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ABSTRACT

This thesis is focused on improving the safety and economy of steel
braced frame structures in resistance to the effects of earthquakes by
enhancement of the capability of the structure to dissipate the energy of

oscillation that might be built up by the response to ground motion.

The main effort of this work is concentrated in the development of
linear-sliding friction, or rotational friction devices, which would
generally be placed at the bracing connections. Slip at these devices
imposes a limit on the load that can be transmitted to the bracings,
giving protection against the progressive deterioration of strength which
occurs in the event of cyclic deformation that causes buckling or yield
in tension of the bracing members. The associated energy dissipation is

typically large, becoming the dominant dissipative mechanism in the frame.

The development of these devices was primarily experimental by general
investigation of material characteristics, mostly with constant—amplitude
low-frequency cyclic motion, at scales approaching practical full-size.

A dynamic model of a single~storey frame with such a device, at about one-
third linear scale relative to the full-size application, was also examined
on the Imperial College shake table. Parallel extensive analytical studies
were carried out on the response of braced frames incorporating such devices.

Design criteria related to these devices are also given.

This work is accompanied by studies of energy dissipation by plastic
deformation on primary structural elements. The frictional devices have
the advantage, by comparison with established energy-dissipative systems
based on plastic deformation in shear or bending of the primary frame
members, that the damage to the primary members resisting loading is

completely prevented.
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- NOTATION

In this thesis, mathematical formulae taken from other
investigators are commonly given in their original notation.
The following notation has been adopted for the studies

specifically developed for this thesis.

= Viscous damping matrix
= Young's modulus
= Shear modulus

c
E
G
Hx(w) = Complex frequency response function of x
K = Stiffness matrix

L

= Length
L/r = Slenderness ratio
M = Mass matrix
M.p,Vp = Plastic bending moment and the shear yielding load of a

cross—section

= Critical buckling load

P;fAY = Yield load and the yield displacement in tension of a strut
S(w) = Power spectrum

T = Natural period of vibration of the structure

U = Displacement (in Chapter 2: generated random numbers)

{ig,Xg = Earthquake acceleration at ground surface

X = Displacement

Xe = Qutput of filter

Y, Fy = Yield displacement and yield force of a hysteretic damper
Z = Dimensionless hysteretic parameter of a hysteretic damper
A = Differences of displacements, velocities and accelerations
At = Time step

A ,Py = Yield displacement in tension of a strut and yield load

u = Ductility

0; = Variance of x

dy, = Yield stress of the material

C = Viscous damping coefficients, fraction of critical damping
¢(t) = Variance intensity function

w, £ = Frequencies in rad/sec and Hz respectively

w , = Effective frequency and damping of the soil

11
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CHAPTER 1

INTRODUCTION.

1.1, Role of energy absorption capability in design
I.1.1 General discussion on structural response to earthquake loading

The governing target in the design of buildings to resist the effects
of earthquakes is most commonly the prevention of total collapse, which would
lead to severe loss of life and exacerbate economic disruption of the community.
In seismically active regions it is commonly not economically possible to
ensure that the majority of buildings resist the effects of the 'design'
earthquake without significant permanent deformation. The permanent defor-
mation of the structure is accompanied by energy dissipation which is in
many ways analogous to a major increase in the damping of the dynamic response

of the structure to the ground motion.

The safe utilisation of the design philosophy by which permanent
deformation is permitted in the event of a severe earthquake, in order to
reap the benefits of energy absorption as discussed above, clearly requires
adequate ductility of the structure. Steel structures are commonly favour-
able in this property. This is especially true of frame (as opposed to
truss-braced) structures, and this is commonly recognised by design codes,
which specify equivalent static horizontal loads which vary according to

the structural form.

1.1.2 Minimum design earthquake forces in structures

Semi-empirical procedures for design of structures to resist earth-
quakes have been in existence for many years, typified by the Unified Build-
ing Code (UBC) widely used in the USA, which is based largely on practice
built up in California. The design values thus specified are generally
significantly smaller than ;he actual motions generated by an earthquake.
Typically, the base shear of the 1940 NS El Centro earthquake, based upon
the elastic response of a single degree of freedom system with realistic
values of viscous damping, is 4-5 times bigger than the design base shear.
The justification for permitting lower values for design are manifold and
include: damping contributed by all the building elements, an increase in
ductility by the ability of members to yield beyond elastic limits, and

other redundant contributions.
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The factors used in such codification for determination of the
design seismic base.shear include: the seismicity of the area (Z), the
importance of the structure (I), the type of lateral resisting system (K),
the response of the structure (C) relating to its fundamental period of
vibration (T) (C=1/15/T), the soil-structure interaction (S), and the

effective inertia mass of the structure (M).

The design seismic base shear is distributed in the various floors
assuming a straight line deflection curve for the fundamental mode of
vibration. The influence of the higher modes of vibration is usually
taken into account by assigning a constant fraction of the total force

to the top floor of the building.

The design K-coefficient has a substantial influence reflecting
the type of the structural system and the nature of the structure itself.
Types of construction which are recognised to have inherent resistance
(or higher ductility) to earthquakes, and which have performed well in
earthquakes, are assigned lower values of K. vConversely, structures
which have not performed well, and are inherently weak in resisting the
dynamic action of the earthquake ground motion, are assigned higher

values of K.

1.1.3 Braced frames

A load-carrying frame can be designed to resist horizontal loads
entirely by shear forces in the columns with associated high bending
moments. This is generally uﬁeconomic where the lateral forces are
large, and this thesis considers the frame created by addition of

relatively slender diagonal braces to create two or more braced frames.

The lateral force resisting system of a braced frame is composed
of two basic systems: one, the braced system; and two, the moment-resisting
frame consisting of the beam and columns. Since the rigidity usually
resides in the braced system, it would be expected that in the middle
stages of an earthquake the shears imposed would be resisted primarily,
if not entirely, by this system. For earthquakes of higher intensity
or duration, the brace members start either yielding in tension or

buckling in compression. At this stage some incremental shear is
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transferred to the more flexible moment-resisting space frame,
necessitating a degree of ductility to be maintained by the bracing

elements.

In the final stages of the earthquake it is conceivable that
the integrity and safety of the structure and its components would be
relying primarily upon the action of the moment-resisting frame. In
a braced frame the moment-resisting frame consisting of beam and columns
usually operates in the elastic range, but in a major earthquake it is

likely that it would operate in the inelastic range.

Moment-resisting frames of ductile materials have shown particu—
larly good earthquake resistant characteristics. For this reason the
UBC specifies the relatively low design value of K=0.67 when the entire
lateral force is resisted by ductile moment-resisting space frames.

On the contrary, higher values of K=0.80 or K=1 are assigned to braced
frames depending upon the amount of lateral stiffiness provided by the
moment resisting frame and by the braces. The higher values of the
K-coefficient for braced frames reflects the limited amount of energy

dissipation of the bracing elements.

1.2 Scope of the present work.

The present work is to study energy absorption devices which,
suitably placed, can completely change the hysteretic response of a
braced frame. These devices protect the braces against the progress—
ive deterioration of stiffness and strength producing hysteresis loops

similar to those of the ductile moment—resisting frame.

The majorhpart of this work is concentrated on the development

- ~.

of/ riction devicesf} These devices tend to absorb almost all the

imparted eartﬁiﬁgie energy. If necessary, they can easily be replaced
afterwards. Economy can also be achieved, using these devices, by
conventional design basis by allowing a reduction in the seismic K-

coefficient to a value of K=0.67.
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The development of the devices was primarily experimental.
Analytical studies were carried out in parallel into the response of
braced frames incorporating such devices. Two different approaches
were followed in the analytical studies. 1In the first, the response
of the structure was examined in the time domain, performing a step-by-
step solution, while in the second the response of the structure was
examined in the frequency domain following the approach of probabilistic

dynamics.,

Section 1.3 of this chapter gives a summary of the computer
programs developed to examine the response of the structure in the

time domain performing a step—by—step solution.

Chapter 2 describes a way of finding the response of structures
in the frequency domain, This chapter also describes different ways
of generating artificial earthquakes. The idea of examining the
response of a structure subjected to many artificial earthquakes was
extensively used in the analytical and experimental work of this

thesis.,

Chapter 3 describes the hysteretic response of braces and
braced frames. The poor hysteretic response of braced frames, result-—
ing from the buckling or yield in tension of the braces, is clearly

shown in this chapter.

Chapter 4 shows the configuration of various devices which can

~ be used to enhance the energy absorption of braced frames. These can
either be devices based upon shear or bending deformation, or devices
based upon friction. Friction devices were found to be the best since,
suitably designed, they are able to deform a large number of cycles

keeping always the same basic characteristics.

The development of the friction devices is described in

Chapter 5,

Chapter 6 examines the dynamic response on the shake table of .

an X-braced frame incorporating a friction device.

Final remarks concerning the response of braced frames incorpora-

ting friction devices are given in Chapter 7.
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1.3 Dynamic non-linear analysis

1.3.1 General

The satisfactory performance of a multi-storey steel building
frame subjected to earthquake can be examined by evaluation by
computer in the time domain of the response of the structural model.
A brief description is given here of computer programs developed and
the models used to describe the hysteretic response of each structural
element in order to find the response of multi-storey steel building

frames to earthquake loading.
1.3.2 Description of the analysis procedure.

1.3.2.1 General discussion of the dynamic analysis performed.

Two computer programs were developed. The first is a relatively
simple program of the dynamic response of a shear building frame. The
experience gained from this program was used to construct the second,
more general, program describing the dynamic response of any building

frame.

In the shear building program all the mass is assumed to be
concentrated on the floors, which are themselves rigid. Only one
degree—of—freedom per floor is allowed in this program, i.e. the
displacement of that floor relative to the ground. The lateral
resistance at every storey can be provided either by column elements
or by bracing elements. For the column elements plastic deformation
is assumed to be concentrated at the two ends of the element as plastic
bending moments. When this happens, the shear force supported by this
storey is constant and in the text this shear is frequently referred to
as the ultimate shear supported by this storey, which is not to be con—

fused with the shear strength of the elements.

The second program is more general, incorporating beam, column,
and bracing elements, in this way taking into account the influence of
the beam flexibility on the dynamic response of the frame. Three

degrees-of-freedom for every node are allowed in this program, i.e. two



displacements and one rotation. For the beam and the column elements
all the plastic deformation is assumed to be concentrated at the ends
of the elements as plastic bending moments. The bi-linear moment-—
rotation relationship developed by Clough is used here and found with
the same suitable formulations in ref. (1). For braces the model

shown in section 3.3 is used.

The bi-linear moment-rotation model assumes that a plastic
bending moment develops at the end of a beam or a column element when
the bending moment at this point exceeds the plastic bending moment
capacity of the cross—section. The plastic bending moment at this
point continues to exist only as far as the rotation at this point is
of the same sign as the existing plastic bending moment. This analysis
is clearly only approximate, since the bending moment at a point is
affected not only by the rotation at this end of the element but also
by the rotation at the other end,as well as by the transverse displace-
ments at the two ends of the element. This analysis is only exact for
some simple cases. Consider for example the single storey frame shown
in fig. 1.1. Assume that the columns are elastic and that all the
inelastic deformation is concentrated at the two ends of the beam
element, When the frame is subjected to earthquake loading then,
because of the symmetry of the frame, the two rotations and the two
bending moments at the two ends of the beam are always equal, so the
bending moment at the one end is always related to the rotation at
this end. When the frame is not symmetric then the assumed bi-linear

moment—rotation model is not so accurate.

1.3.2.2 Solution of the equations of motion.

The equations of motion are written in incremental form to

account for the non-linear response, i.e.

MAU + CAU + K AU = - MAUg
where
Kt= the instantaneous global stiffness matrix which depends
upon the amount of non-linearity experienced by each

structural element

17
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M = the global mass matrix which is kept constant
C = the viscous damping matrix
U, ﬁ, i = the displacement, velocity and acceleration vector
respectively
iilg = the acceleration of the ground
A = symbol indicating differences of displacements, velocities

and accelerations respectively.

Three different methods were followed in solying the previous
equations. The first is the B-Newmark method which is described in
Newmark's (2) classical paper with linear variation of the acceleration
within the time step. An improvement of B-Newmark method is a method
developed by Chaudhury (3) and (4). This method was used in those
references for an elastic and a geometrically non-linear structure.

Here, it is extended to include material non-linearities as well.

As well as the models for beams, columns, and braces discussed
so far, another model which is frequently used in this project is a
hysteretic model described in detail in
section 2.3.2. The equations of motion of the structural system
incorporating this model are solved by the fourth order Runge-Kutta

method.

1.3.2.3 Shear deformation and panel zone distortionms.

Shear deformation for beams and columns is included in the programs.
The inclusion of shear deformation and, in particular, the hysteretic
response of short structural elements which yield in shear, is described

in detail in section 4.2.2.

The effect of joint panel zone distortion on the storey drift and
on the total structural response is ignored here. In practice the panel
zone distortion is minimised by the use of doubler plates and then cal-

culation of member stiffnesses with centre-to-centre dimensions.

1.3.2.4 Correction of the out-of-balance forces in the dynamic response.

The solution of the equations of motion at any time t are based
upon the response values at time (t-=At) which are used as initial values,

and upon the stiffness matrix at the time (t-At). In this form total
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equilibrium is satisfied at any time t only as far as the stiffness
matrix within the time step At remains the same. When the stiffness
matrix changes within the time step At this reéults in out—of-balance
forces as shown in fig. 1.2. As shown in this figure, using the stiff-
ness matrix at time (t-At) results in restoring forces Fy at time t.
This produces the out-of-balance forces AF,. The out—of-balance

forces are corrected by writing the equation of motion in incremental

form in the next time step as:
MAU + CAU + K AU - AF = ~MAUg

The same procedure to correct the out—of-balance forces is also

used in the Drain-2D computer  program (5)

1.3.2.5, Geometric non-linearities.

The influence of the axial load on the stiffness matrix of a
column element is obtained by expressing the consistent geometric

stiffness matrix for each member, as given by Meyer (6)

The reduction of the plastic bending moment for the beam and
column elements because of the axial load is ignored in the present

programs.

1.3.2.6 Energy expressions.,

Energy eguilibrium at any time step requires the satisfaction

of the following equation:
IE = ST + KE + DV + DE

where IE = input energy
ST = strain energy
KE = kinetic energy
DV = energy dissipated through viscous damping

DE = energy dissipated through inelastic deformation.

Analytic expressions for each of these components are given in

many textbooks and papers, as for examplé in ref (1), so they are not

repeated here.

.In the present dynamic analyses the energy inbaladce is kept within 1%.



1.3.2.7 Introduction of damping.

According to Caughey (7), i damping matrix can be expressed as:

3 i-1
lef = o Il kD™
i=1

where the coefficients o are determined by specifying damping to each

mode of vibration and solving the set of orthogonality conditions.

A simpler expression for damping is to take the damping pro-
portional to the mass and stiffness matrices through the coefficients
0 and B, i.e. C=oM+BK. Using this expression we succeed in the
simultaneous diagonalisation of the M, K, C matrices. If mass
dependant damping only is assumed, damping equal to Ai in a mode with
period T, can be obtained by specifying a=4ﬂki/Ti. Similarly, if
stiffness dependant damping only is assumed, B=AiTi/ﬂ. In both cases,
the damping for all values of Ti is determined once either o or B has
been specified. If both o and B are specified, then the amount of

critical damping can be defined at two different periods. That is:

aT. oT.
)\ = __1-; + :si >\ = ..._J_+ @_
i 4m T. ? j 4m T.
1 J
hence
4 (T.A. = T.A.)
o = 1 3 11
T2 - T2
] i
T.T.(T.A., = T.A.)
8 = 1] )1 1]
T2 - T2
3 1

Stiffness dependant damping would appear to be the most reason-—
able, as it implies progressively higher damping in the higher modes.
It also distributes the damping effect throughout the structure and

not just at mass points.

When the structure yields, damping is increased quite materially
by the frictional energy generated by movement of the surfaces along
the plane of cracks. It is thought that original stiffness proportional

damping is more indicative of the true conditions, since it results in

20



21

a substantial increase in damping after yielding. Additional damp-
ing may also be expected by the cracking of the non-structural com-

ponents.

Mainly original-stiffness proportional damping is used throughout

this research, unless otherwise specified.

1.3.3 Examples.
1.3.3.1 Static solution through dynamic analysis

The elastic static solution to a problem can .also be obtained
through dynamnic analysis as is also mentioned in ref(3). A typical
example is presented in fig. 1.3 for the static solution through dynamic
analysis of the example shown in fig. 1.4. The two degrees—of-freedom
system has frequencies of 1 Hz and 2.4 Hz. 607 damping 1s introduced
in the two modes for higher convergence. The force is assumed to vary

as shown in fig. 1.5.

Shortly after 1 second the dynamic analysis convergence to the
static solution occurs which is due to the very high damping introduced

in the dynamic response.
1.3.3.2 Dynamic response of a multi-storey building frame

The dynamic response of a multi-storey braced frame is considered
here. Multi-storey braced frames usually involve a large number of
unknown displacements and their dynamic analyéis clearly requires a
large amount of computer time. Accordingly, for simplicity, a shear

building frame is considered.

The frame 1s a ten-storey structure as shown in fig. 1.6. The
storey height is 3.7m and the span is 6.2m. The design of this frame
is based on the procedures reported by Goel (8) and is in accordance
with the UBC code. The design earthquake is based upon a dead load
per storey per bay of 197 kN and the frame is considered to carry
lateral forces from three bays of the building. The design C coefficient
for the UBC design code was taken as C=0.05 and the other design values
as unity. This is a somewhat crude but conservative estimate of the

lateral forces.
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Mild steel cross-sections were assumed for all the members.
Two design criteria: member stresses and a lateral deflection of 0.35%
of the storey height at design earthquake, were used. The moment
resisting frame is designed for 25%Z of the total lateral load and the
complete system for the full loads. The live load was taken as 143 kN
per floor. The total mass in the response is taken as the mass of the
dead load plus 25% of the live load of the frame. In the design of the
moment resisting frame, the ultimate shear supported by each storey

was taken as 1.2 times the storey design shear.

The diagonal braces were designed as tension members using an
allowable stress of 153 N/mm®. A minimum area of 1865 mm? (2.88 in?)
was used for these members and the brace slenderness ratio was taken

as 300.

The ultimate shear supported by the columns at each storey is
shown in fig. 1.7(b) together with the proportion of the lateral stiff-—
ness carried by the columns and the braces. It is assumed that only
the tensile braces contribute to the stiffness. The fundamental period
of this frame, assuming again that only the tensile braces contribute

to the stiffness, is 1.58 sec.

The frame is subjected to the first 20 seconds of the 1940 NS El
Centro earthquake. The maximum deflections achieved by each floor are
shown in fig. 1.8(a) and the maximum storey deflections in fig. 1.8(b).
Since this frame requires approximately 1 cm storey deflection for the
braces to yield, the storey deflections shown in fig. 1.8(b) introduce

significant inelastic effects on the braces.

This relatively simple multi-storey frame was also used in the

studies described in subsequent chapters.
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CHAPTER 2
PROBABILISTIC BEHAVIOUR OF STRUCIURES DURING EARTHQUAKES

2.1 Introduction

The satisfactory earthquake resistance of conventional structures
is commonly largely due to their ability to absorb the earthquake energy
imparted by the ground motion. This is achieved by allowing inelastic
deformation which is usually accompanied by some structural damage.

The knowledge of the energy dissipation by each structural element, as
well as the maximum inter-storey drifts during an earthquake are useful

information to the designer wishing to have an optimum solution.

This may be achieved by examining in the time domain the response
of the structural model using a step-by-step solution and modifying the
design if necessary. Past earthquakes are usually used as the excita-
tion, although, especially in the last two decades, there has been an
increasing interest in using artificial earthquakes. The artificial
earthquakes generated usually match a specified spectrum, typical of
an average spectrum of previous earthquakes in the area under considera-
tion. The advantage of this approach is that a large number of earth-

quakes can be used and the statistics of the response can be considered.

An alternative way of finding the variance of the response is
through random vibration using the approach of probabilistic dynamics.
In this approach excitation and response are described in the frequency
domain; a power spectrum of an expected earthquake, together with an
intensity function, are sufficient to determine the statistics of the

response.

Three methods of generating artificial earthquakes are described.
The first two were developed by other investigatoY¥s, while the third is
an extension of the exi;ting procedure which has been developed for this
study. This is followed by a description of the non—stationar& response
of a single—degree—of-freedom elastic system subjected to a non-stationary
excitation. A method of finding the stationary response of an inelastic

system to a stationary excitation is also presented.



24

Comparisons are then made between frequency domain and time
domain solutions, and the errors involyed in analysis based entirely

upon the frequency domain solution are summarised.

Finally, applications are presented of the various analyses

introduced in this chapter,

2.2 Generation of artificial earthquakes

2,2,1 Artificial earthquakes having an exact response spectrum.

A very simple way of generating artificial earthquakes with a
specified acceleration spectrum is given by Levy (9). In this method
an initial earthquake record is first generated which is then continu-
ously modified until finally it matches a specific acceleration spectrum.

The earthquake record is expressed as:

N :
F(t) J (1) A; sin (2nf;£)

x (t)
& 1=]

coefficients to be determined

where: A.
i
f.
1
F(t)

I

frequencies in Hz

an envelope function taking account of the expected

form of build up and decay of ground motion.

The frequencies fi are selected in such a way as to ensure full
coverage of the frequency range. For the example presented here 27
critical damping is used and 90 frequency components within the frequency
range 0.2 Hz to 30 Hz, satisfying the condition %§5< 2z, where Af is the
frequency separation at frequency f, and 7 is the damping ratio. This
choice 1s such that the half-power points of adjacent frequencies over-
lap.

The shaping function F(t) used for the illustrative example is
selected to give an approximation to the 1940 NS El Centro earthquake,

as given in ref (9).

Initially random numbers are chosen for the coefficients Ai'
In subsequent iterations the new values of Ai are found by multiplying
the previous values of Ai by the ratio of the desired response spectrum

at frequency fi to that computed in the previous iteration. This
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M

method quickly converges to a specific earthquake. Fig. 2.1- shows
the target acceleration spectrum, the spectrum achieved in the first
and in the fourth (final) iteration, and the corresponding ground
motion. In this method, as also in the other two methods described,

a base line correction is introduced to compensate for the fact that

the displacements and velocities are not zero at the end of the earth-
quake. This is achieved by adding the parabolic term at2¥bt+c to the
ground motion (10). The base line correction changes the displacements
and velocifies of the record but does not significantly affect the

accelerations.

This method of generating artificial earthquakes lacks in com-
parison with the other two methods next described, which are based
upon a power spectrum, since a power spectrum is a direct measure of
the variance of the response, which does not, however, imply a single |,

/

deterministic history of ground motion.

2.2.2 A random approach based on a second order filter

This method was developed at the University of California,
Berkeley (refs. 10 and 11). Non-stationary shot noise is first
generated to represent the bedrock acceleration, which is then passed
through a second order filter, representing the soil, to generate the

ground acceleration.

Shot noise is usually called the non-stationary counterpart of
white noise and is fully described by the covariance function
Cov(t,t+T) = ¢(t)S(T), in which ¢(t) is the variance intensity function
of the process and §(T) is the Dirac §-function. The shot noise process
can be described mathematically as the product of white noise and a
deterministic function of time p(t). The variance intensity function

of the shot noise process then becomes

¢(t) = m s p(r)? 2.1)

where So is the intensity of the white noise.
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Initially, a sequence of independent random numbers Uj with
uniform distribution in the interval (0,1) is obtained, using a standard
subroutine on the computer. A new sequence of independent random
numbers Wj with a Gaussian distribution having zero mean and unit vari-

ance is obtained by the transformation:

W.
1

W, +1
1

1
(-28nU.)?% cos (21U, )
L N | (2.2)
20003 ? si _ | odd
( 22nUJ) sin (2ﬂUJ+]) (j odd)

1]

An example of the distribution of 2000 random numbers generated by this
algorithm is shown in Fig. 2.2, together with the target Gaussian dis-

tribution.

If the numbers thus generated are deemed to represent the bedrock
ground motion at successive time steps AT, the power spectral density

function of the ensemble of such wave forms takes the form:

6-8 cos (WAT) + 2 cos (2wAT)
(WAT)*

Sw) = S0 (2.3)

where

To model an earthquake of realistic finite duration, this time
series Wj is subjected to the shaping function p(t), which is given in
terms of the variance intensity function by equation (2.1). The vari-

ance intensity function used here is

¢ (e)
¢ ()

m™S$s

o for t < 11.5 sec

=0.155(t-11.5 (2.4)
m So e ) for t 2 11.5 sec

This function was put forward in ref. (10) to represent an average of

previous American earthquakes.

Denoting the bedrock acceleration as Af, the ground acceleration
is found by passing Af through a second order filter to represent the

soil, i.e. in terms of the ground motion relative to bedrock, z:
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2420 Wz el = - 2.5a
Sl Wz A (t) _ ( )
whence the absolute motion of the ground:
% (t) = - 20 w2 - wie | 2.5b
5 () gz = 6 | (2.5b)
The values of the effective "frequency" and "damping" of the soil used
here are wg = 57 rad/sec and ;g = 0.6, as suggested by Tajimi (12).

Equations (2.5) are solved by numerical integration using a time step

of At = 0.03 sec.

The power spectral density (p.s.d.) of the output process then

becomes:
1+ 452 ()2
g wg

S (w)=8 (2.6)

8 o 2 2

(1 - =%+ 42

- wz grwz

g g

This is shown in Fig. 2.3.

The previous p.s.d. is only approximate, since there is a reduction
of the p.s.d. of the white noise, as given by equation (2.3). Combination
of equations (2.3) and (2.6) suggests a 10% reduction of the standard
deviation of the ground acceleration compared with that obtained using
only equation (2.6). This result was verified by finding the standard
deviation of 30 earthquake records each having a total duration of 100
seconds. |

A typical earthquake record with a total duration of 30 seconds
using the variance intensity function given by equation (2.4) is shown
in Fig. 2.4(a) and its acceleration spectrum for zero damping in Fig.2.4(b).
The visual resemblance of this record to actual earthquake records is also
satisfactory. Earthquakes with bigger or smaller intensities can easily

be obtained by multiplying the basic ordinates by an appropriate factor.



