. thus.a higher Intensity

‘could be'resistad without exceeding the elastic range of behaviour.
3.8.2- EBF AND FDBF (Z:BRACED)

The most recent framing system introduced to dissipate anergy &urlng'
seismic activity is the Eccéntric Braced Frame (EBF) which utilizes ylelding
in the shear webs. The following study compares this method wlth. friction
devlceé. . .

Deflection ” ' e
- | :
Deflection envelopes are éhown in Fig. 3.22 fo®.5, 1.0 and 2.0 X .
El-Centro. : ' 1 s

H

The FDBF was optimised for-1.0 x El-Centro while the EBF ;vas designed to
be just-yielding for this cbn:'litlon. As a result, although plastic hinges
\were forrfled‘ lﬁ the EBF (see Fig. 3.29), the slipping lr; the FDBF gave higher
deﬂ;ctions. However, @he diﬁerenc;es between the gysta;ng were small.
J/
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, For the Taft type of earthquaks, Fig. 3.23 shows that the FDBF deflects
less for all intensities. This difference between the responses to El-Centro .
. and Taft Is due to the different relationship between the natural frequencies

of the stl’ucturés and the dominant frequencles'ln tlte earthquake spectrum.
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. Moments - : ,

In the EBF, the eccentricity creates moments in the beam and columns for-
all levels of loading and it is natural that the column moments, as shown in
Flgs 3 24 and.3.25, are higher than that in the FDBF. At 2.0 x El-Centro,
when most of the beams in both systems have ylelded the column moments are,

o quite naturally, aI@ equal. '

Axial Column Forces

» (
* Because the lateral shear forc_e required to slip the joints in the FD@F

Is only half that required to yield the shear link in the EBF, the axial
_forces created In the columns is approximately halved, which is clearly seen
In Figs. 3.26 and 3.27 for all intensities of earthquake of the El-Centro and

Tafttypes. = >

Damage - B

' .7 Structural damage, reaning permanent deformation due fo ylelding, is' .
. shown In Figs, 3.28.and 3.29 to occur In the EBF at 1.0 x El-Centroand 1.0x - ’
_ Taft, whlle ng damage has occurred in the FDBF at 1.0x El-Centro and 2.0 X,

Taft, ) ‘ A .
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Movenent in Slipping and Yielding Devices ”

3

As it is the slipping in the FDBF and the shear distortion in the. EBF

- which absorb eneréy, it-Is of interest to compare the actual travel of these

devices during an earthquake when both devices are 9c}lvated. Fig.3.30 °
shows the time hi'sto,ries of slipping in the FDBF ar'\d t'\he‘vertlcal deflactlm)\ -
in the EBF fgr twa earthquakes.. At the design loading for'both systems, i.e.
1.0X EIQ-Centro, the displaceménis are comparable (about.12 mm), v{s\s:ejn/m_
Fig. 3.30(a) but theFDBF has less residual deflection.- .

\ . - -

For 4.0 Taft, (0.64g), Fig. 3.30(b) shows how the EBF suffers largér

distortions, 62mm vs, 28mmm, with much more residual deflection. .  «

Not»~oﬁly do FDBF's survive earthquakes.with less residual deflection,
. e W

but the ractitication of the building requires only slackariing and ®

retightening the bqjts. To recfity the EBF requires the replacement ?f the

beams.

!

-

Time Histories o Top Deflections ,

§ s

. L]
¢ £ .
N ‘ *
-
. .

The time histories of the top storey deflections are shown in Figs. 3.31

| t0-3.34. The maximum deflections are cbrﬁpérable for the two systems of \
framing but the deflection of the FDBF decays more rapidly and the residual 3

value is lower.

‘s

B I
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A provlde the req‘tllred béndlng re_srstance atthe connectron between brac‘gs
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" 3.8:3- PDBFﬁSlNG TENSlON ON'LY BRACINGS AND Z-BRACING ' ’
.To provide a system requiring only tension bracings, Zchanismwas r

proposed by Pall and Marsh (8). When the slip occurs due to tensipn in one | °
i ,
-of the braces. it actlvates the four link mechamsm thereby forcmg the

AN

oﬁer di agonaL'o slip slmultaneougly, even if that brace is car;ymg zero )
' compression load. On. r\werslng the load, the other dlagonal accepts the
‘tension.” In this kind of bracing which' aqm;;t tension only, the energy is
dlsslpéted In both half cycles n . ,
. ' ‘ . oy

#"u - .‘ ¢ ® J

A o

Y ¢

v For frlctlo@damped braced frames usmgthe prop&se{dmechanlsm a
" detalled analysle was carried out in which each element of the brace and the

. ‘de\llqe was lndlvldually modeled as'shown in Flg 3.7(c). Elements 1to4and

7 to 10 were modelled as truss elements yielding in tension and buckling in

compresslon Elements Sand 6 were 'modelled as truss elements yielding i m

'f‘ tenslon apd compression ata force equal to the slip force. Addrtlonal beam

e'lementsr were superlmposed on the tfuss elements as seen in Fig, 3. 7(c) to

) lnsldqand outside the four Ilnk méchanism (... between elgments 1 and 5, 2
'._a d“ellr.',

, ad 5, and 3 arld 6) To elimrnate any additional.axial stlftness

-
. hese bean elements area of fhe beam elements was considered to be.

close to zera. Thls proved to be costly in computer time, so, lnstead the/'

-cross-braclng with fﬁ?lon deVice was mode ?s a single equrvalent truss
r

'element as dlscusSed in‘section’3.6,1, Thefbrcesin the tensron and ’ N

ompres%lve braces in each bay are equal untlube compresslon brace buckles
at P, after whlch the forc8 in the compression bar r&nams constantasthe -

force in the tenslon bar i lncreases When the mechamsm sllps the force ing.

.
o s
A .

