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1.- INTRODUCTION :

In the simulation of the earthquake response of high rise or middle rise buildings, the widely
used pseudo-dynamic full-scale on-line test involves the use of large—scale laboratories with
the requirement of substantial investment. To reduce it, an advantageous alternative is the use of
portions of the structure named sub-structures to be tested, which can reproduce the behavior of
the whole structural system in combination with adequate analytical models.

The conventional on-line test[1] assumes an structural system of the type, strong-beam weak-
column (shear model), where all the degrees of freedom to be computed are related with the
lateral displacements. If a flexible beam-column structural system is considered, complementary
degrees of freedom on the structure will appear, and the generation of unbalance forces between
steps of integration involves the use of the stiffness of the structural system to compute the
complementary displacements. Since the stiffness of the substructure specimen is unknown,
analytical predictor must be used to estimate the incremental forces which are produced on the
specimen between steps to get the equilibrium of the whole system.

In this paper the removal of the unbalance forces related with the mentioned complementary
degree of freedom is presented. Four different predictors of the specimen response, Elastic
model, two-component Bilinear model , Multi-Spring model, and Neural Network model[4],
are evaluated in order to eliminate and reduce the unbalance forces under constant axial load.

A controlled variation of the moment gradient are considered for the first time in this kind of
simulation. Box—shaped sections 100x100x6 are considered as test specimen for the special
conditions of the test setup and the required transformations are presented.

2.- HYBRID ANALYSIS :

The mix of experiment and analysis both carried out in parallel, is termed "Hybrid Analysis”.
If the sub—-structuring criterion is applied, one part of our structural system will be tested and the
remaining part must follow some analytical model to simulate the response of the whole system.
Let's consider that our system to be tested as an hybrid system is a T type structure (Fig.#1); at
first our system must be divided into two parts: the specimen and the analytical model. For the
test purpose the column has been chosen as the specimen and the left and right hand side beams
will be considered as an analytical model. For flexible structural systems under earthquake exci-
tation, the degree of freedom involved in the solution of the problem are the ones shown in
Fig.#1. According to these displacements, an incremental analysis must be performed to repro-
duce the nonlinear characteristics of the system.

In order to carry out the incremental analysis, an stiffness matrix, force vector and displace-
ment vector could be built by the usc of an special configuration[2], which considers the degree
of freedom associated with mass excitation and the complementary degree of freedom(Fig.#1).
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For an earthquake excitation the response on the degree of freedom associated with mass can be
computed by solving the dynamic equation of motion :

[MI{X} + {Fv} = -[M{I}¥g ....(1)

where [M] : Mass matrix of the structural system.
{Fv] : Force vector associated with mass excitation.

Using the central difference method as integration scheme, the incremental solution for the
equation of motion is given by :

{AX}" = {AX} - (AR{[M]? {Fvi} +{I}Yg} ... )

By the use of a condensation of the whole system stiffness matrix, the corresponding displace-
ments vector and force vector are given by:

AFVi_>iH de Kfo AXi—>i01
e R 3)
AQ i->i+l Kmd Kmo A(_)l-)ﬂ»l

At the i~th step, there exist some amounts of unbalance forces denoted by { AQ **'}, which are
caused by material and geometrical non-linearity in the preceding steps :

Unbalance force { AQ *}= Q '- Q° ... 4)
To remove this unbalance between i and i+1 steps, the following is required :
{AQ "} = - {AQ 7} L. 4

When we know the stiffness terms in eq.(3), the scheme of unbalance force removal can be
obtained by substituting eq.(5) into eq.(3)

A" = - [K H{AQ - - K AX7 ) 6)
where AQ ** = Q1 ~ Q°is considered to remove the unbalance force.

In the procedure mentioned above, the stiffness matrix of the test specimen must be measured or
assumed from the test behavior, to solve the mentioned equation. As is mentioned on
reference[3], condensed coordinate transformation and test coordinates (actuator coordinates)
transformation are required, and the key of the process is the solution of these
displacements(A@™*),

3.- HYBRID SUBSTRUCTURING SIMULATION

To avoid the difficult task of the stiffness evaluation on the test specimen from the on-line re—
sults, a ncw procedure is presented for the execution of the substructuring hybrid test, using a
predictor of the unknown resistance generated in the unbalance between steps. If an Hybrid
Simulation is performed, the stiffness of the specimen must be separated from the whole system
stiffness matrix to solve the problem.
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{AQ >*1} can be divided into two parts; one is contributed by the specimen and the other by the
remaining analytical part :

{AQ i->i+1} - {AQ * i->i+1} + {AQ S i—>i+1} ‘‘‘‘‘ (7)

As for the analytical part, stiffness matrices are easily evaluated :

{AQ * i—>i+1} - [ Kmo *] {Aei—>i+1} + [ Kmd *] {A Xi—>i+1} ..... (8)

where [ ] denotes the stiffness matrix without contribution of the specimen.