2.2.3. A random approach based on an auto-regressive filter.

May (13) generates wind records which specify a particular
power spectrum using an auto-regressive filter. This approach is
used here and extended to be suitable for earthquake records. The
main advantaée of this method compared with that described above is

that any power spectrum may be considered.

Consider the random process zq formed by a moving linear

combination of another random process xq:

Z =CO Xq+C1X + LR I (2.7)

+ C, x
q-1 k “q-k

If At is the increment of the series, then the power spectra

of zq and xq are related as shown in ref (I13) by:

5,(£) = [¥(£)]* s_(£) (2.8)
x
where
W
f = s (Hz)
and lY(f)[2 is the transfer characteristic of the auto-regressive
filter, given by:
IY(w)I2 = bo + 2b; cos wAt + 2b, cos 2wAt + .... + 2bk cos WAt
(2.9)
where _
_ 02 2 2
bo CO+C1+....+Ck
b; = CICO + C2C; + ... + Cka_l ,
= F oeene .
ba CZCO + C3C; + Ck-Ck"'Z (2.10)
= +
B = G Co * GO
b =¢C¢C

28
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A record with a specific power spectrum is generated as follows.
Initially a sequence of random numbers is generated with zero mean and
unit variance as before, which have the power spectrum S(w) given by
equation (2.3). The transfer characteristic of the required auto-

regressive filter to produce the target spectrum sg(m) is given by:
[T@)*| = 5, @/sw)

The coefficients (bo, Dl ceeay bk) in equation (2.9) are obtained
by solution of equation (2.9) for (k+1) values of w evenly spaced on
o, wmax)‘ The coefficients (Co, Cis soee Ck) of the autoregressive
filter are given by the solution of the non-linear equations (2.10)

which is achieved numerically by Newton—Raphson's method.

The target power spectrum chosen for the present study is again
the Kanai-Tajimi function given by equation (2.6), with the values of
wg and Cg given previously. The parameters in the generation proced-

ure were given the values At=(Q.05sec, k=10, wmax=62.83 rad/sec (10 Hz).

Interpolation points in each time interval (t, t+At) can be
obtained using the following approximate wave form as given by ref.(13):

4
x(t + TAt) = J  x(t + nAt)
n=-3

sinm(T—n)

T (i) (2.11)

In this formula n is an integer and T<I. Interpolation points in each
time interval (t, t+At) can easily be obtained by insertion of appropri-
ate values of 1. This formula is such that it does not introduce any

additional frequency components in the time history.

A typical earthquake produced by this procedure using the shaping
function given in equation (2.4) and bedrock spectral intensity So=50cm2/sec3
is shown in fig. 2.5, together with its acceleration spectrum for zero
damping. Integration of the record shows a progressive growth of velocity
and displacement with time, which can be eliminated by a small uniform
correction term. Figs. 2.6 and 2.7 show velocity and displacement

before and after this correction.



Twenty records of duration 100 sec generated in this way with
a constant (unshaped) variance intensity function gave approximately
107 higher rms value than the analytic solution for the given bed-
rock spectrum and soil system transfer—function. This is believed
to be primarily due to the upper frequency limit set at 10 Hz.
Taking k=10, fmax=20 Hz improved the rms but led to perceptible
discrepancies in spectral shape. k=20, fmax=20 Hz would be
preferred if the improvement in accuracy was felt to justify the

additional computation.
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2.2.4 Power spectra of actual earthquakes

The Fourier spectrum of the longitudinal component of the
Pacoima Dam acceleration record is shown in fig. 2.8. This is
computed by a Fast Fourier Transform Routine using 2048 points and
a 0.025 Hz frequency interval, as described in detail by Newland (14).
The Pacoima Dam record indicates effective frequency and damping
close to the values of wg=5n rad/sec and ;g=0.6 used with the Kanai-
Tajimi power spectrum in the preceding sections, and has a duration
of 41 sec. The Fourier spectrum plotted in fig. 2.8 is the modulus

of the computed complex Fourier Transform of the acceleration record.

For comparison in fig. 2.8 the Fourier spectrum of an artificial
earthquake record generated using the autoregressive filter is also
shown. The artificial earthquake has a duration of 30 sec and was
computed to match the Kanai-Tajimi power spectrum with effective
frequency and damping of wg=5ﬂ rad/sec and Cg=0.6. The overall shape
of both records is similar, but they also indicate local spikiness

which is not consistent.

Real records show differing effective frequency and damping
according to site and it is not clear whether local peaks (and troughs)
depend upon the site. Real acceleration records also do not usually
have significant low—frequency components as the Kanai-Tajimi power

spectrum suggests.

The scatter appearing in the spectral estimates, however, in
real and artificial earthquake records is believed to be predominantly
an inevitable result of the finite length of sample constituting each
record. For this reason, the response of a particular system to an
earthquake input can vary significantly from one earthquake record to
another.‘ The generation of artificial earthquakes using a smooth
target spectrum is therefore suggested as an acceptable procedure since,
by using a large number of artificial earthquakes, it is possible to
examine the statistical response of a particular system subjected to

earthquakes with the same frequency content and intensity.
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2.3 Random vibration
2.3.1 Equations of motion for a single—degree—of-freedom elastic system

Attempts to improve the design procedure for structural systems
have been directed in recent years towards a probabilistic design
which takes account of the major sources of variation in material
and structural strength properties, including variability introduced
by the design and production processes on the one hand and the
variability in the load environment in which the structure operates
on the other hand. Stochastic dynamic analysis of elastic or
inelastic structures can play a central role in developing such
methodologies for safety analysis and design of structures under

natural or man—-made hazards.

Seismic ground accelerations are generally modelled for random
vibration analyses by non-stationary Gaussian processes. The
Gaussian hypothesis is mathematically convenient and is physically
acceptable since the characteristics of seismic accelerations depend
on numerous contributions. In the present study the ground accelera-
tion is described by a power spectrum S(w) and a variance intensity

function ¢(t).

In this section the response of the structure with random
properties subjected to stochastic dynamic excitation is analysed.
Initially the response of a single-degree—of-freedom system is con-
sidered, and subsequently this is extended to the response of an

inelastic system.

In these studies, the mean value and the correlation function
are two quantities of vital importahce in the statistical represen-
tation of the excitation and the response process, although they do
not necessarily describe the random process completely. In par-—
ticular, these two functions of the response process play an essential

role in the safety analysis of structures subjected to random loading:



in estimating fatigue life, in evaluating the probability of catas-—
trophic failure, etc. Furthermore, since the process is presumed

to be Gaussian, these two functions determine the probability density
of any order. Therefore the major concern of the present study is

to evaluate the mean value and the correlation function of the response
process of a general structure with the knowledge of the mean value

and the covariance function of the excitation process or its equiva-

lent.

The probability theory is described in many textbooks and papers,

as for example in ref. (15). This theory is briefly summarised.

The equations of motion for a single—degree-of-freedom system
with frequency W and damping G, on an elastic soil foundation

(cf section 2.2.2) are
o e 2 - L] - 2 =
x + 2¢ w X + mnx Zgg mg xf wg'xf 0

(2.12)

[ [ 2 0
+ = e
Xe + ch wg Xe m% Xe X
In these equations x is the displacement of the single degree—of-—
freedom system relative to the ground and Xg is the response of the
soil (which can be consideréd as a filter). wg and Eg are the effec-
tive ground frequency and damping (generally taken in this study as

51 and 0.6 respectively, as discussed in section 2.2.2).

Equations (2.12) are converted to the following system of first

order differential equations:

4D - le| |y| + [g] (2.13)

and



0 1 0 0
P| =|-w? -2zw w? 2 2.14
2] n Lw, . TN ( )
0 0 0 1
o 0 w =2Cw
g g8

Application of the standard methods of analysis of linear systems
to equation (2.13) leads to the following equation for the zero time-

lag covariance matrix |S|

dls| _ || Is| + |s] IPIT + |o| (2.15)

where matrices |S| and |g]are given by:

S.. = E(y.v.
ij (ylyJ)

» 1,3=1,...,4
E(fiyj), i,j=1,...,4

in which E( ) stands for the expected value. As [fl only contains
one non-zero element, it is clear that the only non—zero element of

lQl is Quy, which is Qx.z.=¢(t).

Equation (2.15) results in a system of ten first order differential

equations which are solved by the fourth order Runge-Kutta method.

The stationary solution requires the solution of the matrix

equation A
T
|2] Is] + [s] [2]" + ] = o
with ¢(t) =TS

A typical result of this analysis is presented in fig. 2.9 for
the response of a system with frequency of 1 Hz and 37 critical damping
baving a constant variance intensity function ¢(t), The system
starts from rest at t=0, i.e. the problem is reduced to the transient
at the start of the excitation, becoming asymptotically stationary as

t increases.

One more example is shown in fig.2.10 for the variance of the
displacement of the lHz system with 17 critical damping using now
the variance intensity function as given in equation 2.4. A value

of S°=50cm2/sec3 is used for both examples.
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Stationary response always constitutes an upper bound to the

nonstationary solution, but for this lightly damped system stationarity

is never reached.

2,3.2 Non-linear systems

Following Wen (16) the restoring force, Q, in a hysteretic
damper is described by the relation:

F
O(x,%) = c& + a le + (1 - a)FyZ (2.16)

where ¢ = a viscous damping coefficient and Z = a dimensionless
hysteretic component satisfying the following non-linear first order

differential equation:

2 = - v|x|z|z|¥! - x

z|¥ + ax (2.17)

Here Y and Fy are the yield displacement and force of the hysteretic
damper, respectively; B, Y, and A are dimensionless parameters. The
parameter N is an integer which controls the smoothness of the transi-
tion from elastic to plastic range (the higher the value of N, the
more localised the transition), and o is the ratio of the asymptotic
values of stiffness in the plastic range to the elastic stiffness.

The (.) denotes the time derivative. All varieties of model,

including the bi-linear,can be obtained by suitable choice of parameters.

Baber et al (17) showed that strength and stiffness deterioration
may be obtained by allowing A and Y to be functions of the absorbed
energy, although there is no model yet available which wholly satis-—

factorily describes the hysteretic behaviour of bracing elements.

Fig. 2.11 shows two rate—independent hysteresis loops generated
by the Wen model under sinusoidal displacement of amplitude 14 cm and
frequency 0.9 Hz. The value of N=1 is used here since this consider-
ably simplifies the solution. This model has been used extensively )

by many investigators, for example by Constantinou and Tadjbakhsh (18,19

and 20) for optimum design of a base isolation system.



To apply equations (2.16) and (2.17), the conventional
procedure is first to substitute the system by an equivalent linear
system and then solve numerically the resulting system of non-linear
equations. This involves solution of a large number of non-linear

equations, approximately n?

for an n—-degree-of-freedom system.
Another approach can now be presented which makes the solution of
the multi-degree-of-freedom system relatively easy for the stationary

case,

The equations of motion of a single-degree—of—freedom system

without viscous damping and N=1 are:

F
M(sag + %) + o E;x + (1 - a) FZ=20 (2.18)
g(%,z) = YZ + y&|z| + Bx|z] - A% = 0 (2.19)

Exact solution of these equations is very difficult. The conventional

procedure is to linearise by replacement of (2.19) by:

YZ+cXx+KZ=0 (2.20)
e e

According to Atakil and Utku (21), the mean square error in replacing

(2.19) by (2.20) is a minimum if Co and K, are given by:

dg (%, og(x,
SLC = \, - )

in which E( ) denotes the expected value.

If the ground acceleration.iig is a stationary Gaussian process
of zero mean with spectral density Sg(m), then Z, x are also jointly

Gaussian zero-mean processes, and we can easily show for the case

\

c,= O EEE g -

x (2.21)
K = (Z)% (y o+ + 8 E(XZ)y -
e ™ X (e}

z

36



37

 The procedure now proposed for evaluation of the stationary
response of multi-degree-of-freedom systems makes use of the complex
frequency response fu?ctions for x and Z, Hx(w) and Hz(m) respectively,
corresponding to §g=elwt. Then (2.18) and (2.20) give:

F
Y 2 - = -
(ocY w M) HX + o) Fsz M

(2.22)
(1w + Ke) Hz + 1w o HX = Q

Equation (2.22) can easily be solved to give Hx and Hz as functions

of w.

. and Ke are then obtained from (2.21) by the substitution:

E(xzZ) = [ H

He ¥

HZ Sg (w) dw

he ]
2 _ .12
0}.{ _o{ |8 | 5, (W) dw

[o o]
S
2 = [ 1,12 %, a

* ‘ .
in which He = iw H , and H* the complex conjugate of He.
X x’ X X

This approach. requires a double sided spectrum symmetric about w=0
for E(iZ) to become real. Since Ke and c, are not known, an iterative
procedure 1is proposed. .Assuming initial values of Cyo Ke, new values
of oo Ke‘are obtained by use of equation (2.21) and this is repeated
until convergence is obtained. Rapid convergence was obtained when
this was tested on a series of models. For an n—degree—of-~freedom
system this method requires the solution of (2n) equations. For
example, for a'shear building, for each storey there are two unknowns,
Hx. and Hz., where X; is the displacement of the given storey and zs
is“the diménsionless hysteretic component for this storey.

It should be mentioned that the double sided spectrum used here has

ordinates one-half of those of the single sided spectrum with which the

engineers are more familiar.



2.3.3 Energy dissipation

The energy dissipation process can be formalised by reference to

fig. 2.12; clearly energy dissipation is the summation of the shaded

areas. It can be seen that

= dx - do e - 9 o Q'(x)dx
§ = dx elastic stiffness x (Fle) dx (Fy/Y)

where Q'(x) is the derivative of the damper force Q with respect to

the coordinate x
Then the cumulative energy dissipated

t
' (x)
W= [ o0 - 2%y 4y
! @,/

and the rate of energy dissipation

~dW_
R=3t

is given by

1
R = o(l - %Ff/{_’)f)—) % (2.23)

Substitution of

F

Q=d—§x+(1-a) .z

into equation (2.23) gives the required solution for the expected
(average) energy dissipation rate, E(R).
2.3.4 Example

Consider a single—degree-of-freedom system with the restoring
force shown in fig. 2.11(a). Assume that a mass is attached to the
system such that when the system is elastic it has a fundamental

frequency of 1 Hz

No viscous damping is assumed.
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Table 2.1 summarises the response of this system for various
earthquake intensities S, (as defined in section 2.2.2). The
average number of crossings of the level zero with positive slope,

which is a measure of the effective frequency of the system, i.e.

Js

=1 X
2t o
X

is shown in the fourth column.

The value of the hysteretic loss factor n, such that the
linear system with equivalent stiffness

F

< U+ in)
would have the given displacement variance, is shown in the final
column of table 2.1. It can be seen that for small excitation
levels the value of n is approximately constant, but falls as the
excitation is increased to large values. Numerical evaluation of
the hysteretic element model at various amplitudes of cyclic motion
shows that for small excitation levels the energy dissipation is
approximately proportional to the square of the amplitude, but it
increases less rapidly as the excitation level is increasing. This

is clearly reflected in the values of n shown in table 2.1.

Typical results giving the complex frequency response function

of the velocity are shown in fig. 2.13 for the case S =50 cm?/secd.
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2.4 Applications of randomly-generated ground motions

2.4.1 Response of a degrading system

A numericzl study of the response of a degrading system was
carried out using 20 artificial earthquakes generated using the auto-
regressive filter as described in 2.2.3. The structure examined was

an X-braced undamped single-degree—of-freedom frame, with all the

lateral resistance derived from the braces, which were chosen to produce

a structure with an elastic frequency of 1 Hz and maximum ductility
not more than 3.0. Two different cases were examined, having braces
with slenderness ratios 1/r = 100 and 1/r = 300 respectively. Greater
degradation would be expected in the latter case (cf discussion in
section 3.2,2). It was found that in 16 of the 20 earthquakes the
structure with the bracing slenderness ratio of 1/r = 100 suffered
smaller maximum displacements than that having braces with 1/r = 300,
illustrating the proposition that degradation leads to increased

deformation.

2.4,2 Optimum profile in a multi-storey building frame

The inelastic approach used in section 2.3.2 can be applied to
find the optimum strength profile for a multi—storéy frame. As an
example consider a two-storey shear building. The restoring force
in the first storey is assumed to be hysteretic, as shown in fig.
2,11(p). For the second storey, the same hysteretic response is
assumed but with a reduction factor applied to both the yield force
and the yield displacement. Two equal floor masses are assumed,
such that the resulting elastic structure has frequencies of 1 Hz
and 2.5 Hz. Table 2.2 summarises the reduction factor which must
~ be applied to the hysteretic response of the second storey in order
to produce balanced 0/Y ratios, i.e. the same value in each storey
of the standard deviation of the storey displacement relative to
the yield displacement of that storey. It was observed (see
table 2.2) that for higher excitation levels weaker upper storeys

are required.
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2.4.3 Extreme~value response of a single~degree—of—-freedom system

The extreme—value response of elastic, classical elasto-~
plastic, and a degrading elasto—plastic system was examined by
numerical evaluation of the response to the first 20 sec of 50
artificial earthquakes generated using the a@géregressive filter.
The third case represents the hysteretic response of an X-braced
system in which the braces have no buckling resistance. The elastic
stiffness was selected to give a natural frequency of 1 Hz, and the
yield displacement (for the elasto-plastic cases) was set at 17 mm,

- corresponding to a single-degree—of-freedom system designed according
to the UBC design code using a design value of C=1/15 with unity for
the other seismic loading parameters. The earthquake intensity was

set at S =50 cm®/sec?, Zero viscous damping was assumed.

The response of the three systems is presented in fig. 2.14
in the form of Gumbel plots. This presentation follows that used
in ref (Q0) (p.621), i.e. for each case two lines are plotted, a
broken line representing the actual ranked final relative displace-—
ments for the 50 trial runs, and a solid line representing the best
fit type I extreme—value distribution. It is shown in these graphs
that the degrading response is generally bigger than the elasto-

plastic response.

The effect of the duration of the excitation is shown in fig.2.15,
The lines shown are best fit to plotted ordinates equal
to the ensemble average values of the peak relative displacements
of the whole run (20 seconds), divided by the ensemble average values
within the first 10 seconds. It is shown here that the increase of
the response of the degrading system after the first 10 seconds is

bigger than the increase of the response of the elasto-plastic system.
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2.4.4 Inelastic displacement spectra

Response spectra for an elasto-plastic system and for a bi-
linear system with the bi-linear stiffness 10% of the associated
elastic stiffness are shown in figs. 2.16(a) and 2.16(b) respec-—
tively for one artificial earthquake record generated using the

autoregressive filter, with S, =50 cm?/sec®, and zero damping.

For frequencies more than 10 Hz the inelastic displacement is
bigger than the elastic; thus in agreement with previously reported
results for actual earthquakes (22). 1In this frequency range the
bi-linear maximum displacement is smaller than the elasto-plastic
but still bigger than the elastic. For this earthquake record in
the intermediate frequency range (2 Hz — 10 Hz) the elastic displace-
ment seems to be bigger than the inelastic. Finally for frequencies
smaller than 2 Hz the displacements are close, probably increasing

slightly for higher ductilities.

It should be mentioned that these curves correctly represent
the maximum displacement; for the non-linear system the tripartite
logarithmic plot cannot rigorously be interpreted as showing the

maximum pseudo—velocity and pseudo-acceleration,

2.5 Errors expected in an analysis based upon the foregoing

probabilistic approach.
2.5.1 General comments

The theory of probabilistic dynamics described in section 2.3
can lead to very simple expressions concerning the variance of the

response or the energy dissipation.

This approach may, however, also result in significant errors.

The errors may be due to the relatively small duration of the time

histories and the various assumptions made, such as stationary response
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or narrow-band response. For a non-linear system additional errors

may be introduced because of the equivalent linearisation technique.

A parametric study was carried out to investigate the errors
involved when the design is based entirely upon the probabilistic

approach.

2.5.2 Elastic systems

For an elastic single-degree—of—freedom system an analytic
solution is available for the average number of crossings of a

particular level with positive slope. The analytical prediction

This is based upon narrow—-band stationary response, where

+ . . ., s

N0 = the number of crossings with positive slope of level zero
+ . . . s

Ny = the number of crossings with positive slope of level Y

02 = the stationary variance of the response variable Y.

. . + .
Far a single-degree-of-freedom elastic system N0 1s equal to the

natural frequency.

The time domain solution using artificially generated records
is compared with this formula in figs. 2.17 to 2.19. Five earth-

quake records were generated using the autoregressive filter with

the effective frequency and damping values reported in section 2.2.2,

and duration of 100 sec, and applied to a single—degree—of-freedom
elastic system with frequency of 1 Hz. Three different damping
ratios were studied, i.e. 1%, 27 and 3% of critical respectively.
The analytical prediction represents a reasonable average of the

time domain solutions.
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A similar comparison of the probability distribution of the
envelope process (cf section 2.3.1) is presented in figs. 2.20 to
2.23. The results are all normalised with respect to the standard
deviation of the stationary response predicted by the frequency
domain solution. The analytic solution for this case is the
Rayleigh distribution.

In fig. 2.20 a single degree-of-freedom elastic system with a
frequency of 1Hz and for three different damping ratios is subjected
to ten artificial earthquakes generated using the autoregressive

filter with a duration of 100 sec.

In fig, 2.2] the same system with 17 critical damping is
subjected to ten artificially generated earthquake: records using
the second order filter with a duration of 90 sec. As shown in
figs. 2.20 and 2.21, even for these relatively long durations, the
individual realisations of the envelope process substantially

diverge from the Rayleigh distribution.

Fig. 2.22 examines the influence of slightly changing the
frequency of the system. The damping was again at 1% critical.
This figure shows response to two earthquake records, namely the
fourth and the fifth used in fig. 2.21. As shown in fig. 2.22
even for a small change in the frequency, the envelope distribution
has changed significantly. This result is not surprising since
it is well known from the classical response spectra that even
small changes in the frequencies can cause substantial differences

in maximum response in lightly damped systems.

In the results shown so far, a constant variance intensity
function was presumed in generation of the earthquake records (for
the definition of the variance intensity function see section 2.2.2).
The non—constant variance intensity function given by equation (2.4)
was used in a final example. Using this variance intensity function
ten artificial earthquake records were generated using the second
order filter with a duration of 30 sec. These earthquakes were
again used to excite the l1Hz system with 17 critical damping. As
shown in fig. 2.23 the envelope distribution of the response now
diverges even more from the Rayleigh distribution. This is probably

due to the shorter effective duration of the earthquake.



2.5.3 Inelastic systems

The response of an inelastic system is now considered, sub-
jected to artificially generated earthquake records. The artificial
earthquake records were generated using as effective frequency and

damping of the soil the values reported in section 2.2.2.

The greater part of this study was based on the structure that
was used in section 2.3.4 to illustrate the theoretical probabilistic
dynamics approach, i.e. that shown in fig. 2.11(a), with the mass
chosen to give an elastic natural frequency of 1 Hz. The analytic
results, shown in table 2.1, are now compared with time domain solu-
tions using ten artificial earthquakes generated by the autoregressive
filter to the basic spectral shape, each record being of 100 sec dura-

tion, and scaled as required to various excitation levels (s,)-

Typical hysteresis loops obtained for one earthquake record arz
shown in fig. 2.24(a) and typical energy dissipation in fig. 2.24(b).
As shown in fig. 2.24(b) the energy dissipation is almost stationary.
This is due to the fact that the hysteretic models used here introduce
high damping and stationarity is very quickly achieved. The response
of this structure for two different excitation levels of S$,=200 cm?/sec?
and S55,=800 cm?/sec? is shown in figs. 2.25(a) and (b) respectively.
The results shown in these figures are normalised by division by the
corresponding results of the stationary solution found through préba-
bilistic analysis; for example, the mean maximum values shown are
divided by the standard deviation of the stationary solution. We Jbserve
that the variance and (most notably) the energy dissipation are well
predicted by the probabilistic theory. However, the probabilistic
theory predicts zero mean value, as a consequence of the equivaleént
linearisation technique, whereas the time domain solution always
produces a non-zero mean value. This is not surprising, since it is
well known that the inelastic response of a system may shift in one
direction resulting in a non—zero mean. Similar results are also

produced by the 1940 N-S E1 Centro earthquake.
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The same system was then subjected to these ten earthquakes
generated with So=200 cm2/sec3, with the duration now reduced to 30 sec,
together with the variance intensity function given by equation (2.4).
The results of this analysis are presented in fig. 2.25(c); again
normalised by the corresponding results of the stationary response.

Typical energy dissipation is shown in fig. 2.26.

Finally, the same earthquakes with total duration of 100 sec,
and intensity of S,=200 cm?/sec® and constant intensity enyelope were
used to excite the model shown in fig. 2.11(b), the mass again being
chosen to produce a system with an elastic frequency of 1 Hz. The
results are presented in fig. 2.25(d). Similar conclusions regarding

the response can also be drawn for this system.

2.6 Final remarks

A simple way of finding the response of inelastic systems based
upon random vibration has been presented. This method is only applic-
able for stationary response, an approximation which is probably accept-—
able, since stationary response always corresponds to the maximum of
the non-stationary solution. This method is especially applicable
for structures incorporating hysteretic devices. A knowledge of the
energy dissipation of these devices is particularly helpful to the

designer.

Since, as shown earlier, this approach can sometimes lead to
signifipant errors, it is sugéested that such results be accompéﬁied
by studies using time domain solutions, using either actual or
artificial earthquakes. As artificial earthquakes, earthquakes
generated using the autoregressive filter are recommended, since

random earthquakes with any power spectrum can be generated.

Artificial earthquakes are also very useful for experimental
work on shaking tables, since the earthquake records can easily be

adapted to suit the structural modelling.
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CHAPTER 3
HYSTERETIC RESPONSE OF BRACES AND BRACED FRAMES

3.1 Introduction.

A
Analytical and experimental work donme in the last twenty years

on the hysteretic response of braces and braced steel frames is initially
reviewed in this chapter. Analytical models are then presented des—
cribing the hysteretic response of braces which are used throughout this
project. Finally, experimental and analytical work into the cyclic
response of single and double angle braces and into the response of a

k-braced frame is presented.

