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REC - Reliable Engineering Computing

~A provocating introductory comment -

Why do many regulatory agencies now
require multiple analyses?

Can we make multiple analyses reliability-
based i with few additional analyses?



Reasons for multiple analyses

i Mathematical formulation itself is error prone
U It Is based on many assumptions

U It is difficult to satisfy the underlying physics in most
cases to track load path to failure.

U For large infrastructures, the mathematical
formulations are extremely challenging.

u It i1s extremely difficult if not impossible to match
computational predictions with experimental
observations even for relatively simple structures.



Reasons for multiple analysescont)

~If one ignoresthe uncertaintyin the mathematica

formulations

U estimationof parameterdo definethe modelis subject
to variouslevelsof uncertainty

U If the responsebehavioris measuredjt addsanothel
layerof uncertainty

U Even very sophisticatedsmart sensorsare not totally
errorfree and experiments themselves are not
completelyreproducible



Instead of Multiple Analyses

_ Reliability-based analyses will be desirable

U Do we have mathematical tools for reliability-
based analyses

U Can we estimate reliability of large
Infrastructures

U If simulation is used, can we obtain reliability in
tens instead of thousands/millions of
simulations



Presentatior Outlines

Partl
Stochastic Finite Element Method (SFEM)

- Part 2
Improvements of SFEM

. Part 3

Structural Health Assessment - sophisticated
computation schemes need to be integrated with
noise-contaminated limited measured response
Information



Challenges

Alnput uncertainties

APropagating these uncertainties through
very large computational models

AObtaining reliable probabilistic response
characteristics/metrics/statistics

AValidating these models using limited data




Desirable Features

AThe reliability evaluation methods
should be robust and not problem-
specific

Ahe deterministic community who
makes the final engineering decision
must accept the results




Motivation

Safety evaluation using realistic behavior of
structures and loadings.

Need for efficient & accurate reliability
analysis method of nonlinear structures,
similar to deterministic community.

Finite element formulation is very desirable;
deterministic community is very familiar with
It and uses It routinely.
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RECENT DEVELOPMENTS IN
RELIABILITY-BASED CIVIL ENGINEERING

Authored by the most actie scholars = their respective areas, this
velume covers the most recent developments, both thearetcal and
apphcatwe, In structural redabiity evaluaton areas, many of which are
cuttingedge and not discussed eisewhere in book form,

The broad coverage includes the latest thoughts on design for low
prodabiity and high consequence events like the Exlure of the World
Trade Center as well as risk acceptabiy based oo the Life Qualty
Index. Other chaplers dscuss the development of the performance-
based design concept, and the generally overiooked area of the
rekabdity evalsaton of bedges and offshore structures. Since the fnde
element method is routnty used for structural analyses, emphasis s
put on discussing refiabity evaluation using fite clements nchiding
consideration of the mesi-lree fnite element method. Corrosion and
fatigue relabdty evaluation techniques are other urgent issues that
e doalt with in depth, Among the many addticad ncluded topes, @
chapler s devoled 1o health assassment of easbing struchures, currently
the mast active research area

L1l

ONIY33NIONT TIAID A3SYa-ALINIAYIN3Y
NI SIN3IWNJOTIA3A IN3O3Y

RECENT DEVELOPMENTS IN

RELIABILITY-BASED
CIVIL ENGINEERING

Achintya Haldar

Edor



Realistic Performance Evaluation

Three Sources of Uncertainty

Environmental
| oad-related variables

Structural

Resistancerelated variables

Structural geometry
Material properties
Boundary conditions




Realistic Performance Evaluation

Modeling

Support conditions

Fixed
Pinned
Roller

Supports are partially fixed with different rigidities.

Connectionconditions

Fully restrained (FR)
Partially restrained (PR)

Different assumptionshavesignificant designimplications.




Reliability Analysis Methods

o Explicit Limit State

U Implicit Limit States




Reliability Analysis Method

Basedon Safetylndex concept

Mean value first -order secondmoment(MVFOSM) method.
HasoferLind A Ge n e r safetyizredenathnd.
First-order reliability method (FORM).

Secondorder reliability method (SORM).

Basedon probability of failure concept

Distribution -fitting method.
Monte Carlo simulation (MCS).

Monte Carlo simulation (MCS).
StochasticFinite ElementMethod (SFEM).