) ’ . ’ ) .
\ ‘ ~—63- U ”ml* SR
N o c '
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™ 3.8.4- K-BRACING WITH AND WlTHOU_T_SLIPPINb JOINTS

: B
¢« ° ’ ‘ o
the tension brace is P, given byz}
s . "' ’ ° N - B ’
Pe = 2P, -P, ~ ; . 340

-in which P, isthe s:Iip force in the device and:% is the buckllng load.

. the model was introd&bed‘rﬂhe programme as a new gubroutlné‘. Figure -

3.35 shows the deflection envelpbg using the detailed analysis and the
« simplified method based on the modified truss element subroutine. it is
illustrated:that the results of this modified mod®l are very closen19 the

detailedanalysis (:t 5%) with considerable saving‘s in cgmbgter time.

E 3

¥

K- and Z-bracing act in tensior and compression, and aire }efer%&to as

tanslon-c_ompressi'on bracing. The Pal!’mechanism acts essentlally in tension

" and s referred to as ten'sion;only bracing. T ) \
. ? ” b
' \_@ comparison was made between the FDBF with Z-bracing, as used in the
, - A
early studies, and with the Pall rpechanlsm. The smallest size of brice

sugg'es,te;d by Workm&n was used (Fig»3.1(f)). As could be expected, the
results obtained, seen in Fig. 3.36 to 3.38, showed little dlﬁ‘erence between .

the systems.
ysams

R
.

A
Numerous studies on post buckling behaviour of bra(ies have been done in

C / o s .
recent years, mainly by Higginbotham (32), Nilforoushan (30), Slqgh (33),

;54_- -



that, for 1.0 x El-Centro, the top storey deflections for FDBF and KBF are
¢ nearly the same. This,is attributed to the slipping of the friction jbints. |

- the moments.in the-coldmn are lower for the FDBF, for both loading cases,and !

friction ]oints before the braces buckie.

pUHELAMSICV AT R 2 1':““:‘ W‘f“"""’ R

- > % . ‘
capacity of the bracing members is significant and shou'd not be neglected in -

thie dynamic analysie<f a braced frame. The post buckling behaviour is based
on the model proposed by Jain and Goel (24) which is similar to the modef
proposed by Nilforoushan (30). This is introduced to the Drain-2D pro,gramm?

1

as a new subroutine. - . ‘

* To provide a comparison between this method of dissipating energy and ‘ e
the FD’BF, analyses were conducted on two K-braced’frames, one of which
lﬁcorporated connections at the K-braced nodes which slipped alohg the

horizontal beams. The frame chosen for analyses was that by Nilforoushan

" (30), which is similar to the frame utilized by Workman @R (Fig3.1).

. - N ~
For the FOBF, the slip force was that obtained in Section 3.5.1. For
the n@‘al K-braced frame (KBF), the hysterstic behaviour of the braces was |
modelled as shown In Fig. 3.3. = / ‘ | \
. The deflection envelopes are compared in Fig. 3.39. It is observed

X,

At 1.5 x El-Centro the FDBF has on}y 75% of thédeflection suffered by | ,
the KBF, due to the higher energy dissipation of the friction ]6ints. Also, ' q

are shown in Fig 3. 40 Figure 3.41 shows that the axial forces on the
columns are lower fo’r the FDBF, which is agaln due to the slipping of-the

P

. . . P
> . . . ! -

- 65 -




Damage is caused to the diagonals as they buckle, and to the beam as it
yields, in the KBF, for 1.0 x El-Centro. At this force level, thers is no
" damage in the FDBF (Fig. 3.42). -

Time histories of thy{op storey deflaction are shown in Fig. 3.43 and
3.44 for 7.0 seconds of El-Centro followed by 2.0 seconds of zero.
acceleration. ltisto be observed how the residual oscillations are much
lower in the FDBF because it maintairs its initial rigidity. The amplitude
_of these residual oscillations is a function of the last excursions in the

s
earthquake spactrum and the motion of the structure at that time,

3.9- EQUIVALENT DAMPING

The'foregolng'studles were based on zero darhpiné since it was the
, comparlsons of the behavlours of the structures that were of interest. The
FDBF is a structural system which dissipates energy!by frlctlon To see how
this compares with viscous damping, a study was done on moment resisting

FR

Stifiness &émeing is preferred since it disttibutes the damping effect

frames by ihtrbduclng different values of viscous damplngs

throughout the structure, unlike mass dependem damplng which dlstrlbute the

damplng effect at mass points.

To find the natural perioe of vibretlons, the TABS Programme (36) was !
used. The natural period of vibration related to the first mode was found to

be 3.36 seconds.

: 1

3
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By comparative analysis, it was found that 37% stiffness dependent
damping, or 36% original stiffness damping, both relative to the first mode,
was required in MRF to gh/e the same deflection as in the FDBF with zero ”1

viscous damping for 1.5 x EI-Cerptro.

Analysis of the CBF showed it to be very sensitive to whether original
ffness proportional damping or stiffness dependent damping is used. In
original stiffness proportional damping, the damping matrix is related to the
orl_glnal stiffness rather than to the current tangent stiffness matr'i.x at

each tln;;g:)step.“This can make a substantial difference in CBF, since

stiffness degrades rapidly after buckling of th%br'aces. By introducing 5%
orlglnal stiffness damping for the first mode, with a natural period of

vibration of 1.8 seconds, for 1.5 x El-Centro, the top deflection is reduced

to 60% of that for zero damping. However, 13% stiffness dependent damping.is

required to create the same effect. ‘ \

4

4 . ‘ p

Th&l; means zero damping in FDBF is equivalent to 13% stitiness dependent

damping or 5% original stiffness damping in CBF. With 5% original stiffness
damping introduced to the FDBF, the required original stiffness damping for

CBF increased to 15%, in order to give the same fop deflection.

STERATE
’
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TYPES OF FRAMES ANALYSED

FIG. 3.1

a) Basic mogent resisting frame (MRF)

‘) Cross braced frame*(CBF)

€) 'K’ braced frame (KBF)
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- : TESTS

4.1- INTRODUCTION

- In the previous Chapter the analysis of the inelastic dynamic behaviour.
of friction dadlped braced frames was examined and Its superiority over dther
existing systems was Illusfraied: Experimental-studies were then necessary
to demonstrate that the system behaves as predicted by the analytical models.

