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ABSTRACT

In the study reported here we construct two mathematical models

of a three-story steel frame that are meant to predict its responses

to seismic disturbances. This is an extension of work previously

reported, devoted to the construction of mathematical models of the

same frame to predict its linear response. This study benefits from

the previous study to such an extent that here we have to consider only

how to extend the previous models to accommodate nonlinear responses.

This extension. consists of accounting both for changes in the damping

coefficients when the amplitudes of motion are large, and for yielding by

including the hysteretic behavior of the ends of the members. Perhaps

the most important decision in this extension has been the choice to

model the hysteretic relationship between the bending moments and

rotations at the ends of the members. After some consideration we

chose to let the relationship be bilinear. This choice was made

partly because we have not used this form before and partly because we

considered it to be the simplest. Whereas it did prove to be simple,

the bilinear form introduced a complication that we had not encountered

previously, but which we have been able to surmount.

With the introduction of hysteretic material behavior, three para

meters are added to the eight which are a carry-over from the linear

model, so that the new nonlinear models contain eleven parameters. For

economy, we chose to fix two of the parameters in each model leaving

the remaining nine to be determined from optimization. The difference

between the two models that we construct is in the choice of which two

of the parameters we fix. In the first we fix the values of the damping
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parameters giving them the values which we found after optimization for

the linear model. In the second model we fix the parameters representing

the yield moments in the bilinear model, one each for the columns and

girders, and allow the damping parameters to be found from optimization.

Both of the models predict the experimental time histories of the

floor translations and joint rotations extremely accurately, with the

advantage going slightly to the first model. As the two models repre

sent different mechanisms which the frame exhibits to account for its

nonlinear response, we were tempted to draw physical conclusions from

the predictive abilities of the models. We decided against doing so

because the responses recorded experimentally represent only a mildly

nonlinear behavior of the frame.
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CHAPTER 1

I NTRODUCTI ON

This report is the second of two devoted to constructing mathe

matical models to predict the seismic response of a three-story steel

frame. The first, by the same authors [lJ, presents a number of models

to predict linear response whereas the models constructed in this work

are meant to predict nonlinear response.

In this study we benefit enormously from the knowledge we gained

in the previous investigation. We 1earned,for the particular frame

that we are mode1ing,that a model can predict the seismic responses

accurately only if it accommodates both floor translations and

joint rotations. This enables us here to choose the order of the

models that can be expected to predict accurately the nonlinear responses.

We learned, having assumed a model form of this appropriate order,

what response quantities from experiments to include in our error

function so that convergence of the optimization algorithm is en-

sured. We also found how to introduce parameters into the model in

such a way that they give physical insight into the behavior of the

frame. This knowledge left us with the single additional problem here

of extending the models to accommodate nonlinear responses.

In a three-story steel frame a nonlinear response derives from

changes in the damping which the frame exhibits when the amplitudes of

motions are large, and from the hysteretic material behavior resulting

when material at the ends of the members suffers some yielding. In

the models constructed here we consider only viscous damping and let

it be of the Rayleigh type as we did in the linear models, but here we

allow the values of the parameters thus introduced to change with
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changes in the amplitude of the response.

We choose to let the hysteretic material behavior influence the

model by accounting for the nonlinear relationship between the bending

moments and the rotations at the ends of the members. There are several

ways to model this nonlinear, global relationship. The Ramberg-Osgood

formulation was used successfully by McNiven and Matzen [2] in construc

ting a model to predict the nonlinear response of a single-story steel

frame. Equations somewhat the same as Ramberg-Osgood, but exhibiting

certain properties of advantage to system identification,have been

presented by Menegotto and Pinto [3]. A modified version of the

Menegotto and Pinto equations that allows the parameters to be strain

dependent was used by Stanton and McNiven [4] to mimic extremely com

plicated stress-strain relations for steel reinforcing bars. In spite

of this previous experience and success with these models, in this

study we choose a bilinear model to reflect the relationship between moment

and rotation for the members. In making this choice, we were attracted

by the simplicity of the formulation, predicting that computer time

in solving the equations and converging on a set of parameters by

optimization would be less than other formulations. This proved to be

only partly true. The solution of the nonlinear equations was simple,

but because the bilinear shape of the moment-rotation relationship is

a crude approximation of the continuous true form, the surface repre

senting the error function in parametric space displayed a large array

of inundations, encumbering the search for a global minimum. We explain

in the report how we adjusted our algorithm to overcome this difficulty.

The predictions of the nonlinear responses derived from the resulting

models seem to support this choice of the bilinear model of material

behavior. We construct in the report two different models.
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The total number of parameters existing in the model form is eleven.

Eight, which are a carry-over from the linear model, consist of two

damping parameters and six stiffness parameters representing effective

length factors for the members. Three new ones are introduced here to

account for hysteretic material behavior. They are a parameter

representing the ratio of slopes of the bilinear model, and two repre

senting the yield moment, one for the columns and one for the girders,

possible because each class of member has the same cross section. As

computer costs and storage requirements grow rapidly as the number of

parameters increases, we decide that each of the two models will have

only nine free parameters. The difference in the two models is in the

choice of which two of the eleven parameters we fix before optimization.

In the first model we fix the values of the damping coefficients

to the values we found after optimization for the linear model. It

follows that with this model all of the nonlinear behavior is accounted

for by the three hysteretic parameters.

In the second model we fix the two yield moments to the final values

they attained in the first model. This was the choice because these two

parameters varied little during optimization. The upshot of this choice

is that in the second model the nonlinear behavior is shared by the

damping parameters and the material behavior.

To construct mathematical models one needs accurate records of

both the input to the frame and the responses. We are fortunate in

having an excellent set of data from experiments performed in 1975 on

the shaking table at the Earthquake Engineering Research Center of the

University of California, Berkeley, reported by Clough and Tang [5].

In 1975 the system for stabilizing the table had not as yet been com

pleted. This restricted the intensity of seismic input that could be
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imposed on the frame, with the result that the responses recorded repre

sent only mildly nonlinear behavior.

This study is the third that we know of which uses the data from

the Clough and Tang experiments to construct mathematical models. The

first was conducted by Tang himself [6J in 1975. Tang used the same

model form as we do. He formulated his best model using physical

intuition and trial and error and arrived at a very credible model.

Distefano and Pena-Pardo [7J used system identification, but introduced

a new form for the equations. Their model is fairly successful.

Both of the models presented in this study predict the time his

tories of both the floor accelerations and joint rotations very accurately,

with slight advantage going to the first model. It is tempting to draw

conclusions about what mechanisms account for the nonlinear behavior

by comparing the quality of the predictions, but we hesitate to do so

with the models constructed from responses that are so mildly nonlinear.

In the second chapter we describe the physical frame, the instru

mentation of the frame giving the response data that we used and the

earthquake force time histories that created the disturbances.

In Chapter 3 we lay the preparations for constructing the models.

We describe briefly system identification as we use it here, how we

construct a bilinear model for each member, how we calculate joint

rotations from recorded data and finally we discuss the computer program.

In Chapter 4 we construct the two models, that is we choose which

parameters will be free,with reasons for the choices. Chapter 5 presents

the results of the computer program which is a set of parameter values

completing each model. Each of the two models is constructed first

using data from the El Centro earthquake and then from a modified ver

sion of the El Centro time history. A large variety of time histories
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are displayed comparing the experimental and predicted responses.

The last chapter contains a discussion of the parameters in each of

the four models, how they compare and what similarities and differences

mean. The four consist of two using Model No. 1 in which the values

of the parameters are derived from two different forcing functions,

and a comparable pair for Model No.2. We comment on the invariance

of the model to changes in the forcing function giving data from which

the model is constructed.
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CHAPTER 2

THE EXPERIMENTAL PROGRAM

The experiments performed on the three-story steel frame, the

results of which are used in the formulation of the models, will be

discussed here briefly. A detailed account of the program is contained

ina report by Clough and Tang [5]. In thi schapter we descri be the

physical frame, the instrumentation giving the response data that

we actually use, and the forcing functions imposed by the shaking table

which generated these responses.

2.1 The Test Structure

The test structure shown on the shaking table in Fig. 1 is fabricated

from rolled shapes of ASTM A-36 grade steel. Typical floor plans as well

as front and side elevations of the structure are shown in Fig. 2. The

two frames designated A and B are separated by a distance of 6 1 -0". They

are connected at floor levels by removable cross beams and bracing angles.

Thus the effect of a floor diaphragm rigid in is own plane is obtained.

The total height of the structure is 17 1 -4", the story heights are

61 -8", 51 -4" and 5'-4". The bay width is 12 1 -0". Sections W5-16 and

W6-12 are used for column and girder members, respectively.