3.2 Literature survey and general remarks of previous investigators

on the response of steel building frames
3.2.1. Response of moment resisting frames (MRF).

In unbraced building frames a considerable reduction is expected
in the horizontal force-displacement relation due to column loads. This
destabilising phenomenon, however, becomes more important in a higher
structure, where the vertical loads are large. It is also significant
when the horizontal displacement is large, even if vertical loads are

small (23).

The ratio of column—to-girder strength has a pronounced effect
on the dynamic response of the structure. Strengthening the girders
reduces their ductility requirements and forces a corresponding increase
in the cblumn ductility, and so the columns rather than the girders
control the lateral deflectionmns. In this situation the columns will
tend to absorb most of the ductile yield energy, leading to large
deformations and danger of collapse in these vital load-carrying
elements. The design problem of a multi-storey building is even more
difficult because the ductile deformations tend to vary widely through
the)structure in a manner which depends not only on the structural

properties but also on the intensity of the ground motion and undoubtedly

on its character as well.



For columns in strong—axis bending, the column web at a joint
or, as it is more often called, the panel zone, plays a particularly
important role. This zone is large, being more than 107 of the column
height in upper stories and 20% or more at the lower floors of tall
buildings. Due to lateral loads, high shears are developed in the
panel zone which may rise to high local distortions. The comparisons
of experimental and analytical results show the importance of the panel

zone distortion, as shown for example in refs. (24) and (25).

Refs. (26) and (27) conclude that welded connections produte a
superior hysteretic response than bolted connections for cyclic loading

on connections between beams and columns.

3.2.2 Hysteretic response of bracing elements.

Both experimental and analytical studies, see for example refs.
(28) to (49) make it possiblé today to know the cyclic behaviour of
individual bracing elements accurately enough. The general cyclic
behaviour of a pin-ended bracing element follows the force—deformation
relationship shown in Fig. 3.1. The first zone OA is the elastic
zone generated by applying a compressive strain to the brace, until

finally the brace buckles.

The buckling load for the first load cycle, as recommended by

the American Iron and Steel Institute (AISI) is:

(a) TFor class A (annealed or hot-rolled) tubes

KL
& KL
= L e— ¢ —<
Pcr a ZCé) GyA, for - CC
‘in which.
cC = / ZTTEE
c a
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(b) For class B (unannealed) tubular sections

KL
T KL
= - M —<
Pcr qa 1.scc) OyA, for - Cc
in which
_ /3n%E
€. = ’/ o)
Y
KL
For Cc < < £ 200 and class A and B tubes
2
P _ M EA
cr

é%az , the Euler buckling load.

e o~

In the previous expressions KL/r and A are the effective
slenderness ratio and the cross—area respectively and UY is the yield
stress of the material., The ;econd zone AB is dominated by the
de§elopment of a plastic bending moment in the middle of the brace
due to the moments induced by the compressive load P. The magnitude
of the load P in this zone is decreasing since the P§ moment cannot
exceed the member's plastic moment capacity. This zone is charac-
terised by very large lateral deflections of the centre of the brace
and by very large inelastic curvature in the centre region. If
cyclic reversal takes place at point B then the inelastic strain
portion of the brace will again begin to behave elastically. Zone BC
corresponds to the elastic unloading of the member. The slope of this
zone is much smaller than the virgin elastic curve due to the large
permanent lateral deflection of the centre of the brace, which also
results in a curved rather than a straight member. The lateral
deflection decreases due to P§ bending moments induced by the tensile
load. Point C is the start of yielding due these bending moments.
Since these P§ bending moments are of opposite sign to those induced
by compressive loads, this inelastic bending partially restraightens

the brace as it lengthens. Since the lateral deflection § is reduced
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as the brace straightens, the temnsile load required to sustain
yielding must increase. Point D is the point at which the brace
is fully straightened; any elongation beyond point D is purely
plastic uniaxial elongation. In zone DE the tensile load P is
nearly constant with increasing elongation A for elastic—perfectly—
plastic material or it is increasing with increasing elongation for
a strain hardening material. Point E is the load reversal pbint.
Thus the final zone EF consists of elastic unloading, in which the
elongation will decrease linearly with decreasing axial load, and

the slope is essentially the same as the virgin elastic curve.

Subsequent cycles show the same general characteristics but
with the origin shifted to a new location in the P-A space. This
translation in the origin results in the so-called pinched hysteresis
loops. For the braces to yield in tension in subsequent cycles, they

must be stretched to the previous elongated length.

Another very important characteristic is the reduction of the
buckling load of braces as a function of the number of cycles the braces
have undergone. This reduction is bigger for braces having smaller
slenderness ratios than for braces having larger slenderness ratios.

The decrease of the buckling load is also greater in the initial cycles
than in the later cycles. Typical results for the reduction of the
buckling load of braces in relation to the number of cycles are shown

in Fig.3.2 taken from ref. (47).

One reason for this reduction of the buckling resistance is that
the brace develops increasing permanent deformation. This means that
in subsequent cycles the brace must be treated as a strut subject to
an eccentricity equal to the current value of this imperfection, charac-—
terised by a lateral deflection, e (say). Typical plots for the buck-
ling load of a strut from mild steel subjected to a load with an
eccentricity e are shown in Fig. 3.3. Here r is the radius of gyration
and ¢ is the distance of the extreme fibre from the centroidal axis.

In these curves it was assumed that buckling occurs when the stress at



this extreme position equals the yield stress of the material (42).
These graphs indicate that the buckling resistance is not much
affected by the eccentricity of the applied load for braces with
high slenderness ratios compared with those with small slenderness
ratios. Another reason for the reduction of the buckling load by
the number of cycles is the Bauschinger effect which lowers the

apparent yield stress of the material.

It can thus be seen that the loading history is very important
in the hysteretic response of braces. Braces which are initially
stretched and then compressed show different hysteresis loops from
those which were compressed directly. It is evident that a more
confident prediction of the hysteretic response of braces would
require a detailed finite element model taﬁing into account progres—
sive plastification, local buckling, end restraint conditions and so
on, of considerable complexity and expense. Many simplified models

have therefore been developed.

The first model put forward to describe the hysteretic response
of braces is thé so—called slip-model shown in Fig. 3.4. The braces
are assumed to have elasto-plastic behaviour in tension and no com-
pression capacity. Once the braces yield, the model translates in
the P-A space, reflecting in this way the pinching effect as shown in
Fig. 3.4. This model is clearly only asymptotically correct for braces
having large slenderness ratios. Powell (41) developed a computer
program in which he uses the two models shown in Fig. 3.5. Model (a)
is an element yielding in both tension and compression and model (b) is
an element yielding in tension and buckling in compression. It is
common to classify axially loaded members into three regions according
to member slenderness ratio, namely: short (L/r<60), intermediate
(60<L/r<120), and long (L/r>120). It is believed that most bracing
members would 1lie in the intermediate to long regions. So the first
model shown in Fig. 3.5 is especially suitable for stubby members and

the second for very slender members.
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These simplified models have been greatly improved during the
last decade. Based upon experimental work many analytical models
have been reported from many countries, but especially from Japan
and USA. Singh (37), Nonaka (35), Ikeda (49) are three typical
publications from a large number. In these studies it is assumed
that a plastic hinge forms in the middle of the bracing element when
it is loaded in compression and the rest of the brace remains elastic.
Simple yield criteria are used in these studies to take into account
the influence of the axial load on the member's plastic moment capacity.
For rectangular cross—sections and wide flange cross—sections subjected
to bending about the weak axis, the fully plastic bending moment is

modified as:

1-4-’;‘:—= 1 - (%y)2 3.1
where:
MP = the plastic bending moment
MPr = the reduced plastic bending moment
= the axial load
Py = the yield force in tension.

This method of analysis is mainly applicable to slender beams
which buckle elastically or nearly elastically. Members with low |
slenderness ratios are not controlled by elastic buckling and, as a
result, the expansion of the yield zone during cyclic axial load must
be considered. Finite element modelling, like that developed by

Fujimoto (38), is very accurate for these circumstances.

In the foregoing description it was assumed that the brace was
pin-ended., The effect of the end restraint is commonly regarded in

terms of a change of the effective length, KL, of the member.

Experimental results show that the actual buckling load of
braces differs from their theoretical buckling load. This is due to
initial imperfections of the member, to the unavoidable eccentricity

of the applied load, and to the estimation of the effective slenderness
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ratio of the member. As shown in Fig. 3.2 the buckling load obtained
at the first cycle is bigger than the expected value given by the AISI
formula. This is due here to the estimation of the effective slender-

ness ratio of the member.

The normalised hysteresis curve of a brace (P/Py versus A/Ay plot)
is independent of the cross—sectional area and is mainly affected by the
effective slenderness ratio KL/r. The cross—sectional area mainly

affects the stiffness and strength of a brace.

The dynamic response of the bracing members has been found to be
almost the same as the quasi-static response described so far, although
high speed loading causes an increase in the effective yield stress of

the material (48).

3.2.3 Hysteretic response of braced frames

Goel and Hanson (8) studied different kinds of diagonal bracing
in multi-storey buildings and compared these results with the unbraced
frame. The most important results of this study are summarised here.
The P-A effects are very important in multi-storey buildings, and this
makes the assumption of linear elastic column response of questionable

2 and

accuracy. The addition of minimum cross-bracing (area 2.88 in
L/r=300) results in limiting the drifts and the inelastic activity of
the girder, although the accelerations are increased. Column axial
forces are considerably increased in the braced frames. The columns
on the unbraced frames generally remain elastic, but the braced frames

show considerable inelastic activity in the columns. The addition of

viscous damping reduces the diaplacements and stresses.

Wakabayashi (refs. 30, 44 and 45) reported that frames with braces
having small slenderness ratios are more suitable for tall buildings

since they are able to absorb a larger amount of energy.



A rather different bracing system, the multi-phase system, has
been analysed and tested by Shepherd (36). He assumes that in the
case of a braced tower with essentially pinned joints the bracing may
itself be of a two-phase nature, possibly provided by the use of pairs
of parallel braces, one of which is designed to remain elastic under
all anticipated loading conditions and the second being selected with
the intention that it should yield and finally break in a major earth-

quake.

In a reﬁort‘from Berkeley (46) three different types of bracing
systems are examined experimentally, and the results compared with
unbraced frames. The results of this study indicate that diagonal
bracing systems such as tubular or double—angle braces are very effect-
ive in reducing lateral displacements of buildings for moderate earth-

quakes and that their energy dissipation will be significant, i{ their

compressive capacity is not less than 507 of their tension capacity.

Designs using the tension-only concept have resulted in a rather
large amount of damage to adjoining elements: This is especially true
for K-braced frames, where brace buckling can cause significant damage
to the beam, rather than to X-braced frames. As the result of such
evidence, SEAOC (1985) recommends that braces in regions of high
seismicity be designed for compressive stresses at code design loads
whether acting in tension or compression. The braces should be so
arranged that the compression and tension capacities of the braces are

within 10% of each other for either lateral force direction.

Introduction of pre-tension can have beneficial results in an
X-braced frame. Consider for example the frame shown in Fig. 3.6.
Assume that the braces have no compressive strength. ‘The strength of

a frame with slender braces can be regarded as the sum of the unbraced

frame strength and the strength of the bracing system. For very slender

bracing members, the relationship between the restoring force of the

54

bracing and the lateral deflection of the total frame is shown in Fig.3.6.
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If the bracing is initially straight and no pre-tension is introduced,
the relation follows the line OAB. If pre-tension is introduced in
the bracing, the compressed bracing also contributes to the rigidity
until it eventually relaxes at C, following the line OCDB. When the
magnitude of introduced pre—~tension is equal to one half of the yield
force Py of the brace, the relation is as shown by the line OEB. This
suggests that the required cross—sectional areas could be reduced by

introducing pre-tension to the braces.

3.3 Hysteretic models used to describe the response of bracing elements

The computer programs developed for this study have made use of
two simplified models describing the hysteretic response of bracing

elements. These are described in the following paragraphs.

A model describing the hysteretic response of a single brace as
shown in Fig. 3.1 is given by Singh (37). This model assumes that after
buckling all the plastic deformation is concentrated in the middle of the
brace whereas the rest of the brace remains elastic. Each one of the
curves shown in Fig. 3.1 is found by writing the virtual work equation
in incremental form, The solution is developed by applying an incre-—
mental longitudinal displacement dA in the brace and then finding the
force in the brace by an iterative procedure (37). Simple expressions
are used for the relation of the plastic moment capacity of the brace to
the axial load; for example, equation (3.1) This model has been used
only for the quasi-static response of braces and braced frames. For
the dynamic time domain solution computer programs, the model was
developed as shown in Fig. 3.7(a). This model is a piecewise linear
approximation to the previous one, thus avoiding the need for iteration
within each time step in the time domain solution. The out-of-balance
forces have to be corrected only at the transition points. This model

was again developed by Singh (37).
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The buckling resistance of the braces in this model is
approximated by a constant value; this was generally taken as
Pcr=—25Py/(KL/r)’ According to Singh, this is an average buckling
load of braces corresponding to the 3rd or 4th cycle (37). Another
characteristic of this model is the distance 0A=0B*55/(KL/r) as
shown in Fig. 3.7(b), which is a result of previous experimental
work. After the brace yields in tension the origin of the model
translates in the P—-A space, reflecting in this way the pinching
effect. For high values of the KL/r ratio the model reduces to
the slip model. It will be noted that these models ignore the
progressive reduction of buckling load with successive cycles of

loading.

3.4 Current experimental verification
3.4.1 Experiments on the hysteretic response of bracing elements

Single and double angle braces which were extensively used
in the experimental work on braced frames reported later were tested

to clarify theilr hysteretic response.

The braces tested are shown in Fig. 3.8 together with a photo-
graph of the arrangement in Fig. 3.9. The load was applied by a
120 kN screw jack and was measured using a load cell. The longitudinal
displacement was recorded using anAC/DC variable-resistance displacement
transducer. The applied force versus displacement was plotted using
an X-Y plotter. All the braces tested were pin-ended, with lengths

from pin to pin of Im.

Initially some flat very slender braces were testing having an
effective slenderness ratio of KL/r=550, mainly for calibration purposes.
As expected, it was found that the buckling resistance of these braces
was hardly affected by the number of cycles. A typical normalised
hysteresis loop corresponding to those very slender braces given by

the analytical model is shown in Fig. 3.10.



57

The properties of the single and double angle braces tested
are shown on Table 3.1. The double angle braces were connected at
two intermediate points with battens, which ensured that the two
angles formed an effective compound member and that buckling occurred
only in the plane of symmetry. The single angle braces buckled about
their weak axis. The angles were of bright mild steel with a yield

stress of 330 N/mm?2.

Two sets of double angles Weré tested and the hysteresis loops
obtained are shown in Figs.3.11 and 3.12. The first set was tested
as follows. Denoting the yield displacement in tension as Ay’ the
angles were first compressed to a displacement of Ay. They were then
tensioned to a load equal in magnitude to the critical buckling load,
compressed to a displacement of 2Ay, tensioned to current compression
capacity, compressed sufficiently to establish the renewed maximum
load, tensioned again to basic buckling load, and compressed again to
3Ay. A few more hysteresis loops were obtained by compressing the
angles at higher displacements, as shown in Fig. 3.11. Upon the last
cycle, the load was increased to yield the angles in tension, and then
removed. The second set of double angles was first compressed to a
displacement of ZAY and then tensioned to a load equal to approximately
807 of the yield load in tension. After two compression cycles at ZAY
the angles were compressed to higher displacements. Finally the load

was increased to the yield load in tension and then removed.

The buckling resistance of the first set of double angles is
almost the same as the theoretical buckling load, whereas in the second
set it is smaller, probably due to a small eccentricity of the applied
load. A noticeable result is the significant reduction of the buckling
load of the first set of double angles in successive cycles. The reduc-—
tion is smaller in the second set of double angles, which are stretched

more strongly after each buckling.



A similar loading history was followed for the two single angle
braces, as shown in Figs. 3.13 and 3.14. Here both braces show a
first buckling load slightly higher than the theoretical, and this is
probably due to the small degree of restraint provided by the two ends.
Due to their higher slenderness ratio, these braces show a smaller
reduction of buckling load in successive cycles. The pinching of the
hysteresis loops can clearly be seen in Fig. 3.14 for the single angle

brace which is stretched significantly in order to yield in tension.

3.4.2 Response of a small-scale K-braced frame
3.4.2.1 Selection of member sizes.

Cyclic static loading tests were carried out on a frame designed
to approximate the first storey of a multi-storey K-braced frame at {

linear scale. The leading dimensions are shown in Fig. 3.15.

Since the braces in multi-storey frames usually dominate the
lateral stiffness and strength, the same decision was taken for the
test model, in which the braces provide 957 of the total lateral
stiffness. The braces were single angles, the same as used for the
member tests described above, oriented to buckle in-plane about their
weak axis. The angles were welded at both ends to the RHS beam and
column members through stiff gusset plates which provide (as will be
shown) full restraint at both ends. The buckling resistance of those
angles is about 40 kN, which is about 807 of their yield resistance in
tension. This is in agreement with recommendations from SEAOC to have
buckling resistance in the braces in K-braced frames close to their

tensile yield resistance.

The critical parameter in modelling a K-braced frame for the
present purpose is the relative strength between bending behaviour and
the braces. As we shall see shortly, brace buckling introduces a
downwards vertical force in the middle of the beam which is the vertical

component of the resultant of the two brace forces. This causes a
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downwards deflection in the middle of the beam and probably the
development of a plastic bending moment at that point. The
importance of this effect depends upon the relative strength of

the braces and the beam. For the dimensions of the K-braced frame
chosen here, the downwards deflection in the middle of the beam is
important, because the braces provide a much higher strength than

the beamnm.

All the connections in this frame were welded and conservatively
designed. The beam—column intersections were reinforced with plates
which minimised the relative joint rotation. Out—of-plane deflections

both in the frame and in the angles were very small.

3.4.2.2. Response of the frame

The load was applied quasi-—statically with a hydraulic jack,
pin connected to the frame. A load cell was incorporated to measure’
the load. The displacement-time~-history applied to the frame is
shown in Fig. 3.16 and the resulting force-displacement hysteresis
loops are shown in Fig. 3.17. The displacements measured in the test
were the horizonta} deflection at the beam and the vertical deflection
at the point of intersection of the two braces at the middle of the

beam.

Strain gauges were attached in pairs on the minor centroidal
axis, symmetric about the major axis at three points in the length of
the angles. The readings of these guages in the linear elastic range,
in conjunction with the differential equation describing the buckling
of a strut with equal end restraints, suggest an equivalent effective
length for the angles of approximately 0.53L, where L is their actual
length. This indicates that essentially full restraint is provided

at both ends of the braces.
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As a result of the end fixity, plastic hinges developed in
the angles in the post-buckling regime not only in the middle of their
length but also at the ends. The strain gaugéé«at the quarter length
of the angles (which roughly correspond to the points of contraflexure)
were used to find the axial force in the angles. The readings of the
results at two strain gauges at the quarter length point were not in
general exactly equal. This is due to a small out—of-plane deflection
which is possibly caused by a small asymmetry of the total arrangement.
The maximum difference between strain gauges which were expected to

give the same results was about 7Z.

Vertical displacements and also strain-gauge readings were
measured for the first three cycles at frequent intervals. The vertical
displacements in the middle of the beam and the hysteresis loops of the

braces are shown in Figs. 3.18 and 3.19 respectively,

An analytical prediction for the first two load cycles, based on
the first element model described in § 3.3, 1s also shown in Fig. 3.17
for comparison with the experimental results. The element model was
suitably modified to take account of the development of additional plastic
"hinges in the two fixed ends. For the frame itself elastic-—perfectly-
plastic behaviour was assumed once the bending moment at a point reached

the plastic bending moment capacity of the cross—section.

The actual linear elastic stiffness of the frame is smaller than
the value predicted analytically. This discrepancy is probably due to
the flexibility introduced to the frame by the end connections. Analyti-
cal results for the frame beyond the elastic range under monotonically
applied load are shown in Fig. 3.20, and the predicted sequence of plastic

hinge formation is shown in Fig. 3.21.

The experimental results show that hysteresis loops of the frame
are pinched, but the pinching is not of the same degree as that of

individual braces. This is clearly due to the integration and partici-—
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pation of all the structural components to form the frame. The
vertical displacement in the middle of the beam, which is effectively
zero before brace buckling, is very high after buckling, increasing
notably in each successiye buckling. This vertical displacement can
clearly be seen in the photograph in Fig. 3.22. Collapse occurs in
the combined mechanism, while one brace buckles and the other is in

tension, as is typical of K-braced frames in practice.

3.4.3 Response of the moment resisting frame

A second frame was tested without the braces to examine the
hysteretic response of the frame iteslf. The force-displacement loops
obtained are shown in Fig. 3.23. A kinematic hardening model is

sufficient to describe the hysteretic response of this frame.

3.5 Dynamic response of the K-frame

Analytical predictions are now given for the dynamic response of
the K-braced frame considered in §3.4.2.2. It is assumed that a mass
is attached to the beam so that the fundamental frequency of the frame
is 8 Hz. The structure is assumed to have zero damping .,

Results are presented for this structure subjected to the first 7 seconds
of the 1940 NS ElVCentro earthquake. Because of the modelling, the
earthquake causes only moderate displacements in the frame. In par-
ticular the columns remain elastic while brace buckling occurs and
plastic deformation is restricted to the beam. The horizontal dis-
placement on the beam is shown in Fig. 3.24 and the vertical displace-
ment in the middle of the beam in Fig. 3.25. Brace buckling and the
development of a plastic bending moment in the middle of the beam causes

a continuous downwards deflection in the middle of the beam.



3.6° Final remarks

The introduction of braces in multi~storey building frames is
generally considered to be adyantageous since the braces reduce the
inter-storey deflections and minimise the damage to non—structural
components. On the other hand, seyere earthquakes can cause signifi-
cant damage to the braces and costly repairs are subsequently needed.
Mechanisms which could absorb the earthquake energy, thus protecting

the braces, are sought in the next chapter.
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CHAPTER 4
ENERGY DISSIPATION FOR BRACED FRAMES

4.1 Introduction

It was shown in the previous chapter that braced frames offer
considerable strength and stiffness, but their inelastic behaviour,
especially energy dissipation capability can be poor. This is due
to the poor hysteretic response of the bracing elements, as has been

discussed in detail.

The frames considered so far were concentrically braced frames,
i.e. for an X-braced frame the centre lines of the beam, the column
and the braces meet at a single point, and in the case of a K-braced
frame the centre lines of the two braces intersect at the neutral axis
of the beam. In the first part of this chapter an alternative con-—
figuration, the eccentric bracing system, is discussed. In this
system, which has principally been developed in California, an eccen-
tricity is introduced at the connection of diagonal‘bracings to the
beams which form horizontal members of the bracing truss. The propor-
tions are so chosen that the beam yields in shear before significant
damage is done to the bracings or their immediate connections. Because
the stress gradients in the web of the beam are small, plastic deforma-
tion can take place over a sufficiently large region to accommodate

large overall deformations and ensure substantial energy dissipation.

In the second part of this chapter alternative configurations
are sought, and in particular friction devices which, suitably placed,
can be used as the main source of energy dissipation. These friction
devices have the advantage over the eccentric bracing system that

damage to the primary members is completely prevented.
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4.2 Eccentrically braced steel frames
4.2,1 General

Fig. 4.1 shows alternative bracing arrangements for eccentrically
braced frames. The characteristic feature of this bracing system is
that the axial forces induced in the braces are transmitted either to a
column or another brace largely through shear and bending in a segment
of a floor beam called a link. Yielding of the beam imposes a limit
on the load that can be transmitted to the bracings, giving protection
against the progressive deterioration of strength which occurs in the
event of cyclic deformation that causes buckling of bracing members.

The braces must be designed so that they do not buckle under extreme
loading conditions. This basic requirement is assured by an accurate
estimation of the ultimate shear capacity of the link section of the
beam; the bracing‘is then proportioned to ensure that the major inelastic
activity takes place in the link. This system has been based upon
studies conducted mainly in USA, with some contribution from Japan;

refs. (50) to (57) are typical examples from a large number of publica-
tions in this field. Design recommendations for links, beam-column
connections and beam-brace connections for eccentrically braced frames

are given in these publications.

4.2.2 Stiffness and strength of short beam elements yielding in bending

or shear

The links can be classified as either shear links or bending links,
depending on whether they yield predominantly in shear or bending. As
noted earlier, shear links are more effective as energy dissipators, and
the following discussion focuses on this type, with I-section beam members.
In presentation of examples, the beam dimensions will be given in the

format b/d/tW/tf; b = the flange width, d = the beam depth, t, = the

web thickness and t

£ the flange thickness.

For the link to yield predominantly in shear, ref (56) concludes

that the shear link strength e should satisfy the following condition:
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M
e g 1.693» 4.1)
NS

in which.Mp is the plastic bending moment of the cross—section, and
VP = 0.55 QY d e is the shear yielding load (assuming
that all the shear load is carried out by the web) for

steel of yield stress qy.

Ref (56) also concludes that the ultimate shear force Vult of a
shear link which satisfies equation (4.1) should be taken as at

least

Voe =13 VP

This is largely due to the significant additional shear carried by the

flanges in I-sections after the web has yielded in shear.

Three different stages can be distinguished for the stiffness
matrix of a shear link. The first stage is when the shear link
remains elastic. Consider an element of a shear link as shown in
Fig. 4.2, subjected to transverse loads and moments at the element
ends. Then the stiffness matrix of this element, as given for example,

by ref(6) 1is:

K3 K> -Ki Kz 7]
x| = K e K (4.2)
symmetric K e
K3
p-
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This matrix connects the forces in directions 1, 2, 3, 4 respectively,

with the corresponding displacements.

The second stage occurs after the web yields in shear while the
flanges still remain elastic. In this case, as shown in ref. (50)
sandwich beam theory can be used to describe the stiffness matrix of
the element. This theory utilises the fact that two different
materials, a weak one, which in our case is the web which yields in
shear, and a strong one, which in our case are the two flanges which

remain elastic, are connected together.