By substituting egs.(7) and (8) into eq.(5), we obtain the following scheme, without specimen's
stiffness :

(A7} =~ (K17 ({AQ 4 (AQ P M A K HAXTT )

Where {AQ S ™*1} is the resistance increment of the specimen about non-mass associated
degree of freedom.

The uses of a predictor for the evaluation of {AQ S "1} improve the test procedure and avoid
the difficult task of the stiffness evaluation on the test specimen, for the removal of the unbalance
forces.

4.- PREDICTORS FOR NONLINEAR BEHAVIOR
The performance of four predictors will be evaluated for the solution of the hybrid substructuring
response, in order to find the displacements related with minimum unbalance forces.
4.1 Complete Elastic Element Predictor.
In the incremental analysis the stiffness matrix is considered elastic between steps of integra—

tion and remaining the same during the execution of all the test. If a condensed coordinate
system(Fig.#2) is used, the incremental forces can be computed by :

=l )
where
7 EL

The advantage in the use of this predictor is the simplicity for the estimation of the forces, that
also it takes small time—consuming during the test execution.
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4.2 - Two Component Bilinear Elasto Plastic Element Predictor

To predict the unbalance forces, a tangent stiffness matrix for two-component bilinear
element{5] is adopted. Considering that each end could produce a work hardening inelastic
behavior, the nonlinear effects are simulated. The stiffness matrix is divided into two compo-
nents, linear and elasto-plastic ones. The stiffness of the linear component remains constant
during all the process, but the nonlinear component will take different forms according to the
yielding state of the ends. The computation of the moments depends on the state of nonlinearity
of the element and the yielding capacity of it. According to this fact, four yielding states are
possible for a beam~column element, to produce the change on the nonlinear component :

State A : Linear at i and j

{AMi H:O.Z EI/L 0.1 EI/L ] { ABi) 4 [3.8 EI/L 1.9 El/L :| { AB®1 }
AMj J7LO.1 EI/L 0.2 EI/L AQj } 1.9 EI/L 3.8 El/L AQj | ...(11a)
State B : Nonlinear at i and Linear at j
{AMi }:[0.2 EI/L 0.1 EI/L { A©i } n [0.00 0.00 ] { A®i }
AM;S~L01E/L  02EIL AGj 0.00 2.85 EI/L AGj {...(11b)
State C : Linear at i and Nonlinear at j
{AMi }_ 02E/L 0.1 EIL] { A®i } 4[28SE/L 000 { ABj }
.AMj [T 0.1 EI/L 0.2 EI/L | AB®j L 0.00 0.00 AB®j ...(11c)
State D : Nonlinear at i and j
{AMi }_ 02E/L  0.1EIL] { AGi } +[0.00 0.00 { AGi }
AM; fT[01E/L  02ELL] 1a4©jf T 0.00 0.00 A0 | ..(11d)

4.3 Multi~spring Element Predictor

Another kind and more accurate model for the prediction of the incremental forces is a multi
spring joint model[6]. For this model the beam-column element is divided into two portions
(Fig.#3a): one is an elastic beam member and the others are multi-spring inelastic joints. The
length of the multi—spring joint(l) is assumed to be constant during the analysis and its appro-
priate value depends on the size of the inelastic zone anticipated in each problem. The multi
spring joint consists of four bar-springs and a shear panel. Each bar-spring is located in parallel
at the distance = from the central axis and connected to both ends of the joint. Each spring will
carry axial load and will follow an hysteresis rule as is described in reference [6].