The fully penetrated welded girder to column connections are used

for the test structure. Figures 3 and 4 depict the details of these

connections; the panel zone thickness is 1/4" (i.e. the column web

thickness) for Phase I of the experiments, and 1" (column web reinforced

by 3/8" doubler plates on both sides) for Phase 11. Because of the

different strengths of these two types of connections, the test struc

ture is expected to yield primarily in the panel zone in Phase I of the

study and exclusively in the girder and column ends in the Phase II tests.
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FIGURE 1 TEST STRUCTURE ON THE SHAKING TABLE
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Girder Column

p

~v6x12 W5x16

Nominal* Nominal*

b (in) 4.00 5.00

d(in) 6.00 5.00

t (in) 0.230 0.240
w

tf(in) 0.279 0.360

A (in
2

) 3.54 4.70

I (in4 ) 21. 7 21. 3
x

(in
3

) IS 7.25 8.53
x

(in 3)Z 8.23 I 9.61
x

t la (ksi) 45.9 45.9
Y

T (ksi) 26.5 26.5
Y

p (kip) 126 216
Y

M (kip-in) 333 392
Y

M (kip-in) 378 441

*Material properties are based on mill test report

TABLE 1 SECTION AND MATERIAL PROPERTIES OF TEST FRAME

. Cone.
Columnt Girder

Cross
Brac'gs!MiSC. Total

Blocks** Beams

9300 l3rd Floor
8240 214 274 402 50 120I (lb)i

!2nd Floor
8100 342 274 402 50 120 9288

I (lb)

lIst Floorl 8060 384 274 402 50 I 120 1
92:-1I (lb) I

* Frame A and Frame B
** Cente:t of gravity at 9 1/4" above girder top flange
t Half column heights

TABLE 2 WEIGHT OF STRUCTURAL COMPONENTS
AND CONCRETE BLOCKS
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Blocks of concrete weighing about 8,000 lb per floor are added

to the structure to provide a period of vibration in the range appro

priate to actual steel buildings and to apply a gravity load to the

girders. The use of this particular weight at each floor gives a

rather small gravity load stress in the structure, so that the test

structure exhibits unusually high capacity in resisting lateral loads.

Table 1 lists the nominal section properties and force capacities

of the structure while Table 2 summarizes the estimated weights of

the structure.

2.2 Instrumentation

The response data that we use in our model formulation are only part

of the data recorded. The data that we do use were acquired from accelero

meters, strain gages and LVDT's. The linear accelerations at all floor

levels were recorded by accelerometers. The joint rotations are cal

culated using both strain gage readings and measurements from an LVDT.

The foil strain gages are situated on opposite outside surfaces of the

columns at each joint, one pair nine inches below the bottom of the

beam, and other nine inches above the top of the beam. The center line

of the LVDT was situated eleven inches above the base plate at the lower

end of the column.

The data used in the construction of the models were those acquired

from testing the reinforced frame, denoted as Phase II.

2.3 The Forcing Functions

The forcing functions are imposed by the shaking table and can

vary both in character and intensity. The character of the excitation

can be derived from an historical earthquake or can be artificial. The

intensity of the excitation is reflected in the II span ll number. Clough
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and Tang subjected the Phase II frame to the 1940 El Centro N-S earth

quake, a modified version of the same and to a narrow band artificial

earthquake. The word "modified" in this context denotes the process

of scaling the "time" of an earthquake record.

The scale number is indicative of what part of the displacement

capacity (1,000) is being used. For a particular earthquake doubling

the span number will roughly double the input peak acceleration. In

the designation used in the report the code EC900-II has the meaning

"El Centro earthquake, span or intensity number 900, imposed on Phase

II frame." We use the response data generated by the El Centro and

Modified El Centro excitations.

At the time of the experiments the intensity of shaking was limited

by overturning moment imposed by the structure on the table, and whereas

nonlinear response was realized, it could be termed mildly nonlinear.
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CHAPTER 3

BACKGROUND FOR FORMULATING THE MODELS

In this chapter the background for formulating the mathematical

models is presented. The general method is system identification, and

the way in which this method is applied here is discussed first. This

part benefits enormously from insight which we gained in an earlier study

[ 1] for modeling the linear response of the same frame. The details we

leave for a study of this reference and discuss system identification

here as briefly as possible.

There are problems introduced by the nonlinearity of the model

formulated in this report, and these are discussed in some detail. The

nonlinear response of the frame is accommodated in the model by the

hysteretic material behavior of the steel. For this we use a bilinear

model and problems are introduced that were not encountered with the

linear model. In the third section, the computer program describing

the numerical analysis for the first two sections is presented.

3.1 System Identification as Used in the Study

The first part of system identification is the form of the equations

which constitute the model.

For a multistory structure subjected to rigid base motion, the follow

ing set of second order differential equations in incremental form apply.

(1){I}{Liu} = -[M]{liD} + [K]{Lii.i} + [C][M] Li"ug

In this equation [M] is the mass matrix taken to be constant, [C]

and [K] are the instantaneous damping and stiffness matrices valid within

the time interval t to t+Lit, {I} is the identity vector and {Liu} , {Liu}

and {LiU} are the vectors for the instantaneous changes in the relative
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nodal displacement, velocity and acceleration, respectively, and ~Ug

is the change of the base motion Ug for the same time interval.

From our study of the linear model we learned that accurate pre

dictions for the response of the frame are possible only if it accommodates

both floor translation and joint rotations. This influences the form

of the elements appearing in the [K] matrix. The major difference

between this model and the linear one formulated in Reference [lJ is in the

material properties of the steel which is also reflected in the elements

of the [K] matrix. This is treated at some length in the next section.

If the matrices [CJ and [K] can be defined within each time step

and taken constant within that interval, the solution of Eq. 1 at each

time step ~t, from t=O to t=T, yields the nodal displacement, velocity

and acceleration time histories. This is done using cumulative results

as

{u}t-~t+ {~u} t

{u}t_~t+ {M}t (2)

The solution of Eq. 1 is obtained assuming the acceleration for

each degree of freedom to vary linearly within the time increment ~t.

The integration technique used is one presented by Wilson and Clough

[ 8 J and is similar to the Newmark (3-method [ 9 J with (3=1/6.

The second part of system identification is the criterion or

error function. This function reflects what it is that we want the

model to do. For this study we want the model to predict as accurately

as possible particular response quantities recorded by the physical

frame. Here again we benefit from our linear study where we learned

that the response quantities that lead to a unique model are the floor
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acceleration and joint rotation time histories. It is these quantities,

therefore, that appear in the error function. Specifically the cost

function is the integral squared error of these quantities accumulated

over some specified time interval T. In addition to being functions

of time the predicted response quantities will depend on the set of

model parameters 8. The error function, therefore, is

where Yj(t) and 8j (t) are the measured accelerations and rotations of

the joints and xj(S,t) and wj(S,t) are their predicted counterparts.

Note that the rotations have been multiplied by the modulus of elasticity,

E, so that the two different sets of quantities within the error function

are of the same order of magnitude.

The final part of system identification is the selection of an

algorithm to systematically adjust the parameters in the mathematical

model until the error is minimized. Defining by 8i the vector of

parameters, 8i+l will denote an improved version of the parameters which

gi ves a sma 11 er value of J. The Gauss-Newton method used here is gener-

ated in the following way. The fundamental equation is

= S. + ad.
1 1

(4)

where d. is a direction vector and a a step size.
1

Expanding the error function in a Taylor series about the initial

point Si' retaining only the first three terms and setting the gradient

of the error with respect to 8i+l equal to zero, we get

(5)

where V2J(8i ,T) is the Hessian matrix and VJ(Si,T) is the gradient vec

tor. The pth component of the gradient is
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anT _ axj(s,t)_aa- J(S,T) = 2 L 6{[xJ.(S,t) - yJ.(t)] as + [Ew.(S,t) - E8.(t)]
I-J p j=l p J J

a(Ew. (S, t) )
a~ }dt (6)

p

and the psth component of the Hessian is

a2x.(S,t)
T - J - )+ f [(X. (f3,t) -y.(t)) as as + (Ew.(S,t) -Ee.(t)

o J J ps J J

a2 _ n T axj(s,t)
aQ ao J(S,T) - 2 L {f [ ~dQ-----

I-Jp I-Js j=l 0 I-J p

axj(s,t) + _a_ (E {O t))._a_(EwJ,(S,t))]dt
as as wj I-J, dS

s P s
(7)

2( -a Ew. (S, t) )

as a~ ]dt}
p s

Assuming that the errors go to zero and the second partial deriva-

tives do not increase faster than the errors are decreasing, the second

integra1 in the ri ght hand side of Eq. (7) can be dropped, thus a typi ca1

component of the approximate Hessian matrix will then be

+ _a_(EW(S,t))._d_ (EW(S,t))]dt
asp ass

(8)

Thus the direction vector in Eq.(4)can now be defined as

-1
a. = - [AH(S. ,T)] VJ(S. ,T)

1 1 1

where AH(Si,T) stands for the approximate Hessian.