4.2- DESIGN OF TEST MODEL

The shaking table at Concordla University has dumensuons of4mx6m
(13 ft x 20ft), and a top clearance of 6.5 m (22 ft), which was more than
adequate for this type of model. Specifically, the mode! was designed as a
moment resisting frame (MRF) into which bracing was introduced to create a |
concentric braced frame (CBF) or a friction damped braced frame (FDBF), .

depending on the value of the slip force in the diagohals. .

Two one-meter wide, four storey steel fremes, 4m high and spaéed im
apart, were connected together by a crossjb’r:cing ta eliminate any torsion in
the system, thus ensuring that the two frames deformed togsther. The detalils
of the model are shown in Figs. 4.1 and 4.2. The columns and the@eams
consisted of a special light profile, SLP4X4.08, joined together with typica\
welded momaent resistant connections (seen in Fig. 42) A steel mass of 910
kg (2000 Ib) was added to the top floor in order to ensure that only the
fundamental mode of vibration occurred The basés of the model were welded

to the shaklng table. : ,
e :

———
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The br:aces were double channels, 2-C75x6, connectead to the structure

using steel plates with slotted-holes. Brake lining pads were inserted on

" both sides (between the channel wébhs and the gussét plate). The details are

_ new'system was developed.

shown in Fig. 4.3.

¥ , S

The structure Is shown on the §haklng table in Figs. 4.4 to 4.6.

4.3- SPRING LOADED FRICTION JOINT

t ) ' . o
A means of creating a known slip force was needed to assure the optimum
performances.

To create the pressure_to control the slip force in the fr!ctlonjoints, :
the following methods were tried;
a) The 'turn of the nut’ method. In this case the start point was
subjected to human error
b) Céil springs placed under the bolt heads with the shortanlng
calibrated torthe slip force. This system was not sufﬂclenﬂy accurate as
the forces were not repeatable.

c) Torque meters used to measure thetorque appiied at each bolt, and

calibrated with the slip loads. This again proved to be non-repeatable:

4 . —~

As none of the above methods was sufficiently accurate or repeatéble, a

L A T T R A LR Y
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Details gf the device developed are shown in Fi'g.‘ 4.3.
- A long b’olt‘passes through the friction joint, in which brake lining /.
“ " pads are trapped between the legs of the double angle diagonais and th
gussét pfate with slotted holes. The bolt also passes throuéh two arms of a
© - "gpring” fo‘rmeﬂd-by(fwo spring stsel plates, clamped at oﬁe end on each side
.of.a spacer. The boltis held accurately oriented in the holes of the spring -
" steel plate bya conical nut. A strain gadge on the spring plates monitors

-the force exerted by the bolt on the plstes. Because the coefficient of

?rlctldn Is reliable, the slip force relates to the tension force. . '% | ) ' .
i | | | B A .
Correlation between the strain gauge readings and the slip force were
obtained by ¢alibration. ‘They proved to be consistently repeatable. ';'he
°  agjual force in the bolt was calculated from the strain gauge values using
Qhe elastic properties of the plates. The readings suggested a coefficient 5

L

‘ y of frlctlon of 0.53 for higher forces, rising to 0.6 for smali forces A
value/of\>53 was used in calculations. _ P/P\

» . Figure 4.7 showQ‘the calibration set up and Fig. 4.8 shows the friction

* device being adjusted. N h %

_ 4.4- QUASI-STATIC TESTS |
* The behavipur of the structure under slow cyclic loading was initially -
(S -, Investigated. The energy dissipated is given by the area of the hysteresis
V§bop and the objectlve in optimizing the slip force is to maximize this area.

t .o

L4

™ . - 118 - .




N o
The top of the structure was held in position while the base, which was

ﬂxed to the shake table, was moved cyclically over arange of + 2 kN.

With zero slip iqrce, ih.e frame acts as a moment resisting frame (MRF)
and-is almost entirely elast((:, with full elastic recovaery, g\”ng a very
- narrow hysteresis loop. ‘ '
At the qther extreme it becomes a CBF which i$§ much more rlgid but

. equally elastic, again with onty a small hysteresis Ioop

Betwesn these extremes, there is a slip force to give a maxlmufn area of

the loop.

~ Theslopes of the lines éhowing the force displacement relationship, for
the friction dampeﬂq bracing, follow that of the CBF for the initial elastic
range and that of the MRF for the slipping range. .
it can ‘be readily shown that the maximum area of the loop occurs when
P_ = 1.1 kN, which is closely demonstrated in Fig. 4.9(c). In this case, at
maﬂmum ‘displacement, almost half the applied shear force is carried by the
bracing, while the remainder is carried by the moment resisting frame. This
is the relationship derived in Chapter 2.
| 'The hysteresis loops shown are for the sixth to twentieth cycles. but
the loops were repeatable for many more cycles. To compare the experimental

results with theoretlcal analysls, ”AD!NA" Program (37), which is a finite
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" slement program for automatic incremental nonlinear analysis, was chosen

_ 8inge static anclysis cannot be performed with the “Drain-2D” program.

-~

The dashed lines in Fig. 4.9 indicate the theoretical results for the
nonfinear static analysis obtained using the ADINA program (37), and provide
a check on the theoretical analysis.

4.5- DYNAMIC TEST, - -
.Sinusoidal base excitatlon was used to operate the shaking tablé The
ex}sﬁ‘ion was based on a constant acceleration sweepmg through a frequency
“domaln of one to ten cycles per'second (Hz). Figure 4 10 shows the varlatlon
in the frequency of the shaking table versus time with a constant
acceleration of 0.106g. With this type of excitation the occurrence ofthe
resonance frequency is inevitable for different types of structural system.
- As expected the natural period of vibration decreases as the slip load
1Jlncreases. Figure 4.11 shows the top storey deflection at.different slip
forces. Varlation in the natural period of vibration is clearly illustrated
In this figure. ) | a
The resuits obtained from the tests wete compared with the values given
by the Drain-2D corttputer program. Since in the experiments the shaking table
gave a sinusoidal motion, the input acceleration in the computer analysis was
in sinusoidal form. - - “ : ,
In each computer test, the period ot vtbratlon for the mput
accelarattcn was the same as in the experimental tests (40.8 Inlsec = 0, 106
9).
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The study was c6 ducted for ditferent slip loads, and the results
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obtained in the computer analysis are shown in Fig. 4.11. As shown, a close
agreement exists between the theoretical and experimental resuls.