If a system coordinate is used the incremental moments at the ends of the joints arc defined as :

AMi=1 K (AXj - AXD) + 05 1K, (AYi - AY)) + (7K +0. 25K ) (AWi - A%¥j)  ...(12a)
AMj =1 K (AXi - AXj) + 05 1K, (AYj - AYD) + (12K +0. 25 'K ) (AWj - AWi)  ...(12b)

where K is the tangent stiffness of the spring n and AXi, AYi, AWi,AXj, AY]j, AWj arc the incre-
mental deformations on the degrec of frecedom expressed in member coordinate.
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4.4 Artificial Neural Network Predictor

The use of a Neural Network is a new procedure for the execution of the substructuring hybrid
test. Here we use a neural network based on the multi-layer back propagation error learning
algorithm[10].

As is named, artificial neural network is analogous to artificial brain which is trained for a speci-
fic purpose, in our case to predict the incremental forces; the neural network requires an input
vector to be activated and provides an output, ~ which is identical or close to the desired trai-
ning data. The training is a systematic process to modify the parameters of the neural network in
order to achieve the training data through the sampling presentation of these to the network. In
this way our artificial brain learns to associate the input vector with the desired output and create
a complex nonlinearity by itself.

The advantage of Neural Network over other type of predictor (Prescribed analytical model) is
due to the capacity of self-organizing and learning of the network. For that, training prior to the
test of the network is required, which is performed using previous test responses or calibration
test; the reason is due to the high demand of time in the learning process, which sometimes takes
hours or even days[8].

If the reader is not familiar with neural networks, we recommend reference [7] and [8] for the
general knowledge of the problem. References [4] and [9] treat specific examples related with
the implementation of the neural network model in the hybrid test.

An implementation of the back propagation algorithm is developed on ZOT, a neural network
simulator coded in fortran by the authors. The simulator was installed on a Sun Sparc~10 Work-
station in order to achieve the training process with the supervision of the operator and carried
out the experimentation and improvement of the parameters of the network.

For 300 sets of data, which are the results of previous response tests with varying moment capa-
city in both ends (AMi and AMj) and axial capacity (AN), ZOT performs the training of the
network. The neural network considered in this case has three layer(Fig.#3b); the number of
input units was 21. A hidden layer with 42 unit and an output layer with 3 units (AMi,A Mj,A N),
are adopted. For these cases the rate value for the modification of the gradient was equal to
0.000065 at the beginning of the process. Each set of data was composed of six original data
(ABi,AMi,A6j,AMj,A8,AN) which generate the following input data:

1 - Actual angle increment (A6i*)

2 - Previous Moment increment (AMi*)

3 — Minimum angle increment till step k (ABi
4 — Moment increment for the minimum angle increment (AMi(ABi
5 —~ Maximum incremental angle till step k (ABi™* <)

6 — Moment increment for the maximum angle increment (AMi(ABi
7 — Angle increment at last turning point of angle velocity (ABi™)

8 — Actual angle increment (A6j*)

9 — Previous Moment increment (AMj*™)

10 ~ Minimum angle increment till step k (Aj
11 — Moment for the minimum angle increment (AMj(A8;™"<))

12 — Maximum angle increment till step k (A6j™* %)

13 — Moment increment for the maximum angle increment (AMj(A6j
14 — Angle increment at last turning point of an%lc velocity (A8]™)
15 ~ Actual normal displacement increment (Ad¥)

16 - Previous Normal Force increment (N*)

17 - Minimum displacement increment till step k (Ad™
18 — Force increment for the minimum displacement increment (AN(AS™)

min <k

min<k))

mnx<k))

min <k

mux<k))

n <k)
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19 — Maximum displacement increment till step k (A6™* <)
20 - Force increment for the maximum displacement increment (AN(A3™<))
21 - Normal displacement increment at last turning point of deformation velocity (A8™)

After 60000 sweeps of presentation for the 300 data the training data were reproduced with
enough accuracy .

5- TEST PROCEDURE

In the execution of an hybrid simulation, three coordinate systems must be assumed in order to
perform the analysis, reproduce the displacement configuration of the beam-column specimen
and drive the actuator system to reach the desired deformed position for the measure of the res—
toring forces involved in the simulation. For the T structure, the column has been adopted as test
specimen, where the top(j=B) is connected with analytical parts where unbalance forces are
generated, and the bottom(i=A) is a fixed end. At first, the member coordinates of the element
are shown in Fig.#1. Let's condense this member coordinate of six degree of freedom and turn it
into a three degree of freedom condensed coordinate system as is shown in Fig.#2, where the
forces related with this condensed coordinate system are the end moments and the normal force,
and the convention of positive sign is also presented. These systems are related through a trans-
formation[4] of the following type:

Pxil | 0 0 -1 xi
Pyi| |-1/H -1/H 0| Mi 0 t|yi
[P]=[C]{M} = Mii={ 1 0  0[Mj Q.= [C) wi w(13)
Pxj 0 0 1N 8 Xj
Pyjl | ¥H 1/H O yi
Mj 0 1 0 W

By use of the transformation mentioned above, the member coordinates (Fig.#1) and the con-
densed coordinates (Fig.#2) can be switched to each other; a test setup(Fig.#4 and Photo) with
the capacity to reproduce the condensed coordinate configuration was built. Another transforma-
tion is required to relate the condensed coordinate displacements with the test coordinate dis—
placements, which are used to control the actuator stroke movement. Then following the nomen-—
clature of Fig.#5, the transformations are given by :

-~ “ r -

M, 0 -L1 0 FFw
M, |=-(L2 L3) (L1 L3) 0 FFo | w(14)
1 (L2+ Ls) (La+ L) 9
N 0 0 (Ls+ Lo+ L7) FF@)
~ — (L5+ LG) — L J
[ cho)\ 0 - (L3 L2) 0 [ CN A
(L2+ L3)
¥ Xexe (=|-L L3 L1 0 16, 7 ....(15)
La+ L3)
Xex@) 0 0 (st Ls o
. 4L Ls+ Lo+ L7__ ~ B




Where Xex) is the stroke displacement in the actuator k and FFg is the actuator force in the
same actuator. Lk are defined by the test setup configuration on Fig.#5

Due to the sensivity of the axial displacement control(d), a mixed control for the actuators was
used during the test. Actuators 1 and 2 (Fig.#4) were controlled by displacement and actuator 3
was controlled by load, in this way, the axial force N is the command signal and the axial defor-
mation O is measured directly from the test setup.

For the execution of this test, two personal computers were linked with each other through serial
port. One computer was used for the structural analysis of the whole system and the other
computer was used for the control of the actuators and the measurement of the specimen res-
ponses.

On the structural analysis computer, the procedure start at the step i of integration as follow: the
forces on the specimen were measured at the step i. Using the central difference method as inte-
gration scheme, the incremental displacements between the step i and i+1 are computed using
€q.(2). At this step the prediction of the incremental resistance of the specimen {AQ S "1} is
required and eq.(9) is solved. Then the transformation to condensed coordinate displacements
(©,, ©,) is performed and these values are transferred to the actuator control computer, which
executes the transformation from condensed coordinate to test coordinate(actuator system) and
command this signal in order to reach the desire target condensed displacements. When the target
is reached, the forces on the specimen were measured and the inverse transformation is executed;
these values are transferred to the structural analysis computer, where these values update the
restoring forces, to continue with the next step of integration.

6-TEST RESULTS

Using the sub-structuring concepts by the use of equations (2) and (9), the hybrid test can be
performed with the use of the resistance predictors described above. Taking the T structure as
prototype for this simulation, where all the elements are box shapes of 100x100x6, with beam
length(Lb1,Lb2) of 150 cm. and the column length(L2) of 130.8 cm.; Dimensions of the test
specimens, results of the material test and stub column test are shown in Tables 1, 2, and 3.

The system was subjected to the NS component recorded at El Centro earthquake with duration
of 8 seconds and peak acceleration of 250 gals.; for this test the mass was considered equal to
0.0311296 ton.sec’/cm, under constant axial load of 33 tons. (around 40% of the axial capacity).

For the elastic predictor task, the stiffness matrix considers geometrical non-linearity. In the case
of the two—component bilinear model, the update of the stiffness matrix and the non-linearity
has been considered, also the moment capacity was calibrated with previous test responses. For
the case of the multi-spring model, the parameters of the spring, were calibrated by the usc of
the material test, stub column test and the previous responses. By the use of the previous res-
ponses, the training of the neural network was performed for a set of 300 steps, leaving the net-
work without learning the last 500 steps in order to observe the self-organization of the model.