Eq. 5 is re-written as

(9)

(10)

where a is a step size introduced which may be different from 1.0 if the

error surface is not quadratic and will be defined within each error

surface profile such that the error within that profile is minimized. It

is the replacement of the Hessian matrix by the approximate Hessian that
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introduces the term "modified". The optimization algorithm therefore

takes the title modified Gauss-Newton.

The terms in Eq.~) which involve the derivatives of the response

quantities with respect to the Bi parameters and which are called

sensitivity coefficients will be evaluated using finite differences

such that

(11 )

To obtain an improved version of the parameters in Eq.(lO), means of

obtaining a proper step size a should be defined. This is established

by systematically searching the error surface in the direction defined

by Eq.(9) until a point is found on this error surface profile where the

error is minimum.

This step was previously performed by writing the error function

in terms of a and then differentiating with respect to a and setting

the resulting slope equal to zero.

J (Bi+1' T) = J ~i-a [AH ( f3 i ' T) r 1
'VJ (Bi'T)J

~ J(Si+l,T) = -'VJ(Bi+l,T) [AHd3i ,T)]-1 'VJ(Si,T)
aa

(12 )

(13)

Using the values of the error function and its slope at a=O and

a=l a cubic polynomial is fitted between those two points, whose minimum

point defines a new a. The minimum of the error profile and of the

polynomial do not necessarily match at this value of a. The procedure

is continued using this newly defined point until a point is found on

the error profile where the slope is practically zero.

This curve fitting technique which worked extremely well for the

linear case is found to be ineffective for the nonlinear case. In the
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present work the error surface is far from being close to a quadratic

surface. This is due to the discontinuity in the slope of the bilinear

model at the yield point. The error surface is quite complicated as a

typical error profile in Fig. 5 indicates. This is understandable

when we realize the sudden change in slope as we go from the linear to

the nonlinear range which is reflected in the possible change of the

stiffness matrix [K] from one time step to the next.

Therefore obtaining the minimum point of an error profile by

fitting a cubic or quadratic polynomial, as was done in the linear case,

appears impractical here.

16000

12000

-~..
1Q:l. 8000

4000

a
a 0.2

FIGURE 5

0.4 0.6

STEP SIZE a

TYPICAL ERROR SURFACE PROFILE
BILINEAR MODEL

0.8 \.0

This is the first complication introduced when we replace a linear

model by a bilinear, which we do in the next section.

The minimum of an error profile is obtained in this study by sub

dividing the Error vs Step Size diagram into a number of intervals
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between a and 1.0 and evaluating the error at each of these points.

The point with the minimum value of the error (even though this is not

the true minimum) is chosen as the initial starting point for the next

cycle of the iteration.

The larger the number of subdivisions, the more accurately is

the minimum of the error profile located. In our work, ten subdivisions

between a=O and a=l is usually found to be satisfactory.

A second problem which did not occur in the linear case and which

is closely related to this problem, is the inability of the method to

reduce the slope of the error surface to very small values. In the

linear case, due to the well behaved error profiles, the slope of the

error surface could be reduced to small values and the minimum accurately

located. In the present case, as we come closer and closer to the mini

mum, the error profile becomes flat, but with occasional bumps along

the profile. This circumstance made it difficult to locate a point on

the profile where the slope is less than some stopping tolerance. We

were forced to use as our minimum a point representing an error that

could not be reduced by further search.

This problem did not turn out to be critical since the components

of the direction vector were by this time very small indicating that

we were close to the minimum. The problem could probably be remedied

by taking a much larger number of intervals.

The fact that these problems did not occur in the linear problem

or in Matzen and McNiven's work [2J where the Ramberg-Osgood model

was used in which the force-deflection relationship is a continuously

differentiable function, seems to indicate that the behavior is due to

the sharp discontinuity in the slope of the bending moment-rotation

relationship.
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To pinpoint this as the cause, we study a lI refined bilinear model.

To avoid the sudden change from the linear to nonlinear behaviors, we

introduce a parabola that will make the transition gradual. The parabola

is fitted to the two straight lines by matching the slopes of the lines

and the parabola at the end of the linear and the beginning of the non

linear phases. The interval over which this is done is chosen arbitrarily.

The error surface for this refined model is much more suitably

behaved. A typical error surface profile shown in Fig. 6, when compared

to the profile of Fig. 5, shows this. This supports the discontinuity

of the slope in the bilinear model as the cause of the problems.

However, we also learned that the set of parameters identified by

the coordinates of the global minimum, established using the refined

model are close to those established with the bilinear model. As the

refined model is more difficult to use and has little influence on the

final values of the parameters, we decided to return to the bilinear

material model in the remainder of the work.

9000

7000-I-..leo..-
...., 5000

3000 L- l....- .L-. ..l..- ""'-------'

o 0.2 0.4 0.6 0.8 \.0

STEP SIZE a

FIGURE 6 TYPICAL ERROR SURFACE PROFILE

REFINED BILINEAR MODEL
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3.2 Bilinear Model for Structural Members

Bilinear material properties are well known, but what we require

in our modeling here is a bilinear model to represent the global

behavior of the members of the frame, both beams and columns. We

choose to have the behavior reflected in the relationship between the

bending moment and the angle of rotation. In what follows we develop

a general relationship and then exploit the symmetry of the frame and

symmetry of the deformed shape due to the seismic disturbance. We will

find that in extending our model from linear to nonlinear we introduce,

or can introduce, three additional parameters.

Detailed information on two beam models developed and used by

different investigators is given in Giberson [10]. One of the models

is able to handle only bilinear hysteresis loops while the other one

can handle both bilinear and curvilinear, the only restriction being

that the initial slopes of the hysteresis loops at both ends of the

same beam must be the same. We make the choice of the second model,

starting with the bilinear knowing that if this proves to be inadequate

we can resort to a curvilinear model.

We begin with a study of Fig. 7 which shows a member deformed

antisymmetrically so that yielding has taken place at both ends.
fjk

FIGURE 7 MODEL OF A NONLINEAR BEAM

I

Wj = Wj - OJ
I

Wj =Wj - OJ

O'J

~-------- J,
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In the linear state the beam has a stiffness

k = 4EI/L

where E is Young's modulus~ I is the moment of inertia and L is the

(14 )

length of the beam. In Fig. 7 ~ the symbols have the following meanings:

M. ~M.
1 J

w. ~w·
1 J

w~ ~w ~
1 J

a. ~a.
1 . J

bending moments at the ends (i) and (j)

end rotations

end rotations of central beam

incurred plastic angles at the ends (i) and (j).

For the central beam

rvl • = k(w~ + ~WI.)
1 1 J (15 )

M. = k(~i + w'.).
J J

Introducing

W~ = w. - a. and w~ = w· - a·
1 1 1 J J J

into Eq. l5~ the fundamental bending moment-end rotation equations

become
1M. = k [(w.-a.) + -2(w.-a.)]

1 1 1 J J
(16 )

or in incremental form

M. 1= k [( 6W . - 6a .) + "2 (6W. - 6a . ) ]
1 1 1 J J (17)

M. 1= k ["2(6wi-6ai) + (6Wj-6aj)]
J

The purpose of writing these equations in incremental form is that

in this form it is possible to solve the equations of motion using

finite integration techniques assuming that the state of yield remains

constant throughout each time increment.

As seen in Eqs. (16) and (17)~ the incremental bending moments~
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6M, are related to both the incremental rotations, 6w, and incremental

plastic ang1es,6a. Now if the state of yield is known at the beginning

of the time increment, it is possible to establish beforehand an equation

of the form

6a = 6a(6w. ,6w. ) (18)
1 J

relating the incremental plastic angles to the end rotations. Using

these equations it is possible to eliminate the incremental plastic

angles from the incremental moment-rotation equations resulting in

equations of the form

(19 )

which are valid for each time increment.

M

____--I- -f-------;f------ w

M{t) ------

FIGURE 8 BILINEAR BENDING MOMENT-ROTATION RELATIONSHIP
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The criteria for establishing the state of yield at the time t

(at the beginning of a time increment) are based upon the bending

moment at time t and the last incremental bending moment prior to time

t. These criteria are the following: (see Fig. 8)

If MB(t) < M(t) < MA(t) the relationship is elastic

t'i( t) ..:. MA (t) and l1t'l (t) > 0
} then the relationship is plastic

M(t) ~ MA(t) and l1M(t) < 0
(20)

where

M(t) total bending moment at time t

MA(t) upper yield bending moment at time t

MB(t) lower yield bending moment at time t, and

l1M(t) the last incremental bending moment prior to time t.