% ,
. Dynamic tests were repeated over a one year pé{lod inorderto  »
investigate the long term parformance of friction joints. in this manner, it -
was observed that the behavior of the ]olﬁts did not change significantly. l
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S - CONCLUSIONS

5.1- GENERAL '
During a major earthquake, steel framed buildings, while capable of
remaining standing, may suffer a great deal of permanent and costly damage. *
-For exarpple, a concentric braced frame has 'a hysteresis‘béhavlour”which gives
It poor er;ergy dis§l§étlng‘ capacity, while the buckling and yielding of the
braces causse a rapid dacrease In‘the stiffness. of the structure. Moment :

reslsting frames have a stable hysterstic behaviour and good energy
dissipating capacity but thg tend to become unstable due to excessive
lateral displacement resulting in a strong P-4 effect. Eccentric braced

o frames combine the merits of concentric braced frames (stiffness), and the

energy dissipation of a ductile momaent reéisting frame, but in a major , !

_ earthquake the Trame wouid suffer permanent damage to the structural

. elements. ‘

A structure is required with the energy dissipating capacity of moment
resisting frames and the stifiness of braced frames, without relying on
permanent damages to the sffucture to absorb energy. A friction damped

braced frame has these characteristics. o )

N

Thlsf”swdy has shown that friction damped braced frames can absorb
" energy with little permanent damage, while being readjiy incorporated into
' the structural framing. ' ‘
y :
A simple analysis showed the existence of an optimum slip force based on
energy conslderatlons The results obtained wera compared with the results

e et Tee <Lt R
Fosr e we Par Attty Tie

’ 'of nonllnaar dynamic analysis and were found-to be reasonable.
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‘ coinpression) an°d X bracing (or tension only bracing)were also analyzed.

Nonlinear, time history dynamic analyses using Drain-2D were carried out
to compare the behaviour of friction damp_ed braced frames, with moment
resisting frames, concentric braced frames, and eccentric frames. Friction
damped;braced frames, with Z and K bracing (effactive In tension and .

<

It was shown that for all types of the FDBF, in the optimum arrangement,
the acceleration, deflection, and forces In the)structural frame are

dramatically lower than in traditional framing systems.

For the model steel fra\mleI structure that was tested, a "spring loading’

- device” was devised which gave reliable slip forces. Quasi-static tests were

»

conducted and the predicted optimum value of the slip load was demonstrated.

It was also shown that a stable and predictable hysteréﬂc loop is

achievable. The behaviours were compared with those of nonlinear inelastic
analysis using the "ADINA” éomputer program. The ;hake‘ table test results
were also corﬁpared with those of nonlinear dynamic'a'nalyses using Drain-2D
program. In both cases close agreement was obtalned between the experimental

value and computer predictions.

-

It is-concluded that: SR Y ' : (\

1.  Friction damped braced frames meet the requirements for an efficient

energy dissipating mechanism.

&



I IR TR] ¥oo e TR e AL v T TR T a0t TR N LS it i TR T R
Dort Tl DT IERAS T R AT A g T At AT ey e R R AT
N N RS !

2. By slmp{e analysis an optlrﬁum slip force can be calculated fdfé given
rigid frame. - - _ 0
3. \]’A slip force can be chosen to smt{f moment capac|ty of the beams,
T 80 that é braces will slip and contribute to the energy dissipation
before the frame becomes unstable.
4. Friction joints can be incorporated in rﬁany different types of bracing
to suit the designer’s objectives. ' ] f
" 5. The building absorbs e\nergy without permanent damage, the frame
remalining elastic for intensities well in excess of those that cause da;nage
\ in other structural systems. ' S . . N
The building becomes more flexuble as the braces slip but wuth no loss '
of elasticity, resulting ina ‘variable naturai frequency, makms resonance
" impossible. "
7. The bulldlng can ‘be tuned for the optimum response for a specified |
earthquake |

8. Tha cost of repairs is minimized.

.5.2- REC?I\IVIENDATIONS FOR FUTURE éTUDlES: . . /
1 - In the present experimental study the optimization was for a
specific model with a speci;ic inputs. Tests with different rigidities, .
| masses, helghts'and time histories are required toprovide fuller
information, %o '

-

¢ e ~
2 - Three dimensional analysis could be performed to study the effect of
torsional oscillations and to optimize the placing of dampers. | | .
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SUBROUTINE INEL1 (KCONT,FCONT,NDOF,NINFC,ID,X,Y,NN)

" C

c v
c
COMMON /IFLAG/ FLAG(40) ' '
comou /INFEL/ IMEM,XST,LM(4),KGEOM, EALEP EALE,FL,COSA,SINA,
KODYX,KODY, SEP, SEL, VTOT, VPACP, VPACN, VBUCK, VENP,
'rvmvm'rvmnsm'rs ,SENN, TS SDFO,
- ’ NODI,NODJ,KOUTDT, KBUCK, m. »BK,REST(163)
ccmon /WORK/ rm’(ao 5) nuc(ao).m( a) KDFEF(40),DD(4),
- GA(4, 4).mzr(4) SFF(4), ssrr(a) NMEM,NMBT, NFEF,
- " GNEL,INEL,INODI,INODJ,INC,IINC,IMBT, IIMBT,IKGM,
- mmmemmmLMme.
- FINIT,FFINIT,XL,YL,PSH, PPSH,AREA,W(1505)
COMMON /THIST/ I'mou'r(m) 'mou'r( 20) ITHP, ISAVE,NELTH,NSTH,NF7,
- ISE
DIMENSION KCONT(I).ID(NN,I),X(I),Y(l),COM(l}
DIMENSION AST(2),YESNO(2) ’
EQUIVALENCE (IMEM,COM(1))
DATA. AST /2B ,2H */
DATA YESNO /4H YES,4E NO /
o
C "CONTROL VARIABLES
c .
NDOF=4
NINFC=37 , : : A
NMEM=KCONT(2) . ( S ,
NMBT=KCONT(3) -
NFEF=KCONT(4) o