Reliability Analysis Method

Approximation of the limit state function method

Second order polynomial approximation in the

neighborhood of the design point (Wu, Wu and
Wirsching; they did not demonstrateits usefor the FEM

formulation)
Responsesurface method
Polynomial approximation to the limit state (Wu,

Burnside, Dominquez)




Reliability Analysis Method

Perturbation methods

First or SecondOrder Taylor Series
NeumannExpansion

Karhunen-Loeve Orthogonal Expansion
Polynomial Chaos

Thesemethodsgenerally do not needthe information on distribution
Acceptable results are generally obtained for small random
fluctuations

Reliability Approach
Limit stateconcepi FORM/SORM approach

Efficient deterministic FEM is necessaryfor efficient algorithm




Basic Steps in FORM

Limit state G(X1,X2,é& .Xn)=0

Transform variables X into the standard normal spaceY so that the
elementsof Y are statistically independent,standard normal variables.

Choose a checking point yi. Use FEM to obtaiG(yi) and PG (
o] :

DG
Calculatethe unit vector a, =- ‘D—Gm ﬁ

Find the next checkingpoint yi+1 =

Repeat Steps2, 3, and 4 until the point y* is obtained, at which the
probability density in the standard normal spaceis the largest (design
point).

Obtain the reliability index p=.y'y and estimate the faijure
probability usingthe approximate linear failure surface P, =71 b(




Limit State Concept- FORM

X9
X(O)
B
* Unsafe
X2 . Region
Xia)
g(xo6)= C
X(5) N
X3
* D
c X )
Safe g(xo6)= 0
A Region X p

Note: A number in parenthesis
Indicates iteration number




FORM In the context of SFEM

Definelimit stateas G(x,u,s) =0

X1 a setof basicrandom variables pertaining to a structure (e.g., loads,

material properties and structural geometry)

uTi asetof displacementsn the limit statefunction

s asetof load effects(exceptthe displacementssuchasinternal forces)
The displacementu = QD, where D is the global displacementvector

and Q is a transformation matrix

To implement the algorithm and assumingthe limit stateequation hasa generalform of
G(x,U,S) =0, the gradient of the limit statefunction in the standard normal space
canbederived as

e G
DG(y) = g—

G G
¢ g %x (Q“ =

N
s Js p)Jp. x uxou

where J;;0 are the Jacoblansof transformation (e.g., Jg,= 8/ 1x)




FORM In the context of SFEM

The essential numerical aspects of SFEM were just
discussedn the evaluation of the three partial derivativesand
four Jacobiansin the aboveequation. The evaluation of these
guantities will depend on the problem under consideration
(linear or nonlinear, 2D or 3D, etc.) and the performance
functions used




Performance Functions

Serviceability Limit State

Overall lateral displacementof the structure
Code-specifiedallowable value

For the serviceability criterion, the limit statefunction is representedas

d
g(x,u,s)=1.0- —
limit
Whered is the calculated displacement component an@im it IS the

prescribed maximum value of the displacement component.




Performance Functions

Strength Limit State

Behavior of local structural elements
Combined effect of axial load and bending moment
Dynamic effectin interaction equation

According to the American Institute of SteelCon st r uct
( Al S Caad gnd ResistanceFactor Design (LRFD) design
guidelines, the strength performance criteria for 2-D steel
frame memberscan be defined as




Performance Functions

Ry

é ~
g(x,u,s)=1.0- - S Muxg if R, 0.2
Py 98M 2 f P,
0%, U,) =10~ R U+ Tuxg f U <02
2P, My 2 fP,

Fu' = required tensile and compresssive strength
Pr = nominal tensile and compressive strength

Mux = required flexural strength

M 1x = nonminal flexural strength

P, andM x are unfactored load effects




PostNorthridge Connections

_ Observing fractures in steel connection, the
engineering community wanted to make them
more flexible.
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Test

o, Column

Beam

Iy {em®) | L {cm’)

18 | W33xldl
20 W2Tx94
22 Wi3ex300
24 W24x84  W30x132
26 Wi3Iax1T0  W30x235

Wld =283
Wi14x176
Wild=311

310092
136108
844950

112382
437043

139533
89074
180228

240166
456991

b : beam, ¢ : column




R I T

Test | Connection Parameters
No. Kl K, p® N
18 2.938E409  4.519E+05  3.503EH05
20 2.T712E4+09 4.519E 405 1.67ZEH05
22 2.260E+09 4.519E 405 9491E+035

24 339009 4.519E+05  1.5309E+H05
26 3.955E+09 4 519E 405 4. 519E+H)5

Note: 'kN-cmvrad. *kN-cm

() | i ek (Y ek
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Unloading and Reloading

PostNorthridge Connections

Masing Rule




Two-story Steel Frame Structure and
Earthquake ' Time History
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Random
Variable

E (kN/m)
AP (m?)