Inherent in this procedure are the phenomena of "overshooting"

the yield limit upon entering the nonlinear state and "backtracking"

upon returning to the linear state. This results from the demand that

the state of stress remain constant throughout the time increment.

When the relationship is elastic at end (i) and/or end (j) the

corresponding incremental plastic angle must be zero

and/or at end (j), l1a.= 0
J

When the relationship is plastic at end (i) and/or end (j)

the corresponding incremental bending moment is proportional to the

incremental plastic angle

at end (i),

at end (i)

and/or at end (j)

l1a. = 0
1

liM . = f. kl1a .
1 1 1

liM. = f. kl1a .
J J J

(21)

(22)

where f. and f. are independent.
1 J
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Since f. and f. are independent, it is possible to use a curvilinear, J

hysteresis loop with this model.

Since a linear or nonlinear state can exist for each joint, there

are four possible combinations for each member. These states, denoted

by (a), (b), (c) and (d) are described below:

State (a): Elastic at (i) and (j)

flo. .=0, 1::.0..=0
J

(23)

State (b): Plastic at (i) elastic at (j)

I::.M. = f. kfla .
1 1 1

flo.. = 0
J

State (c): Elastic at (i) plastic at (j)

flo.. = 0,
flM. = f.kl::.a.

J J J

State (d): Plastic at (i) and (j)

flM. = f. kfla .
J J J

(24)

(25)

(26)

The functional dependencies of the incremental plastic angles on

rotations are as follows:

State (a): 60.. = 0, 60.. = 0
J

(27)

1State (b): k[(6w.-6a.) + ~2w.] = f.kfla.
" .J "

Hence
1 (I::.w. 1flo.. = (l+f. ) + 2!lWj )

1 1
1

1::.0.. = 0
J

(28)
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replacing i and j

(29)

State (d): k[(l:::.w.-l:::.a.) + -21(I:::.w.-I:::.a.)] = f.kl:::.a.
1 1 J J 1 1

1k[-2(I:::.w .- I:::.a .) + (I:::.w. - I:::.a. ) ] ;: f .kl:::.a .
1 1 J J J J

Rearranging and solving for I:::.a. and I:::.a.
1 J

I:::.a.
1

4 2(l+=-'3f . )I:::.w. + -3 f .I:::.w.
= J 1 J J

1 + 4/3(f.+f.+f.f.)
1 J 1 J

(30)

By substitution the I:::.a's can be eliminated from the incremental

moment-rotation equations

State (a): I:::.M. ;: k[6W.+~W.]
1 1 J

6M. ;: k[~"6W. +flw.]
J 1 J

State (b):
f. 1

I:::.M. = (l+~.)k(l:::.wi + 2l:::.wj )1
1

1 f i 3+4f.
L\M. = k["2( l+f. )I:::.wi + 4(1+}.) I:::.wj ]J 1 1

(c) :
3+4f. 1 f.

State I:::.M. = k[4(1+*.) ~wi+ "2 (~)6Wj]1
J J

f. 1
flM. ;: (~)k["2l:::.wi+ I:::.wj ]J J

(31)

(32)

(33)
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4 2State (d): f.k[1~3f.)~w'+?3f.~w.]
~M. = 1 4 J 1 J J

1 1 + -3(f.+f.+f.f.)
1 J , J

M f.k[32f.~w. + (1+.13 f. }~wj]
~. J 1 1 1

J 4
1 + -3(f.+f.+f.f.)

1 J 1 J

Since the incremental bending moment-end rotation equations

(34)

have

a regular pattern for all four states, the following matrix equations

using lI effective stiffness" parameters SA,SB and Sc can be established

1:::1 = [;: :;j 1:::1 (35)

where

State (a)

= f .. = f.
J

3+4f.
1

4(1+f.) k
1

f.
T+t-k

J

4f .(1~3f.)
J , k

D

2
-3f . f .

, J k
D

1 f i
"2 1+f. k

1

1 f.
--Lk2 l+f.

J

f.
1

l+f. k
1

3+4f.
J k

4( 1+fj)

4f. (1~3f.)
1 J k

D

4+ -3 (f .+f .+f. f .)
1 J 1 J

For the bilinear hysteresis loops, which are used here, f i

where D = 1

State (d)

State (b)

State (c)

As a result the effective stiffnesses can be simplified as

State a

State b

SA SB Sc

k 1 k k2

f 1 f 3+4f
l+f k "2 l+f k 4{l+f) k



State c

State d
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3+4f k 1 f f
4( 1+f) ll+f k 1+f k

4 E.. f2
f(14 f)f(1+3f) k _3_ k

D D D k

where D = 1 + i f(2+f)

To draw an exact two-dimensional hysteresis loop, for either end

of a beam, it is necessary to 'have the same functional relationship

between the bending moment and the curvature for all states.

Taking one typical member of the frame under consideration, and

taking into account that, due to symmetry, either state (a) or state

(d) exists, we can write

State (a) 6M. = 6M. 3 (36)= 6M=2 k6W
1 J

State (d) 6M. = 6M. = 6M = f(1+2f)k6W
1 J 1 + i f(2+f)

= 6M = f k6W
(1 + ~f)

fIf we let f+l.5 = P we can rewrite the above two equations as

(37)

State (a)

State (d)

6M =i k6w

36M = "2 pk6W

(38)
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M

L...-------------~~w

FIGURE 9 DEFINITION OF THE "p" PARAMETER

Thus p can be considered as the ratio of the plastic slope of the

M-w diagram to its elastic slope (Fig. 9).

3.3 Rotations of the Joints

One of the significant findings of our study involving the formulation

of linear models, Ref. [lJ, was the determination of the response data that

are effective in formulating a model which accommodates both floor trans

lations and joint rotations. We found that the most effective set of

responses consisted of the floor acceleration and joint rotation time

histories. It follows that the same set of response quantities should

be used here in formulating the nonlinear models. The problem for

constructing both types of models is that, whereas the acceleration

time histories were recorded directly, the joint rotation time histories

have to be calculated from other response data. For the linear response

this was not particularly difficult. We were able to take the strain

readings at the stations where they were recorded, calculate the M/EI (or

lip) at that station and extrapolate linearly to the base of the lower
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column and to the center of a joint, see Fig. (10). The areas of these

diagrams represent the change in rotation between the ends of a column

and, assuming the rotation of the column at the base to be zero, we moved

upward column by column calculating the rotations of each of the joints.

The only error that we felt could be introduced would be in not accounting

for the change in the moment of inertia of the column at the base due to

the gusset plates. We felt that this would have an insignificant effect

and so we had confidence in the joint rotations that we used as response

quantities.

We are on shakier ground in calculating the rotations with the

response quantities available for the nonlinear response. To understand

the problem we must recall the instrumentation of .the columns. In Fig.

(11) we see that at the base there is an LVOT at A" and strain gages at

AI, 81
, 8", etc. (see Fig. (10)). If yielding occurs, it will be first

at the base and then at the joints both above and below, with diminishing

possibility as we move upward.

We will illustrate the difficulty for the nonlinear response by

finding the rotation of the joint at B by studying the column AB. We

assume that the bottom of the column at A does not rotate, so that the

rotation of joint B is its rotation relaiiveto A.

Of prime importance is the fact that we have the LVOT reading at

A" which gives the relative rotation of A" to that of A. All we need

in addition then are the relative rotations of the column at B and A".

To complete this accurately we would need the M/ET diagram from B to

A". We do not have all of it, but we have the major part.

Strain readings at 8' and AI show that the moments at these points

correspond to a linear state of stress, so that the linear distribution
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FIGURE 11

ROTATION CALCULATION OF JOINTS (LINEAR CASE)

I
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ROTATION OF CALCULATION OF JOINT B (NONLINEAR CASE)
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of bending moment between AI and BI shown in Fig. 11 is correct. We

are left with two missing pieces of the moment diagram to complete our

calculation of the relative rotations at B and All. The part from B'

to B and the part from AI to A". We must extrapolate the moment dia

gram in some way to cover these two pieces. As the response of the

frame was only mildly nonlinear, and because in a region of nonlinearity

we do not know the extent of yielding and how to extrapolate accurately,

we decided to calculate the rotations by extrapolating linearly as indi

cated in Fig. 11. The same method was used for the upper columns. We

do not think that the error thus introduced is serious.

The resulting joint rotation time histories were used in the error

function in formulating the model. The model derived should then pre

dict the calculated rotation time histories (as we shall find that it

does). The rub comes when we try to interpret the parameters of the

model physically. Six of the parameters introduced into the stiffness

matrix are the effective length factors associated with each of the

three columns and the three beams. We will, in fact, find that they

differ from those found for the linear model. Because of the analysis

which we have just presented, we place more credence on the physical

interpretation of the effective length factors associated with the

linear model than those derived here.