This theory also includes the effects of warping'restraiﬁt
provided by the two ends of the element, using 'warping' in this con-
text to refer to out-of-plane distortion of an initially plane cross-
section of the beam. This vertical-plane shear deformation of the flange
is clearly likely to be small. This effect (thch is not to be'confused
with the warping whiéh is usually associated with out-of-plane deflections
due to torsion) is thus likely to be important when the web has yielded

in shear.

Since the shear links in eccentricaliy braced frames are usually
fully welded to the surrounding beams and columns, warping restraint at
both ends of the shear links is usually almost complete. A very con-

WQenient formulation describing the stiffness matrix of a shear link
after the web has yielded in shear ' is shown in Appendix A, based on the
sandwich beam theory. As shown in Appendix A, the stiffness matrix of
a shear link can again be described by equation (4.2) by changing only

the ¢S term.



The final stage of the hysteretic response of a short I-section
beam yielding in shear is when the flanges yield as well and in this

case the stiffness of the beam is reduced significantly.

4.2.3 1Inelastic deformations of eccentrically braced frames

- Typical admissible fields of deformations for two
eccentrically braced frames are shown in Fig. 4.3. The storey drift
of this frame is designated by the angle 6. While the moment resisting
frame has to sustain the plastic hinge rotation of 6, the short links
experience significant larger deformations, the centre line change of
shape being approximately (%QS. The link length must therefore be
chosen with care. If the link length e is very short, the imposed
inelastic rotation, Y=(§)6, may become excessively large, and possibly
cause premature failure of the link. Design recommendations for shcar
links, based principally on the experimental program conducted at

Berkeley are briefly given in the next section.

4.2.4 Design recommendations for shear links

Extensive experimentation at Berkeley has shown that shear links
with well-stiffened webs can sustain without failure a total cyclic
angular rotation Y up to #0.10 rad. However to minimise damage it is

recommended by SEAOC (1985) that Yy be limited to *0.06 rad.

The generation of stable hysteresis loops without any degradation
requires reinforcement of the web of the shear links with transverse
stiffeners. The stiffeners must have sufficient axial strength to
permit the web to develop tension field action and must also be rigid
enough to prevent buckling of the whole link web as a single panel.
Refs. (51) to (54) give design recommendations concerning stiffener
dimensions and stiffener spacing as a function of the ductility or
energy absorption requirements in the shear link. Fig. 4.4 shows
typical hysteresis loops of an eccentrically braced frame tested at

Berkeley with links designed according to these recommendations (57).
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4.2.5 Response of a single-storey Y-braced frame
4,2,5.1 stiffness of the single-storey Y-braced frame

A single-storey Y-braced frame is shown in Fig. 4.5 . The
braces are not connected directly to the beam but to a stub which
suitably designed can yield either in shear or in bending, protecting

the braces from buckling.

Fig. 4.5 compares the lateral stiffness provided by this Y-
braced frame with the stiffness provided by the corresponding K-

braced frame without a stub. In this figure L IC, and ISt stand

b’
for the secend maraent bocreccof the beam, column and stub respectively,
and A for the cross—-sectional area of the braces. In these results
shear deformation is ignored and the braces are assumed to be axially

loaded members only.

This figuré shows, as expected, that the introduction of the
stub generally reduces the stiffness of the Y-frame relative to the
corresponding K-frame, due primarily to bending of the beam. Since
shear deformation in the stub is in fact significant, especially for
the small e/h ratios, a Y-braced frame with realistic dimensions will
provide somewhat smaller stiffness than the value shown in Fig. 4.5

and less than the concentric K-frame in all cases.

4.2.5.2 Monotonic response of a single-storey Y-braced frame

The monotonic response of a single-storey Y-braced frame is
examined here using a finite element package FINAS developed at
Imperial College. The frame is shown in Fig.4.6 . Beam, columns,
stub, and braces are I-sections and their dimensions are described
using the notation for beams described in section 4.2.2. All cross-
sections are oriented to bend about their strong axis. The braces
were conservatively designed to avoid buckling at any stage. The
dimensions of this single-storey frame are based upon the experimental

study of a Y-braced frame teported in ref. (55).



Fig. 4.7 shows the monotonic response of this frame for different
stubs and different eccentricities e. In the figures the most signifi-
cant inelastic activity occurring in the frame is highlighted by using

three different symbols.

In these finite element runs a strain—hardening ratio of H=0
was taken for simplicity. For the stub proportions shown, the bending
resistance of the individual flanges of the stub is significant, so
the stub has a significant stiffness even for the non-strain-hardening
model (H=0, see Appendix A) when the stub web is yielding. For the
small link length of e=20 cm, for which mainly shear yielding occurs,
this leads to the effectively bi-linear restoring force relationship

shown in Fig. 4. 7.

For the higher link length of e=40 cm, the stub yields from
combined shear and bending stresses. The restoring force relation-
ship in this case is more complicated as a result of the more progres-

sive plastification of the stub.

As shown in this figure, the Y-frame can be designed suitably

to have a desired yielding load and reach a desired level of ductility.

4,2.5.3 Final remarks

The Y-braced frame, although not very popular in the USA, might

69

haye some advantages in comparison with other eccentrically braced frames.

In particular, if the shear link is located in the beam in real buildings

the influence of the dead weight might cause problems by acting against

reverse plasticity. This problem does not exist in the Y-frame.

Experimental work on the hysteretic response of a shear link and

on a Y-frame is presented in the following section.
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4.2.6 Experimentation
4.2.6.1 Cyclic response of a small shear link

To assist in the design of a suitable test-model Y-braced frame,
a small shear link was tested in order to clarify the hysteretic response

of this type of link,.

The shear link was a fabricated all-welded I-section beam, shown
in Fig. 4.8, It was designed to yield predominantly in shear while the
bending stresses are small. The yield stress of the material used was

oy=500 N/mm?.

The design recommendations given by ref. (56) for the dimensions
and spacing of stiffeners relate to large I-section beams, and clearly
are not applicable here. It was decided simply to reinforce the web
with transverse double-sided stiffeners at the point of application of
the load and at the two reactions. Warping restraint was providéd by

extending the beam on both sides of the supports.

The hysteresis loops obtained from this test are shown in Fig. 4.9.
The loops proved very stable, although the strains are higher than those
recommended for large I-sections on the basis of the Berkeley experiments.
There is a general increase in the load sustained by the shear link,
especially in the first cycles. This is a typical characteristic of
shear yielding, as was pointed out by Roeder (50), and is due to the
significant strain-hardening associated with shear yielding. At the

later cycles the web buckles and develops the diagonal tension field.

4.2.6.2 Cyclic response of a Y-braced frame

The hysteretic response of a Y-braced frame is considered here.
This is a first attempt to improve the hysteretic response of the K-braced
frame described in the previous chapter, by introduction of a shear link
at the intersection of the two Braces. The dimensions of the Y-braced
frame so produced are shown in Fig. 4.10. Photographs of this frame
and of the shear link at the end of the test, are shown as Figs. 4.11

and 4.12,
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The stub shear link is similar to each of the panels of the
shear link tested earlier. - The design capaqity of the shear. link
was based upon the buckling resistance of the braces. Warping
restraint in the shear link is pro&ided by weldingvboth ends to

very stiff gusset plates.

The hysteresis loops of the Y-frame are shown in Fig. 4.13
For the first five cycles the hysﬁeresis loops are»vefy stable, but
subsequently degrade significantly. This is especiali& due to the
rupture of the web of the stub as shown in the photograph (Fig. 4.12).
An additional reason which probably causes damage to the stub was the
fact that this stub was a fabricated cross—section with a web machined
down to the desired thickness, It is possible that unequal thickness
of the web may concentrate damage at some points. Buckling of one of
the two braces, which was experienced at the end of the fifth cycle,

is a further source of degradation.

After the first three cycles where mainly shear yielding occurred,
the stub web buckled and_thevdiagonal tension field then developed.
This was measured at positions (1), (2), and (3) in Fig. 4.13. and plotted

in Fig. 4.14 using a standard computer software.

The vertical displacement in the middle of the beam is shown in
Fig. 4.15. This displacement is zero for the first three cycles where
mainly shear yielding occurs, and only small vertical displacements
appeared after the buckling of the stub web; significant vertical dis-

placements developed after brace buckling.

4.,2.6.3 Hysteretic response of a device suitable for an X-braced frame

The hysteretic response of a device based upon bending deformation
is considered here. This device, which is shown in Fig. 4.16, i1s suit-—

able for insertion in an X-braced frame.
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Under test, as shown in Fig. 4.16, the device is initially
elastic, yield then commencing in bending, near the corners. The
corner connections were reinforced, as shown in Fig. 4.16, so that
plastic bending moments developed at two points in each corner, left
and right from the reinforcing position. This device is similar to

the bending device tested by Tyler (58).

The hysteresis loops of this device are shown in Fig. 4.17.
Detail of the monotonic response is shown in Figz. 4.18. This device
was also used in the experimental work carried out at the shake table,

described in detail in section 6.5.4.

4.3 Eesponse of braced frames incorporating friction devices
4.3.1 General

It has been shown that devices which are based upon shear or
bending deformation can considerably increase the ability of a braced
frame to absorb the imparted earthquake energy. However, a device
closely approximating ideal elasto-plastic deformation tends to
encourage concentration of permanent deformation at one panel, the

"

"weak link" in the structure, wherever that may be.

It is therefére proposed to seek modifications that will retain
the advantages described previously, but in combination with a harden-
ing characteristic. Significant progress was made in this direction
some fifteen years ago (59),‘by the application of high strength fric—
tion grip (HSFG) bolts using an arrangement of slotted holes to permit
large movements. This approach has been extended in this study to

be suitable also for dynamic applicatioms.

4.3.2 Description of the friction devices

Clark (59) was one of the first investigators to report on the
use of a linear slipping device. This device consisted of three plates

preloaded together with HSFG bolts as shown in Fig. 4.19(a). The
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middle plate having slotted holes was able to slip relative to the
two outer plates when the applied load exceeded the frictional
resistance of the joint. Clark (59) applied this device in the
foundations of a building in order to minimise the effect of
differential settlements on load distribution within the building,
and therefore only tested the device in one direction of relative
movement, i1.e. a monotonically applied load, until finally the
clearance in the slotted hole in the middle plate was eliminated.
Such a device has been tested more recently in alternating loading
(refs. 60 and 61) for application in earthquake engineering. The
authors of ref. (60) inserted pads of an asbestos—based friction
material between the plates to improve the hysteretic response of

the joint.

A device of this type was also tested on this project. The
results of the extensive friction tests carried out are shown in the
next chapter. It is shown that by introducing suitable material
between the slipping surfaces, the device is able to deform the
number of cycles expected in an earthquake while keeping the same

characteristics.

In addition to the linear slipping devices, a novel approach
was made by extending the study to devices based upon rotational
friction, as shown, for example, in Fig. 4.20. This is referred to
as the rotating device in the sections that follow. Annulae, or
"washers" of a selected material are inserted in the corners of the
rectangular plate assembly, preloaded by HSFG bolts as before. The
resisting bending moment at the corners thus depends upon the dimen-
sions of the washers and on the pressure caused by the bolt. The
friction faces remain locked for a certain load, permitting only a
small elastic deformation, and start rotating when the load trans-—
mitted by the braces produces bending moments at the corners of the

device which are equal to the resisting slipping bending moment.
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As shown in the friction tests in the next chapter, such an arrange-
ment, also, is able to deform for the expected number of cycles in an
earthquake, producing broad, stable hysteresis loops (i.e. approaching

rectangular).

4.3.3 Slip coefficient for a bolted joint

The slip coefficient of a bolted joint is examined in many
publications; refs. (62), (63) and (64) are typical examples. The
parameter mainly investigated in these publications is the coefficient
of friction and the conditions affecting it, such as the influence of
different steels, different surface conditions, exposure of the speci-
men in the open air, and additional faying surfaces between the slipping
surfaces. In these publications geﬁerally the initial slip coefficient
it investigated and not any possible variation in repeated cycles of
deformation; the latter is of paramount importance in the presént

investigation.

4.3.4 Response of linear friction—type bolted joint

The general response of a friction type bolted joint, for
example as shown in Fig. 4.19(a), is shown in Fig. 4.19(b). If the
joint is subjected to an in-plane load passing through the centroid of
the group of fasteners, four characteristic loading stages exist, as
illustrated. In the first stage, static friction prevents slip; in
the second stage, the load exceeds the frictional resistance and the
joint slips into bearing vwhen the slack in the slotted hole in the
middle plate closes; in the third stage the fasteners and the plates
deform elastically and consequently the load-deformation relationship
remains linear; in the fourth stage, yielding of plates, fasteners,
or both occurs and results in plate fracture or shearing of the fas-
teners. This clearly presumes that at the third stage there is a
whole—surface contact between the bolts and the plates, so that both

bolts and plates can remain elastic.



An analytical model describing the response of a friction type
bolted joint is given by‘Fisher (65) and this model is also used here.
The model is designed to find the force—displacement hysteretic response
of the friction joint at the third and fourth stages as shown with the
distinct cycle points in Fig. 4.19(b). For this, simple expressions
were used relating the forces on the bolts and on the plates as a
function of the existing strain. It is assumed that the slope of the
force-displacement curve of the third stage when the bolts and the plates
come into bearing is the same as for the first stage when static friction

prevents slip.

4.3.5 Responsé of a single—degree—of—freedom structural model

incarporating friction devices
4.3.5.1 Description of the models

The most basic form of the frictional device produces a load-
deformation relationship which is essentially the same as the ideal
elasto-plastic element. However, it is easily possible to visualise
frictional devices of limited travel as described in §4.3.4 above.

These cases can be regarded as defining two limiting models; for clarity
of description these will be referred to as "elésto—blastic" and “har-

dening'" models of frames incorporating the devices in question.

A typical hardening model is shown ianig; 4.21. The additional
force F-F_ on the hardening model as shown in Fig. 4.22 is, in the case
of a linear slipping.device, a force exerted on the bolts in bearing.
This force, or the ratio F/Fy, is a very useful indication to the
designer wishing to guard against failure of bolts, or excessive excur-

sion into the non-linear range of bolts or braces.
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4.3.5.2 Excitation of the hysteretic models by an impulsive load

Consider first for simplicity the response of the two nysteretic
models to an impulsive load which gives an initial velocity to the
system. Assume also for simplicity that the system has no damping.

The response is described in Fig. 4.23(a) and Fig. 4.23(b) respectively.

Assuming a yield displacement of unity, we can denote the maxi-
mum displacement of the elasto-plastic model as a ductility requirement,
U, This ductility depends upon the magnitude of the impulsive load,
and can be regarded in terms of energy, since the kinetic energy imparted
by the impulsive load minus the energy dissipated by the model is equal
to the strain energy stored in the model.  Without any damping in the
system, the elasto-plastic model vibrates about the final yield position

indefinitely.

Assume that the hardening model becomes elastic at a displacement
a, a<|, reaching a maximum force F as shown in Fig. 4.22. For conser-
vation of energy, the total energy dissipated and the total energy
stored by the two models must be equal. By equating the shaded areas

in Fig. 4.22 it is easy to show in this case that

T = VZuzarl (4.3)

Y

As shown on Fig. 4.23(b) for the hardening model, after reaching
the maximum deflection x it returns and yields in the other direction.
The hardening model dissipates the same amount of energy as the elasto-
plastic model and finally vibrates about the final position indefinitely.
It was found by analytical solution of the differential equations that
the introduction of damping makes very small difference in equation (4.3).
However, as might be expected, as the amount of damping is increased,
the energy dissipated by the hardening model is reduced, compared to the

energy dissipated by the elasto-plastic model.
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4.3.5.3 Response to earthquake excitation

The foregoing observations suggest that the hardening model may
have some advantages compared with the elasto-plastic model, in par-
ticular by reducing the maximum displacements of the structure. On
the contrary, the additional forces F may, in the case of a linear
slipping device, cause damage to the bolts or to the braces. A para-
metric study is carried out here to compare the performance of these

two hysteretic models under earthquake excitation.

The earthquake records considered were generally artifially
generated records using the second order filter described in § 2.2.2,

with effective damping and frequency of Cg = 0.6, w, = 5T rad/s. The

2
two components (NS and EW) of the 1940 El Centro earthquake were also

used,

The first study was based on a single degree of freedom system
structure having a frequency of 1.2 Hz and 17 critical damping; the
responses were normalised by cohsi&ering the yield displacement as
unity. Ten earthquake records (E1 Centro and eight randomly-deter-—
mined artificial records, curtailed as mentioned below) were suitably
scaled in order to produce a selected value of ductility on the elasto-
plastic modél, in particular =2 and u=6. In order to achieve this
the response analysis was repeated iteratively for each earthquake
record. Since only a small number of iterations was performed, the
final value of ductility obtained was close to the desired, but not
exactly equal, varying slightly from one earthquake record to the
other, Only ten seconds of the earthquakes and the response were

used on this example.

The ten earthquakes thus determined were also used to excite
the hardening model. For the hardening model it was assumed that it
became elastic again at a displacement a=(u#1)/2, where U is the ductil-
ity reached by the elasto-plastic system. The normalised response of
the two systems is presented in Fig. 4.24 for the two target ductilities

Y=2 and u=6. In this figure the response values of the hardening mecdel
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are divided by the response values of the elasto-plastic model.

As can be seen in this figure the final energy dissipation by the two
models is approximately the same. On the contrary the maximum dis-—
placements of the hardening model are generally smaller than the dis-—-
placements of the elasto—plastic model especially for the high ductil-

ity u=6.

The number of crossings of a particular inelastic displacement
level (i.e. plastic displacment or the movement of the friction device,
as appropriate) has been studied in Figs. 4.25 and 4.26 for the two
structures and for the two basic ductilities. As shown in these
figures, the elasto-plastic madel tends to produce higher displacements
by shifting the response in one direction, whereas in the hardening
model all the inelastic activity happens in the range (-a, a). In this
range the number of contacts between the two points is generally higher

than in the elasto~plastic model and also more uniform.

The same system is investigated on Table 4.1 for twenty artificial
earthquakes generated using the second order filter. The system was
again defined to give frequency of 1.2 Hz, 17 artificial damping and a
yield displacement of unity. For this study the yield force af the
system is set at one-quarter of the maximum earthquake forces produced
by the earthquakes on a rizid structure of the same mass, i.e. the product
of the mass of the system and the maximum ground acceleration. This
procedure was adopted as a Simple method to produce response ductilities
of around 4. The total duration of the earthquake records was used in
this example. For the hardening model it was again assumed that

a=(1+1)/2 where P is the ductility reached by the elasto-plastic model.

As shown on this table the energy dissipation by the two models
is approximately the same and the maxinmum displacements of the hardening
model are generally smaller than the maximum displacements of the elasto-
plastic model. As is also shown on this table, the maximum force F/Fy
is generally lower than the prediction given gy equation (4.3). This
table is especially interesting in emphasising the large scatter of the
maximum response values between randomly-generated earthquakes with the

same frequency content and the same intensity.



4.4 Final remarks

Different arrangements to enhance the energy absorption of steel
braced frame structures have been considered in this chaptér. From
these possibilities, devices which are based upon friction are the
most promising. These devices can completely protect the structural
elements from damage, while they can easily be replaced if necessary

after a severe earthquake event.

The deyelopment of the friction devices is described in detail

in the next chapter.
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CHAPTER 5
DEVELOPMENT OF FRICTION DEVICES

5.1 Introduction

This chapter first describes extensive experiments on friction
in cyclic linear and rotational motion. Experimental work is then
described on a small-scale K-braced frame incorporating a friction
device. TFinally a possible configuration is presented of a full-

size rotating device suitable for an X-braced frame.

5.2 Friction tests
5.2.1 General

The experimental work reported here relates to two different
friction devices. The first is a slipping device where friction is
associated with linear relative motion between the plates, while in
the second, rotations of bars forming a small mechanism are subjected

to controlled friction couples.

The first tests reported were carried out at the beginning of
this project in order to get a broad grasp of the problems intrinsic
in the hysteretic response of a friction joint. These were centred
on the linear slipping device. The second group of tests was much
more laborious, examining many different materials under different
applied loading conditions, in order to find the materials most
suitable for the present application. These were centred on the

rotating device.
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5.2.2 Experiments on friction in cyclic linear motion
5.2.2,1 Experimental work on a small-scale slipping device

The device tested is shown in the photograph in fig. 5.1 and
the instruments used in the photograph in fig. 5.2. The dimensions
of the device are shown in fig. 5.3(a). The load is applied with
an Amsler multi-range testing machine for tension and compression,
capable of inducing a maximum force of 10t. The device is tested

in both directions using the arrangement shown in fig. 5.3(b).

The device consists of two outer plates and a middle plate.
All plates are made from bright mild steel. The middle plate,
having slotted holes, is able to slip relative to the two outer
plates when the load applied by the testing machine reaches the
limiting slipping load. The plates are connected with high
strength 8.8 grade bolts of 8mm diameter. The diameter of the
bolts was reduced to 4.5mm in their part passing through the middle
plate and to 6mm in the rest. This decision was taken in order for
the device to have a slipping load of about 3t, but had the further
advantage of producing a high-grade reduced shank bolt of consistent
performance in retightening. The nuts were tightened by turning two
flats of the nut from the hand-tightened position; this corresponds
to 10 Nm torque applied with the torque spanner (the bolts having a
breaking torque of 15 Nm). A rebate in each outer plate keeps the
contact area between faying surfaces constant as movement progresses
and helps to prevent an increase in the amount of load sustained as

the result of wedge action.

The load is first applied in one direction, applying displace-
ment control by the machine. As successive slips take place, the
individual maximum and minimum loads form the upper and lower bounds
of an envelope, the width of which is a function of the faying sur-

faces, the machine characteristics, and the loading cycle. After
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closing the gap in the slotted hole in one direction, the device is
turned over and a suitable packing piece inserted so that the centre
plate can be driven back (as. shown in fig. 5.3(b), finally completing
one cycle. This device was tested only quasi-statically with a

maximum loading rate of 100 kg/sec.

Typical load-deformation curves for this device are shown in
fig. 5.4. With simple steel-to-steel contact, repeating the testing
procedure for successive cycles rapidly damages the mild steel sur-
faces. As a result of this the upper envelope curve is continuously
increasing, exceeding finally the capacity of the machine after the

fourth cycle.

An effort was made to find additional materials which can be
used as faying surfaces in order to avoid this unsatisfactory per-
formance. Initially, brass plates with thicknesses of 0.5;1 and
1.5mm were inserted between the mild steel plates. The brass plates
have only 6mm holes in order to pass the bolts. Typical results
obtained are shown in fig. 5.5. This unsatisfactory hysteretic
response is mainly due to the fact that the brass plates suffer damage
in bearing on the hole face. Even by introducing slotted holes into
the brass plates, the hysteretic response was still not wholly satis-

factory, as shown in fig. 5.6.

Introduction of mild steel washers between the slipping surfaces
significantly improved the results. The washers move relative to both
plates, reducing in this way the relative movement between the washers
and the plates and reducing the damage on the plates. Typical results
are shown in fig. 5.7 for the case where the internal diameter of the
washers is sufficiently large. The washers in this case were W/15/36/2/

(notation explained below) corresponding to contact pressure of 8.5 N/mm2.



Since the idea of washers was extensively used in this project
either as faying surfaces in a slipping joint or as rotating fric-
tional washers in a rotating joint, a simple notation is used to
describe their dimension, i.e. W/L/0/T/, where W stands for a washer,
I and O the inner and outer diameter of thé washer in millimeters and

T its thickness in millimeters.

Changing to mild steel washers with the small internal diameter
of 7mm produced the unsatisfactory results shown in fig. 5.8. These
are due to the fact that the washers come into bearing with the bolts,

restricting in this way the relative motion only in one interface.

The best results were obtained using high-strength washers

W/15/36/2/ as faying surfaces. Typical results are shown in fig. 5.9.
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These washers have all the advantages of the washers mentioned previously

and in addition, being from a high strehgth material, have a very high
wear resistance. A small increase in the load happens at the first
cycles after which the load stabilises with no further increase up to
the 12th cycle tested. The mild steel platés were almost completely

undamaged by the end of the test.

It is essential to leave the washers able to move relative to
both plates. By fixing the washers on the middle plate, restricting
in this way all the movement relative to the two outer plates, the

unsatisfactory results shown in fig. 5.10 were obtained.

-5.2.2.2 Tests on a large slipping joint

The dimensions of a large slipping joint tested are shown in
fig. 5.11. The plates were connected by an MI6 HSFG bolt. The washers
inserted between the plates as faying material were W/35/80/6/ made from
ground flat stock after heat treatment for maximum hardness. More
details about this material are given later. Both ground flat stock

and bright mild steel plates were sand blasted. The device was again
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tested on a very‘slow}y'applied load for a displacement of 2 cm in
each direction. The variation of the maximum slipping load obtained
at every hélf cycle is shown in fig. 5.12. A coefficient of friction
corresponding to this particular slipping load is also shown. = The
variation of the maximum slipping load by fhe number of cycles, as
shown in this figure, is less consistent than it was in the small
slipping device. This is attributed to the subsﬁantially higher
pressure of 22 N/mm? now existing between the plates and the washers.
Significant damage was observed after the test on the mild steel
plates which is the result of scuffing between the ground flat stock

washers and the mild steel plates during the test.

One more device was tested for compérison, without insertion of
additional material beﬁween the plates. New sand blasted bright mild
steel plates were used. The variation of the slipping loéd by the
number of cycles is shown in fig; 5.13. After the first five cycles
there is a continuous increasé of the slipping load, finally exceeding

the capacity of the machine after the tenth cycle.

The conclusion reached from the tests so far is that the hystere-
tic response of a friction joint can be significantly improved by the
insertion of additional materials between the slipping surfaces. High-
strength steel washers which are left loose between the plates are a
possible solution giving very consistent hysteretic response so long as

the pressure between the surfaces is kept relatively low.

5.2.3 Experiments on friction in cyclic rotational motion
5.2.3.1 Description of the test rig

The tests reported in §5.2.2 above were carried out at the begin-
ning of this research in order to get some idea of the response of a
slipping joint in alternating loading. These tests were carried out
quasi-statically and in the early stages no special provision was made

for the surface finish.