WRITE (9,10) (KCONT(I),I=2,4)
10 FORMAT (' TRUSS ELEMENTS (TENSION ONLY BRACING)' ////
~ - ' NO. OF ELEMENTS -, T4/ ,
T . ' NO. OF STIFFNESS TYPES =',I4/
- ' NO. OF F.E.F. PATTEMNS =',I4)

INPUT STIFFNESS PROPERTIES

(s NeNe!

~ WRITE (9,20) ° - L .

20 FORMAT (////' STIFFNESS TYPES'// ‘
' TYPE',7X,'YOUNGS  HARDENING',6X, 'SECTION ',
'POS. YIELD NEG. YIELD  BUCKLING'/

© ' NO.',6X,'MODULUS ~  RATIO', 10K, 'AREA',7X,
'STRESS' , 7%, ' STRESS" , 8X,, ' CODR' /)

[ IS T B

DO 30 IT=1,NMBT
READ (8,40) I,(FTYP(IT,J),J=1,5),KBUC(IT) -
WRITE (9,50) IT,(FTYP(IT,J),J=1,5),KBUC(IT) -
40  FORMAT (15,5710.0,15) !
S0 ' PORMAT (I4,El4.4,813.4,3F13.2,110)
30 CONTINUE .

FJXED END FORCE PATTERNS

IF (NFEF.EQ.0) GO TO 100
‘ WRITR “(9,60)

-

oo
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c
c
C

-

60 FORMAT (////' FIXED END FORCE PATTERNS'// '
- ', PATTERN AXIS'.Z(7X,'M(IAL‘.7X.'SEEAR')/

_ v NO... CODE',2(7X,'AT I') ),2(7X,'AT J")/)

DO 70 NF=)l,NFEF
READ (8,80) I,KDFEF(NF),(FEF(NF,J),J=l,4)
WRITE (9 90) NF,KDFEF(NF), (m(m J) Jwl,4)
80  FORMAT (2I5,4F10.0)
90  FORMAT (I6,I8,1X,4F12.2)
70 CONTINUE

ELEMENT DATA ‘

100 WRITE (9,110) , ‘
110 romm (//M™ ELEMENT SPECIFICATION'// ] :
3X,'ELEM : NODE NODE NODE STIF GEOM TIME',
3X, 'FEF PATTERNS FEF SCALE FACTORS',SX,' INITIAL'/
3%,' NO. I J DIFF TYPE STIF HIST', o
3,' DL  LL',8X,'DL LL',7X,' FORCE'/) o -
KODYX=0 . ‘ s
KODY=0 , . :
KST-O ‘ @ ’ e
, DO 120 J=15,29 - .
120 COM(J)=0.
DO 125 JJ=1,40 ) - ,

®
"

Oilt

125 FLAG(JJ)=0.

Bk=0.

TMEM=1 .
130 READ (8,140) INEL,INODI, INODJ TINC, IIMBT, IKGM, IKDT, IKFDL,

TKFLL,F¥DL, FYLL, FFINIT, IIMEM1 , TINC1

u.a FORMAT (915 375.0, 215) ‘

IT (mnc'rnm)coro,wo L -
150 NODI=INODI : :

NODJ=INODJ

INC=IINC . -

I? (INC.EQ.0) INC=l :

TMEM1=LIHRML L/\/ o

INCI=TINCI g . S

IF(INC1:EQ.0) INClsl _— o .
- IMBT=IIMBT . - .. »

KGEOM=TKGM - " .

YNG=YESNO(2) S >

IF (KGEOM.NE.O) mc-msuo(l) : ‘

YNT«YESNO(2)

I¥ (XOUTDT.NE. o) m-msno(n

KFDL=IXFDL . - ' . ,___

KFLL=IKFLL s ) T -

FDLsF¥DL ‘ Co- : Co, ,

FLL=FFLL ‘

FINIT=FFINIT S

ASTT=AST(1) . .

IPF (INEL-NMENM). 130 170 130 . L Ee {

"“, 160 NODISHODI+ING _ S S -

 NODJSHODJING | L CRREPIN S~
mm-nmwwx 13 | o
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ke

ASTT=AST(2) .
170 m'rz (9,180) ASTT,IMEM,NODI,NODJ,INC, m'r YNG, YNT,K¥DL., KFLL,
FDL,FLL,FINIT, IMEM1
180 romm' (A2,14,17, 316 3X,A4,2X,A4, 1:7 I6.?11 2,F10.2,F11.2, 15)

&2

c N
C COUNT NUHBER OF ELm TIME HISTORIES : ' ‘ ' ’
c : | .
| IF (KOUTDT.NE.O) NELTHSNELTE+L
e C LOCATION MATRIX - S
: C ¢ b, , .
: DO 190 L=1,2 . : i
3 LM(L)=ID(NODI,L)
m(L*Z)'ID(NODJ L)

190 CONTINUE ~,

-CALL BAND ‘

a c
L. C ELEMENT PROPERTIES - ‘ , c
. c : * . .
. XL=X(NODJ )~X(NODI) o
YL=Y(NODJ)-Y(NODI)
FLwSQRT(XL**2+YL*%*2)
COSA=XL/FL . . : '
SINA=YL/FL ‘ . ‘ : .
KBUCK=KBUC( IMBT) : . ‘
PSH=FTYP(IMBT,2) . .
o ' PPSHw] . ~PSH ! . o : .
/ Anm-rm(m'r,a) — . - .
EALEP«FTYP(IMBT, 1 )*PPSH*AREA/FL ' - .
EALE=EALEP*PSH/PPSH S ~ : R
. PYPwAREA*FTYP(IMBT,4)*PPSH T .
" . PYNwAREA*(-ABS(FTYP(IMBT,S)))*PPSH ‘ ‘ .
o - : : -
C LOADS DUE TO FIXED END FORCES _ .
c ' - ' o ~ , S o
- - SFEF=0. *
R IF (XFDL4+KFLL.EQ.0) GO TO 310- ‘ - .
: DO 200 I=1,NDOF
DO 200 Jwl,NDOF ° . '
GA(1,1)=COSA | . - S

