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 Localized tdentification ol StructuraI Parameters by
        Kalman  Filter

Andres W,C.  ORIIrrA' and  [!hdEvaki [IIA,NABE"

1. INTRODUCTION

   The problem of  system  identification and  parameter estimation  as  applied  to struc-
tural engineering  is complicafed  and  expensive  (in terms of computing  time) especially  in
the analysis  of  structures  modelled  with  a  large number  of  degrees of  freedom. 'Ib

 reduce

the size of  the system  under  consideration,  the substructure  approach  in the analysis  of

structures  looks attractive.  IR sttbstructuring,  a  structure  is divided into a  number  ef

smaller  subsystems  called  substructures  whose  boundaries aie  specified.  This approach
when  applied to system  identification is efflcieltt and  practical because the analysis  can

be concentrated  on  the local arid  critical  parts of  the structure.

   The  identification of  a  local and  critical  pait of  structures  is usefu1  in the evaiuation
of  the condition  of  structures.  The  oyerall  performance  of  structures  is dependent on

the individual members.  If one  member  is damaged, the load caTrying  capacity  of  the
structure  will  ce!tainly  decrease and  total callapse  may  occur  especially  if the damaged
member  is a  critical  part of  the structure.  In this regard,  the identification of  the

structural  parameters of the local part of  structares  becomes sigriificant.

   The extended  Kalman  filter has been applied  by a  number  of  researehers  in mmy

problems in stTuctural  dynamics [ll[2][3]. However, unliko  the past applications  where

the total structure  is analysed,  this paper presents a  localized approach  in the identMcde

tieR of  structural  parameters. By  substructuring,  a  structure  was  divided into primary
and  secondary  systems  with  common  boundary and  the identification was  concentrated

on  the secondary  system.  Incorporating the state  and  observation  equations  formulated

from the equatioR  of  motion  of  the secondary  system  in the EKF  algorithm, the stifP
ness  and  damping parameters  were  estimated.  [Ib illustrate the }ocalized identification
approach,  a  simple shear  building model  subjected  to ground motion  was  analyzed  and

the identification was  concentrated  on  the fust story.
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2. EXTENDED  KALMAN  FIIgTER

  In order  to apply the extended  Kalman fiiter to system  identification probiems, an
appropriate  set  of state  yector  and  observational  vector  equations  must  be formulated,
respectively  as

ax
   =  f(x,t)dt (i)

                       Y(k) =h(X(k),  le)+v(k) (2)
where  X(k) is the state  vector  at time t =  kAt, Y(k) is the observational  vecter  at time
t =  kAt, v(fo)  is the observationai  lleise  vecter  with covariance  matrix,  R(k), and  At  is

the sarnpling  time interval.
                                          A

  In the EKF  algorithm [4], the initial state  vector,  X(OIO), and  its error  covaiiance

rnafrix,  P(O/O) are  fust assumed;  and  then as the  observational  vector,  Y(k) is processed,
the state  vector  and  the error  covatiance  matrix  are  recursively  updated.  For convergence
purposes in the parameter estimation,  the extended  Kalman  MteT with  weighted  glQbal
iteration (EK-WGI) developed by Hoshiya and  Saito [1] is applied.

3, STATE  EQUATION  FOR  LOCALIZED  IDENT!RICATION

  In substrncturing,  the total structure  is subdivided  into several  substructures.  With-
out  lo$s of  generality, the structure  caut  be divided into two  substructures  in which  one

et  them  is ttsually  smaller(in  mass  andlor  stiffhess)  than the otheT.  The  smaller  sub-

structure  is commonly  referred  to as  the secondary  and  the larger as  the primary. These
two  substructures,  which  are  attached  at  a  common  boundary or  intelface, are  referred

to as primary-secQndaiy systems  or simply  P-S systems  (Figure 1).

Figure 1. A  Primary-Secondary System

  Let the vector  X,  denote coordinates  of  degrees of  freedom(DOF) that belong only
to the primary  sys £em,  X,  denote solely  the secondary  DOF  and  Xb  denote DOF  ef

the boundary or  the interface points that belong to both the primary  and  secondary

systems.  The  equation of  motion  of  the composite  P-S system  in partition form can
then be written  as  follows [51:
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in' which  the subecripts  p, s  and  b refer  to primary, secondary  and  boundary DOF,
respectively  Fm  Fb and  E, are  external  forces applied  to the primarM boundary and

secondary  DOF,  respectively.  It has been assumed  for simplicity  that Xp  and  X,  are

not  inertially coupled  with  Xb. A  lumped mass  model  satisfies  this assumption.

   Snce  our  interest is on  the identthcation of the structural  parameters of  a  small  alld

localized section  of  the structure,  only  the equation  of  motion  of  the secondary  system

wil1  be considered,  i.e.