The tests reported now were carried out on a rotating joint,
i.e. an assembly representing one corner of the rotating device
introduced in the previous chapter. The assembly comprised the
main plates, with intervening washers of selected materials including
proprietary friction-lining materials. - Many materials were tried
~for these washers, in order to find the materials giving the most
consistent hysteresis loops., Special care was taken for the surface
finish in both the plates and the washers. Different velocities
and pressures were also used in order to cover a wide range of results

for the application of this device in earthquake engineering.

A photograph of the test rig is shown in fig. 5.14, and a photo-
graph of some of the materials tested in fig. 5.15. A sketch of the
overall arrangement is also shown in fig. 5.16. ' The load is applied
through a 70 kN hydraulic jack which is connected with a pin joint
from one end to a rig frame and from the other end to the specimen.
The specimen is a cantilever arm with the frictional washers placed
on the 'fixed' end. ,Both the middle plate and the outer plates were
surface ground. After the end of each test the plate surfaces were
re-ground or replaced if the damage which occurred during the test

was significant.

External non~frictional washers were also used, as shown in
fig. 5.16. These washers were 25mm thick and were rebated in order
to transfer the pressure from the bolts to the radius overlying the
friction material.  Without these external washers the bending defor-
mation of the plates under the high externally—applied pressure from
the bolt may reduce the effective radius of contact between the plates
and the washers and so reduce the slipping load. For the particular
plate thickness used (20mm) the use of these washers made only a small
difference in the few comparisons made. On the scaled—down device
shown, later used on the shake table, the use of external washers

became absolutely necessary, however, since this device has very thin
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plates which bend easily. Generally the use of the external washers

is necessary for reliable results.

The thickness of ZSmﬁ of the external washers is entirely
sufficient to cause uniform pressure distribution between the
frictional washers and the plates in the present tests., This was
verified by repeating some of the friction tests reported later
with new external washers having 100mm thickness. The results
produced by those washers were identical with the results given by

the 25mm thickness washers.

In the descriptions that follow the frictional washers are
described with the same notation as before, i.e. W/I1/0/T/. For
many of the tests reported later, the internal diameter of the
washer was chocea to equal the diameter of the bolt. When the
internal diameter of the frictional washer was bigger than the
diameter of the bolt then special provision was made to keep the
frictional washer central relative to the bolt, by inserting an
appropriate close fitting but thinner washer between the frictional

washer and the bolt.

The plates were of bright mild steel.

5.2.3.2 Test procedure and format of results

The jack force was measured by a piezo—electric pressure trans—
ducer connected adjacent to the jack, feeding a charge—amplifier. The
output .was regularly calibrated against a large load cell inserted in
place of the friction device. The jack force was thus displayed on

an X-Y plotter against the stroke of the jack.

The basic parameters for the various friction tests are summarised
on Table 5.1. The first column of this table gives a test number, and
the second column' shows a reference number identifying the graph which
is typical for results of this test, in the form of hysteresis loops of

force versus the stroke in the jack. The next column of Table 5.1 shows



the material from which the washers were made, assumed to be tested
against mild steel plates unless it is otherwise specified on this
column. The washer material and the normal applied pressure is

also shown on each graph.

The next column shows the effective coefficient of friction

which is inferred as follows:

M=P.g = %-ﬂum (i - rg)pr
where P = the applied load on the jack
2 = 20 cm, the cantilever length
M = the couple acting on the friction joint
r, = Do/2
ry, = Di/z
m = 2, the number of faying surfaces
P, = the nominal pressure between the plates and the washers
U = the coefficient of friction

This formula assumes that the applied couple M is taken by friction
whereas the force P is taken by the bolt in bearing with the plates.
In test cases where the hysteresis loops were not stable over the

number of cycles, a range of Uy values is given, corresponding to the

minimum and maximum values of the slipping load.

The next column shows the total angle of rotation of the outer
plates relative to the middle plate, ¢. Next is shown the frequency
of the test or range of frequencies tested in the given combination.
New specimens were always used for each frequency. The applied cycle
has the time history shown in fig. 5.17, so the frequency shown on
Table 5.1 is f=1/T and the angular velocity 2¢f. Quasi-static response

refers to a very low rate of oil delivery (£<0.25 Hz).
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The next column of Table 5.1 indicates the nominal applied
pressure between the friction materials and the plates for the
particular test. The next column shows the bolts used, as
detailed on Table 5.2, together with the torques applied. The
selected torque was generally such as to develop in the bolt 70%
of the tension yield load. A reduced torque was also used for
the M24 10,9 grade bolt for convenience in some tests. The
torques were applied and measured with a torque spanner; the

calibration was checked.

The next column shows the number of cycles for which the
test was carried out and the next column the surface finish for
the washers. The parent plates were mild steel with ground
surface finish. The final column of Table 5.1 shows the dimen-

sions of the washers for the particular test.

A brief summary of the chemical composition of the materials
tested is shown on Table 5.3 and the hardness of each material on
Table 5.4. The hardness was measured with the Hardness Tester

DHY 10 with an estimated maximum possible error in the results of 5%.

A short description of each of the materials tested is given in

the general discussion of the specific test results, §5.2.3.4.
5.2.3.3 Selection of the load and motion parameters.,

The selection of the excitation parameters is based upon the
performance of the 10-storey braced shear frame described in §1.3.3.2.
When this frame is subjected to 3 artificial earthquakes generated
using the autoregressive filter described in § 2.2.3 with intensity
of So=50cm2/sec3 (which is the same as the intensity of the 1940 NS
El Centro earthquake), the maximum recorded interstorey velocity in
undamped response is 15cm/sec. This value appears at one particular
storey for one particular earthquake, while the other values are
smaller. The values of maximum interstorey velocities are also

reduced if damping is introduced.
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The corresponding maximum rotation at each node of the device
envisaged is ¢=15°, and this was set as the target value for testing.
Difficulty was experienced in setting the jack étroke, however, and
for this reason some values of ¢ departed from the target, as shown

in table 5.1

The maximum relative velocity between faces of the rotating
device was similarly related to the inter-storey velocities discussed
above. For most tests, however, a slower rate was used, for prac-

tical convenience. -

In general, the tests were taken to 20 cycles, which is regarded
as a conservative representation of the cycle count expected in res-
ponse to a real earthquake, bearing in mind that the real response
will comprise cycles of motion less than the maximum. It would appear
on first consideration of the problem that rate of heating would be
a most important parameter. This in turn would focus attention on
the slipping velocity, although, as indicated later, the performance

in practice does not appear unduly sensitive to this factor.

Analytical predictions were made for the expected energy
dissipation by the hysteretic devices using either the probabilistic
theory as described in section 2.3 or by time domain solutions as
shown in Appendix B. These predictions suggest rate of temperature
rise in the friction materials during earthquakes with the same
intensity as the E1 Centro of 5° ¢/sec. This value is found by
using the specific heat coefficient for steel and assuming that half
of the total volume of the washers are heated, contributing to the
energy dissipation. This value occurs only in the stronger part of
the record, being smaller when the earthquake loses its intensity.
This small rate of temperature increase in the friction material may

explain why the velocity does not significantly affect the results.



5.2.3.4 Cyclic moment/rotation results

The main objective of the programme described above was to
identify materials having good hysteretic response over the defined
range of excitation parameters. Good hysteretic response is con-
sidered to be the response where the slipping load is predictable

and remains unchanged over the required number of cycles.

One problem in the friction tests is wear, i.e. the loss of
material from the surface by transfer to another surface, or the
creation of wear debris, and a review of this problem is given by
Colangelo (66). According to the present tests, the wear seems to

be affected mainly by the following parameters:

a) The most important parameter seems to be the hardness of the
materials, the greater the hardness, the less the wear and the

better the consistency in the hysteresis loops.
b) The normal pressure, the wear is higher for higher pressures.
c) The slip travel, the bigger this distance, the bigger the wear.

Point (c) was also clearly verified in the tests by observing greater
wear damage in the washers at the points farther away from the centre
of the washer. The damage was also oriented in a circumferential

manner.

From the experience drawn from these tests it was concluded
that for small "rotations" or "slips" (say 5° rotations in a rotating
joint or 5mm slip in a slipping joint) there is very good consistency.
This was due to the polish of the contact surfaces by the number of

cycles,

The wear is also correlated with the total cumulative slip (or
alternatively the "energy dissipation') but to a lesser degree than to
the range of the individual slip cycles. As noted earlier, for the
present value of velocities, slip velocity seems to be a relatively

unimportant parameter.
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The response of each material is affected by all these
parameters., Materials suitable for a certain range of those
parameters may become unsatisfactory for another range of values.
Exact identification of the "interaction surface" above which
wear starts, clearly requires a large amount of experimental work,
which is outside the scope of the present study. Each of the
materials discussed below was tested on a moderate range of para-
meters, in an attempt to establish in an economical way the
materials and the conditions most suitable for the present

application.

Ground flat stock

The ground flat stock (alternatively referred to as ‘''gauge
plate") was the first material tested, proving finally to be the
best from the metallic materials tested. For hardening it was
heated to 780°C and quenched in oil, which was conveniently placed
to avoid loss of heat. For tempering it was heated for one hour

at 150°C.

The first three tests, namely Gl, G2, G3, were carried out with
sand-blasted plates and washers. The sand-blasted surface finish
was generally found to give higher coefficients of friction than the
basic ground surface finish. However, this finish was generally
found to be unsatisfactory, because the damage commonly concentrated
at limited areas, while many parts between the plates and the washers
were not in contact. The coefficient of friction of the sand-blasted
materials seems also to be easily affected by touching the prepared
faces, Tests carried out a few months after the original tests, using
sand-blasted materials, show a different coefficient of friction,
although the original results can approximately be restored by sand=—
blasting the materials again. For these reasons, it was concluded
that sand-blasting the materials is not sufficient for reliable

coefficients of friction.
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Test Gl was the only one of the tests reported here which was
carried out without the use of the external washers; this seems to
reduce slightly the coefficient of friction as compared with test G2.
The unsatisfactory hysteresis loops of test G3 were due to the high

contact pressure between the plates and the washers.

Contrary to the sand-blasted finish, the ground surface was
found to give very reliable results; the comparable tests are G4, G5
and G6. These results show that a contact pressure of 20 N/mm? is
the limiting pressure for the ground flat stock after which signifi-
cant wear occurs. For smaller pressures the ground flat stock gives
very satisfactory results even for high strokes. TFor higher pressures
the graphs are generally inconsistent, being more inconsistent for the

higher strokes, as shown by comparing tests G4 and G5.

In all the results reported thus far, the ground flat stock
washers were left free between the plates to rotate in their own
preferred direction. In the tests G7, G8 and G9, ground flat stock
washers were welded on the outside plates, imposing in this way all the
movement on the other interface. The initial thought in doing this is
that restricting the relative motion to one interface effectively doubles
the relative movement at this face. The results obtained by doing this
were unfavourable to a degree that cannot be explained on the basis of
doubling the relative motion. Typical results for quasi-static applied
loading are shown in tests G7, and G8. A further development was to
weld washers of ground flat stock to all the meeting faces, so that
movement occurred between two faces of the harder washer material.

The results, shown as test G9, are still unsatisfactory.

A simple explanation of this effect can be put forward. The
relative rotations between the two washers of test G5 and one of their
attached plate were shown in fig. 5.19. Initially, for a few cycles,
the relative movement concentrates on one interface, until this face

damages. The relative motion is then concentrated at the other inter-
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face until this interface damages as well. At this stage the
sééond face siezeslat one extreme of the relative motion and an
additional rotation is enforced on the first face, so that a new
relative contact position exists between plates and washers and the
foregoing process is repeated. This additional rotation of the
washer is very significant for materials such as the ground flat
stock which are susceptible to damage, and leaving the washer free
to rotate is very important in proving the hysteretic response of
the joint. In all subsequent tests the washers were left free

to rotate unless otherwise specified.

Although for high pressures the ground flat stock siezes up and
the couple increases successively, the rate of increase decreases and
becomes much smaller after a substantial number of cycles than in the
first few cycles, It would appear that there is an upper bound to

the couple in the case of this material.

Ground flat stock is clearly an acceptable material for the
present application, although it does not give the excellent hysteresis
loops which can be obtained by using proprietary purpose-formulated

friction materials as described later.
Cast Iron

The grade 14 cast iron, which had a yield stress of 220 N/mm?,
showed a very bad hysteretic response. Typical results for the cast
iron washers against mild steel plates are shown in test Cl and against
ground flat stock in test C2. In the later case the cast iron washers
were inserted between ground flat stock washers welded on the mild steel

plates.

The response of this particular cast iron was in some subsequent
tests found to be more favourable when used in conjunction with stain-
less steel and with some of the friction materials reported later.
Details of these tests are not shown since the final arrangements are
complicated and are not regarded as practically applicable. Higher
grade cast irons or alloy cast irons might prove more suitable, but

this line of development was not pursued.
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Nitroy 40B

Nitroy 40B alloy steel was the next material tested, surface-
hardened using the nitriding process. The hysteretic response of
this material, tested as it emerged from the nitriding process
without regrinding the surface, is shown in tests N1 and N2 versus

mild steel plates and ground flat stock respectively.

The very bad hysteretic response may be attributed to the
nitriding process; in this process the nitrogen dissolves in iron
only up to a certain concentration. When the nitrogen exceeds this
value a surface layer called the "white layer" is formed. Dr. T.J.Baker,
of the Department of Metallurgy at Imperial College, has suggested that
this layer might be responsible for the bad response, and test N3 shows
the behaviour after surface grinding of the Nitroy 40B which is presumed
to have removed the "white layer". It can be seen that the hysteretic
behaviour is consistent.. Nevertheless, this material must be con-
sidered unsuitable for the present application, taking into account
the cost of the material and of the nitriding process and the final

uncertainty concerning its hysteretic response.

500K-Monel

The response of 500K-Monel stainless steel is shown in tests Ml
and M2. As shown in test M1, the hysteretic response of 500K-Monel
is very promising for relatively high pressure and high stroke at low

speeds, but is less consistent for higher speeds, as shown in test M2,

This stainless steel was not hardened. The hysteretic response
of this material would probably be improved by hardening, but this

possibility was not examined.

3501F Ferodo friction material

The five materials reported in the rest of this section are
proprietary fibre-based friction materials selected from the range

manufactured by the Ferodo company (67) in collaboration with the
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company. All the Ferodo materials tested were asbestos free.

The first of these materials to be studied was Ferodo friction
material type 3501F; because of the small quantity of the material
available, only one washer was prepared while in the other interface
a washer from ground flat stock with the same dimensions was used.

Results are presented as test Fl.

Despite the relative consistency of the graph for this par-
ticular pressure and stroke, this material showed unsatisfactory

wear resistance and was severely damaged after the test.

Type FF Ferodo friction material

The hysteretic response of this material is shown in tests F2
and F3. In test F2 the couple falls in successive cycles. This
is due to the fact that this friction material is very soft, result-

ing in high compressibility.

The hysteretic behaviour of this material was significantly
improved in test F3., Here four ground flat stock washers W/50/115/6/
were welded on the plates and between them were inserted pieces of the
friction material 150mm square, 9mm thick. The largef area of fric-
tion material used in this test with significantly smaller normal

stress improves the hysteretic response.

Nevertheless, this friction material is unsatisfactory for the

present application, given the problems noted.

An obsolete-stock Ferodo friction material

The best hysteresis loops were obtained using the friction
material shown in the photograph in fig. 5.15. This was obtained
from the stock held by a structural engineer and could not be equated
with any current—catalogue material. The fabric in this material is
formed in a circumferential manner. Typical results are shown in

test F4. This material was tested faying with various other surfaces,



showing very stable hysteresis loops; even when the washers were
bonded to the outside plates and tested against mild steel, the
procedure which produced quite unsatisfactory results with metal-

to-metal faces, the hysteresis loops were still very stable.

Exact identification of this material with the present avail-
able Ferodo friction materials was impossible. Two materials which

are believed to be very close are next considered.

3701F Ferodo friction material

This was the best of the materials tested from the current
catalogue of Ferodo friction materials. Typical hysteretic
response is shown in tests F5 and F6. The friction material as
well as the plates were completely undamaged by as many as 50 cycles
of motion. A summary of the significant physical properties of the

3701F material is shown on table 5.5.

Test F6 was repeated by machining the friction material in
order to reduce its thickness. It was found that as long as the
thickness exceeded 6mm, the hystéresis loops were identical without
any damage to the materials, whereas for a thickness of 5mm the

friction material crushes under this particular stress.

Friction tests using the 3701F Ferodo friction material
against mild steel plates with ground surface finish show very good
repeatability. The friction tests F6 were repeated a few months

after the original tests, showing identical results.

3904F Ferodo friction material

This material was less satisfactory than the 3701F. In test
F7 the load fell in successiyve cycles, due to the crushing of the
3904F friction material; for the same thickness the crushing of the
3701F was not so pronounced. It lacks in comparison with the 3701F

because it is more flexible and has lower ultimate strength properties.
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5.2.3.5 Creep tests

Creep tests were carried out on the 3701F Ferodo friction
material using the arrangement shown in fig. 5.20. Three washers
W/30/85/10/ having total thickness of 30mm were inserted between
two rigid steel blocks and compressed using an M24 grade 10.9 bolt
with total grip length of 160mm. A torque of 1200 Nm was applied
to the bolt, introducing é tension of 290 kN, which is about 707
of the tensile yield load on the bolt. Two dial gauges were used
to measure the creep on the friction material, as shown in fig. 5.20.
Two strain gauges of 120 ohms resistance each were connected on
opposite sides of the bolt to compensate for bending, producing a
total active resistance of 240 ohms. Two extra dummy strain gauges
were used on a second unstrained bolt for thermal compensation,
connected to form a quarter bridge circuit with two fixed arms of
120 ohms each, provided by an electronic test instrument. The

experiment was carried out in a temperature-controlled room.

The strain gauge readings for the first test are shown in fig.5.21, and
the dial gauge readings in fig.5.22, on a linear-logarithmic
scale. The strain gauge'reading is converted to a load on the bolt,
assuming a Young's modulus for the bolt of 210 kN/mm?. As shown in
these figures, the decay of the force on the bolt as well as the dial
gauge readings are approximately logarithmic with time. The creep
was very significant on this first test and approximately 1/3 of the

load on the bolt was lost after two weeks.

The test was extended by re-tightening the bolt at the end of
the first two weeks. The decay of the readings as shown, denoted
"test two", is now much smaller. After further re-tightening at
the end of the second two weeks, the decay in the readings is almost

negligible as shown, denoted "test three".
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It was found experimentally that for the present dimensions
the stiffness of the friction material is approximately 407 more
than the stiffness of the bolt. This means that these tests were
carried out neither under constant stress nor under constant strain
conditions, and in consequence the present results cannot directly
be used to predict for other conditions. The insignificant creep
after the second re-tightening is, however, strong evidence that
for any practical dimensions, creep in service can be eliminated by

repeating this procedure.

5.2.4 Development of a rotating device for braced frames
5.2.4.1 Tests on a large-scale model rotating device

A large rotating device with the dimensions shown in fig. 5.23
was tested using the arrangement shown in this figure. The device
was pin-connected with the testing machine, with 25mm pins on both
ends. Having tested the device by compression across one diagonal,
constituting half a cycle, it is turned 90° and tested in the other

direction to complete the cycle.

Tests were carried out quasi-statically with the same conditions
as the Gl tests reported earlier for the single rotating joint, i.e.
both plates and ground flat stock washers were sand-blasted. Typical
results for the first and the fifth cycle are shown in fig. 5.24. The
slipping load in the early cycles correlates reasonably well with the
loads from the tests carried out at the single rotating joint. In
later cycles the load increases more than in the tests on the single
rotating joint. This may be due to the fact that the present tests

were carried out at higher stroke.

It should be noted that when this device activates, the transi-
tion from the elastic range is not so sharp as that with the single
rotating joint reported before, because not all the four friction
joints on this device activate at the same time. This happens since
without grinding the parent plates and the washers, the contact area
between the washers and plates varies from one friction joint to the

other.
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5.2.4.2 Tests on a small-scale model rotating device

A model device which was prepared for use on the shake table is
shown in the photograph in fig. 5.25 and its dimensions in fig. 5.26.
External washers, not shown in this photograph, were also fitted.
For completeness, table 5.6 summarises friction tests associated with

this small device.

Although plates and ground flat stock washers were only sand-
blasted, the hysteresis loops obtained in these tests are very con-
sistent, similar to those given by the 3701F friction material in the
single joint tests. This conéistency is probably assisted by the
fact that for the very small washers used in this device the slipping

movement is small even for high rotations.

The 3904F Ferodo friction material which gave unsatisfactory
response in tests F7 gives also very consistent hysteretic response
on the small slipping device. This is again due to the fact that
the relétive movement between washers and plates is now smaller than

the pressure in the F7 tests.

A wide range of slipping loads can be obtained using this device
by varying the amount of torque applied to the bolts or by slightly
varying the washer dimensions.
bther configurations, except the basic rectangular configuration used so
far, are also possible. Consider for example the brace damper shown in fig.
5.27. This mechanism was developed by Scholl(68) and the device incorporates
a visco-elastic material between the plates. It is possible using a similar

configuration to produce a friction device with very large frictional washers.

5.2.5 Further examination of proprietary friction-lining materials
5.2.5.1 «Detailed tests on the 3701F Ferodo friction-lining material

A slipping test was carried out on a single slipping joint using
the 3701iF Ferodo friction material. The dimensions of the plates and
the Ferodo friction material which is used as faying surface are shown
in fig. 5.28. The tests were carried out quasi-statically for a slip
of 2cm in each direction. The plates were bright mild steel, surface

ground, connected with an M16 10.9 grade bolt. External washers were
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also introduced for more uniform pressure distribution.
The variation of the maximum slipping load obtained at each half cycle
is shown in fig. 5.29, together with the equivalent coefficient of fri-

ction. Typical results for the first three cycles are shown in fig.

5.30.

The direction of grinding does not affect the coefficient of
friction. Tests repeated with the two outside plates turned so that
slip now occurs perpendicular to the direction of grinding, give

unchanged results.

The slipping load was generally consistent over the number of
cycles tested, although not so consistent as the corresponding rotat-—
ing tests, despite the fact that the pressure between the plates and
the friction material is now very small (only 5 N/mm?, assuming uniform
pressure distribution throughout the area of the friction material).
Plates and friction material were almost completely undamaged by the

end of the test.

It was generally observed that the rotating tests were more
consistent than the linear slipping tests for the same friction
material. This is probably mainly due to the fact that the relative

movement on the washers is small, even for relatively high rotations.

5.2.5.2 General comments concerning the coefficient of friction

Individual rotating or slipping friction tests using the 3701F
Ferodo friction material show very good consistency. However, the
apparent coefficient of friction varies according to application, as
shown by comparing the linear slipping tests described in the fore-

going section with the rotating tests F5 and F6.

This is attributed mainly to the variation of the coefficient of
friction according to the normal applied pressure. An indication that
the coefficient of friction may vary as a function of the normal pres-

sure is given by the Ferodo manual, but only for small applied pressures.
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The present tests suggest that for the very high pressures desired
for the rotating devices there is a significant reduction of the
coefficient. Specifically, it was found from the linear slipping
tests, where the contact pressure was small, that the coefficient
of friction is around 0.25; whereas in the rotating tests, which
have much higher contact pressure, the coefficient of friction can

be as small as 0.14.

In order to verify this point, a few additional tests were
carried out for both linear and rotational motion. First some
linear motion tests were carried out using the arrangement described
in the previous section, but with faying surfaces of 3701F Ferodo
friction washers with the same dimensions as in the F6 tests. Plates
and washers ﬁere screwed together using an M24 10.9 grade bolt,
producing a linear slipping joint with the same normal pressure as
in the F6 rotating tests. The coefficient of friction found from
these tests is very close to the value of 0.14 found from the rota-

ting tests F6.

Finally a few more rotating tests were carried out. The tests
were similar to the rotating tests F6, but the M24 10.9 grade bolt was
replaced by an MI6 10.9 grade bolt. Thé joint now had a normal
pressure of 25 N/mm®. The coeffient of friction found from this test
was ﬁ=0.18 compared with p=0.14 at the higher stress given by the M24
10.9 grade bolt. These results clearly verify that for this friction

material the coefficient of friction reduces with higher normal pressure.

5.3 Tests on a small-scale K-braced frame with a slipping device

A further test was carried out on the K-braced frame, with a
slipping device at the intersection of the two angles. The frame is
shown in fig. 5.31 and also in the photograph in fig. 5.32. The
slipping device used in this frame is the same as the small-scale

slipping device described in §5.2.2.1.
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The two braces are welded to the middle plate of the device
(which has the slotted hole), whereas the two outer plates are
welded to the beam. The welding of the two outer plates was done
. with great care to minimise distortions. The two braces were
aligned to intersect at the middle of the device; eccentricity
could cause a reduction of the slipping load of the device, as
shown in fig. 5.33. Applying the equilibrium equations to the
fasteners shown in fig. 5.33, we can find the instantaneous centre
of rotation and then the reduction of the slipping load as a function
of the eccentricity e. The resulting reduction for this device for

its basic slipping load of 3t is shown in fig. 5.34.

The hysteresis loops for the first 7—cycles in the frame with
the device are shown in fig. 5.35. The slipping load at the device
was set at 3t. The verticél displacement in the middle of the frame
remains zero throughout the response. Five more cycles, but now with
a smaller slipping load are shown in fig. 5.36, the slipping load being
reduced by reducing the amount of torque applied to the bolts using the
torque spanner. Extensive testing of this frame for different slipping
loads extending up to 30 cycles of deformation gave very consistent

results.
5.4 Design of a full size rotating device
5.4.1 General

A possible configuration of a rotating device for use in a
realistic X-braced frame is now developed. The device incorporates
the idea of frictional washers and the design is based upon the tests

reported in the earlier sections of this chapter.
5.4.2 Desirable slipping loads and expected deformations in a device

The design loads of a multi-storey frame depend upon many factors,
such as the importance of the building, the seismicity of the area, the
soil-structure amplification factor, etc. To establish the desirable

values of slipping loads for a device, a multi-storey frame is designed
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using realistic values of the various design parameters. The building
analysed has ten storeys, with a storey height of 3m and plan dimensions
24mx12m. Bracing members are introduced only in the end frames of the
building. The earthquake is assumed to act in the direction of the 12m
dimension. The bracing configuration used is shown in fig. 5.37.