GA(2,1)=-SINA T , L ;

m(z,z)-cosa . - . -

GA(3,3)=COSA o L

T GA(3,4)=SINA N o . . ]
s GA(A.J)‘n-sm- ™ 3

GA(4,4)=COSA Lo = . 5
DO 210 I=1,4 _ . S e
SFR(1)=0. Lo
, SSFF(I)=0. . - S
| 210. CONTINUE . : v | o
7 1 (kmLigg.0) G0 0 250 - ]
- DO 220 I=1,4 - TR S
b zzo rm(n-mmm. 1)*!1:1. S R T T

B - A N M * ‘ ¢ "\ M - « e
— L N - - * e . " - [ -,
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. SFEF=(SSFF(3)- SSFF(I))*O 5

b

" IP (KDFEF(KFDL).EQ.0) GO TO 230

CALL MULT (GA,FFEF,SFF,4,4,1)

L GO TO 250

230 DO 240 I=1,% , X
240 SFF(I)=FFEF(I)
250 IF (KFLL.EQ.0) GO TO 290
DO 260 I=1,4
, 260 FFEF(I)=FEF(KFLL,I)*FLL
IF (KDFEF(KFLL).EQ.0) GO TO 270
. CALL MULT (GA,FFEP, SSFF, 4,4, 1)
GO TO 290 .
270 DO 280 I=1,4. '
280 ssrr(l:)-rm(r)
" 290 DO 300 I=l,4
300 ssn(:)-ssrr(1)+sn(1)
CALL MULTT (GA,S$SFF,DD,4,4,1)
CALL sroncx (nn

INITIALIZE ELEMENT FORCE

aon

310 FP=FINIT+SFEF
SEP=PPSHAFF s
SEL=PSH¥FF
- IF (FINIT.LT.0.) GO TO 320
SENP=PINIT .
SENN=O. . C L
' GOTO 330 . .
320 SENNePINIT
SENP=0. |
330 CALL PINISE -
i .

| C GENERATE MISSING INTS
, c me

'Ir(mmzom)mmn e

IMEM=IMEM+1

n(mmm)comlso :

GO 70 160 . -, [ d
+ C # ’ ’ v
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. SUBROUTINE STIF1 (MSTEP,NDOF,NINFC,COMS,FK,DFAC) -

c
C : : ;
. _\ COMMON /IFLAG/ FLAG(40) ; &
- CQMMON /INFEL/ IMEM,KST,LM(4),KGEOM,EALEP,EALE,FL,COSA,SIN ,
- KODYX, XODY, SEP, SEL, VTOT , VPACP, VPACN, VRUCK,, ,
. ‘~- TVENP, VENN, TVENN, SENP, TSENP, SENN, TSENN, SDFO,
NODI,NODJ,KOUTDT,KBUCK, PYP, PYN, IMEM1 , BK, REST(163)
comon /WC(RK/ ss'r(z 2),AA(2,4) ,AATK(4, 2) m(t. %) w(1969) 0

S . nmms:on coM(14),c0MS(14),FK(4,4)
. . EQUIVALENCE (IMEM,COM(1)) - P
c ) , _ . s ¢ . ’
N muss 'ELEMENT STTEFPNESS FORMULATION - ; ;

3 c ‘
o "0 10 3e3, % 7
Y. V10 COM(J)=COMS(J)

£
/ c- ELASTOPLASTIC COMPONENT, WITHOUT YIELD
"’ c .
a

: ., FKU1,1)=EALEP*COSA**2 . . ’ e ,
. rx(l 2)=EALEP*SINA*COSA : . T ' ok
FK(1,3%=-FK(1,1) : *
(1, a)--mu 2) : ,
‘ : FK(2,2)= SINA**2 . ] - ]
¢ n(z.a)-rxu 4) ! : ;. . -
" ©y FR(2,4)=-FK(2,2) . ‘ - v
~t - PR(3,3)=FK(1,1) , o ’ : .
; FK(3,4)=FK(1,2) . : e

o T FR(4,4)eFR(2,2) | Ny ,
(.~ -DO 20'I=2,4 k | - ;r ~—
1

." ’ JImI-1 . ) . 1
. T & DO 20 J=1,9J vz ) ’ : » » | )
' ‘6.20 FR(I, J)-FK(J I) - . - o : e . ‘

_ 9C GHANGE SIGN IF YIELDS

e , C ' : ' b ) . '
IF *{KODY.EQ.0) GO ro 40 , ‘ h }
- DO 30/§-1 1? : . ‘ e R
3ogll-vm11 - Yo ~ ‘
. oy C » J - * - . A
. C INITIAL § IFFNESS FOR STEP 0, BETA-O ALLOWANCE FOR STEP 1

.C < ,
R 4on(usmc'r1)sox09o . : ' , LR o

=t , CCel, P , .