1%, (M)

be (mS)
A° (m?)
15, (m*)
Z5 (M)

F, (kN/m?)

X

%

Test 18

1.99% 10°

2.684x 10

3.101x 103

8.423x 103

5.374x 102

1.598 103

8.882x 103

3.44% 10P

0.05

2.00

Test 20

1.99% 10°

1.787% 102

1.361x 103

4.556x 103

3.342% 10?

8.907% 103

5.244x 103

3.447% 10P

0.05

1.50

Mean Value

Test 22

1.99% 10°

5.697% 10?2

8.44% 103

2.065«< 10?2

5.897% 102

1.802¢ 103

9.881x 103

3.447% 10P

0.05

2.00

Test 24

1.99% 108

1.787% 102

1.124x 103

4.162 10°

2.510x 102

2.402 103

7.161x 108

3.44% 1P

0.05

150

Test 26

1.99% 108

3.226¢< 102

4.370x 10°

1.095«< 102

4.452 1072

4.870< 103

1.385x 102

3.44% 1P

0.05

2.00

Serviceability

Node atc
Cov Dist.
0.06 LN
0.05 LN
0.05 LN
0.05 LN
0.05 LN
0.15 LN
0.20 Type |

StrengthLimit State

Beam éf) Column §-h)
CcoVv Dist. Ccov Dist.
0.06 LN 0.06 LN
0.05 LN 0.05 LN
0.05 LN = -
0.05 LN 0.05 LN

- - 0.05 LN
0.10 LN 0.10 LN
0.15 LN 0.15 LN
0.20 Type | 0.20 Type |



Statistical Description of the Four Parameters in the Richard
\Y[oJo[=]

Test 30

2938=107

4519=10¢

3503=10¢

231 2= 10%

4.518=10"

1.672=10°

2260=10°

4519=10¢

pAR1=104

3390=10°

4519=10¢

1509 =10*

3.955=10°

4.519=10°

4.519=10°




Reliability Analysis Result for Test #24

Sernceahility Strength. Lamit State
Mode ate Beam (g-7) Column (&)

Lamit State

Case FR PR FR PR FE PR

B, 0.8752% | 0.87820 | 0.00040 | 0.00025 | o.o0130 | 0.00105 |
Bk 1(1-By | -1.152 | -1166 | 3353 | 3431 [ 3011 | 3078
MO s0.000 | 20,000 | 20000 | 20000 | 200000 | 20,000

No. of BV 7 11 7 11 T L1

Scheme 2 l z l 2 ]

Fr 0.57055 | 0.90303 | 0.00045 | 0.00013 | 0.ODLZS | D.ODD%4

B2 -1.14%9 -1.4%5 3.323 3504 304 3.101
Errar 0.5%% -2.8 %o 0.9 %% 2% | -04%% 0.8 %o

THEP* 173 | 24 173 | 24 173 I 24

*T mamber of stmulation tor determanistic FEM analyses
*2 tptel mumber of sampling pomts (fotal number of
geterrunistic FEM analyses)

Froposed Algonthm




Thirteen-Story Steel Frame
Structure

N - S Component

T T

—~
(@]
-~
c
2
©
—
Q
[}
o
(&)
<

Time (sec)

Northridge Earthquake Time History for 15 seconds

(N-S)
Serl\i/tlseabl Strength Limit State
Limit States (2) (3)
(1) d = Column
allowable ~ ' [
e C, Girder, G4
Reliability 751 -1.39 -1.08
Index, b ' | |

P (P 1.000000 0.917936 0.858837
t B oz 1019 (0.082064) (0.141163)




Steel Frame with shear walls

D+L D+L
H LR T s L T L T T
a b C d e
3.66m
065 H IIIIIIIIIIIIIIIIIIIIII;RI-I'I-IIIEIIIIIIIIIIIIIIIIIIIIII \IIIIIIIIIIIIIIIIIIIIIIIIIQI-Ill_IIIﬁIIIIIIIIIIIIIIIIII
f g
3.66m
L L) a0
9.15m 9.15m

Figure 2. A frame without shear walls




Steel Frame with shear walls

\ |

T 4575m  4575m 915

El Centro Earthquake (N-S Component)
(DL=35.04 kN/m)

Figure 1. Numerical model




Material Properties

Frame Member Area (cnv) | (cm*%) Section Size
Beam 113.6 40957 W18x60
Column 76.1 12903 W12x40
Walls E. (Mpa) n Assume E = 0.4E,