Since an identical frame exists at the other end of the building, each
frame is assumed to carry dead load and live load from a length of 12m,
being half of the total length of the building. The structure was

designed for the following loads:

Dead load of roof 3.2 kN/m?
Dead load of floors 5 kN/m?
Live load of roof 1 kN/m?
Live load of floor 2.4 kN/m?®
" Wind loading 1.5 kN/m?

The mass subjected to the earthquake ground motion was presumed
to correspond to the specified live load. The seismic design was
based on the formulation discussed in §1.1.2, The soil interaction
factor (S) was taken as 1.5 which corresponds to a period of soil of
1 second. The importance factor of this building (I) and the seis-
micity of the area factor (Z) were taken as unity. The system duc—~
tility factor was taken as K=0.67. These values are used to evaluate
the base shear which is then distributed in the various storeys. Part
of the shear in each storey is taken by the columns and part by the

braces.

The bracing elements were designed as tensile members with
negligible compressive strength, The fundamental period of the
structure was estimated at slightly more than 1 second. Details
from the selection of cross—sections for beam and columns are not
shown. According to this design, the device at the bottom braces
requires to have a slipping load of 600 kN, assuming that it is

activated only by the tensile braces. For this slipping load, the
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device remains elastic for wind loading and for the design seismic
forces, while it is expected to activate for a moderate and a strong
earthquake. For the higher storeys a minimum area for braces

(2.88 in?) was presumed and on these storeys the slipping load on the

devices was set at 400kN.

From the design of this building as well as from the design of
other building frames reported by other authors, it was concluded that
any developed mechanism must be able to cover slipping loads in the

range from 300kN to 700kN.

The design philosophy of multi-storey braced steel frames requires
a moderate earthquake to be limited to non-structural components. For
a major earthquake the necessity is to avoid collapse while some struc-
tural damage is allowed. The mechanism now developed imposes some
limitations since it only permits a certain amount of rotation, corres—
ponding to the limiting case when the edges of the rotatfng plates come
together. The mechanism must be able to deform for the expected
deflections in a strong earthquake before it reaches this limiting
rotational position. As maximum inter-storey deflection, a value of
80mm (slightly over 3 inches) was chosen, which is considered to be
representative of practical building response to very strong earthquakes,
for example 1.5 times El Centro. This choice was based on dynamic
analyses carried out by other authors, as for example by Goel and
Hanson (8), who reported the response to specific ground motions of
braced frame multi-storey buildings designed in a closely similar way.

Similar dynamic analyses are also reported in this thesis in appendix B.

5.4.3 A typical full size deyice
5.4.3.1 Dimensions of the device

A possible mechanism for use in an X~braced frame is shown in
fig.5.38 . This device is basically a combination of a number of the
basic rectangular rotational devices described preyiously. From the

16 intersections, 12 are friction joints, whereas the 4 joints in the
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corners are pin joints for attachment to the braces. The advantage
of this device over the simple rectangular device is that it makes

the connections between the device and the braces relatively simple.

Each friction joint has six frictional washers W/30/85/6/ (for
the notation describing the washers see section 5.2.2) from 3701F
Ferodo friction material. The plates and the washers are connected
using an M24 10.9 grade bolt. External washers of 25mm thickness
are also used to ensure uniform pressure distribution between fric-
tional washers and plates. The pressure between washers and plates
is thus the same as in the friction tests F6 reported in the previous
chapter, so the respective results regarding the coefficient of fric-
tion can be used. Concerning creep, the total thickness of the fric-
tion material in each friction joint is 36mm, which is very close to
the 30mm thickness of the friction material in the creep tests reported
in section 5.2.3.5, and the procedure suggested to eliminate creep can

confidently be used in this application.

The virtual work equation and the results of the friction tests F6
reported in the previous chapter predict the slipping load of this

device to be 400kN when loaded as shown in .fig.5.39(a).

The design of the plates, the bolts and the pins follows the
same lines as the design of any structural component in a building
frame. The bending moment diagram for the plates is shown in
fig.5.39(b) making the conservative assumption that the storey
shear aéts solely through the tension bracing, as shown in fig.5.39(a),
In this diagram M stands for the total slipping bending moment developed
at each joint as a result of friction in all six interfaces, which in

this case is M=7000 Nm using the results from the F6 friction tests.

As shown in this figure, the largest bending moments on the
device occur close to the points of application of the load by the
tensile braces; the moments are zero close to the connection points
of the device with the compressive braces. When the device is
activated by both the tensile and the compressive braces, the bending

moment diagram becomes anti-symmetric with a maximum bending moment



of M (instead of the value 2M shown in fig.5.39(b) . Even in the
case when the device activates primarily by the tension bracing, the
compressive bracing will always have a small buckling resistance, so
the actual bending moment diagram on the device will always be smaller

than the one shown in fig.5.39(b).

Each of the plies of this multi-layer device is subjected to an
appropriate fraction of the bending moment shown in fig.5.39(b). 1In
particular the portion taken by all the inner plies is twice as much

as that taken by the outer plies.

Assuming that this device is accommodated in a square X-braced
panel, table 5.7 shows two typical changes of the geometry of the
device. The first case in table 5.7 shows the limiting rotation that
the device can accept which corresponds to the case when the rotating
plates meet each other. The second case in table 5.7 shows the
deformation of the device for the design safe-limit deflection of
80mm. It can be seen on this table that the maximum deformation
that this device can accept is much bigger than the safe-limit deflec-

tion of 80mm.

The device as drawn, has a slipping load of 400 kN. A slipping
load of 600 kN, such as might be required for the bottom storey of
the multi-storey frame discussed above, can be obtained by increasing

the number of plies.

5.&.3.2Remarks concerning hardening of the device

In the design of these devices, two different approaches can be
followed. In the first approach the requirement is to avoid brace
buckling. 1In this case the design of the device is based upon the

buckling resistance of the braces and both the compressive and the

tensile brace activate the device. The second apprcach can be followed

when the buckling resistance of the braces is very small and in this

case the design of the device is based upon the tensile strength of

the braces, as shown in fig,5,39(a) . In particular, the device is
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expected to activate at a load which is smaller than the yield

strength of the braces.

In the foregoing discussions it has generally been assumed
that once the device activates, the forces on the device and on the
braces are constant. There are two forms of non-linearities which
can cause an increase in the forces in the braces and correspondingly

increase the forces transmitted to the device.

The deformation of a single storey braced frame
incorporating the rotating device is shown in fig. 5.40.
The first non-linearity arises from the kinematics of the device,
which causes the reduction in the length of the one diagonal of the
device to be greater than the increase in the length of the other
diagonal. This effect is important when both braces activate the
device, i.e. when the design is based upon the buckling resistance
of the braces. This effect causes a positive increase in the force
in both braces. The net change in brace force on the compressive

diagonal is thus reduced.

The second non-linearity is an increase of the slipping load
of the device because of the change of the geometry of the device.
The new slipping load can be found by writing the virtual work
equation on the device in its deformed position. For the maximum
expected storey deflection of 80mm, of which (say) 10mm is elastic
storey deflection before the device activates, while the remaining
70mm corresponds to slipping deformation of the device, the slipping
load of the device shown in :fig.5.38' increases by 25%. The net
result is a significant hardening characteristic, even prior to

closure of the gaps between the bars.

Allowance was made for these non-linearities in the design of
the device. In particular for the maximum expected storey deflection

of 80mm the brace yielding force is still greater than the new slipping
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load of the attached device. The device at each storey is also

designed to remain elastic for the code design lateral forces.

This example was, however, only created to show typical
dimensions for a full-size device, the expected deformations, and the
possible hardening of the device resulting from the change of its
geometry. As shown later, the slipping load of the device at the
various storeys should be suitably chosen to cause reasonably uniform

ductility requirements at the various storeys.
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CHAPTER 6
SHAKE TABLE TESTING

6.1 Introduction

This chapter describes the shake table testing of a single-
degree—of—-freedom X-braced frame. The major part of the experimental
work concerns the introduction of the rotating device at the inter-
section of the two cross-braces. The hysteretic response of the
same frame with a plastic—-ending device is also described, as well
as the comparable behaviaur without any hysteretic device. The

behaviour of an unbraced frame was also briefly examined.

6.2 The Imperial College shake table

The shake table at Imperial College is a biaxial table with
one axis of horizontal and one of vertical excitation capable of
simultaneous independent movement. The table size is 2mx2m and it
is capable of supporting a 4 tonmne payload while imparting peak
accelerations of 1g horizontally and 0.47g vertically at frequencies
between 1 and 40 Hz. These accelerations may be increased or
decreased according to the total mass in motion. Only the horizontal
actuator was used in the present investigation. Details of this

shake table are given in ref (69).

The line of horizontal excitation of the table is defined as
the longitudinal axis, and roll is the rotation about this axis.
Pitch is the rotation about the horizontal axis perpendicular to the
direction of excitation. Typically the natural frequencies of the
predominantly pitch and roll modes are approximately 16 Hz and 8 Hz

respectively for the unloaded table.

The table and the electro-hydraulic actuators are carried on a
140t reaction mass in the form of a concrete tank. This is located
on 24 coil springs which react against the foundations of the building.
The springs minimise the dynamic forces transmitted to the building
and provide an acceptable degree of seismic isolation. The frequencies

associated with the movement of the tank lie between 1.1-1.7 Hz.



When the platform of the shake table is shaken only by the
horizontal actuator, small pitch and roll rotations as well as small
lateral and vertical accelerations are also experienced. These
interact, in particular, with the concrete tank movement which has
frequencies within the seismic bandwidth. It is sometimes necessary

to filter acquired data to eliminate these effects.

A further source of distortion of the pre—determined excitation
is the oil-column resonance of the electro-hydraulic actuator, which

mainly affects the frequencies around 20 Hz.

The interactions discussed above commonly have the effect on
first trial operation that the acceleration appearing on the platform
varies substantially from the target acceleration introduced on the
computer. This effect may be minimised by using an iterative pro-—
cedure, i.e. continuously filtering the acceleration on the computer
until it finally matches the acceleration appearing on the platform,

a procedure called "time history matching".

6.3 Description of the test model

The dimensions of the test model are shown in fig. 6.1. It is
also shown by photograph in fig.6.3 . This frame represents approxi-
mately a 1/3 scale model of the first storey of a multi-storey building
frame. A value of 850kg was chosen as the mass on the top of the beam.

A larger mass would be possible but could introduce significant support-

ing problems and greater error due to table pitch.

e e

The frame was mounted at the longitudinal centre line of the
table to restrict the motion ideally to this direction. With the
present dimensions the frame spans almost from one end of the shake

table to the other.

The photograph, fig.6.3., also shows two braced towers, which
are provided solely as safety restraints. The main mass is linked
to these frames by light, flexible slings so that it would be safely

supported in the event of accidental failure of the test frame.
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6mm solid round bars were chosen for the bracings in the test
frame, these being probably the minimum diameter for which the simple
threaded end connection is suitable. This material was cold-roiled
mild steel with the monotonic force-displacement curve shown in fig.
6.2. Four bars were used in each frame, as shown in fig.6.1. They
were threaded at both ends; at one end they were connected to the
energy~dissipation device through pin connections. At the other end
they passed through holes in corner-braces of the frame, located by
nuts to facilitate adjustment, including possible pre-loading. This

detail provides some rotational restraint.

The forces on the bars were measured with strain-gauges fitted
at the quarter point of the length of the two bars below the device;
at this position the bar remains elastic. Two strain gauges were
attached opposite each other in order to compensate for bending.

For the bars above the device, 1t was assumed that the force is in

each case the same as the force in the lower bar on the same diagonal.

For the frame beam and columns, RHS sections 80x40x4 were chosen,
oriented with their weak bending direction in the plane of shaking.
The choice of this cross-section was made in order to have a reasonable
ratio between stiffness and strength provided by the frame and by the
braces. The two columns are rigidly connected to the top mass,
approximating in this way the model of a shear building frame. The
beam is also rigidly connected with the top mass, as shown in fig.
6.1; there was thus no plastic deformation of the beam throughout the

experiments.

Two displacement transducers were used, one measuring the dis-
placement of the mass relative to the platform of the shake table and
the second on the device. The transducer on the device, as shown in
fig. 6.1, gives the relative movements, and in particular the trans-
ducer reading is equal to half of the change of length of the oune
diagonal of the device. The strain gauge readings, together with
the readings of this transducer, permit full identification of the

slip movements of the device in the dynamic response.
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Eight accelerometers were also used measuring various horizontal
out-of-plane and vertical accerations. The accelerometer outputs
were filtered using either electrical or digital filters to remove any

components above about 30 Hz.

6.4 Generation of synthetic time-history input functions

The measured in-plane natural frequency of this braced frame was
7.6 Hz. It was decided to excite the frame with artificially generated
earthquakes, designed to approximate the response of the frame to the

first mode response of a multi-storey braced frame.

The artificial earthquakes on the shake table were generated
using the second order filter procedure. A duration of 10 sec was
used for each earthquake record and an effective frequency of mg=15ﬂ
rad/sec, 1i.e. duration and frequency were set three times lower and
three times higher respectively than the values reported in section
2.2,2 for real earthquakes. It will be noted that this leads to
spectral peak which is very close to the natural frequency of the
frame (2mf;=2mx7.6=47.75 rad/sec). The effective damping of the
filter was again set at §g=0.6. The selected normalised variance intensity

function, ¢(t) was:

0.5t for t<2 sec

o (t)
¢ (t) 1 for 2<t<3.83 sec

() = e ° 456(t=3 83) £or £>3.83 sec

This is consistent with the full=-scale intensity function discussed in
section 2.2.2, given the timescale of 3:1, but modified by an initial
ramp function to meet the practical requirements of the shake table

control and actuation. A time interval of At=0.0] sec was used.

The power spectrum of the artificial earthquake thus generated
is shown in fig. 6.4. A problem was experienced at this stage since

the displacement time histories included major components of very low
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frequency. This problem was circumvented by passing the accelera-
tion records through one more filter to eliminate the low frequency
components producing the filtered acceleration power spectrum shown
in fig. 6.4. This approach has the further advantage of eliminating

possible interference with the concrete tank resonances.

Ten basic artificial earthquake records were generated with an
intensity of So=900cm2/sec3 (intensity S, is explained in fig. 6.4).
These records, having a peak acceleration of about 5g, corresponded
approximately to the maximum possible performance of the unloaded
shake table. A reduction factor was always applied in the subse-
quent tests. A simple notation was used to describe the produced
artificial earthquake, i.e. E/a/b/, where the letter E stands for
earthquake, the a varies from 1 to 10 according to the earthquake
number and the letter b introduces the reduction factor as a percent-

age of the basic ground motion.

Clearly the artificial earthquakes thus produced are subject to
a small modification because of the dynamic characteristics of the
shake table. The differences between the target earthquake and the
earthquake appearing on the platform proved to be very small in the
frequency range of structural significance, as discussed in the follow-
ing paragraph, and accordingly for the present investigation no attempt
was made to modify the input to match precisely the target acceleration

record.

A typical acceleration record and a displacement record appearing
on the platform are shown in figs. 6.5 and 6.6 respectively. Figs. 6.7,
6.8, 6.9, 6.10 and 6.11, show the SDF acceleration spectrum for 17 struc-
tural damping for one of the target earthquake motions, together with
the corresponding spectra based on the accelerations appearing on the
platform for different load conditions on the platform. As shown in
these figures, although there is a small difference between the target

acceleration on the computer and the acceleration appearing on the
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platform, the platform motion is yery consistent, being unaffected by
the mass or by the frequency of the specimen on the platform. Sig-
nificant spectral differences appear only at very high frequencies not
affecting the response of the specimen. Normalised time histories

of displacements and accelerations of the earthquake on the platform
are also identical for different excitation levels and for different
non-linearities of the specimen on the platform. Similar results

apply to the other earthquake records.

The relative consistency of the acceleration appearing on the
platform may be attributed to the fact that the acceleration record
has no spectral components at 1-2 Hz, so it is not affected by the
concrete tank resonancés, so it is not severely affected by the oil
column resonance of the hydraulic actuator. The consistency of the
acceleration time history appearing on the platform was also aided by

the relatively small value of the mass used on the test frame.

6.5 Response of the test model to earthquake excitation
6.5.1 Response of the frame without braces.

Since the frame lies in the direction of the longitudinal actuator
and is placed symmetrically with respect to it, motion should be re-
stricted to this plane. Because of the small asymmetry of the shake
table which produces small out-of-plane accelerations, as well as to a
small possible asymmetry of the frame itself, out—of-plane accelerations
as well as vertical accelerations on the top mass of the frame were
observed during the test. No provision was made to restrict out-of-
plane and vertical accelerations, since these additional motions seem
to be independent of the in-plane motion and also of small magnitude.
With the unbraced frame, out—of-plane and vertical accelerations of
the top mass are less than 157 of the corresponding values of accelera-
tions in the horizontal direction. It was estimated that the frame
would remain elastic for a lateral deflection of the frame relative to

the platform of around 4cm.
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Initially the ten earthquake records were used at the small
excitation level of 67 to excite the frame within the elastic range.
Using the frequency analyser the frequency of the frame was found to
be 3 Hz. The damping of the frame was found to be around 17 critical

from observation of free vibrations.

Table 6.1 summarises the maximum displacements reached by the
top mass relative to the platform, positive and negative, from the
mean position for the ten earthquake records (positive being defined
as the forward direction of the actuator). A typical such displace-
ment time history is shown in fig. 6.19 and a typical acceleration
time history in fig. 6.13. These show the typical characteristics
of the narrow band response of a lightly damped single-degree—of-
freedom system. These results were found to be well reproducible,
i.e. approximately the same response was obtained by repeating the
same earthquake record. On the other hand, on changing the excitation
level to 37, the response was not exactly half that caused by the 6%
excitation level. This is due to the fact that at such a very small
excitation the shake table is highly non-linear due to frictional

effects.

Comparison between experimental and analytical results is
relatively easy. Fig. 6.14 shows a typical comparison between
experimental and analytical results of the displacement time history
of the top mass. 1In this figure are shown two plots, the experimental
one, and the analytical one based upon the response of a single-degree
of-freedom system using as input the acceleration appearing on the
platform. The analytical result is based on a natural frequency of
2.96 Hz, marginal adjustment of this value showing that this gave the
best fit between experimental and analytical predictions. An equiva-
lent viscous damping of £=0.77 critical was again determined by trial
and error in order to have the same peaks in the cycles between experi-
mental and analytical results. A similar procedure to determine

damping had been developed by the author in previous experimental work (70).

»
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6.5.2 Response of the braced frame incorporating the rotating device
6.5.2.1 Test parameters

The main part of the present experimental work was concentrated
on the dynamic response of the braced frame incorporating the rotating
device as shown in the photograph in fig. 6.3. The range of values
of the principal test parameters was fixed by the considerations dis-

cussed below.

Since the 6mm bars were threaded, the elastic limit was estimated
on the basis of the reduced diameter of the bars to be about 1000 Kg.
In order to avoid any non-linearity in the bars, the slipping load on
the device was set at 700 Kg. Small discrepancies above and below this
value were experienced during the tests, due probably to a small varia-

tion of the torque applied to the bolts using the torque spanner.

The 6mm bars used for braces were very slender with an estimated
effective slenderness ratio of around 300. They thus have a very small
buckling resistance, so the device mainly activates from the tensile

brace forces.

It was found on trial runs that the device and the braces developed
large out-of-plane movements, which introduced a lot of noise to the
accelerometers. To prevent this, an arrangement was prepared to re-
strict the out—of-plane movements. Each of the four corners of the
device was connected by horizontal tensioned wires to the two safety
frames; being perpendicular to the plane of the frame, these wires
restrict the out-of-plane movements without affecting the in-plane

motion.

Before each test the braced frame was excited with the very small
excitation level of 17 of the earthquake to verify that the elastic
frequency of the frame remained the same. At the end of each test

the same procedure was repeated to find the new frequency of the frame.



The 107 excitation level is approximately the limiting excita-
tion level for which the device remains elastic, although at this
level significant buckling occurs in the braces. The two excitation
levels of 407 and 657 were used in the dynamic response of the braced
frame with the rotating device. The latter is approximately the
maximum excitation level that the shake table can accept with the
pérticular mass of 1000Kg at height 2m (this includes the safety

frames as well as the test model).

6.5.2.2 Conduct of the test

Each test was cqonducted in the following way. The device was
first readjusted to its rectangular configuration in case it was
deformed significantly in the previous test. A small pretension of
500 N was then introduced in the braces, using the readings of the
strain gauges, by adjusting the end nuts by equal amounts. Out of
the total number of tests reported, half were performed using the

original four braces and the other half using four new braces.

Using the 17 excitation level it was found that the braced
frame has an elastic frequency of 7.6 Hz. This 1s the frequency of
the frame where both braces remain elastic and participate in the
lateral stiffness, due to the pretension introduced in the bars.
During the dynamic response the compressive braces easily buckle and
the effective frequency of the response reduces to around 6.5 Hz.
There are approximately 60-70 cycles of vibration for each of the
earthquake records used, varying slightly as a result of the random
generation process. However, the elastic frequency of the frame
after the test remains at 7.6 Hz. This is due to the fact that
almost all the deformation was taken by the device, so that by the
end of the earthquake the braces return effectively to their original
condition. In a very small number of cases it was found that the
elastic frequency of the frame had reduced after the test to around

7.2 Hz. This was due to the fact that at the end of the earthquake
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the device had remained deformed significantly from its initial
rectangular shape, so that two of the braces forming one diagonal

were buckled and thus made little contribution to the stiffness.

6.5.2.3 Results

Table 6.2 summarises the maximum positive and negative displace-
ments reached by the frame for the ten earthquake records and for the
two excitation levels. The scatter of the values of maximum displace-
ments reached by the frame when it is subjected to earthquakes having
the same frequency content and the same intensity is seen to be con-

siderable.

Since the hraced frame without the device requires horizontal
deflection of approximately 9 mm to yield the bars, the horizontal
deflections shown on table 6.2 could cause very severe yielding in

the bars and produce pinched hysteresis loops.

Comparison between tables 6.1 and 6.2 shows the very substantial
reduction of the maximum deflections resulting from the addition of
braces to the simple beam-column frame, even though the resulting
natural frequencies are more unfavourable in relation to the ground-

motion frequencies in the case of the braced frame.

The hysteresis loops of the friction joint are shown in fig. 6.15.
The ordinates show the difference between the forces in the two braces,
inferred from the strain gauge readings using a Young's modulus of
E=210 kN/mm?. The abscissae show the displacement measured by the
transducer on the device which is equal to half of the change of the
length of the one diagonal. These figures show that the friction
device produces almost perfect elasto-plastic hysteresis loops irres-—

pective of the amount of lateral displacement reached by the frame.
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Global hysteresis loaps of the frame are shown for the majority
of the earthquake records in fig. 6.16. In these figures the displace-—
ment of the mass of the frame relative to the platform is plotted against
the total acceleration of this mass in the horizontal direction. The
introduction of the device converts the hysteresis loops of the frame
to bilinear, the second linear stiffness being the stiffness of the
moment resisting frame, which remains elastic throughout the response.
The number shown next to the extreme positive and negative displace-—
ments (fig. 6.16) indicates the cycles when these extreme displace-
ments occur; it can be recalled that the response consists of 60-70

cycles of vibration and the device activates at almost every cycle.

Figs. 6.17 to 6.21 show typical response time histories of the
frame. Fig. 6.17 shows a typical displacement time history of the
mass of the frame relative to the platform and fig. 6.18 shows an
acceleration time history of the mass. The spectrum of the response
acceleration is shown in fig. 6.19. Clearly the activation of the
device reduces the effective frequency of the response; frequencies
from 4 Hz to 7 Hz being now predominant. Fig. 6.20 shows a typical
slip time history given by the transducer on the device. Finally
fig. 6.21 shows typical strain gauge readings for the two braces.

The two strain gauges used for each bar were connected to compensate
for bending so the readings shown in fig. 6.21 represent the mean
value, and each directly indicates the axial force in the corresponding

bar.

These results proved to be very closely reproducible, i.e. the
same response time histories were obtained by repeating a test. An
example is given as fig. 6.22, which shows a displacement time history
of the transducer on the device by repeating an earthquake record.
These results are almost identical with the slip time history shown
in fig. 6.20. The response time histories given by the other instru-—

ments are also almost identical. This consistency is mainly due to



the fact that by using the device, the hraces are only allowed to
buckle but not to yield in tension. For each new test the braces
are easily retensioned to their initial elastic values. The slipping
load of the device is alsa very consistent, due to the friction

material used in this device.

Out of plane and vertical acceleration of the top mass of the
frame were at this time more important than in the case of the frame
alone without braces. These accelerations were now approximately

257 of the corresponding in—plane accelerations.

6.5.3 Introduction of pretension in the braces

The response of the braced frame with the rotating device is
considered here but now modified by the introduction of significant
pretension in the braces. Using the readings from the strain gauges,
all braces are pretensioned to a value of 3000 N. The design of the
device can now be related to the compressive resistance and thus, if
desired, it is possible completely to avoid buckling. In particular,
the slipping of the device is now caused by the difference of the
forces in the two braces. It was, however, found during the tests
that 3000 N pretension was not entirely sufficient to prevent buckling

in the braces.

In this situation, as discussed in section 5.4.3.2, there are
secondary forces appearing on the device and on the braces, resulting
from the change of the geometry of the device. These additional forces
can be found by writing the compatibility equations for the device and
for the braces. This is done in fig. 6.23 for the geometry of this
particular frame used on the shake table. Fig. 6.23 shows the increase
in tension (V) in comparison with the compression (decrease in pre-
tension) (U) as a function of the displacement (S), which is the lateral
displacement of the frame measured from the point at which the device
activates. It will be seen that these secondary forces are very small

for the displacement levels encountered in these tests.
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Figs. 6.24 and 6.25 show the hysteresis loops of the friction
joint and of the frame respectivelj for two earthquake records. Again,
these hysteresis loops are almost perfect elasto—plastic or bilinear.
The secondary effects mentioned ahove have no significant effect here,
due to the limited displacement magnitudes as noted above, and that
the pretension was sufficient to limit buckling to insignificant
occurrences. The elastic stiffness of the braced frame before the
activation of the device, shown in fig. 6.25, is bigger than that of
the frame shown in fig. 6.16, since now both braces remain elastic

and participate in the lateral stiffness.