' IF (MSTEP.EQ.1) CCsDFAC .
. CCa(1.+RALE/BALEP)ACC - . :
s " DO $0.I=1,16 - . e
e 50 FR(Y,1)wFK(T,1)%C8 - o : i\

Aﬁpcmcsmrm.ss . S~ | L

R Ir(nsmmoonmxo.o)comgo
AL m(m(zs)ms(xs))/n 146
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60- SST(I,1)=PFL o o '
3 ' DO'70 I=1,8 S : ‘ ) Y
| ‘ 70 AA(Z,1)=0. - , ' : ‘
AA(1,1)=-SINA , o o . >
| : AA(1,2)=COSA ' ‘ '
- AA(2,3)sSSINA : , e =
. " AA(2,4)=-COSA _ , p
. CALL MULTST (AA,SST, AA'I‘K FFK,4 2) ~ : ' .
. DO 80 I=1,16 R K :
{ 80 rx(: 1)=FR(I,1)+FFK(I, 1) ‘ , : oo
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- . DFAC DELTA)

. ¥
~COMMON /IFLAG/ FLAG(40)
comou JINPEL/ IMEM,KST,LM(4),KGEOM,EALEP,EALE,FL,COSA,SINA,
. KODYX,KODY, SEP, SEL, VIOT, VPACP, VPACN, VBUCK,, VENP,
- ‘ TVENP, , TVENN, SENP, TSENP, smm TSENN, SDFO, /
NODI NODJ.KOUTD‘I‘ KBUCK, PYP, PYN, nmu BK,REST(163) .
comon /WORK/ EAL,DSL,DSEP;DSNL,FAC, I'AC'I‘OR FACACC,DSUB;
' , POUT(1997)
comon J/THIST/ ITHOUT(10), mou'r(zo) ITHP ISAVE,NELTH NSTH,NF7,
— " . ISE ¢ .
DIMENSION COM{14),COMS( ),DDISM(I),DD(I).VELM(I)
EQUIVALENCE (IMEM,COM(1)% ,

C  STATE DETERMINATION FOR TRUSS ELEMENTS

DO 10 Is=1,NINFC :
"10 COM(I)=COMS(I) ' ’ . !
KODYX=KODY ‘
BK=FLAG(IMEM)
v IF (IMEM.EQ.1) Im-o
BT=PLAG(IMEM1) , .o
IF (BT.EQ.0.) GO TO 11 .
KBUCK=( \.‘
Pu«PYNN ‘
IF (P.GI.PYP) PYN--PYP %
IF (P.LE.PYP) PYN=PYNN . \
GO TO 12 % . .
11 KBUCK=1 L : . |
PYNwPYNN °© ) .
12 CONTINUE

- C R *‘ Al v - .
c zfmsxoﬁ INCREMENT . : L T
c . )
DV-COSA*(DDISH(B)-DDISM(1))+SINA*(DDISH(A)-DDISM(2)) e L
VIOT=VIOT+DV . . .
C Pa ' - 3
o ann FORCE INCREMENT - ' . o

c: t A I S
\ .
° 1

v BAL=EALEP
IF (KODY.NE.O) EAL=Q,
SLIN=SEP+EAL*DV
c . | ‘ |
C INITIALIZE . \
c O . )
FACAC=0. _ - . :
- 20 FACTORe1.-FACAC . R
| c \ | .
I C ELASTIC, GET FACTOR FOR STATUS CHANGEY . . . n
:",. . C - N i
IF (XODY.NE.O) GO TO 60 ¢ , o .
DSEP=EALEP*DV | . - 0
‘n‘(M) 30.1103‘0 "_ 148 - -' T, . S .
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QT PRI
B, S - 2
SR . B

30" FAC=( PYN-SEP)/DSEP :
IF (PAC.GE. mc'ron) GO TO 50
FACTORs=FAC °
SEP=PYN .
KOPY=1
VBUCK=0.
GO TO 11§
. 40 FAC=( PYP-SEP)/DSEP. v
IF (FAC.GE.FACTOR) GO TO 50

FACTORSFAC.

SEP=PYP
KODYw=1
BK=1
. GO TO 10 |
50 sxp-snm.«c‘ron*oﬁp
GO TO 110 .

C YIELDED OR BUCKLING, AND CONTINUING
60 IF (SEP*DV.LT.0.) GO TO 80

'Y
UPDATE PLASTIC DEFORMATIONS

e NeNe]

IF (Knucxwzomnszruro )Go'ro7o
DVP=FACTOR*XDV
IF (DVP.GT.0.) VPACP=VPACP+DVP
IF (DVP,LT.0.) VPACN=VPACN+DVP
70 VBUCK=VBUCK-FACTOR*DV
GO TO 120

c
C YIELDED BUT UNLOADING
c

80 IF (KBUCKNEOANDSEPLTO)GOTOW'

KODY=0
GO TO 20
c \

f C BUCKLING AND REVERSING
c ) .
90 FAC=VBUCK/DV
IF (FAC.GE.FACTOR) GO TO 100
FACTOR=FAC s
KODY=(0
1oo vnucx-vnucx-nc-rox*nv
c cnﬁcx FOR coum.mou OF CYCLE
"
~~ 110 FACAC=FACAC+FACTOR
4 (FACAC.LT.0.9999999) GO TO 20
c
c NEW PORCE, um\uncm FORCE DUE TO mn.n

\120 SEL=SEIAEALE*DV
ST=SEP4SEL

" DSUBSSLIN<SEP \

n (m(nsun) GT.1.E-8) ‘KBALs1

K <
e e .
JNE P I
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” \ .
C DEFORMATION RATE FOR DAMPING -

c r
IF (DFAC.EQ.0.0.AND.DELTA.EQ.0.0) GO TO 140

IF (TIME.EQ.0.) GO TO 150

KBAL=1
DV=COSA*(VELM(3)~ vxm(1))+sm*(vm(4)-vzm(z))

C BETA-O DAMPING FORCE

IF (DPAC.EQ.0.) GO TO 130 | N
-¥DSUB=DSUB+DFAC*( EALE+EALEP ) *DV . ) !