8.55E03 0.17




ltems

Frame

Wall

Dynamic

Parameters

b: Beamand c: Column

Variables

E (Mpa)
AP (cm?)
10 (cm?)
Z.P (cm?d)
A° (cm?)
I¢(cm?)
Z £ (cmd)
F,(Mpa)
E. (Mpa)

n

X

%e
X

%e

X: Damping ratio
g.. Magnification factor for the amplitude of actual seismicacceleration

Nominal
Value

2.0E05
113.6
40957
PAONRS
76.1
12903
942.3
248.21
2.14E04
0.17
0.02
1.0
0.05
1.0

Mean/Nomina
I

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.05
1.0
1.0
1.0
1.0
1.0
1.0

C.0.V

0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.1
0.18
0.10
0.15
0.2
0.15
0.2

Distribution

Log-normal
Log-normal
Log-normal
Log-normal
Log-normal
Log-normal
Log-normal
Log-normal
Log-normal
Log-normal
Lognormal
Type |
Lognormal

Type |

TABLE 4. Basic Random Variables

Comment

Beam
W18x60

Column
W12x40

f6=20.68
(Mpa)

Without shear
walls

With  shear
walls




Results for a Frame Without and With Shear Walls

Top drift
(Nodea)

Top drift
(Nodea)

Pf = probability of failure, CPU time isfor SGI Origin 2000

Schemes RSM Monte Carlo Simulation
P CPU P CPU (s)
S)
A frame without shear walls
Scheme 4 0.9999 134 1.0 98459

A frame with shear walls

Scheme 4 0.0057 202

0.0049 117832
Scheme 5 0.0094 295




Flexibility of Connections

M-gcurvesi Loading




Unloading and Reloading

PostNorthridge Connections

Masing Rule




0.4

| M Vﬂ (\uﬂunv(m
R

-0.4

T I T I T

AR AR & = G s
Time (sec)

Acceleration/Accel.of gravity

Northridge earthquake (N-S)time history




800 —

600 — i .

M (KN-m)

O T I T I T I T I
(@) 0.004 0.008 0.012 0.016 0.02
g (radian)

Statistical description of the four parametersin the Richard model

Mean Value g
Random COV Distribu

Variables Curve 1 Curve 2 Curve 3 tion

k (KN-m/rad) 1.13 18 1.47 1P 569 100 0.15 Normal

k, (kN-m/rad) 1.13 1P 1.13 10 1.1310¢  0.15 Normal

M, (KN-m) 508.64 452.12 339.09 0.15 Normal
\ 0.50 1.00 1.5 0.05 Normal




Statistical description of random variables (b: beam, c:

column)
Serviceability Limit Strength Limit
\I;ea?ir;dbcl); Mean Value State | State |
COV Dist. COVv Dist.
E (kN/m?2) 1.9994 108 0.06 LN 0.06 HN
AP (m?2) 1.600 10?2 0.05 LN - -
1o (m?) 1.184 103 0.05 LN 0.05 LN
Zb (m3) 3.999 103 - - 0.05 HN
Ac (m?) 8.065 102 0.05 LN - :
lc (m?) 2.744 103 0.05 LN 0.05 HN
F, (kN/m?) 2.4822 10 - - 0.10 LN
X 0.05 0.15 LN 0.15 LN
o 1.00 0.20 Type | 0.20




Result of reliability analysis of example

PR Connections

FR

Limit State :
Connections

Curve 1 Curve 2 Curve 3

Serviceability

iy b=1920 b,=1.2%

Strength Limit

S b=3.944 b,=2.35 b, = 2.558 b, = 3.156




Part 2

. Improvements of SFEM



Uncertainty Quantification Methods for
LLarge-Scale Computational Models

~ Reduced Order Models (ROMSs)

_ Surrogate Models

. Bayesian Methods

_ Stochastic Dimension Reduction Technigues

. Efficient Monte Carlo Methods (e.g. importance
sampling), etc.



Nonlinear Time Domain Dynamic
ProblemsT Implicit Limit States

_ Are different for each time increment

_ Are functions of time



Approximation of the limit state
function

Response surface method (RSM)

Some variations of RSM to approximately
generate the limit state functions.




Direct Monte Carlo Simulation (MCS)

1l deterministic analysis of large systems
may take over 10 hours.

For 10,000 runs, it will take about 100,000
hours, over 11.4 years of continuous run of a

computer . e |
May not be realistic. We need to find a

method which will give us reliability
information may be in tens or hundreds of
runs 1 simulations may not be the best
alternative.