If we were to design and perform the experiments again we could

arrange to place an array of strain gages above the LVDT and above and

below each girder. Better still would be gages placed at the juncture

of beams and columns that would directly record rotation time histories.
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3.4 The Computer Program

In this section the computer program used to implement the programs

outlined in the previous sections is described. Much of the program

is the same as was used for the linear model and so will be described

only briefly. The part that is new, involving the complications due

to the nonlinear behavior, is dealt with in more detail. The descrip

tion ends with a complete flow chart for the program (Fig. 12).

The program consists of the program OPTIM and eleven subroutines.

Control always returns to OPTIM at which time numerous checks are per-

formed and decisions made as to whether to continue or stop a process.

Subroutine ONE reads in all of the input data, which consists of

the ground acceleration time histories Ug(t), the nodal masses, the

measured quantities which enter into the error function i.e. relative

floor accelerations y.(t) and nodal rotations e.(t), the initial set
. J J

of parameters Sl' the duration of the excitation or a portion of it

denoted by T, the maximum number of iterations in a given line search,

kmax ' the maximum number of cycles allowed in the program, imax ' and

the program stopping tolerance (PST).

Subroutine TWO sets up at each time increment the nxn translational

stiffness matrix [K] and forms the damping matrix. While setting up

[K], this subroutine is in direct communication with another subroutine

(CHECKM), which checks the values of the moments at the ends of all

members, decides on the state of yield for each particular member using

the criteria defined in Eq. (20) and accordingly chooses the proper

values for SA' SB and Sc in Eq.(35) for each member. With this infor

mation provided by CHECKM, subroutine TWO sets up the translational

stiffness matrix [K] by the usual procedure of setting up the total

stiffness matrix and then condensing it according to the classical
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structural analysis approach.

Subroutihe THREE includes the solution of Eq.(l), for the parti

cular time step n, and the given set of parameters 13 by the linear

acceleration method, and yields the incremental and cumulative values

of all quantities such as displacements, velocities, accelerations,

rotations and moments at all floor levels and at the ends of all

members.

From THREE control returns to TWO with n=n+l and the same proce-

dure is continued until n reaches nmax the maximum number of time steps

to be considered between t=O and t=T.

Subroutine FOUR evaluates the error function J(~i,T) while routines

FIVE and SIX evaluate the terms in the gradient vector VJ(13i,T) and

the approximate Hessian matrix AH(Si,T), respectively. These terms are

evaluated using finite differences calling upon subroutines TWO and

THREE for the solution of Eq.(l) with all coefficients kept constant

except for Sp which is increased by ~Sp.

Subroutine SEVEN evaluates the inverse of the approximate Hessian
= -1AH(Si,T) , while EIGHT evaluates the direction vector

a. = - [AH (13 . ,T)J - 1 vJ ( 13 . , T)
1 1 1

and the initial slope
T _

J'(a,T)1 = VJ(Si,T)dia=o

At this stage OPTIM checks the value ofJ I (a,T) I against the program
a=o

stopping tolerance. If the slope it too large, routine NINE is called

to perform the line search. With k=l and ak=O.l it evaluates

S'+l = S. + aka.1 . 1 1
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and

The procedure is repeated until k=10 and ak=l.O. The value for ak
which yields the smallest value for the error function J, is considered

to be the proper step size within this particular line search, and the

corresponding 8i+l set of coefficients is taken as the initial set of

values for the next cycle of the process.

The process is repeated for a number of cycles until within OPTIM

the requirement

J'{a,T)1 < program stopping tolerance is met.
a=o

If the program stopping tolerance is set to a very small value it

may very well be that, due to the particular conditions of the model

used and for reasons previously discussed in detail, for the new cycle

the error is not smaller than the error for the previous cycle. This

is checked within subroutine TEN.

If either one of the conditions above occur, subroutine ELEVEN

is called to print as output the final value of the error, the final

set of coefficients 8, the final predicted displacements, accelerations,

rotations and moments and also the corresponding measured input

quantities.

A flow chart of the identification program is given in Fig. 12.
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CHAPTER 4

FORMULATION OF MODELS

When the form of the equations has been chosen, as it was in

Chapter 3, there still remain many decisions that have to be made

before the formulation is complete. In the form there are damping

and stiffness matrices, but their details have not been studied. By

this we mean that it remains for us to decide how many parameters

should be introduced into each matrix, what will be their method of

introduction and finally, of the array of parameters, how many will

be assigned fixed sensible values, and how many will be free to change

and be established by the optimization algorithm. These decisions

are made twice in this chapter, as we formulate two separate models.

The reasons for the different choices will be presented when the

choices are made.

We benefit enormously in this chapter from our formulation of the

linear models. Most of the decisions that we make are derived from

our previous study. First, we found that for damping, Rayleigh type

viscous damping is appropriate, which introduces two parameters into

the system according to [C] = ao [M] + al [K]. We found that response

predictions are accurate only when the model accommodates both floor

translations and joint rotations. We also found that the best way

of introducing the parameters for the linear case was to associate a

parameter with the stiffness of each of the members of the frame.

Because the frame is symmetrical, there are only six independent stiff

nesses resulting in the introduction of six parameters. We made the

discovery that these parameters gave physical insight into the behavior

of the frame when each parameter was associated in the expression for
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stiffness EI/L with the L, so that the parameters become effective

length coefficients. The physical insight gained by this arrangement

is not as effective as it was for the linear case, which was explained

in Section 3.3, but it will be used again here as it is still effective.

The assignment of these six parameters is clarified by an examination

of Fig. (13).

r I
f3

6
(!4 /L4)

f33 L3

+- If3
5

( 14 / L4 )
f32 L2

t- I
f34 ( I 4 / L4 )

f3, L 1L__
--.

I. L4 ·1
FIGURE 13 EFFECTIVE LENGTH PARAMETERS

With this type of introduction of the parameters a 6x6 matrix is

formed and then condensed into a 3x3 matrix by the usual practice. The

individual stiffnesses appear in the 3x3 matrix in each of the elements

in a somewhat complicated way.

It still remains to extend the linear model to the nonlinear for

our bilinear formulation. To gain physical insight into the structure

we formulate two separate models. As we handle the nonlinear parameters

somewhat differently for each of the two models, we leave a discussion

of their introduction to the sections devoted to the models.
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4.1 The First Nine Parameter Model

At this point in the development we have introduced eight parameters,

two in the damping matrix, and six in the stiffness matrix. We now turn

our attention to the additional parameters needed to accommodate the

nonlinear relationship between bending moment and rotation for each of

the members. For this refer again to Fig. (9). To completely iden-

tify the M-w relationship we need two additional parameters for each

member. First is the ratio of the slope after yield to the slope

before yield which involves II pll, or IIfll when we recall that p= f/(f+1.5).

We expect that the parameter IIfll will be significant in the accuracy of

the model.

The second is the yield moment. We recognize that for the global

behavior of the member, the bilinear model is not accurate in that the

true hysteretic behavior would appear with a rounded IIknee ll extending

from the beginning of yield MA to MB where it meets the yield slope.

A single yield moment indigenous to the bilinear global model can be

thought of as the average of these two moments.

Another factor that would modify those values is the presence of

dead load moments. Those moments, which are constant and can accurately

be computed, are always of the same sign thus implying that if only

lateral loads are to be considered,MA and MB should be taken differently.

Although it has been stated previously that the dead load stresses are

kept small in the test frame, it is hard to make any precise statement

as to the values that MA and MB should take for each member.

Thus it is decided to set MA equal to MB (now called MA) and also

to assume, since the section properties for all columns are identical,

that one additional parameter in the identification process can define

a proper value for the yield moment of the columns. The same applies
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for the girders and a ninth parameter is introduced to define the yield

moment value for the girders.

To keep the values of all S parameters of the same order of magni-

tude the three nonlinear parameters are taken as

f = 0.166 x B7 ; MAl = 325 x B8 k.in ;
col

r~A I. = 275 x B9 k. in
glr

Thus with B7 equal to 1, f becomes 0.166, corresponding to a ratio of

0.1 of the second to the first slope of the M-w relationship for the

girders. With B8 and B9 equal to 1, the upper yield moment values for

columns and girders are 325 k.in and 275 k.in, respectively. which

correspond to the yield moment values computed on the basis of section

properties minus the dead load moments.

We now have introduced eleven parameters. Undoubtedly the best

model would be the one for which we allow all eleven parameters to vary

and be established by optimization. However, the computer costs and

memory requirements needed for optimization rise quickly as the number

of parameters increases. For this reason we decide here to fix two of

the parameters before optimization allowing only nine of the eleven to

be free to change.