Fig. 6.26 shows typical strain gauge readings for one earthquake
record and fig. 6.27 a typical slip time history given by the trans-—
ducer on the device. 1In the strain gauge readings, as shown in fig.
6.26, the compressive strain reached by the bars is slightly smaller
than the tensile strain, due to the fact that slight buckling still
occurs. As also shown in this figure, the device activates at almost

every cycle of vibration.

In fig. 6.28 a comparison is attempted between experimental and
analytical results for the displacement of the mass of the frame
relative to the platform. In this figure are shown two plots. One
is the experimental displacement for one earthquéke record. The other
is the analytical prediction which is based upon the response of a
single-degree—of—-freedom system braced frame incorporating the device
and using as input the earthquake appearing on the platform. Viscous
damping of 7=0.77% is used in the prediction, which is the value found
previously in order to have best fit between experimental and analytical
results of the framé alone. Analytical results giving the distribution
of input energy are also shown in fig. 6.29; the notation used in this

figure to describe the various energy expressions is described in detail

in section 1.3.2.6. As shown in this figure, more than 95% of the total

input energy is dissipated by the device.
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There is very good fit between experimental and analytical
results in fig. 6.28, right through to the end of the record. This
is attributed to the very high value of equivalent damping of the
braced frame caused by the activation of the device. The very high
equivalent damping of the system smooths the response spectra, and

the system now has a very limited 'memory'.

6.5.4 Response of the braced frame incorporating the bending device

The bending device discussed in greater detail in section 4.2.6.3
was introduced at the intersection of the four braces. The dimensions
of the bending device were such that the braces used in the rotating
device could also be used with the bending device. The only differ-
ence is that now the four braces were fully fixed to the device, which

slightly increases the buckling resistance of the braces.

The braces were pretensioned at the beginning of each test to
500 N, following the same procedure as with the rotating device. The
elastic frequency of this frame is now 4 Hz. This significant reduc-
tion is due to the bending elastic flexibility of this particular

device.

Two runs were performed using the bending device. The hysteresis
loops of the frame are shown in figs 6.30 and 6.31 and a record of

the reading of a typical strain gauge on the braces in fig. 6.32.

A careful examination of the hysteresis loops shown in figs.6.30
and 6.3]1 shows that they are non-degrading, due to the introduction of
the bending device. However, they do not have the perfect bi-linear
shape given using the rotating friction device, because the solid cross-
section used for the bending device results in a progressive rather than
a sudden plastification. Other cross-sections for bending devices

having a sharper transition to the inelastic range are possible.



123

6.5.5 Response of the unprotected braced frame

An attempt was made to test the same braced frame without
providing any hysteretic device. A single round bar was now used
for each diagonal brace. The braced frame without any device
again has a frequency of 7.6 Hz. The arrangement for connecting the
braces to the frame is shown in fig. 6.33. Each bar was inserted
at each end into a drilled bolt and silver soldered to it. The bar
is then connected to the frame by these bolts; the objective of this
arrangement was to permit uniform elongation throughout the length of
the bar in the event of brace yielding, which is not possible with
the direct threaded connections used hitherto. However, it was
found that the part of the bar next to the bolt was annealed and
coasequently this part has reduced yield properties. On further
examination in a conventional static machine it was found that the
bars broke at this position at a load of 16 kN before any significant
non-linearity in the remaining length of the bar. The same problem
was also experienced on the shake table. Although the braced frame
was excited by only 407 of the first earthquake record, the two braces
broke at these weak positions. No further attempt was made to test

the braces further without any device.

Analytical predictions are shown in fig. 6.34 for the resulting
hysteresis loops of the two braces and of the frame without any device.
In these results it is assumed that the braces have a tensile strength
of 17 kN and yield uniformly throughout their length. The abscissae
"show the horizontal displacement of the mass and on the alternates
show the difference between the two forces in the braces. The result-
ing hysteresis loops are clearly pinched, as shown in this figure, and
the maximum displacement reached by the frame for this particular
earthquake is much higher than the displacement reached introducing

the device.
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CHAPTER 7

BEHAVIOUR AND DESIGN OF MULTI-STOREY FRAMES
INCORPORATING THE FRICTION DEVICE

7.1 Introduction

The hysteretic behaviour of the single-storey X-braced frame
was shown by shake-table testing (Chapter 6) to be drastically
modified by incorporation of the friction device. The dynamic
response of a multi-storey building is further complicated as a
result of the energy exchange between different modes resulting

from non-linearity examplified by the slip devices.

Problems associated with the design and the behaviour of
multi-storey buildings incorporating the device are addressed in

this chapter.

7.2 Distribution of energy between the various storeys of a multi-

storey building.

One of the most difficult decisions in the design of multi-
storey buildings to resist earthquakes is the relative stiffness and
strength of the various storeys throughout the height of the building.
A good design requires beams, columns and braces to be proportioned
in such a way that the ductility demands are appropriately related

to the actual limiting ductility of the various structural elements.

Appendix B summarises different optimisation techniques which
may be used to derive such a defined optimum distribution of stiff-
ness in multi-storey steel building frames; for example the distribution
of stiffness which causes the same ductility demands for all the
structural elements. As shown in this Appendix, despite the uncer-
tainty of future earthquakes, there are certain decisions concerning
the stiffness distribution that a designer can take in order to

improve the performance of steel structures.
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Similar decisions can also be taken for braced frames when
they incorporate friction devices. The slipping load of the devices
at the various storeys should usually be chosen to cause fairly uniform
distribution of the slip movements. In some cases hysteretic devices
may only be needed at the storeys where analytical predictions show a

concentration of earthquake energy.

7.3 Dynamic response of a multi-storey braced frame incorporating

the rotating device

The response of a multi-storey braced frame incoporating the
rotating device is examined here. The frame considered is the 10-storey
shear braced frame discussed in detail in section 1.3.3.2. It is now
assumed that the rotating device is introduced at the intersection of
all the cross braces. The braces here have very small buckling
resistance so the design of the device is based upon the tensile strength
of the braces while the compressive braces are allowed to buckle. 1In
particular, it 1s assumed that the slipping load of a device in a storey

is equal to 807 of the tensile yield of the braces for that storey.

This frame is subjected to an artificial earthquake generated
using the second order filter. The effective frequency and damping
of the filter are given average values for real earthquakes as set
out in section 2.2.2. The generated earthquake has an intensity of
So=100cm2/sec3 (for the definition of this intensity parameter see
section 2.2.2), This is approximately twice that of the 1940 NS El
Centro earthquake and will therefore produce significant inelasticity
in the frame. The maximum storey displacements at the end of the
first 20 sec of the earthquake are shown in fig. 7.1(b) and the maxi-
mum absolute displacements in fig. 7.1(a). The results from the

response of the braced frame without the device are also shown.
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In both cases greater inelestic activity and higher ductility

requirements are concentrated at the lower storeys.

As shown in this figure, the introduction of the device
significantly reduces the absolute displacements and the storey
displacements of the frame. A particularly beneficial result of
the introduction of the device is that the braces are not allowed
to yield in tension, whereas without the device, significant res-
toration would be needed after an earthquake as a result of the

braces yielding in tension.

7.4 Shake table testing of a two-storey braced frame incorporating

the device
7.4.1 General

The dynamic response on the shake table of a two-storey braced
frame with friction devices is considered here. This work is a
continuation of the study of the single-degree-of-freedom frame
reported in Chapter 6. The two-storey frame constitutes a more
realistic model of a multi-storey braced frame. A full report of
the extension test programme carried out on this frame is given in
detail in a separate report (71). A brief account only is given

here.

7.4.2 Dimensions of the two-storey frame

The elevation on the plane of shaking is shown in fig.7.2 and a

photograph in fig.7.3.

This frame represents a (1/6) scale model of the first two
storeys of the multi-storey building designed in section 5.4.2.
The two devices introduced at the intersection of the braces are
also (1/6) scale models of the full-size device discussed in section
5.4.3. The equal scaling of the geometry of the frame and of the
two devices was selected so that the resulting hysteresis loops
for the model frame would be similar to the hysteresis loops of the

full-size frame.
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Flat bars were chosen as braces for both storeys. These had
negligible buckling resistance. The braces again dominate the
lateral stiffness and strength. A larger mass on the top (second).
floor was chosen to approximate the influence of the upper floors in
the full-size structure. The higher value of the mass on the second
floor therefore produces a more uniform distribution of the input

energy to the two storeys of the model frame.

Out-of-plane deflections are avoided in this frame by connect-
ing the frame to the two safety supports with extremely slender flat-

strip braces.

7.4.3 Selection of earthquake excitation

This frame was subjected to the artificial earthquake records
generated using the second order filter. The effective frequency
and damping of the filter was again scaled down and the duration of
the generated earthquakes was set at 15 seconds. Since the funda-
mental period of the two-storey frame is 3 Hz, this results in approxi-

mately 40-45 cycles of vibration in the dynamic response.

7.4.4 Response

The hysteretic response of the two friction joints in this frame
for small activation of the device is almost ideally elasto-plastic,
as reported in Chapter 6 for the single~degree-of-freedom system. A
typical result is shown in fig. 7.4. Here again the horizontal axis
shows the displacement of the device whilst the vertical axis shows
the difference of the forces of the two attached braces. Fig. 7.5
shows a typical example of the hysteretic response of the top storey
of this frame. The horizontal axis shows the top storey displacement
and the vertical axis shows the storey shear force. The latter is
found as the product of the mass on the top floor and the corresponding
acceleration. This figure again shows that the hysteresis loops are
almost bi-linear, with the upper-range stiffness being the stiffness of
the moment resisting frame, which again remains elastic throughout the

response.
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These results are, however, obtained only for small rotations
of the friction devices. In fig. 7.6 hysteresis loops are shown for
the friction joint in one of the two devices with higher rotation.
The hardening of the hysteresis loops resulting from the change of

the geometry of the device is clearly shown in this figure.

The material used for the braces in this frame was hot-rolled
mild steel and these braces were able to yield significantly in tension
before breaking (in contrast with the braces used for the single-degree-
of-freedom system reported in Chapter 6). In this way comparison with
the response of the braced frame without the device was possible, the
latter case being simulated by locking the device so that it remained
elastic throughout the response. Fig. 7.7 shows typical hysteresis
loops for the top storey. As shown in this figure, the resulting
hysteresis loops are now pinched. By the end of the earthquake a very
significant slack was observed in the braces as a result of yielding in

tension.

The displacements achieved by the frame when the device is locked
are much higher than the displacements with the device activating;
typically 3-4 times higher. This is mainly attributed to the develop-
ment of slack; it may be noted that this example comprises a relatively
large number, 40-45, cycles of response. For the first part of the
earthquake response, before the braces yield significantly, the frame
does not reach very high deflections, but in the latter part, although
the earthquake intensity has reduced, the deflections increase signifi-
cantly since the braces now make little contribution to the lateral

stiffness.

7.4.5 Concluding remarks from the response of the two—-storey frame

From the dynamic response of the two-storey frame on the shake
table the advantages of introducing the rotating device were obyious.
With the device activating, the braces are now allowed to yield and by
the end of the earthquake they are in the same state as they were
before the test. With the devices locked, the braces yield in tension,
developing a slack by the end of the earthquake and produce very high

deflections in the frame.



Problems encountered by non-linearities exemplified by the
devices can easily be solved by analytically predicting the maximum
expected rotation of the device and adjusting the slipping load of

the device accordingly.

7.5 Dynamic testing of full-size devices

Tests on full-size devices are currently being carried out at
Imperial College. These include deyices incorporating the idea of
frictional washers similar to the device discussed in section 5.4.3

and a few other devices with different configurations.

7.6 Design philosophy of multi-storey buildings with the device

There are distinct differences between the responses of multi-

storey buildings to wind and to earthquake loading. For wind loading

the building is safe for loads smaller than the design loads, whereas
for higher loads the probability of failure as well as the damage to
the structural and non-structural components increases very steeply,
because the long duration of a wind storm and the presence of a sus-—
tained time-average loading ensures severe cumulative damage. For
earthquake loading the damage to the building and the probability of

failure is a progressively increasing function of the load.

A design requirement'for braced frames incorporating hysteretic
devices is for no slip movement to occur under the design wind forces.
This requirement ensures that there will be no damage to the main
structural elements and no deformation of the device for wind loading

which is a frequent event with short return period.

For earthquake loading the introduction of the device positively
increases the survival probability of the structure. The device
ensures that the elasticity of the braces is sustained. Only when
the device reaches its limiting rotation position can the braces yield

and finally break at high displacements.
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The introduction of the device is also generally expected to
reduce the amount of remedial work following an earthquake. It is
well known that significant damage can occur in a building, with very
expensive repairs. inAthe non-structural components which sometimes
match the cost of the building itself. These are clearly a result of
excessive lateral displacements of the frame. The device is generally
expected to reduce the damage since it reduces the lateral deflections.
Damége to the structural components is also expected to be reduced.
Even at the design stage the cost of the building with the device can
be reduced (albeit probably only slightly) because it can be designed
with a reduced design earthquake loading as a result of allowing a
reduction in the design K coefficient in recognition of the energy

dissipation capability of the system.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Conclusions

The main part of this thesis was concentrated in the development
of friction devices suitable for braced frames. Many different such
devices tested in this project were found to deform a large number of
cycles, always keeping the same basic characteristics. Both in the
static and in the dynamic tests, these devices completely change the
hysteretic response of braced frames. The hysteresis loops of
braced frames incorporating these devices are very stable for a large
number of cycles. Should these devices be damaged by the end of the

earthquake, they can easily be replaced.

Comparisons were also attempted in this thesis with existing
ideas and in particular with devices which are based upon deformation

of the primary structural members in bending or shear. Such ideas

tend to concentrate a lot of deformation at one panel in the structure,

requiring expensive restoration afterwards.

For these reasons it is thought that devices based upon friction

are more advantageous for braced frames. In particular, these devices
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are cheap, easily replaceable, very effective in dissipating more energy

than that imparted by one earthquake and, finally, protect all the

structural elements from damage.
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8.2 Recommendations for future work.

The results of the friction tests are reported in Chapter 5.
Some uncertainty remains in predicting the coefficient of frictiom
for a given material under high (and probably non-uniform) normal
stress. In particular, two nominally identical slipping devices
used in the two—-storey frame reported in section 7.4 show slightly
differing slipping loads, although this difference may have been
accentuated by the small scale of these devices. The accurate
prediction of the slipping load for the full-size device is clearly
very important and this requires to be thoroughly investigated by

examining different full-size examples.

Tests on full-size devices with different geometric configura-
tions are also recommended. Devices similar to the one reported in
section 5.4.3 require a substantial amount of friction material.

If the washer dimensions are changed to produce devices with larger

capacity, the amount of friction material reqﬁired is correspondingly
increased, and the cost may become significant. Greater economy can
be obtained by modified configurations, but at the expense of reduced

ease of assembly in service.

Analytically the selection of the slipping loads for the devices
must be thoroughly investigated as well as the benefits to be gained
from systematic variation of the slipping loads throughout the height
of the building (for example, by extension of the procedures presented

in Appendix B).

It has been shown that severe hardening of the hysteresis loops
of the device can be avoided by suitably choosing the geometry of the
device. However, as shown in section 4.3.5, hardening of the hysteresis
loops may be advantageous in some cases. On the other hand, since such
hardening may result in overstressing of the braces, such options need

to be thoroughly investigated.
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APPENDIX A

STIFFNESS MATRIX OF I-SECTION BEAMS
WITH THE WEB YIELDED IN SHEAR

Al, Derivation of the stiffness matrix

Consider the I-section beam shown in fig. Al.

When the web of an I-section member yields in shear, it is
common to assume a strain hardening relationship that is compatible
with a presumed uniaxial strain hardening ratio, H say. The wvon-
Mises yield criterion and the Prandtl-Reuss equation, assuming that
the volume of the material is constant during plastic deformation,
lead to an equivalent plastic shear modulus GP (say), given by
Gp=HE/3. As has been pointed out by Roeder (50), this simple
theory predicts excessive warping since it assumes that the incre-
mental shear stress and strain are uniformly distributed over the
web and are zero in the flanges. For short elements the resulting
prediction of overall deformation is significantly in error. This

can be overcome by application of sandwich beam theory.

This theory is described in detail in reference(72),
An element of a sandwich beam comprises two 'faces' and a ‘'core'.
The faces correspond to the flanges of an I-section beam, and the
core corresponds to the web. The longitudinal (x-direction)
stiffness of the core is assumed to be negligible by comparison
with that of the faces. The core acts to transmit stresses in
shear between the faces, thus developing the conventional St. Venant
bending resistance of the sandwich overall, but itself carries no
longitudinal stresses. There is generally significant. shear defor-
mation on the core, since it has a low transverse modulus of rigidity

G Under a loading consisting of a bending moment M and a shear

p*
force Q an infinitesimal element dx will deform as shown in fig. A2(a).

This deflection w is composed of two partial deflections wy and wg.



The former is the deflection which occurs if the shear modulus, Gp,

of the core is infinite. The deflection L arises from shear strain

in the core, as shown in fig. A2(c). It is postulated that the total

deflection, w, is given by:

W= W + v, (A1)

As shown in fig. A2, the global bending component W, can be
evaluated using the ordinary theory of beam bending

W; = gi (A2)

where M is the bending moment of the beam,
E is the Young's modulus of the face,
I is the moment of inertia of the two faces about
the centroidal axes, and
W) is the second derivative of vy with respect to

the longitudinal coordinate x.

The component wg is accompanied by distortion of the cross-
section, or 'warping', as shown in fig. A2(c). If this warping
is restricted, significant bendihg moments Mg are developed in the
individual faces, with corresponding shear forces Qf. These
bending moments are basically a result of the shear deflection Vg -
Denoting the face bending and shear deflections as wpe and wgg,
since the faces are forced to undergo the same deflections W, as

the core, we have:

(A3)
The total shear force Q 1s carried partially by the core and

partially by the face, hence
Q=0 * 20, (a4)

where Qc is the shear carried out by the core and

Qf is the shear carried out by a single face.
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Conventional shear deflection theory gives:

Qf = G Sf W;f (A5)
QC = Gc Sc w; (A6)

where Sc’ Sf: effective reference areas for shear in core, face

Gc’ G : shear modulus for core, face respectively.

The face bending deflection term, W is determined by:

v _ mo_ '
My Qp * E I, w'f = -G S wi, (A7)
. 3
where If =12 btf
in which te = face thickness.

Warping is fully prevented at an end when wéf = 0 at that
point, and is free when w;f = 0 at that point. Assuming now that
the sandwich beam is not subjected to any axial force, we have:

M=ETI wg (A8)
= M! = {81]
QC M E I Wb (A9)

where M is the moment carried according to the beam theory.

Ignoring now the axial degrees of freedom and using only two
degrees of freedom for each end of a beam with length L, the boundary

conditions become:

D
Il

at x =0, w=w, 01

at x =w,, 0 =0,

]
r‘
=

Instead of using the previous conditions, we can for simplicity

use

at x = 0, w=0, 0 01

at x =0,
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Equations (Al) - (A9) can now be combined to give:

2
Wt - o = - S_O‘__g__ (A10)
c cC
G, S, 65,

where o2 =
E If (Gc Sc + 2G Sf)
Equation (Al10) can be solved with the appropriate two boundary

conditions concerning warping, together with the condition that wa=0

at x=0. Having found Wigr Wep can be found from (A7) with the boun-
dary condition that wsf=0 at x=0, and vy from equation (A9) with the
boundary conditions at x=0, wb=0, Wé=01 and at x=L, wé=62.

We can also write the boundary conditions concerning warping in

a more general form as:

= 1 "o

at x o, awa + szbf 0
= ' "o

at x L, uwa + lebf 0

where R;, Rz are coefficients depending upon the degree of warping

‘restraint provided by the two ends.

For example, for R;=R;=0, we have the case where both ends are
fixed against warping, and for R1=Rp=», the case where both ends are

free.

The previous boundary conditions lead to the same stiffness
matrix as the one given by formula 4,2 in section 4.2.2. but with the
new ¢s given in table Al. Together are also given the results for
a special case when H=0 and ¢S is found by applying the l'Hopital's

rule:

In these results ¢S is always positive since the negative terms
are always smaller than the positive. Using also simple expressions,
such as tanh(aL)<2tanh(%;), we can observe the obvious result by com-
paring the various ¢S, that warping restraint increases the stiffness

of the beam.



A2 . Example

Consider the Universal beam section shown in fig. A3 which is
assumed to have both ends fixed against warping. In this beam for

lengths smaller than 3m mainly shear yielding is expected.

Under increasing load the web will eventually yield in shear
and the plastic shear madulus GP can then be used to find the inelastic
stiffness matrix. TFig. A4 shows the contribution also of the sandwich
action for this Universal beam section for different lengths L,
assuming a uniaxial strain hardening ratio H=0.757. This value was
said by Roeder (50) to give best fit between experimental and ana-
lytical results. For higher values of the length L the contribution

. . . QL. *
of the sandwich beam theory is almost constant, since tanh(3r0=l.

The ¢S term plotted in fig. A4 corresponds to the two members

left and right from the point of application of the load.

It is evident from this example that since the effects caused
by complete or partial prevention of the cross—sectional warping
quickly damp out as we move away from the clamped end, the global
stiffness matrix of a sandwich beam is only affected if the length

of the beam is very small.
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APPENDIX B

DISTRIBUTION OF STIFFNESS IN MULTI-STOREY STEEL BUILDING FRAMES

SUBJECTED TO EARTHQUAKE EXCITATION

Bl. Introduction .

This Appendix considers the desirable distribution of stiffness
in multi-storey steel building frames subjected to earthquake loading.
Due to the random nature of earthquakes, it is difficult to determine
an optimum stiffness distribution in a multi-storey building frame
suitable for any earthquake. Despite this, certain conclusions can
be drawn from past experience and certain guidelines can be given in
order to improve the performance of steel structures. Particular
attention is given here to the distribution of the input energy
between the storeys in braced steel frames and also in braced frames

incorporating hysteretic devices.

Seismic design of structures must satisfy two basic criteria.
During minor earthquakes the structure must have sufficient strength
to avoid any structural damage, and during a major earthquake must
posess sufficient ductility to prevent collapse. The best stiffness
distribution is usually considered to be that which causes the same
ductility requirements at all the floors in an earthquake. Clearly
other definitions could also be considered, such as to equalise the
relative storey drifts, or criteria concerning the distribution of

energy.

B2. Linear systems.

Consider first the simplified model of a shear building where
all the mass is assumed to he concentrated at the floors, which are
themselvés rigid. For this structure, a stiffness distribution
leading to the same ductility requirements at all the floors can be

found as follows. Assume a fundamental natural period, and a smooth
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acceleration spectrum for the expected earthquake, for example the
response spectra given by Housner (73) for American earthquakes.
Assume also an initial stiffness distribution, for example a linear
variation with storey number. Normalised values of the significant
structural properties are thus entirely specified, and we can find
the storey shear in each mode of vibration. Combining the modes

we can estimate the total shear induced in each storey. For a
shear building with well-separated frequencies the modes can be com-
bined by taking the square root of the sum of the squares of each

mode.

Assuming now that plastic deformation would occur at a limiting
storey shear force that is proportional to the storey stiffness (any
other relétionship can also be considered), we can use the foregoing
shear distribution as the basis for modifying the stiffness distribu-—
tion. At this stage a small adjustment is made in order to keep the
fundamental period constant; this is conveniently done by applying
a scaling factor to the values of the masses. The procedure is then
repeated. This method converges very quickly to a specific stiffness
distribution, which depends upon the chosen acceleration spectrum (and
so upon the assumed value of the damping), and upon the fundamental
period of the building, with which the limiting storey shear would just

be reached in all storeys; i.e. y=1 for all storeys.

Typical results for an 8-storey shear building are shown on
table Bl; the mass at each floor is assumed to be the same, and three
different values of the fundamental period have been considered. An
undamped acceleration spectrum typical of the American earthquake has
been used for this illustration. For T=0.4 sec the stiffness distri-
bution is mainly influenced by the first mode of vibration, and is
approximately parabolic, corresponding to a straight-line first mode
of vibration. The different results for the higher period structures

show the influence of the higher modes.



This method only applies to elastic bebaviour, i.e. ductility
u=1. The value of this procedure is examined on an example. Four
different stiffness distributions, namely, the parabolic, that found
by the previous approach, and two linear with min/max values of the
stiffness of 0.4/1 and 0.5/1 are compared in an 8-storey building
frame. The building is assumed to have 2% critical damping in all
modes of vibration. The building is subjected to an artificial
earthquake having a specific acceleration spectrum using the method
described in section 2.2.1 which is an average acceleration spectrum
of American earthquakes. Linear elastic response only is considered.
For two fundamental periods considered, namely T=1 sec and T=2 sec,
the structure with the stiffness distribution found by the above
approach, or the closest to it, give the most uniform ductility

factors.

B3. Non—-linear systems

In a structure where a high degree of non-linearity is expected,
a stiffness distribution which causes the same maximum ductilities at
all floors can still be found by an iterative procedure. Using a
specific earthquake and an initial estimate of the stiffness distri-
bution, we can find the maximum ductilities at all the floors through
non—-linear dynamic analysis. According to these ductilities we
modify the structure slightly and repeat the same procedure until the
ductilities are the same at all floors. The structure is modified
at each step by increasing the stiffness at the storeys with high
ductilities, keeping the value for the bottom storey as unity. The
masses can be kept constant in this procedure without significantly

affecting the fundamental period of the structure.

The stiffnesses at the floors are modified at each step by a
very simple procedure. Assume for example that the restoring force
at each floor is elasto—plastic as shown in fig. Bl, where F(x) is

the restoring force, a is the yield displacement, b is the maximum
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displacement reached at the previous step and K is the elastic stiff-
ness of the floor. Then an equivalent elasto-plastic stiffness is

given by

=\~

—;—— C] + Q,HU)

o~

b
K = f F(x) dx
eq 5

where u = b/a, the ductility.