           MssXs  +  CssXs + KstXs =  Fs -  KsbXb -  CsbXb (4)
  The state  eqllation  can  be derived from the equation of  metion  of  the secondary

system.  Premultiplying eq.(4) by M;,i and  introducing the fbllowing matrices  C;, =

M;,ICes, K:, =  M;,IKse, K:b =  M;,IKsb, C;b =  M;,ICsb and  F: = M;,IFs wM  result

in
             X, +  c:.X, +  K:,X,  =  F: -  K:bXb-  C:bXb (5)
  The  current  identification probiem  consists  of  finding the optimal  estimates  of  the

unknown  coeficients  C:,, K:,, C:b, and  K;b. The secoiidary  mass  matrix  M,, is assumed
to be lcnown for simplicky.  Selecting X,  and  X. as'the state  vuriables  and  the coeMcients

of  the matrices,  C;,, K;,, K;b and  C:b as  angmented  state varial51es, the state  vector  X

becQmes

           X=  [X" Xs2  ..' Xem  th-i dis2 '''  dism C:ni  '''  C:smm  k:"ii

                  ''' fe;,mm k:bji '''  k:b.t C:blt ''' C:b.t]T  (6)
or  it can  be written  in compact  form as

                  x=[xf  x;  xg  x,T xg  x3]T  (7)
in which         '

   Xi ={xsi  xs2 ...  xsm}T}X2={thsi  dit2 ... the.}T)X3= {c:sit ･･. c;s..}T}

    X4 :{fo;sn  '''  k;s..}T, Xs ={k;btt  '''  k:b.t}T, X6  "  {c;bis ''' c;b,.i}T

where  c:,,,., k:,,i, k:b,if.c;b,,, are  ij" elements  of  matrices  C:,, K:,, K:b and  C:s, respec-

tively; m  is the nuriiber  of  secondary  DOF  and  l is                                          the llumher  cf  boundary DOF.

Equation (6) or  (7) is a  [2rn +  2m2  +  2mq  dimensional state vector.

  With the aid of  eq.(7),  the differential equation  giyen by eq.(5)  can  be written  into a

state  equation of the system  as

x=

X,X,*34,X5X6                     X2
                                            .

-C:,(X3)X2  -  K:.(Xt)Xi +  F: 
-

 K:b(Xs)Xb -  C:b(X6)Xb
                      o
                      e
                      o
                      e

(8)

-1031-



Japan Concrete Institute 

NII-Electronic Library Service 

JapanConcreteInstitute

   lki-ation (8) is a continuous  state  equation of  the dynainic system  and  corresponds

to eq.(9. Using an  appropriate  observation  equafion  and  the response  time histories of

the seamdary  system,  the structural  parameters  can  be ideRtified. Haying ideRtified the

elements  of  the matrices  C:,, K;,, K;b and  C;b and  multipying  by M,,, an  estimate  6f
Css, K;L, K,b and  Csb can  be obtained.  It must  be understood  that in order  to imPie-

ment  the identification procedllre described, the external  force vector  F,, the beimdary
displmment  vector  Xb  and  the boundary valocity  vector  Xb  must  be known.

4. APPLICATrON  TO  A  SHEAR  BUILDING

   Tb  illustrate the application  of  the localized identification of  structures,  a  shear  build-
ing will  be analyzed.  Consider the model  of  a  four DOF  shear  building subjected  to

ground,motion as  shown  in Figure 2.

Prirmry

B"undarr

Secondary

                                 -

                                   u

Figure 2. A  four DOF  shear  building model  considered  as  a composite  P-S system

   The equation  of  motion  for the shear  building considered  as  a composite  P-S system
equivale'nt to  eq.(3)  can  be written  as
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   Let'ftus divide the composite  system  such  that xi is the secondary  DOF,  z2  is the
boundetry DOF  and  both zs and  4  are the primary DOF.  It vvould  be practical to

concentrate  the identification on  the fust Story which  is usuaily  a  critical  section  for a
buildnig. fience only  the first equation  in eq.(9)  will be eonsiderd  and  is given by

mlz-1  +  (cl +  c2)21  +  (kl +  k2)zl =  -ml  il +  k2z2 +  c2i2

and  this can  be rewritten  as

       2i + ((C'i,C2)) 2i + ( (kim+,k2) ] zi =  --a  -  (--kt l z2 -  {-k' } 22

(10)

(11)
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   This equation  corresponds  to the general equation  of  rnotion  of  the secondary  system

given by
               

-- - -

              X, +  C:,X, +  K;,X, : F; 
-

 K;bXb-  C;bXb (12)
in Which  Xs  =  21, Xb  =  Z2} F: ==  

-ti)
 C:s ='  {(Cl +C2)IMI)}, K;, ==  {(kl+k2/Mi)},

K:b =  {- k21mi} and  C:b =  {- oj/mi}. Having derived the equation  of  motion  of  the
secondary  system,  the state  vector  given as  eq.(7)  and  the state equation  given as  eq.(8)

can  be derived. In our  present problem, the state  vector  consists  only  of 6 e}ements  with
Xi  =  {zi}, X2 =  {2i}, X3  ==  C:,, Xe  =  K:,, Xb  T  K;b and  Xfi =  C;b.