The evaluation of the moments around the node B and the corresponding unbalance moment
around it for cach of the predictors were performed. These results of are shown on Fig.#6 and
Fig.#7. Fig.#6 shows us that the equilibrium of the node is satisfied for all the predictors, where
the left side, right side beam moments and the top specimen moment are in equilibrium almost
completely. From Fig.#7 is possible to read that the unbalance has been removed in all the cascs.
The minimum of unbalance force is provided in the multi-spring predictor case. Also if the time
is consider as a decision factor in the choice of the best predictor, a simple and fast alternative
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with acceptable accuracy is the use of the bilinear predictor. Table 5 shows the peak value of the
unbalance force. The neural network predictor satisfies the self-organizing concept and the
unbalance moment is less than 6% of the maximum moment after 300 steps when the training
was not performed.

In order to accept the true hybrid response obtained by the simulations, complete numerical
analysis with the use of multi-spring model was performed. Results of the moment vs. rotation
relations for both ends of the specimen and the shear resistance vs. drift are shown in Fig.#8 and
Fig.#9; also the yield moments, maximum moments and shear capacities are shown in Table 4.;
Similar results for the maximum shear capacity have been found.

7-CONCLUSIONS

(1) The removal of the unbalance forces is possible and the use of the sub-structuring hybrid
system for framed structures provides a powerful tool for the full-scale simulation with low
investment and acceptable precision.

(2) Different predictors have been evaluated, where the minimum unbalance after the removal
was found on the multi-spring model, but with the longest demand of time; an alternative with
acceptable results and low time—consuming is the use of a two component bilinear model for the
prediction of the restoring forces.

(3) Controlled variation of the moment gradient has been considered for first time in this kind of
simulation by the use of the condensed coordinate system and the associated test-setup configu—
ration created for this purpose; this permits the study of the real behavior under these conditions.

(4) This is the first experience with neural network in on-line hybrid test; from the obtained re-
sults is possible to conclude that more accurate training of the artificial neural network is re~
quired to decrease the amount of unbalance after the removal; also good self organization for the
non-training data and the capacity to reproduce the non-linearity of inelastic beam—columns
have been observed.
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Table 1. Specimen Dimensions

Test w t L B H A [ Predictor
Name {cm) (cm)  (cm) (cm) (cm) (cm?) (cm®) used on Test

TELO9 030 061 127.10 10.096 9.958 22.625 337294 Elastic
TBIO6 030 0.61 127.00 10.064 9.968 22.598 337.247 Bilinear
TMS07 030 0.61 127.00 10.077 9.985 22.634 338971 Multi-spring

TNE0O2 030 0.61 127.10 10.080 9.976 22979 338323 Neural Network

Table 2 : Results of the Material Test

TESTB t A L Py Pu oy ou EsyE oy/ou db db/L

cm cm cm® cm ton ton ton/cm?® ton/cm? cm

[e]
wn

T1 4.00 0.605 2.42 20.0 8.77 11.06 3.625 4570 1/98 79.3 5.1
T2 4.00 0.610 2.44 20.0 8.87 11.08 3.637 4.541 1/90 80.1 54 27
T3 4.00 0.610 2.44 20.0 8.08 10.82 3.312 4434 177 747 54 27
T4 4.00 0.610 2.44 200 8.84 11.00 3.625 4.508 1/87 804 51 25

TS 4.00 0.605 2.42 200 8.69 10.94 3.594 4521 -- 795 52 26
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Table 3 :RESULTS OF THE STUB TEST

Stub B t A L Py Pu oy ou oy/ou

cn cm cm® cm ton ton ton/cm?ton/cm?

STC1 10.02 0.611 23.73 30.0 83.8 94.6 3.531 3.986 88.6
STC2 10.05 0.613 23.89 30.0 83.6 94.0 3.500 3.935 89.9
STC310.03 0.617 23.99 30.0 85.4 95.3 3.562 3.972 89.6

Table 4. : Maximum Values of the Response for T structure Hybrid Test.

Predictor Specimen My ©y Mmax Omax Qy Xy Qmax  Xmax
(ton.cm)  (rad) (ton.cm)  (rad) (ton.) (em.) (ton.) (em.)
XE-03 XE~02

Elastic TELO9 237.06 6.842 33891 5372 3.302 2.126 4.635 8.477
Bilinear TBIO6 241.37 8.082 351.03 8329 3203 1.895 4.754 11.244
Multi-sping  TMS07 245.68 7.714 341.66 3.977 3.114 1.624 4.338 6.642
Neural Network TNEO2  246.48 14.91 353.59 8.925 3.170 1.920 4506 11.717

Table 5. : Remain Unbalance after the remove in percent of the maximum Moment
for 8 sec. of El Centro Earthquake