This formula can easily be extended to include bilinear or any other

hysteretic restoring force.

This method converges to a specific stiffness distribution.
This again depends upon the earthquake chosen, the final ductility
level obtained, the assumptions made about damping, upon the way that
stiffness and ultimate shear in each floor are related, and upon the
formulation describing the inelastic behaviour of the structural

elements.

A "weak" storey (i.e. a storey with high ductility requirements)
may not only be a storey with low elastic stiffness, but also a storey
with low ultimate shear and high initial stiffness, and interaction
between those characteristics must be considered. Typical results
for three and four-storey shear building frames are shown in table B2,
indicating the optimum stiffness distribution and the final uniform
ductility obtained, using the first 10 sec of the N-S component of the
1940 E1 Centro earthQuake. The earthquake is progressively multiplied
by a factor to give higher ductilities and this factor is also shown
in table B2, Rayleigh damping has been assumed based on linear dash-
pots of values C=aM+bK, where K is the initial elastic stiffness matrix
and M the mass matrix and the scalar coefficients a and b are selected

to give 2% critical damping to the first two modes.

For the linear response (U=1) the stiffness distribution found
is very close to that given by the method first described above by

application of the El Centro acceleration spectrum, but for higher
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ductilities it requires weaker upper floors. For a small degree of
non-linearity (up to p=3, say) the stiffness distribution found from
the acceleration spectrum can be considered to bhe good enough, as the
effect on the postnlated stiffness distribution is less than the
variation between estimates based on different realisations of the

earthquake.

B4, Response of three multi—-storey frames to earthquake excitation

The theoretical optimisation discussed in the previous section is
probably of limited practical value. The optimum stiffness distri-
bution found by optimisation with respect to a linear acceleration
spectrum is mainly influenced by the fundamental mode as shown in
table Bl. Only for structures with a long fundamental period will
the other modes (principally the second) become important. Such
precise application of the stiffness distribution cannot be applied
in practice since the actual stiffness is influenced by the non-
structural components. The stiffness distribution found from non-
linear dynamic analysis is even more uncertain since it depends upon
the earthquake under consideration. AA more useful approach is to
compare directly different stiffness distributions and examine the
variation in the response when the stiffness has changed by a certain
amount. The dynamic response of three multi-storey shear building

frames is considered here.

The frames considered are 8-storey shear building frames. It
is assumed that the values of the masses at the floors are all equal
to 34t. The three frames were assumed to have three different stiff-
ness distributions, one parabolic, and two linear, of which one has
relative min/max values of stiffness 0.3/]1 and the other 0.5/1. The
yield displacements for all the storeys were assumed to be equal to
17mm. The ultimate shear on the bottom storey was set for all three
structures at twice the UBC design shear, using a value of C=1/15 and
unity for all the other design factors. The capacities of the remain-

ing floors were proportioned relative to the first according to the



specific stiffness distribution of each structure, assuming that
stiffness and ultimate shear strength of each storey were proportional.
The first three fundamental periods of the three structures are shown

on table B3.

The restoring force at each floor is assumed to be either
elasto-plastic or bi-linear with the bi-linear stiffness 107 of the

corresponding elastic stiffness.

The three structures were subjected to the first 20 sec of the
1940 NS El1 Centro earthquake and also to the same earthquake with a

multiplication factor of 2. Zero damping was assumed.

The ductilities obtained at the floors at the end of the record
for the three structures are shown in fig, B2. A simple notation
is used here to describe the response of the structure, i.e. the

letter "E" which stands for "Earthquake response" and then:

Ep = Elasto-plastic storey characteristics
Bl = Bi-linear storey characteristics
Par = Structure with parabolic distribution of stiffness
Lin.] = Structure with linear distribution of stiffness with
min/max values of 0.3/1.
Lin.2 = Structure with linear distribution of stiffness with

min/max values of 0.5/1.

1 or 2 = Earthquake nwultiplication factors.

As shown in fig. B2 the parabolic distribution of stiffness
produces high deformations at the upper three floors, and thus a
significantly non-uniform ductility distribution. Comparing the
two structures with linear distribution of stiffness, the Lin.2
produces the more uniform result. Higher earthquake intensities
result in the concentration of higher ductilities at places where
there are already high ductility requirements in all three structures.
The bi-linear model makes the ductility distribution at the floors
more uniform especially by reducing the ductilities at the places

where the elasto-plastic model produces particularly high ductilities.
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Fig. B3 gives the cumulatiye plastic deformation per floor for
the three structures. This is defined as the total inelastic displace-
ment of the storey and is equal to the energy dissipation divided by
the ultimate shear of this storey. The cumulative plastic displace-
ment is less uniform than the ductility for the three structures,
especially for the structure having the parabolic stiffness distri-

bution. Again this is more uniform for the Lin.2 structure.

Finally, the time history of the energy dissipation per floor
for the three structures is shown in fig. B4, The major energy dis-
sipation occurs in the first 10 sec of the earthquake, which represents

the stronger part of the record.

B5. Stiffness distribution including beam flexibility

The foregoing studies have treated the multi-storey frame as a
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shear building, ignoring the influence of beam flexibility. An approxi-

mate allowance for beam flexibility can be made by using values of

lateral stiffness and strength found from an approximate static analysis

taking beam flexibility into account.

An example of damage in a multi-storey frame which was attributed

to a bad stiffness distribution is given in ref (74). This is a four-

storey unbraced building in Japan, designed according to the strong beam -

weak column approach (something which is not generally accepted in USA),
and thus behaved approximately as a shear building. Damage was con-
centrated at the third floor. The authors found through non-linear
dynamic analysis that the third floor actually concentrated high duc-
tility requirements and cumulative earthquake energy dissipation,
although it satisfied the minimum specified design forces. Provision
of bracings is one of the solutions proposed in order to improve its

dynamic response.



B6. Stiffness distribution in braced frames

It is customary in the design of multi-storey braced steel
building frames to use the same brace for many storeys, or even all
storeys. The braces usually dominate the lateral stiffness and
strength so this results in an approximately constant distribution
of stiffness over the height and as a result high ductility require-

ments are usually concentrated at the lower floors.

It was observed earlier that higher earthquake intensities
concentrate higher earthquake energy most notably at the floors
where there are already high ductility requirements. The same
result was also noted by ref (75). This point is even more impor-
tant for braced structures which may have degrading performance
characteristices (cf. the typical results for the response of braces
shown in section 2.4.3). For higher earthquake intensities the
response of braces generally increases more than the response of a

system having an elasto-plastic restoring force.

Similar ideas also apply in braced frames incorporating
hysteretic devices, such as the "rotating" device. Consider for
example the 10-storey braced frame used in section 1.3.3.2 having
similar braces at all the floors, together with "rotating" devices
of equal slip value. VWhen this frame is subjected to the first
20 sec of the 1940 E1 Centro earthquake than at the bottom floor
the device activates at every cycle with an average lateral slip of
*3cm per cycle. On the contrary, virtually no slip occurs on the
top two floors. It is evident that this is the result of an unfavour-
able distribution of stiffness and strength in the structure. However,
an unfavourable distribution of stiffness in the structure can readily
bé compensated by varying the slipping loads of the devices in the
various storeys. In particular the slipping loads of the devices in
upper storeys must be set to smaller values than the bottom storeys.

An appropriate set of values can be obtained by using the two iterative

procedures descrihed earlier for linear and non-linear systems.
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To yary the slipping load the deyices at eyery storey following
precisely the yalues found from the optimisation techniques is
probably not a practical proposition. A more practical proposition
is to use two or three different slipping loads for the devices
according to their location. Haying done this it 1s clearly nec-
essary to examine the variability of the response during non-linear
dynamic analysis using earthquake records, follawing the general
lines of the dynamic response of the three shear building frames

described earlier in this appendix.

It is also evident that there are cases where it is not
necessary to put hysteretic devices at all storeys, but only at the
lower storeys where they are most effective. An extensive investi-—
gation of these problems is continuing and results will be presented

in a separate report.

B7. General discussion

Three kinds of stiffness distributions in an unbraced multi-
storey shear frame, namely uniform, linear and parabolic variations
have been compared in ref (75). TUniform stiffness was found to give
poor performance and the linear variation was in general better than
the parabolic, but the balance depended upon the min/max values used.
ref. (75) also reported that the increased ductility demand associated
with the increase in duration of the excitation is concentrated where

there are already marked plastic deformations.

In ref. (8) one unbraced and three braced ten—storey frames
with different bracing arrangements have been examined, subjected to
El Centro x 1.5 earthquake. Typical results are shown in fig. BS5.
The frame marked Fl is a fully braced frame, with brace slenderness
ratio 1/r=300; the braces have maximum area 3.28 in? (ground floor),
and minimum 2.88 in2. The braces dominate the total stiffness and
strength and the decrease in stiffness in height is thus much less

optimum (the present results suggest a ratio around 0.3 compared to

2.88/3.28=0.88. It is therefore not surprising that relatively high
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ductility requirements are concentrated in the lower floors, although
the absolute values are only modest. In the same frame only two sec~
tions are used for the beams, W18X50 for the upper five floors and
W18X60 for the lower, resulting in high ductility demands at the beams

in the lower floors.

Abrupt changes in lateral resistance have often caused undesir-
able performance, and sometimes collapse behaviour, as they are fre-
quently overlooked when designing and analysing structures in accor—
dance with the prescribed minimum forces. The structure marked as Al
in fig. B5 has braced elements at alternate storeys, causing extreme
ductility requirements at the floors without braces. Similar con-

clusions can be drawn from ref. (76).

The practice of providing a "soft" lower level to absorb all the
energy of the earthquake (77) has frequently shown poor performance.
Large openings in shear walls, interuption of columns or beams, can
strongly influence the lateral resistance and thus require considera-

tion in the dynamic response.

Conventional design specifications are commonly in the form of
quasi-static loads which are based on an idealisation of the earthquake
spectrum. The UBC Code, referred to above, is one such which has been
extensively used and critically examined. The way in which the struc-
ture is actually modelled to these loads can have a strong influence
on its performance in any actual earthquake. Three different design
philosophies, minimum weight design, allowable stress design and strong
column design were compared in ref. (78). It was found that the
structures designed with the strong column design philosophy performed
better than the others. The strong column design philosophy, where
the columns are designed to remain elastic and all the plastic defor-
mation is concentrated on the beams, has generally been accepted in

California.



The strength of the bracing elements can also strongly influence
the dynamic response of the structure. Ref. (79) concludes that
strong bracing elements (slenderness ratio 60 or less) must be avoided
since they would result in excessive inelastic activity in the girder

or columns.

B8. Experimental studies

Experimentation was carried out on a small model five-storey
frame on the shake table. The frame, suitably modified, provided

different stiffness distributions.

A sketch of the frame is shown in fig. B6. The floors were a
thick slab of plastic material and were thus relatively very stiff.
The columns were rectangular steel strips, oriented with their weak

direction in the direction of shaking. Perpendicular to the direction

of shaking the frame is much stiffer, since the columns are now oriented

in their strong axis, but a small out—of-plane deflection as well as
a small torsion of the frame was nevertheless experienced during the
test. This was probably due to a small asymmetry in the frame and

to the fact that the shake table produces small out—of-plane deflec-

tions.

The stiffness and strength of any specified storey was. readily
doubled by adding new columns next to the original ones. The new
columns were separated from the original columns by a small distance
to ensure that the total stiffness of the storey was just twice the

former.

Maximum inter—storey displacements in the direction of shaking
were measured by strings, as shown in fig. B6. Two strings were
used per storey, as shown in this figure, to measure the maximum
displacement left and right from the mean position. The strings
are held in position by small frictional forces. Once the frame
moves the strings develop a slack and measurement of this slack

after the end of the earthquake gives the maximum inter—storey
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displacement. This simple technique of measuring the inter—storey

deflections showed very good repeatability.

Stiffness and strength at each floor are clearly proportional;
the limiting elastic displacement (as defined in fig. B7) at all
floors was 5cm.  Experimentally the fundamental period of this
frame was 0.66 sec (with a small variation according to each stiff-—
ness distribution) while the analytical prediction assuming rigid
floors was 0.88 sec. The difference was probably mainly due to the

fact that the floors were not entirely rigid.

The frame was subjected to the NS 194Q El Centro earthquake with
a small excitation level so that the frame remained elastic with

unimportant P-A effect.

The three different stiffness distributions used are shown in
fig. B8(a) and the maximum relative displacements obtained by the end

of the record are shown in fig. B8(b).

Uniform inter—storey displacements in the first mode would
require a parabolic distribution of stiffness with values (1, 0.92,
0.78, 0.61, 0.4). The second stiffness distribution which is the

closest to this one produces the more uniform relative displacements.

Again the constant distribution of stiffness produces higher

relative displacements on the bottom floors.
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Energy dissipation | Frequency mn
S 2 3 o (m)
S, (cm™/sec™) X per second (Nm/sec) (Hz)

50 0.018 5790 0.74 0.20
10 0.028 11360 0.64 0.18
150 0.035 16820 0.58 0.17
200 0.043 22180 0.54 0.15
800 0.115- 82040 0.38 0.09
Table 2.1

ground excitation

So(cmz/sec3) Reduction factor o/Y
10 0.66 0.46
20 0.66 0.60
40 0.65 0.80
100 0.65 1.21
200 0.64 1.71
300 0.64 2.15
800 0.63 4,04

Stationary response of the inelastic system to stationary

Table 2.2 Optimum profile for a two-storey inelastic building frame.

1/r Area(cmz) Errir(kN)
Single angle 25x25x3 204 1.52 7.6
Double angle 25x25x3 133 3.04 35.7

Table 3.1 Properties of the angle braces tested




Earthquake number

Maximum elastic 4.94 16,26 13.97 14.32 |3.44 |5.80 {:.83 |3.61 }4.27{3.59}4.32|4.81}5.83}3.95|6.101 3.58} 4.41f 3.71} 4.34{4.40
displacement
Maximum elasto- 2.2115.115.54 |3.06 {2.77]9.70 |4.68 |3.58 |5.02]3.81{2.39|2.62}4.49]|4.64])5.33| 5.50f 3.94} 3.95{ 4.7317.72

plastic displacement

Maximum displacement 2.0813.313.35(2.652.45)3.76 {2.79|2.48 |3.11]2.48{2.34{2.72[2.61}3.18]3.62} 3.09} 2.93] 2.98} 2.99}2.91
of the hardening model

F/F
/ y 1.09 2.32 (2,36 {L.65 |1.452.77 [1.80 |1.49 |2.12]1.49]1.34}1.73}1.61}2.18]2.62|2.10}1.94}1.99}1.99§1.91

di d F/F
predicted F/ y 1.1912.69 {2.84 |1.77 |1.59 |4.17 .52 2.04 |2.65]2.15{1.33}1.50{2.45}2.51}2.77| 2.83|2.21} 2.21] 2.54}3.53

Energy dissipation
of the hardening model 1.00 {1.02 j0.95 0.99 |0.98 J0.97 J1.02 [1.03 |1.16}0.87]1.05]1.05 0.97{0.91}0.93] 1.04}1.09] 1.02} 0.94{0.84
divided by the energy ' : *
dissipation of the
elasto-plastic model

Tabl . .
e 4.1 Response of two hysteretic models to earthquake loading

661




- Pressure umber Surf
2 of urface Wash
Test Graph Material H W Frequency (N/mm~) |Bolt cycles finish asher
Gl 5.18(a) | Ground flat stock 0.46 |20° Quasi-static, lHz 22 1] 20 {Sand blasted W/35/80/6/
G2 5.18(b) | Ground flat stock [0.56-0.62 180 1Hz 31 2 20 Sand blasted W/35/80/6/
G3 5.18(c) | Ground flat stock {0.25-0.47 14° Quasi-static 48 4 20 Sand blasted W/35/80/6/
G4 5.18(d) {Ground flat stock |0.18-0.24 5° Quasi-static 48 4 10 Ground W/35/80/6/
G5 5.18(e) | Ground flat stock |0.17-0.27] 9° Quasi-static 48 41 20 Ground }W/35/80/6/
G6 5.18(f) | Ground flat stock |0.15-0.19| 9° | Quasi-static, 23 6{ 10 Ground W/50/115/6/
0.5Hz, 1Hz
G? 5.18(g) |Ground flat stock {0.19-0.39| 5° | Quasi-static 48 41 10 Ground W/35/80/6/
G8 | 5.18(h) |Ground flat stock [0.19-0.34(15° | Quasi-static 48 4] 20 | Ground W/35/80/6/
G9 5.18(1) |Ground flat stock |0.19-0.27 17° Quasi-static 48 4 10 Ground W/35/80/6/
versus

-Ground- £hat:--stock
cl 5.18(j) {cast Iron 0.13- 20° | Quasi-static 44 4 6 Ground w/38/85/8/
ce 5.18(k) |Cast Iron versus |0.16-0.3214° | Quasi-static 44 41 20 Ground W/38/85/8/

Ground flat stock
N1 5.18(1) |Nitroy 40B 0.17-0.45] 8° | Quasi-static 44 41 20 Unground W/38/85/9/
N2 5.18(m) {Nitroy 40B versus |0.23-0.39| 8° | Quasi-static 42 6| 10 Unground W/38/85/9/

Ground flat stock
N3 5.18(n) {Nitroy 40B 0.18-0.23} 8° | Quasi-static, 42 6] 10 Ground w/38/85/9/

0.25Hz, 1Hz

Table 5.1. Experiments on the single rotating joint

091



Number :
[ ) Pressure of Surface Washer .
Test | Graph {Material ) Y | Frequency (N/mmz) Bolt |cycles| finish
Ml | 5.18(0) | 500Kk-Monel 0.14 9° | Quasi-static 23 4] 10 |Ground W/50/115/9/
M2 5.18(p) | 500K-Monel 0.15-0.22 9O 1Hz 23 4 14 Ground W/SO/IlS/9;T
Fl 5.18(q) | 3501F 0.47 18° 1Hz 31 2 20 Unground w/35/80/6/
F2 | 5.18(r) | FF 0.18-0.10 | 8°| Quasi-static 48 5/ 14 |unground W/24/90/9/
F3 | 5.18(s) FF versus 0.24 7° Quasi-static, 23 6 10 | Unground w/50/115/9/
Ground flat stock 1Hz, 2Hz
F4 | 5.18(t) | Proposed friction|. 0.10 8° Quasi-static, 104 5! 10 |Unground W/27/65/5/
material 0.5Hz, 1lHz
F5 | 5.18(u) | 3701F 0.16 8°] Quasi-static, 39 6| 10 |unground W/30/85/10/
0.5Hz, 1lHz
F6 | 5.18(v)| 3701F 0.14 8°{ Quasi-static, 58 5| 10 |Unground W/30/85/10/
0.5Hz, 1Hz
F7 | 5.18(w) 3904F 0.15-0.11 8° Quasi-static, 58 61 10 }Unground W/30/85/4/
1Hz 4 -

(continued)
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Number Bolt

1 M16 HSFG
M16 grade
M20 HSFG
M20 grade
M24 grade
M24 grade

A UL B~ W

Tightening torque(Nm)
260
10.9 360
490
10.9 690
10.9 1200
10.9 810

Table 5.2. Different bolts used in the experiment

Material

Chemical composition

Ground flat stock

Carbon 17, Silicon 0.47%, Manganese 1.17
Chromium 0.47%, Tungsten 0.47, Vanadium 0.257

MM Cast Iron, Grade 14

Carbon 3.257, Silicon 2%, Manganese 0.57,
Phosporus 17

Nitroy 40B

Chromium 3%, Molybdenum 37

500k Monel

Chromium 157, Nickel 3%, Manganese 17,
Carbon 0.27, Silicon 17

Ferodo Friction Materials

3501F

Random base of synthetic fibre

FF

Flexible, solid woven, based on cotton

fibre

3701F

Random base of synthentic fibre. A rigid
moulded friction material which is
mottled slate grey in appearance; it is
a non-metallic asbestos free material
having a random base of synthetic fibre
and uses a specially developed resin
which contributes to both the strength

and performance of the material.

3904F

Having a basis of short filaments of steel
and nonmetallic substances in a random

dispersion.

Table 5.3 Brief chemical composition of the different materials tested
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Material Brinel hardness

Ground flat stock

(before hardening) 260
Ground flat stock

(after hardening) 830
Black mild steel 220
Bright mild steel 230
Gr.1l4 Cast Iron 500
Nitroy 40B

(after hardening) 950
500K-Monel 405

Table 5.4. Hardness of the different materials tested

Specific gravity 1.62
Ultimate tensile strength 15.6 MN/m2
Ultimate compressive strength 118 MN/m2
Ultimate shear strength 15.4 MN/m2
Gear tooth strength 40.5 MN/m2
Thermal conductivity 0.529 W/m°C

Table 5.5. Physical properties of the 3701F Ferodo Friction material
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Pressure | Number [Surface Washer
Material K W | Frequency (N/m?) Jof cycles|finish
Ground flat stock | 0.3 | 10°| Quasi-static, 35 20 Sand W/20/44/3/
5 1hz,2Hz ,4Hz blasted
‘573904F 0.15} 10"} Quasi-static 19 5 Unground} W/10/54/4/

Table 5.6 Experiments on a small rotating device

Maximum possible rotation of the device

Di=1nitia1 diagonal length=42.42cm

De=Length of elongated diagonal=52.4lcm

Ds=Length of shorter diagonal=29.19cm

de=Increase in length of the long diagonal=De-Di=9.99cm

ds=Reduction in length of the short diagona1=Di-Ds=13.23cm

d=d -d =3.24cm
s e

W=Relative rotation of plates=300

Interstorey deflection=9.99V2=14.13cm

Rotation of the device for an interstorey deflection of 80mm

de=8/f2=5.66cm
D =d_+D.=48.08cm
e e 1

D =35.89cm
s

d =D.-D =6.53cm
s 1 s
d=dsédc=0.87cm

Pp=16°

Table 5.7 Two typical deformations of the device
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Maximum reached
Earthquake displacement (mm)

1 9.02/-8.50
7.64/-7.58
.87/-7.64
.99/-9.82
.06/-5.28
J71/-4.77
.48/-4.99
.81/-6.98
.81/-6.69
.61/-4.13

O 00 NN WwWN
w o o8 &~ & VW

=
o

>

Table 6.1 Maximum displacements reached by the unbraced frame for

the 67 excitation level

Maximum reached Maximum reached
Earthquake displacement (mm) (a)| displacement (mm) (b)

1 9.16/-9.79 15.2/-17.55
2 9.65/-9.01 16.2/-17.66

3 15.48/-11.23 25.91/-17.75

4 8.56/-10.11 13.59/-16.29

5 18.07/-12.36 21.08/-23.44

6 7.12/-10.69 14.39/-17.49

7 9.51/-8.87 12.87/-13.84

8 8.87/-10.37 ' 21.03/-20.91

9 10.43/-9.39 15.86/-18.04

10 11.06/-10.48 16.63/-16.40

1

Table 6.2 Maximum displacements reached by the braced frame incorporating
the rotating device for
(a) 40% excitation level

(b) 657 excitation level
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General case

12§I (%~E—— - %), where:
L ce
2

EIl_a
N=(1-(§§£- ) (2cosh(aL)-2-R,sinh(aL)+R, sinh(aL)}
- 1

D=aSch(sinh(aL)(1-R1R2)+conh(aL)(Rl—Rz))

: . . . 4EI _atanh(al/2
Both ends fixed against warping 12ET (L _ g (aL/ ))
3 S G 2., 2
L c¢ Sc Gc
One end fixed against warping
12E1 L 2E1fatanh(aL)
and the other free 3 GG - 73 )
L cc SC GC
12E1
Both ends free against warping L2s G
cc
Special case 3
12E1 L L
G =0 ( + )
c L3 BEIf QGSf

Table Al.

¢ according to the boundary conditions
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Floor level Stiffness distribution
8 0.23 0.27 0.31
7 0.42 0.45 0.47
6 0.58 0.59 0.60
5 0.72 0.71 0.70
4 0.83 0.81 0.79
3 0.91 0.90 0.87
2 0.97 0.96 0.95
1 1.00 1.00 1.00
T=0.4 sec T=1.00 sec T=2.00 sec

Table Bl. Optimum distribution of stiffness derived from a smooth

acceleration spectrum

—

3 storey building frame, I= 1 sec, 27 critical damping
Floor level Stiffness distribution
3 0.53 0.48 0.44
2 0.82 0.79 0.75
1 1.00 1.00 1.00
1.00 1.76 3.37 ductility
1.00 2.00 3.00 [Earthquake factor

4 storey building frame, T= 1 sec, 2% critical damping

Floor level Stiffness distribution
4 0.45 0.41 0.38
3 0.70 0.64 0.63
2 0.89 0.85 0.82
1 1.00 1.00 1.00
1.00 1.67 2,10 | ductility
1.00 2.00 3.00 jEarthquake factor

Table B2. Optimum distribution of stiffness derived through nonlinear

dynamic_analvysis

Structure
Par Lin. 1 Lin. 2
T1 1.01 sec 1.06 sec 1.00 sec
T2 0.41 sec 0.41 sec 0.36 sec
T3 0.26 sec 0.26 sec 0.23 sec

Table B3. The first three periods of the structures
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Fig.3.8. Different braces experimentally tested.

o
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Fig.3.22. The K-frame experimentally tested.
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Fig.5.1. The small scale slipping device tested.

Fig.5.2. Instruments used in the slipping tests.
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Fig. 5.19 Relative rotations between washers and plates
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Fig.5.25. The model rotating device.
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Fig.5.32. The k-braced frame incorporating a slipping device.
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Fig.6.3. The X-braced frame with the rotating device.
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Fig. A3 A fully fixed I-section beam subjected to a point load in the middle
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Comparison between ¢S according to the ordinary shear deflection

theory and to the sandwich beam theory
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Fig. Bl An elasto-plastic restoring force
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Fig. B2 Ductility distribution in the three structures
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Fig. B3 Cumulative plastic displacement in the three structures
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Fig. B6 Shake tahle experimentation on stiffness distrihution
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Fig. B7 Experimental restoring force per storey of the frame
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Fig. B8 Earthquake response of the model five-storey frame