In this first model we decide to fix ao and al , the damping para

meters, giving them the values that we found for them after optimization

in the linear, eight parameter model. This decision is based onfue

experience gained by McNiven and Matzen [2 ] in formulating a nonlinear

model for the behavior of a single-story steel frame. In that study

it was found that the hysteretic material behavior accounted for the

major part of the nonlinear response, with the damping parameter changing

little during optimization from the value it assumed for the linear model.

This characteristic is confirmed by preliminary study of this model where
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we found that changing the values of ao and al by as much. as 15%

changes the final model very little.

With the selection of the form for the model~ the parameters con

tained in the model and the way in which they are introduced into it~

and the values for two of the parameters~ it only remains to establish

values for the other nine parameters to complete the model.

We review here~ very briefly~ the identification process along

with some of the problems we found which might not be anticipated.

First~ the governing set of differential equations must be solved~

Eq. (l)~ and to this end we write in the incremental form:

[K] {Lu}

The matrix Mis known as is the C matrix. The formulation of the K matrix

begins by assigning beginning values to the parameters Sl-S6~ the effec

tive length parameters. Having expressions for the stiffness of each

of the members we construct the six by six stiffness matrix and condense

it into a three by three translational matrix. Each of the elements of

this matrix can change according to whether a member is in an elastic

state, or a yield state. For this step of the integration we assume an

elastic state so that we derive {Lu}~ {Lu} and {~U} from the solution.

Having these, the incremental rotations and consequently the incremental

end moments are obtained~ completing the first step. From then on~

having the defined values for the upper and lower yield moments of the

columns and girders and also the coefficient f~ subroutine CHECKM checks

the values of the moments at the ends of all members and decides on the

state of stress of each member at the beginning of the next time step of

integration. SA~ 5B and Sc from Eq.(35) are accordingly identified for

each member and the procedure continues up to time step nmax which corre

sponds to the upper limit of integration T. At the end of each time
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step the incremental values obtained for each quantity are superimposed

to their previous values to obtain the cumulative values of the same

quantities as given by Eq. (2).

We found a minor problem in optimization. It is necessary to

calculate the inverted approximate Hessian matrix. Without caution

this can be singular or near singular causing problems. The sensitivity

coefficients for the member end moments are found using finite differ

ences. These involve the sensitivity of parameters B8 and B9 and these

can be zero, or close to it due to overshooting the yield moment upon

entering the nonlinear state and backtracking to return to the elastic

state. This situation is aggravated when the number of excursions

into the yield state is small, which is the situation we have here.

We were forced to make numerous trials to ascertain appropriate incre

ments to use for B8 and B9 to avoid a singular matrix and found that

an increment in the range of 0.05 which corresponds to a change in the

moment of approximately 15 k.in is a good choice. The increments for

the other parameters are kept to much smaller values of the order of

O.OOL

We also noticed that B7 tends towards much larger values than

expected. Consistently f tends towards a value of approximately 3

which corresponds to a ratio of second to first slope in the M-w diagram

for the members of the order of 0.5. An investigation of the true

hysteresis loops proves this to be reasonable. We concluded that the

excitations we are dealing with are mildly nonlinear and a ratio of

second to first slope of the order of 0.5 does make sense. Unfortunately

even with the excitations which are known to be the strongest in Clough

and Tang's work [ 5 ], the situation remains practically unchanged

meaning that only mildly nonlinear data are available. f was then
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4.2 The Second Nine-Parameter Model

As we will find in the next chapter, the first nine-parameter model

predicts very accurately the nonlinear response of the frame, and to

two different seismic disturbances. The need for an additional model

seems open to question. The purpose of mathematical modeling, however,

is not only that of predicting response but of helping to gain insight

into the characteristics of the physical system. It is to this second

end that this additional model is constructed.

For the first model we decided to fix the values of the damping

parameters. Though there is evidence to support this decision, it is

by no means conclusive and there is in fact evidence in opposition.

From a study of the response of the single story steel frame, Rea~ Clough

and Bouwkamp [11 ] report that they found the viscous damping is ampli

tude dependent. In this second model we free the damping parameters

from their linear model values and let them change to values established

by optimization. Comparison of the effectiveness of the two models

should help us to ascertain the influence that these two parameters

exert in describing the response.

As first suggested, the damping matrix has the form

[C] = ao [M] + al [K]

By retaining this form and by using the fixed values of Modell

as the starting values we can trace the changes during identification.

We are now in the same position as we were in completing the formu

lation of the first model. We could include ao and al in the array of
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parameters simply by increasing the number from nine to eleven. Increas

ing the number of parameters will improve the model but not always

dramatically while the computer time required and the memory require

ments increase considerably. From a preliminary study, we can state

with confidence that introduction of ao and al as parameters will

affect the optimum values of the yield moments obtained in Model 1

very little. Thus instead of changing to an eleven parameter model

we decide to keep the number of parameters at nine. The yield moment

values for columns and girders will be kept constant while ao and al
will be taken as the new eighth and ninth parameters of the system.

This requires very simple modifications of the computer program.

Thus in Model No.2, parameters 61 through 67 have the same meaning

as before while 68 and6g are now defined to be

ao = 0.2340 x S8 and al = 0.0003 x 6g.

The values for the constant terms in ao and al are taken to be those

assigned in the first model.
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CHAPTER 5

COMPLETION AND PERFORMANCES OF THE MATHEMATICAL MODELS

This Chapter is divided into four parts. It is first divided in

two in which each half is devoted to each of the two nine parameter

models denoted in the chapter as Models No. 1 and 2. Each type of

model is further divided by developing models generated by the data

from two separate seismic disturbances. The first is the actual

historical El Centro earthquake (EC-900II), and the second, the modified

El Centro (MEC-600II).

In each of the four parts we first present results of the numeri

cal program. This ends with values of the nine parameters. These

values, combined with the two fixed parametric values, completes each

model. These values are presented in tables, and study of the tables

shows that the final acceptable set (representing the global minimum

on the error surface) requires very few steps in the search. This

circumstance resulted, not because the surface representing the error

function is particularly well behaved, but because we started each

search with an accurate set. For this we credit the study already

completed in constructing the linear model.

The expression for the error function reveals that the error

depends on the upper limit of the integral "T". This can represent

the full durati on of the excitati on or some fracti on of it. For the

sake of economy we choose to establish our parameters using only the

first six seconds of each excitation. The implications of this are

discussed in the next chapter.

The second part of this chapter consists of presenting evidence

which displays the performance of each mathematical model. This
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evidence is in the form of the time histories of various response

quantities. We present a sufficient number of these to assess the

quality of each model. In each time history the physical response is

represented by a solid line, whereas the comparable response predicted

by the model is shown dashed.

5.1 MODEL NO.1: EC-900II

Starting End of End of End of End of End of
Values of First Second Third Fourth Fifth
Parameters* Cycle Cycle Cycle Cycle Cycle

61 0.956 1.035 1.077 1.084 1.084 1.084

62 0.971 0.985 1.004 1.050 0.044 1.034

133 0.891 0.889 0.886 0.872 0.875 0.877

64 1.242 1.184 1.085 1.096 0.096 1. 127

65 1.274 1. 216 1.078 1.055 1.057 1.058

66 1.322 1. 121 1.078 1.103 1.106 1. 107

67 1.000 1. 197 1.242 1.231 1.224 1.223

68 1.000 1.041 1.049 1.050 1.051 1.052

69 1.000 1.103 1. 122 1.127 1.130 1.133

I Error 225606 73163 32367 23561 20097 18081

Extrapolated Error to T=10 sec. 52078

I*From the eight parameter linear model derived from EC400-II

TABLE 3 CHANGE IN PARAMETERS AND REDUCTION
IN ERROR DURING A TYPICAL RUN
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I Initial Values Fina1 Values

13 13 x Constant f3 13 x Constant

131 vs. 131L1 0.956 76.48 in 1.084 86.72 in

132 vs. 132L2 0.971 62.15 in 1.034 66.17 in

63 vs. 133L3 0.891 57.85 in 0.877 56.13 in

134 vs. 64L4 1.242 178.85 in 1. 127 162.29 in

65 vs. 13SL5 1.274 183.46 in 1.058 152.35 in

136 vs. 136L6 1.322 190.37 in 1.107 159.41 in

137 vs. f 1.000 1.66 1.223 2.04

68 vs. t~A IcoL 1.000 325 k. in 1.052 341.90 k. in

69 vs. MA Igi r. 1.000 275 k.in 1.133 311.57 k. in

ao(kept constant) 0.574 x 0.2340 = 0.134

a1(kept constant) 0.612 x 0.0003 = 0.00018

TABLE 4 COMPARISON OF INITIAL VERSUS FINAL PARAMETERS
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5.2 MODEL NO.1: MEC-600II