C STRUCTURAL DAMPING FORCE | N

130 IF (DELTA.EQ,0.) GO TO 140 ] ,
DSL=DELTA*SIGN(ABS(ST),DV) /'
DSUB=DSUB-DSL+SDFO '

SDFO=DSL - oo ' -

C UNBALANCED LOAD VECTOR S

140 IF (KBAL.EQ.0) GO TO 150
DD(3)=DSUB*COSA ~ - - .
DD( 4)=DSUB*SINA S
DD(1)=-DD(3) L
DD(2)=-DD(4) '

Cc .
C ACCUMULATE ENVELOPES - N

150 IF (SENP.GE.ST) GO TO 160 , B
SENP=ST L
TSENPSTIME \ .
GO TO 170 ._ '

160 IF (SENN.LE.ST) GO TO 170 | 1
SENN=ST ‘ | .

TSENN=TIME : '

170 IF (VENP.GE.VTOT) GO TO 180 *
VENPsVTOT _ .

TVENP=TIME | S

LT GO T0 190 L * 5

. 180 IF (VENN.LE.VIOT) GO TO 190 - ~ y

VENN=VTOT o ' ..

C ° , i

g C PRI}JTTMHISTORY - . K Y

c . . ° . "‘w
190 ISAVE=] : » \ K :

Ir (KPR 200 : ‘ ‘ \ L

N o N R

‘

200 IF (IHED.NE.O) GO TO 220 - -
Lo _. KKPReIABS(KFR) - @ B
| ' WRITE (9,210) KXPR,TDME |
.« . 210 TORGT (///* RESULTS FOR ',13,', THUSS m.mms rm -,
‘ . -150- ,

2



4

c
C SET TIME HISTORY IN /THIST/ .
- C 3 :
240 IF (ITHP.LT.1. -OR.KOUTDT.E9.0) 60 TO 250
KKPR=IABS(KPR) | ‘
TTHOUT(1)=KKPR -
ITHOUT(2)=1 .
ITHOUT(3)=IMEM ' ,
! ITHOUT(4)=NODI ' >
ITHOUT(5)=NODJ
ITHOUT(6)=KODY
' THOUT(1)=S'T '
THOUT( 2 )=VTOT ,
THOUT(3)sVPACP - . .
THOUT( 4 )=VPACN
THOUT(S)=TIME  ~ . _
ISAVE=1 - . :
c X \
C SET DNDICATOR POR STIFFNESS CHANGE'
c - |
250 KST=0 -
IF (KODYX.NE.KODY) ESTel [ o
P "IF (BK.NE.FLAG(IMEM)) FLAG(IMEM)=BK
c ’
C UPDATE INFORMATION IN COMS
c - ¢

W FRARRA 4T

V“,, Co o,

Wﬂw‘, iaX J g
EAR A - .

AT e .

SO = . .

s ..

.

L SRR G Y L P T R S
- -
' . '
'

3
¢
a - F8.3//5X,' ELEM NODE NODE YIELD' 8X.'AXIAL' 6X
- - 'TOTAL',5X, ' ACCUM. PLASTIC EXTENSIONS'/
- 7X, 'NO. I J CODR',8X, 'FORCE' ,4X,
’ - 'EXTENSION POSITIVE ~ NEGATIVE'/)
IHED=1 ¥

220 WRITE (9,230) IMEM,NODI,NODJ,KODY,ST, VTOT, VPACP VPACN
230 FORMAT (19,217,18,F14.2,3F13.5)

; DO 260 J=1,NINFC
260 COMS(J)=COM(JT)
c
RETURN
END

D ow




C
C

C.

SUBROUTINE OUT1 (COMS,NINFC)
Y

COMMON /IFLAG /FLAG(40)

COMMON' /INFEL/ IMEM,KST,LM(4),KGEOM,EALEP,EALE,FL,COSA,SINA,
. KODYX, KODY, SEP, SEL, VTOT, VPACP, VPACN, VBUCK, VENP,
TVENP, VENN, TVENN, SENP, TSENR, SENN, TSENN, SDFO,

[ I |

Dnmusrou coM(1),coMS(1)
‘EQUIVALENCE (mm COM(1))

ENVELOPE OUTPUT, TRUSS ELB‘IENTS ~ \

DO 10 J=1,NINFC
10 COM(J)mCOMS(J)

IF (IMEM.EQ.1) WRITE (9,20)
20 FORMAT (' TRUSS ELEMENTS (TENSOIN ONLY BRACING)'///
' ELEM NODE  NODE',11X,'MAXIMUM AXIAL FORCES',19X,
"MAXIMUM EXTENSIONS',12X,'ACCUM.- PLASTIC EXTENSIONS'/
' NO. I J',6X,'TENSION TIME',6X,
'COMPN TIME POSITIVE TIME NEGATIVE ',
'"TIME', 7X, 'POSITIVE NEGATIVE'/) .

wnrrz (9,30) TMEM,NODI,NODJ,SENP,TSENM, SENN, TSENN, VEN, TVENP,

VENN, TVENN, VPACP, VPACN

30 FORMAT (14,17,17,2X,2(F11.2,F7.2),2%,2(P11.5,F7.2) , 2%, 2F13.5)

RETURN '
YD o

NODI,NODJ, Y.OUTDT KBUCK, PYP PYN,IHD!I BK REST(163)
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'SUBROUTINE THER (NS)

comou /TRIST/ ITHOUT(IO) 'mou'r(zo) ITHP, ISA.VE NELTH, Ns'm N¥?,
1 ISE

REORGANTZED TIME HISTORY OUTPUT, TRUSS ELEMENTS

IF (NS.GT.1) GO TO 20 ~ ,

WRITE (9,10) ITHOUT(1),ITHOUT(3)
10 FORMAT ('1RESULTS FOR GROUP',I3,', TRUSS ELEMENTS, m.m'r ', .

'NO.!,I4//5X," TIME NODE NODE YIELD' ax,'mw.

6X, 'TOTAL ACCUM. PLASTIC mmsxons'nsx. ,
'T J CODE',8X,'FORCE . EXTENSION',SX,
*POSITIVE NEGATIVE'/)
20 WRITE (9,30) THOUT(S5), (ITHOUT(I),I=4, 6) (THOUT(I),I=1,4)
30 FORMAT ('0',F8.3,217,18,F14.2,3F13. 5)

IF (ISE.EQ.0) GO TO 40

WRITE (NF7) THOUT(S), (ITHOUT(I),I=4,6),(THOUT(I),I=1,4)

40 RETURN
END
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