Layout anad Soll Strata Of1 ivibo and ivib4,
Damietta harbor, Egypt

y
Water level \4(0.00)

12.20 m
E
Mud Line A (-14.50)
Layer1, 4.80 m Yq
18.00m )
Layer_22.50 m (-21.80)
2.00 m
Layer_35.20 m
\al 27.00
W2 Wi 40m 2.00m
Layer_44.00 m R
31.00 :
9.00 m '
Layer_52.30 m il 33.30
Layer_65.20 m
2.00 m : (-38.50)




Response Surface Method (RSM)

Classical RSM cannot be used for large
structural systems

Needs to be modified
Needs to be incorporated with other
schemes

A hybrid type of method is necessary for the
dynamic reliability analysis in time domain




Classical RSM

. For its efficient use, needs to be generated
In the failure region

_Also, It fails to incorporate information on
distribution even when it is available

_ For large systems, it may not give the
optimal sampling points.



A Unified Dynamic Reliability Analysis
Algorithm

FEM -To evaluate dynamic response in
time domain

First/second-order reliability method
(FORM/SORM)

Response surface method (RSM)

lterative linear interpolation scheme

5. Improved factorial scheme




Response Surface Method (RSM)

To obtain explicit limit state function

by approximating the original implicit limit
state by a simple polynomial In terms of
basic random variables

Important elements of RSM

Degree of polynomials

Experimental design

Experimental region




Degree of Polynomial

Nonlinear time domain seismic response

Yy Second order polynomial without cross terms

_ K K
¢ X) = Db, +é. b X +é of Xi2
i=1 i=1

Number of coefficientsto bedetermined;, p=2k + 1

Y Second order polynomial with cross terms
k-1 Kk

¢H{X) = b, +ab>< +ab..>< +a ahb X

=1 j>i

Number of coefficients to be determined; p =
(k+1)(k+2)/2




Experimental Design

Classical Design
Factorial Design

Central Composite Design (CCD)

Applicable only for a full second order
polynomial with cross terms

Number of sampling points = 2k+2k+1
Regression analysis

Orthogonality, rotatability, ANOVA

Accurate but Inefficient when k 1Is
large




Experimental Design

Saturated Design (SD)
Applicable for both types of polynomial

Number of sampling point = number of
coefficients in the polynomial

Efficient for large k

May not cover sample space between axes
(relatively inaccurate)

Lacks statistical properties




Response Surface Models

Model 1 - SD using second order polynomial
without cross terms

Model 2 - SD using a full second order polynomial
Model 3 - CCD using a full second order

Four Schemes for the Proposed Algorithm

Intermediate

Schemes . Final Iteration
Iteration
(1) 2) ©)
Schemsg Model (1)
Schemek Model (3)
Schemé Model (1) Model (2)

Schemem Model (1) Model (3)




Comparison of the Three Models

Model

Model
(1)

Model
(2)

Model
©)

Number of
Coefficients

p=2k+1

_(k+D(k+2)
o 2

17
25
10
45
91
10
45
91

Number of Sample

5
17
25
10
45
91
15

273 N=2¢+2k+1

i\ =
& 5 L"/‘

4142

Points

N=2k+1

\ < (K+D(k+2)

2




Improve Factorial'Schemes

. Scheme0 - SD using2"d order polynomial
without the cross terms throughout all the
iterations.

. Schemel- Equation 1 & SD for the
Intermediate iterations and Equation2 & full SD
for the final iteration.

. Scheme2- Equation 1 & SD for the
Intermediate iterations and Equation2 & CCD
for the final iteration.



Improve Factorial'Schemes

Use of any scheme mentioned earlier
IS expected to extract reliability
Information in hundreds of simulations
I still may not be practical.

. The basic concept needs to be
iImproved - narrow the experimental
region.




Improve Factorial'Schemes

To improve the efficiency of Scheme 1,

the cross terms (edge points), k (k-1), are suggested to be
added only for the most important variables in the last
iteration.

k =40 and m = 3. The total number of required FEM
analyses will be 861 and 195, respectively.

Instead of using full factorial plan in CCD,
use other factorial plans.

For quarter factorial plan, 2k+2k+1 and 2%2+2k+1, i.e., 25
and 13 for Scheme 2 and M2, respectively.



lterative Steps

. the Initial center point is assumed to be the mean value
of the random variables for the first iteration.