Starting End of End of End of End of
Values of First Second Third Fourth
Parameters* Cycle Cycle Cycle Cycle

131 1.084 1.050 1.047 1.048 1.048

132 1.034 1.047 1.053 1.056 1.058

133 0.877 0.893 0.899 0.903 0.902

134 1.127 1.143 1.150 1.155 1.157

135 1.058 1.079 1.088 1.092 1.094

(36 1.107 1.092 1.083 1.086 1.087

137 1.223 1.097 1.052 1.050 1.049

138 1.052 1.040 1.032 1.028 1.027

139 1. 133 1.162 1. 171 1. 178 1.176

Error 48423 32517 30243 28212 26923

Extrapolated Error to T=10 sec. 72096

*From the Final Values in Table 3

TABLE 5 CHANGE IN PARAMETERS AND REDUCTION
IN ERROR DURING A TYPICAL RUN
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Initi alVa1ues Final Values

8 8 x Constant S 8 x Constant

81 vs. 81Ll 1.084 86.72 in 1.048 83.84

132 vs. 2L3 1.034 66.17 in 1.058 67.71

133 vs. 3L3 0.877 56. 13 in 0.902 57.73

134 vs. 4L4 1.127 162.29 in 1. 157 166.61

135 vs. 4L4 1.058 152.35 in 1.094 157.54

86 vs. 6L4 1.107 159.41 in 1.087 156.53

87 vs. f 1.223 2.04 1.049 1. 75

138 vs. MA col. 1.052 341. 90 k. i n 1.027 333.78

139 vs. MA . 1.133 311.57 Lin 1.176 323.40
91 r.

ao(kept constant) 0.134 0.134

,al (kept constant) 0.00018 0.00018
I

TABLE 6 COMPARISON OF INITIAL VERSUS FINAL PARAMETERS



- 54 -

3.2.---------,-----,--------,-----r-----i

- 3 . 2L- ---..L -L --:J- ---::-'--::- ~

o 2.0 4.0 6.0 8.0 10.0

TIME IN SECONDS
DIS PLAC EMEN T 0 F 3 RD FLOOR

/

J
I

rJ J ~ I

~ r IV
I I

I I I I

IV I I I ,

" ,
I I

I

~\J I

~,
I I

~
I

\~ \ \~ \ \~
\ \

\
I \

" I

IA
. ~ 1,: I ,

I~ t I
\1 (

\~ ~
f- -350.0

10. 08. 06.04. 02. 0

o

-700.0
o

:z:

100. 0
('oj

L.J

l..LJ

if)
350 . 0

:z:

TIME IN SECONDS
Ace ELERA T ION 0 F 3 RD FLO OR

,
I I

A ~ 11
,

" •
f\ A f\

A A A ~ t
f~

hf\ 1\ !
Vv UV V

tV VI I
I I

V \!
I I

II
\I ,

W ~I~ ~

l..LJ

*
4 2 0 . 0

(f)

:z:
<C

2 1 0 . 0

CJ

<C
0::

:z:

- 2 1 0 . 0
f-

:z:

CJ -420.0
o 2.0 4.0 6. 0 8 . 0 10.0

TIM E INS E[ 0 NDS
ROTATION OF JOINT AT 1ST FLOOR

FIGURE 18 CORRELATION OF MEASURED VERSUS PREDICTED RESPONSES



- 55 -

I

I

AI J\.I
I

A
!' 1\ ~ K1 N~ ~

I

I

f\ f

,
I

J
I I I

i'Y'Ij \ \

U
, ,

I
\ I
\ \

I

\1 ~
I \ \

if \I V W
I \ .

\\\
\'~

\

\ I \ I

, \

~
~ \ V V

V ~ v

450. 0

0- 225.0

f--
~ ~225.0

:z:
=::J

~450.0

o 2. 0 4.0 6. 0 8. 0 10. 0

TIM E INS ECON DS
MOMENT AT BASE

~ fi n ~ ~ n

, , A A
~f\AA,t f

n

h,!\ f
vv

\J V V
J v vTJV

~\\I II
IJ v V

TIME IN' SECONDS
DISPLACEMENT OF 2ND FLOOR

AI

/l1
I~I !

~ ~ ~ J A. ;
\ N A 1\

f\
,

, I

i'A.! \J I

I

~ ~ r ~. if
,1

~ ~ u 'i'

IN

,
U\III V ~, ~ V V

TIM E INS ECON DS
ACCELERATION OF 2ND FLOOR

2. 6

:z:
1 • 3

o

:z: -1 3
=::J •

- 2.6
o

500.0
N

LJ

lLJ

U) 250.0

f-- --250.0

-500.0
o

2 . 0

2. 0

4 . 0

4. 0

6.0

S.D

8. 0

8 • 0

10. 0

10 . 0

FIGURE 19 CORRELATION OF MEASURED VERSUS PREDICTED RESPONSES



- 56 -

10. a8. a6. a4. a
TIM E INS ECON 0 S

ROTATION OF JOINT AT 2ND FLOOR

2. a

,,
"

A A .~
~ 1\

,

~ ~ ~ A~ ~ M A
~,

~f\
,

V V
n \ V ~ If ~ ~ ~ V \j

V \ \;

"
"

CJ

<t:
0:::

z

= -340.0
a

- 170. a
f-

lLJ"* 340.0

U)

z

<t: 170.0

n A 1\ A

Ar
r i \ " ~ 1\ } ~

!~ J
I: I.' f:\

f
,,

I~ }
A\

' , ,
: \, ,

I

"
I , I, , , I

p'V
V V VI: I:

,

~ If

, ,,

If \,

I \

'j
,

W ' \ I
I I\ \\ I \,

\
\\ ~ w

V

TIM E IN' SEC 0 NOS
MOMENT AT BOTTOM OF 2ND FLOOR COLUMN

2 a0 • a

CL 100.0

= 0

f-
~ -100.0
Z

=
-200.0

o 2 • a 4. a 6. a 8.0 10. a

,
~ 1\ A 1\

P AA AAI1A,(\p
A ' 1\

~.-?\, 1\

~V
V ~ V J V V VVV

V v II ~ ,
\

V

TIM E INS ECON 0 S
DIS PLAC EMEN T 0 F 1ST FLOOR

1 . 4

z
• 7

Z

a
f-

z
- • 7=

- 1 • 4
o 2. 0 4. 0 6. 0 8. 0 10. 0

FIGURE 20 CORRELATION OF MEASURED VERSUS PREDICTED RESPONSES



- 57 -

UNIT IN RADIANS*E

1ST FLOOR GIRDER MOM.-ROT. RELATIONSHIP

~,1EASURED

4 2 0 , 0

:z:

0... 2 1 0 . 0

:oL

:z:

f-
- 2 1 0 . 0

:z:
:=>

-420,0
-420,0 - 2 1 0 , 0 2 1 0 , 0 4 2 0 , 0

UNIT IN RADIANS*E
1ST FLOOR GIRDER MOM.-ROT. RELATIONSHIP

PREDICTED

FIGURE 21 MEASURED AND PREDICTED HYSTERETIC BEHAVIORS



- 58 -

5.3 MODEL NO.2: EC-90011

Starting End of End of End of End of
Values of First Second Third Fourth
Parameters* Cycle Cycle Cycle Cycle

61 1.084 1.069 1.076 1.077 1.077 ;

62 1.034 1.019 1.022 1.014 1.013

63 0.877 0.902 0.920 0.914 0.912

64 1.127 1. 101 1.096 1.097 1.097

65 1.058 1.077 1.085 1.084 1.082

66 1.107 1.104 1.102 1. 101 1.100

67 1.223 2.174 2.280 2.321 2.315

68 0.574 1.963 1.849 1.837 1.830

69 0.612 0.648 0.739 0.726 0.724

Error 28177 15026 12950 12632 12574

Extrapolated Error to T=10 sec. 54535

*From Final Values in Table 4 (except forB8 and 69)

TABLE 7 CHANGE IN PARAMETERS AND REDUCTION
IN ERROR DURING A TYPICAL RUN
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Initial Values Final Values

. S S x Constant S S x Constant

Sl vs. Sl Ll 1.084 86.72 in 1.077 86. 16 in

S2 vs. S2L2 1.034 66. 17 in 1.013 64.83 in

S3 vs. S2L3 0.877 56.13 in 0.912 58.37 in

S4 vs. S4L4 1.127 162.29 in 1.097 157.97 in

135 vs. S5L4 1.058 152.35 in 1.082 155.81 in

S6 VS. S6L4 1. 107 159.41 in 1.100 158.40 in

,

1(,7 vs. f 1.223 2.038 2.315 3.857

S8 VS. ao 0.574 0.134 1.830 0.428

69 VS. a1 0.612 0.00018 0.724 0.00022

MAlcolumn (kept constant) 1. 052 x 325 = 341. 90 k. in

MAl . d (kept constant) 1.133 x 275 = 311.57 k.in
91 r er

TABLE 8 COMPARISON OF INITIAL VERSUS FINAL PARAMETERS
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5.4 MODEL NO.2: MEC-600II

Starting End of End of End of
Values of First Second Fourth
Parameters* Cycle Cycle Cycle

61 1.077 1.045 1.041 1.039

62 1.013 1.043 1.042 1.042

63 0.912 0.924 0.927 0.926

64 1.097 1.130 1. 141 1.148

65 1.082 1.073 1.075 1.077

66 1.100 1.090 1.082 1.084

(37 2.315 2.017 1.959 1.947 .