   DepeRding on  the observed  data suck  as  displacemegt or  ve!ocitM  the measurement

or  the obeervation  equation  is given by eq.(13)  or  (i4), respectively

                  y(k)=[1  eeee  e]x(k)+v(k)  "3)
                  Y(k)=[O  1OOO  O]X(k)+v(k)  (14)
   The  angmented  stale  variables  X3, X4, Xs  and  Xe  are  the parameters to be identMed.
It rrrust  be understood  that the input data which  consist  of  the ground acceleration  ti,
the boundary displacement z2 and  the boundary velQcity  22 rnust be knovvn so  that the
identMcation can  be implemented.

5. NUMERICALEXAMPLE

   The  identification method  was  applied  to the four DOF  shear

Figure 2 iising the structural  paiameters given in [Ilsble 1.

        Tkible 1. ParameteTs of Structural Model (mi: mass  in kgf-se"/cm, ci:

                coeMcient  in kgf-sec/cm, ki: story  stifthess  in kgtlcm)

building described in

damping

Parametermasslmass2mass3masg4

pm 20 10 10 10

q 32 18 14 14

ki seoe450035oe3see

   Ftom  
'thble

 1, the parameters  of  the secondary  system  represented  by the first story

can  be.computed as M,, =  20, Css =  50, Kse =  12500, Ksb : 
-450e

 and  Csb =  
-18.

Dividing each  parameter by M,. results in C:. =  2.5, K:. ==  625,O, K:b =  -  225.0 and
C;b ==  

-
 O.90.

   The  M  Centro (194e) acceleration  time history was  used  as the input ground motion,
il, Using the linear acceleration  method,  eq.(9) was  salved  to obtain  the, response  of the
cemposite  system  iising  a  sampling  time crf e.05 s. The  calculated  respeRses  for mi  and

rn2  were  used  in the identifi¢ ation,  where  the calculated  z2 and  i2 were  used  as  input
data, and  the calculated  respollses  of  zi or  ii were  used  as  the observed  data.

   In implementing the EK-WGI  procedure, the initial valttes for displacement and

velocity  were  set  as  O. The  initial error  covariance  matrix  is set  as O.1 for response  alld  1OO
for unknown  pasarneters. The  noise  covariance  Tnatrix  for the obse!vation  response  was

takon as  1.0. A  weighted  value  of  100 was  used  in the global iteration. The displacement
or  the velocity  time  histories can  be used  as  the observation.  In this paper, the fust 200
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values  ofthe  velocity  time history of  mi  were  used  as  the observed  data. Shovvn in Tletble 2

are  the resu!ts  obtained  from the veloclty  time  history. It can  be seen  that the parameters
were  reasonably  estimated.  It rrrust be noted  that the convergence  of  parameters is

affected  by many  factors such  as  the observed  data, samPling  time, sampling  length and                                              '
the initial values. These factors must  be taJcen into account  for in-depth study.

Thbie 2, Results of identification of  p-rameteus of  secendary  system  
'

                                        kbie  3. Estimated perametcrs ef  the sheat buitding
                                                {firat and  seeend  steries}

Velocitr
ParameterTtucValueni'eeinValtt"

c' 2.50 1.0 2.499
K: 625.0 1.0 625.0
K.- -225.e 1.0 -225.e
c- -O.90 1.0 -O.899

   Multiplying the estirnated  parameters by M,,  which  is assumed  to be known, we

will  obtain  the estimates  of  C,,, K,,, K,b and  C,b. Using the relationship  betweell the

parameters of  the secondary  system  and  the actual  stiffhess  and  the damping  parameters
of  the shear  building, the estimates  of  the first story  parameters  cam  be obtained  as  ci

and  ki. Incidentally, ihe second  story  pa!ameters, c2 and  k2 were  also  estimated  as

shown  in lible 3. It was  shown  that the parameters of  the first arid the second  storie$

of  the shear  lxiilding were  reasonabiy  estimated.

6. CONCLUSION

   A  procedure for localized identification.of structural  parameters using  the extended

Kalman  Mter was  presented. In the procedure, a  structure  was  decomposed into two
substructures'which  were  attached  at  a common  boundary, and  three systems,  primary,
boundaTy and  secondaty  systems,  were  formed and  the identification of  parameters was
concentrated  on  the secondary  system.  The  localized identification procedure was  illuy
trated by analyzing  a  simple  shear  building where  the identification was  concentrated  on

the first story. The applieatfon  to ihe skear  building was  useful  and  practical especia31y

for highrise buildings since  the structural  parameters  at  the Iower levels caii  be estimated
without considering  the response  at the higher levels. Although it was  not  shcswn  in this

paper, the proposed  method  can  also be used  to ideniify the total structure  by dividing
the structure  into a  nurnber  of  subetructures  and  applying the rnethod  to each  substruc-

ture. [[b yerify  the capabthty  and  usefulness  of the localized identificatio" procedure,
applications  to more  compli ¢ ated  structures  must  be conducted.
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