. Using nonlinear FEM, the responses are calculated at
the experimental sampling points without or with cross
terms

. A limit state function (LSF) is thus generated in terms of
k basic random variables.

. Using the explicit expression for the (LSF) and FORM,
b, the corresponding coordinates of the checking point,
and direction cosines are obtained for each random
variable.



lterative Steps (cont.)

he coordinate of the new center point is
obtained by applying the linear interpolation
scheme.

. The updating of thecenter point continues until
It converges to a predetermined tolerance level

_In the final iteration, the information on the most
recent center point is used to formulate the final
response surface using either saturated design
with a full second order polynomial or CCD with
a full second order polynomial.






Fila 1 Fla2

(21,5 rm, say L5 m or
115 m below G5 )




Geometry Load

Materials

Statistical information on the design variables

Random variables

Lateral load, H, (1)

Radius, r, (m)
Thickness, t, (cm)
Length, L, (m)

Steetmodulus, E; (t/m?)

Lateral SRI?] %ﬁ% reaction,

Model ca)ﬁ[flﬁc'tint of top

Dist.

EV-I

LN
LN

Deter.

LN

LN

Nom. Mean

150

0.95
2.8
117

2.01E7 2.01E7

150

1.0

117

0.95
2.8

172.5

1.0

CcOoV

0.37

0.10
0.05

0.06

0.21

0.10



Efficiency and accuracy of schemes

Variables sensitivities b P, K
U r Kp, = t
First _ order 0.355 0.851 0.231 0.208 0.037 5.927 1.59 10°

5 polynomial

. Scheme 0 0.439 0.756 0.331 0.244 3.170 0.74 103
Scheme M11, U -0.672 0.136 -0.528 -0.339 2.802 2.54 103
Scheme M12, U &r -0.785 0.091 -0.339 -0.304 2.856 2.19 103
R'Scheme M13, U, r & -0.787 0.091 -0.335 -0.300 2.859 2.14103

T :

5 Scheme 2, 0.17/73 0862 0.202 0.123 2.685 3.63 103
Scheme M2, Quarter 0.181 0.782 0.329 -0.322 2.087 18.5103
Half 0.198 0.862 0.222 0.054 2604 4.6410°2
Maonte Carlo 2.948 1.71 103

(100,000)



Part 3

~ Structural Health Assessment -
sophisticated computation schemes need
to be integrated with noise-contaminated
measured response information



HEALTH ASSESSMENT OF
ENGINEERED STRUCTURES

Bridges, Buildings and Other Infrastructures

HEALTH ASSESSMENT OF ENGINEERED STRUCTURES Achintva Haldar

Bridges, Buildings and Other Infrastruchires

Health Assessment of Englowered Structures has become one of the most active
rosodech arons and attracted mult-disciplinacy intorest, Since anvailatie fimancial
recourses are wery kmhed, exaending the ke of existing bridges, buldings and
other infeastructonns has become a major challange 10 e enginoaring profession
world smdde. Some of the related areas are in the development phace. As the ares
mabarcs, more new areas are belog identified 1o Imploament the concept, The
available information may not be available in an oeganized way for inerested
parthes who are not expert in the ares, Thiy edited book will cover some of the
st secent developments (theoretical, expecimentsl, and spplication poterialks)
0 structoral health sssessment areas, Thete aress are not matured enough 10 write
book on thom. Students fundengraduate and graduaie), researchens (urivarsity and
indussrial), and practioness (govemment and private) will be interested in the
topics peosartod in the bock, ARer discunsing the gendral concept, vardous currently
available nchods of sansciural headdh assessment will be presented. A chagter abio
will discus Bacre dicections In stroctusal healdh asasamont ared since the area s
evolving. Senant sensocs are routiosly used 10 assess stiructural health. Sensor types,
platicerm and data conditicnlng for practical applications will be presarted, Wiceloss
collection of sensor data, sensce power noods and onaie energy harvesting will be
discumed. Uncertainty in the collected data will be extenshwly addressed. Long
term monioning of trucaures will also be presented. Each chapter will bo acthored

il

Pebbattincrendiida

by the most active scholar(s) In the area.
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Health Assessment of Structures

Natural aging process
Excessivause
Overloading

Lack of maintenance

Just after a natural disaster, high wind, strong
earthquake, etc.




ISSues need objective evaluations are:

What should be done with a structure just after a
natural disasteror a man madeeventlike high impact?

What Is the extent of damage?

If it Is not completely safe, how can the damaged
structure be brought up to current standards?

Who should decidewhether the structure Is safeor not?