(38 1.830 1.641 1.550 1.524

69 0.724 0.672 0.681 0.684

Error 39728 25214 22318 21935

Extrapolated Error to T=10 sec. 76982

*From Final Values in Table 7

TABLE 9 CHANGE IN PARAMETERS AND REDUCTION
IN ERROR DURING A TYPICAL RUN
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Initial Values Final Values

6 6 x Constant 6 6 x Constant

61 vs. 61L1 1.077 86.16 in 1.039 83.12 in

62 vs. 62L2 1.013 64.83 in 1.042 66.69 in

63 vs. 63L3 0.912 58.37 in 0.926 59.26 in

64 vs. 64L4 1.097 157.97 in 1.148 165.31 in

65 vs. 65L4 1.082 155.81 in 1.077 155.09 in

66 vs. 66L4 1.100 158.40 in 1.084 156.10

67 vs. f 2.315 3.857 1.947 3.244

68 vs. ao 1.830 0.428 1.524 0.357

69 vs. a1 0.724 0.00022 0.684 0.00021

MAlco1umn(kept constant) = 1.027 x 325 = 333.78 k.in

MA!girder(kept constant) = 1. 176 x 275 = 311.57 k. in

TABLE 10 COMPARISON OF INITIAL VERSUS FINAL PARAMETERS
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CHAPTER 6

COMMENTS ON THE MODELS

In this chapter we discuss each of the two models, and the value

of each in predicting responses. As the form is the same for each

model, comments on a model mean comments on the values of the parameters.

To keep the study focused, we assemble the final values of the parameters

for both models established from the responses'toEC-900II and display

them in Table 11.

t~ode1 No. 1 Model No. 2

81
1.08 1.08

(32 1.03 1.01

83
0.88 0.91

134 1. 13 1. 10

85 1.06 1.08

86 1. 11 1. 10

f 2.038 3.857

MAl col. 341.90 k. in 341. 90 k. in
(canst. )

MAl· 311. 57 k.in 311.57 k.ingu. (canst.)
ao O. 134 0.428

(canst.)
a1 0.00018 0.00022

(canst. )

Error 52078 54535

TABLE 11 FINAL VALUES OF PARAMETERS FOR BOTH MODELS
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We first note that the values of the parameters 81 to 86 are

almost the same for both models, in fact are within 3% of one another.

We could have anticipated this because these parameters represent

the effective length factors for the six members of the frame and

represent physical quantities that do not change with our change of

model. Examination of the individual values in the set leads us to

admit, however, that they do not have as physically meaningful values

as do the ones in the eight parameter linear model. This comparison

was first discussed in Section 3.3. The sets are shown for comparison

in Table 12.

81 82 133 134 135 136

Nonlin. Model 1 1.05 1.06 0.90 1.16 1.09 1.09

Nonlin. Model 2 1.04 1.04 0.93 1.08 1.08 1.08

Linear r~odel 0.956 0.971 0.891 1.242 1.247 1.322

Linear Model (LVDT) 1.072 1.029 0.917 1.093- 1.074 1.128

TABLE 12 COMPARISON OF STIFFNESS PARAMETERS

We explain what we mean when we say that the parameters of the

linear model are physically meaningful by repeating the comments made

when they were established in Ref. [1]. The parameters 81 to 133 are

the effective lengths for the columns and are all less than one, though

close to it. The effective lengths for the girders 134 to 136 are all

larger than one. We found in the earlier study that these factors are

unusually large because they are accounting for the rigid body pitching

of the shaking table, and when this pitching is accounted for by its

own parameter, the effective lengths of the parameters for the girders

have values all larger than one and within 6% of it.. As we pointed out

in Section 3.3, we feel that whereas the set 131 to 136 will be effective
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in helping to predict the nonlinear responses, they are derived from

questionable rotations and therefore cannot be used to gain insight

into the true effective lengths as can the linear set.

In both of the models the values of the yield moments MA of the

columns and girders are taken as the same, the values derived from

optimization in Model No.1. These did not change very much during

optimization from the "average ll yield moments calculated for both

the columns and girders and so seem to us to be sensible values.

The major differences between the two models, as we would expect,

is revealed in the differences in "f" and the damping coefficients

ao and al . In Model No.1 all of the nonlinearity was accounted for

by the factor "fll, the hysteretic factor reflecting the difference in

the elastic and plastic slopes in the bilinear model of the moment

rotation relationships for the members. For this model the value of

f = 2.038 corresponds to a ratio of slopes p = 0.576. We admit that

this is larger than we had anticipated, but when we examine the

hysteretic behavior created by Ee-900II, Fig. 17, we see that it

gives a behavior close to the physical. The reason that the value is

higher than expected is that the excitation produced only a mildly

nOnlinear response, a circumstance explained in Chapter 2. Examination

of Figs. 14, 15 and 16 shows that Model No.1 predicts the nonlinear

response of the frame extremely well. Not only does it predict the

responses accurately for the first six seconds of the response, the

duration used in the error function, it predicts them accurately for

the full duration of the excitation.

In Model No.2, accounting for the nonlinear behavior of the frame

was shared by the material hysteretic behavior, reflected by "f", and

the viscous damping reflected by the factors ao and al . The factor al ,
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associated with the stiffness matrix, changed little when it was allowed

to vary from its value in Model No.1. The differences between the

models is reflected in the differences in the factors "f" and "a ".o
For Model No.2, f = 3.857 which gives a ratio of slopes p = 0.720 for

the hysteretic behavior. This hysteretic behavior is more mildly non

1i near Ulan predi cted by Model No. 1 because hysteres is accounts for

only part of the nonlinear response. The damping coefficient ao' on

the other hand, is 0.428 more than three times what it was in Model No.

1. This very large growth in damping is expected because it is well

known that damping grows enormously in equivalent linear models that

are used to account for nonlinear behavior. When we examine Figs. 22, 23

and 24 we see that the predicted responses are very close for the first

six seconds, but the accuracy lessens for the remainder of the excitation.

It is tempting to compare the accuracies of the two models and

therefore to interpret whether or not the nonlinear behavior should be

shared between the material and viscous damping or should be accounted

for entirely by the material. We hesit~te here to draw any definite

conclusions. We feel that this kind of appraisal can only be made when

the two types of models are derived from excitations that inflict signi

ficant nonlinear responses in the frame. If the intensity of excitation

were increased significantly, the material near the ends of the members

would exhibit excursions far into the plastic zone and the amplitudes

of the resulting motions might well affect the values of the damping

coefficients. As the shaking table will now accommodate this larger

intensity, we leave this comparison to a future study.

Finally, if a nonlinear mathematical model truly represents a

physical frame, it should be able to predict the responses accurately

for a family of seismic disturbances, not just the one used for
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formulating the model. Put another way, the mathematical model, if the

form is appropriate, should not be sensitive to changes in the seismic

disturbance from which values of the parameters are established. To

establish the invariance of the two models formulated here, we derive

the sets of parameters a second time, this time using a modified El

Centro disturbance as opposed to the historical disturbance used ~or

the first two models. The two new sets of parameters are organized the

same way as the first and are displayed in Table 13.

~lodel No. 1 Model No. 2

(31 1.05 1.04

(32 1.06 1.04

(33 .90 .93

(34 1. 16 1. 15

(35 1.09 1.08

(36 1.09 1.08

f 1.748 3.244

MAl col . 333.78 k. in 333.78 k.in
(const.)

MAlgir. 323.40 k. in 323.40 k.in
(const. )

ao 0.134 0.357
(const.)

al 0.00018 0.00021
(const. )

TABLE 13 FINAL VALUES OF PARAMETERS FOR BOTH MODELS

If we compare the two sets of parameters in Tables 11 and 13 we

find that the parameters, for the same model using different excitations,
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differ at most by 3%, though perhaps slightly higher for f and ao'

The intensities of two different excitations cannot be compared directly,

so the differences in these parameters can probably be accounted for by

the difference in intensities of the two disturbances.
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