Predictor Specimen Unbalance Test execution time
(%) (min.)
Elastic TELO09 14.506 171
Bilinear TBICG6 11.258 158
Multi~spring TMSO07 6.377 199
Neural Network TNE02 13.160 204

—122—



/ i S /
ayj Mol Spring Leldic Joint Multi Spring Inelasiic Joimt

i J
ayt Ay,
- - g 1
ay i " m e NN
o ik aGI B [
N ~
~
A®) Analytical Model \ B Ao et o he shape o . o~
c > N D> “ |
g Yol = .
S —— L w P $si (i ! VA
P

__ﬁ\t‘m €é~ D .—6 ;')41 Y

k 1] 8%
/ L \ L2 ! Internal Forces on the spring
t-; Foeces and Displacements in both ends of the joint
Sign Comvention

Fig. #3a : Malti spring joint element

g 181 P 152
| [ |
Fig. #1 : System Coordinate and Degree of freedom on T Stucture

Output + 2 = My

Output-3 = 2N

M

Fig. #2 Condensed Coordinate System

Where 11 » 80 cm. L2 = 1308 ¢cm. LI 2B em. Ld sdlem IS 1l5cm LS 203 cm. 1,7 atcn, LX 23l cm

Fig, #4 : Test Setup for Substructuring Hybrid Test

i
Where 1.1 x 80 ¢m. L} = 130.8¢m. L3 32048 cm. Ldxdlcm L5 allScm, [L6ad05cm L7 a79cm. L4 =3t em

Fig. 43 : Test Coordinate Systern and Condensed Coordinate System on the Setup

—123—



M (ton.cm)

M (ton.cm)

UL

M (ton.cm)

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0 6.5 7.0 7.5 8.0

time (sec.)

Moment on column top - Elastic Predictor

—1.Tes]_Column ;
—: Right -Beam
Left Beam

TTT T

!
o
=3
(=1
T T TrTrT

o

Moment on

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 50 55 6.0 6.5 7.0 7.5 8.0

time (sec.)

column top - Bilinear Predictor

o

[ =T Tesl. Colun
Right -Beam

O NOMoOmoumo
OCODOOOoOOTOCD

00

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0

time (sec.)

Moment on column top — Multi-spring Predictor

6 E=="Test.Collunn.
-Right--Beam:-
‘Left-Bea

TT T 1T

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 £.0

time (sec.)

Fig.#6 Moment on column top - Neural Network Predictor

—124—



M/Mmax (%)

(=)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
time (sec.)
linbalance Moment column top - Elastic Predictor

0

0.5 1.0 1.5 2.0 2.5 8.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
time (sec.)
Unbalance Moment column top - Bilinear Predictor

M Mmax (%)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
time (sec.)
Unbalance Moment column top - Multi-spring Predictor

M/Mmax (%)

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 50 5.5 6.0 6.5 7.0 7.5 8.0
time (sec.)
Fig.#7 Unbalance Moment column top - Neural Network Predictor

—125—



Moment A (tn.cm)

Moment A (tn.cm)

Moment A (tn. cm)

Moment A (tn. cm)

1

-120-90 -60 -30 0 30 60 90 120

Angle A x B-03 (rad)
Elastic Predictor

—
Atfiéil’ :

400
-120-90 -60 -30 0 30 60 90 120
Angle A x E~03 (rad)
Bilinear Predictor

0 -
-120-90 -60-30 0 30 60 90 120
Angle A x E-03 (rad)
Multi-spring Predictor

400
-120-90 -60 -30 0 30 60 90 120
Angle A x E-03 (rad)
Neural Network Predictor

Moment B (tn.cm)

-100 AN O W

-120-90 -60 -30 0 30 60 90 120

Angle B x E-03 (rad)
Elastic Predictor

Moment B (tn.cm)

-120-90 -60-30 0 30 60 90 120
Angle B x E-03 (rad)
Bilinear Predictor

e
~120-90 -60 -30 0 30 60 90 120
Angle B x E-03 (rad)
Multi-spring Predictor

Moment B (tn.cm)

[IUSUSUNERL

AN S N

-120~"0-60-30 0 30 60 90 120
Angle B x E-03 (rad)

Neural Network Predictor

Fig.#8 Moment vs Rotation Relations
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Fig.#9 Shear Resistance vs. Drift Relations
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