How to decide whether all the major defects are
identified?

Whether the structure should be repaired or
demolished?

After repair or rehabllitation, how to quantify the
Improved behavior of the structure?

s




Some observations:

Northridge Earthquake, 1994

Patientsfrom onehospital were movedto another
hospital without knowing the condition of the
relocatedhospital

Connectionsfractured in more than 200buildings

Connections also fractured in 1989 Loma Prieta
earthquake; they went undetected for over 5

years




Local problems using glebal behavior

Model basedapproach N
Represented by local elements, eg., finite element

representation

Track the numerical valuesin the mathematical model.
e.g., stiffnessand damping

Study the amount or rate of degradation of a
particular element with respect to the "as built" or
expected properties, or the previous values from
periodic inspections

After a repair, evaluate the dynamic properties to
establishthe improved state

The conceptof systemidentification will

beideal.




Concept of System ldentification

INPUT |
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Time-domain Sl Technigues
With input excitation information .

Without input excitation information .

The collection of -input-excitation information is not
simple.

A large structure cannot be Instrumented,
uneconomical and impractical i only a part of the
structure canbe instrumented.

Responsesmeasured by even smart sensors are
expectedto be noisecontaminated

Identifying a structure using only noiseladen,
imited output responses and without Input
excitation information is the subject of the studly.




Proposed Nondestructive Evaluation

Technigque
Novelties of the proposed nondestructive evaluation
techniqgue presentedtoday are:

Time domain systemidentification.

The structures are representedby finite elements

Structure parameters can be identified at the element level
without using any input excitation information.

It usesa very small time duration of the output responses
from 1-2 secondsonly.

It useslimited output response

Although the input excitation force is unknown, it predicts the
Input excitation force accurately.




Research Team at the University of Arizona

i 8

System ldentification

Frequency Domain

Time Domain

Theoretical Study Input Unknown
Limited Output

Input Unknown

Shear Type Buildings (ILSUI Viscous
damping), Wang

Shear Type Buildings (MILS-UI
Rayleigh damping), Ling

Frame Buildings (MILS-Ul Rayleigh
damping) and Limited Responses
(GILS-EKF-UI), Katkhuda

Output Known

Input Known
Output Known

Experimental Study

v

Fixed & Simply Supported
Beam (MILS-UI Rayleigh
damping), Vo

l

S| with large nonlinearity
Abdullah

Frame Buildings (MILS-Ul Rayleigh
damping) and Limited Responses

(GILS-EKF-UI), Research presented

Martinez
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,»
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Maybeck (1979)

Deterministic system and control
theories were not sufficient to
identify the systemusing response:
obtained by measurements

Our papers on the subject have very high citation
from non-Civil Engineering scholars.




The GILS-EKF-Ul Method

The GILS-EKF-UI Method is a combination of
Extended Kalman Filter Weighted Global
Iteration (EKF-WGI) and the proposed MILS -
Ul Methods.

The EKF-WGI Is usually used when the
iInformation on the input excitation force Is
available but output responsesare not available
at all DDOFsfor alarge structure.

I
(N @ )
g @
i 5 &_) .'I
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GILS-EKF-UI Method
Why use the GEKFWGI Method?

It Is atime domain Sl technique
It can be representedby finite element
It usesonly limited output responsenformation.

BUT, since the EKF-WGI method requires
Information on the Input excitation force,
stiffness and damping of some elements, the
MILS -Ul method is combined with EKF- WG“I%
to form the GILS -EKF-UI method.




GILS-EKF-Ul Phases

Phasel
Substructuring: 1 2
where a part of the structure will
be selectedin sucha way that the 3 .

output responsesare available at
all  DDOFs, satisfying the
requirements of the MILS -Ul
method.

Estimate the input excitation
force , the stiffness, and damping
of all the members of the sub- !
structure using MILS -Ul method.




The GILS-EKF-Ul Phases
Phase?

Using the identified excitation
Input force.

Using the Initial state vector

X(t./t;)) which is obtained from 6
the stiffness,and damping of all

membersof the substructure.

J hen the whole structure

can be identified using the 0
GEKF-WGI procedure.




Stage 1
The MILS-UI Method

Where massmatrix M and stiffness matrix K
are defined as




Stage 1
The MILS-Ul Method

The aboveequation can bereorganizedas

Where matrix A contains vectors of
displacementsyelocity and acceleration

{P} vector Is the unknown system parameters:




SlAyEN The MILS-Ul Method

Concept of Least-Square

Thetotal errorby leastsquareanethod

E =({F}- [al{P})?
To minimizethetotal error.
”—E — O
HF,
where g = 1, 2, ¢, L




lterative Process of the MILS-UlI'Algorithm

Stepl: Form the A(t) matrix from the responsedata.

Step 2. Assumethe input excitation force vector f(t) to be

zero for the all time points. Then, form the Initial
vector F(t).

Step 3: Obtain the first estimation of the unknown system
parametersP.

Step4: Usethe systemparameters P estimatedin Step3to

get the unknown Iinput excitation f(t) at all time
points.




lterative Process of the MILS-UI
Algorithm

Step 5: Obtain the updated estimation on P using the new
iInput excitation f(t) obtainedin Step4.

Step 6: Update the input excitation f(t) and the updated
systemparameter P.

Step7: CalculateE =f*1(t) i f (1)
If E< epsilonthen stop program
Elserepeat steps3 through 7.




Stage 2

AThe statevector can be defined as

eX (e eX(t);a

Z,)= g (t)‘—S%a)u
X8 §K

ex (t) o e (t) g

e u A i

&% Oy A A0N

A0, e (v ¢

eX () u # OF N ek, g

%, Y # Of = e
X(t)=¢€2 . Xt)=¢"2 . K=€72u

éd. (t)u & (1) § e43

e = 2

é 4 l‘J e 4 U S(neu

gx (t)u e# (t)u

&n (0 S (DY
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Stage 2

Local Iteration (EKF) procedure:

Step 1. Define the initial state vector £ 1) and its
initial error covariance p,ft, )

eky ito/to%z ek, g

eX (to/to)g eX(to/t );a €k, (t, /1)U €k, U .
_ (to/ty) 0O 2
3 JB= ex (to/t) e%(to/t )u K (to/t0)= gks (to/to)ﬂ gkzﬂ P(tOItO)_@ 8 ’ P (t,/t )H
B/ &K (/o) & oW & e
g<ne tO/tO gkz u

Step 2. Prediction phase

ty =

Bt ) = Bt /) + nf(t/t ) dt
P(tk+1/'tk) = U [tk+1 ’tk ’ E(tk/tk)] ﬂp(tk/tk) ﬂu T[tk+1 ’tk ’ gw(tk/tk)]

Ot b B )] =1+ DUTFLL ; Bt /)] (State transfer matrix)
~ e Hys ¢ X(t) o
F[t,; f(t )] = Mg f(Ztk,tk):ft(tFZ%z(t)u e%(t)u erlvl (k X(t)+(a|v|+bK)%(t) f(t))
e 0 U e 0 P

& HZi Uhogn 0 u e




Stage 2

Step 3. Updating Phase

Bty iltn) = B/t ) +K s Bt T Y ) - NIE ) o]
Pt/ tees) =11 - K [tasi Bt )] T [t Bt TP ,)

11 - K [t B )] IM [ty Bt

K [ty Bl )] TRr) TK s Bty /t,)]

K [tsns Bt o/t )] = Pl 6 ) TM T Bt )] (Kalman gain matrix)
= = -1
UM [t B/t TP (/) TM T [t B 6]+ R ()}
Y: Observational Vector
euh(z, .t)o
MI[t, g(t )] = STUZ Yy :h(ztk*tk)-l-vtk h: Function that relates state to measurement:
j =E(t, /t,)

V: Observational noise vector with covariance

Step 4. Take the next time increment and predict and
update the system parameters This procedu_re

/""

will continue until all the time points are usedfs
@)

3
NGN“-@




Stage 2

AGloebal.lteration.-Procedure:

A

X, (/)8 X V(1)@

= = e u e u

EY (1) =B, (tu/t )= 5,” (/0= X “ (/o)

g(s(l) (t/th)g SK(D (th/th)H
P, :h) 0 o

POt /t =Pt /t_)= N
e O I:)k (tm/tm)lj

%(2 (t, /to)ﬂ ex(2>(t It )z eX(l)(t /t);a
% (1, /t,) = Tt )t ) = e)E‘Z’(t It )u e%@)(t /t)u e%‘l)(t /t)u

éﬁg‘” (tO/tO)g KO KO )

&P, (t,/t,) 0 e

P (ty/t,
ORZE 0 R

Ki(t /t )- Kt ft )| ¢ C
K |




Nonlinear System ldentification

Real defectfree and defective structures are
expectedto have some degree of nonlinearity In
their responsebehavior.

The level of excitation could be large enough to
force the defectfree structure to behave
nonlinearly

defects could be serious enough to force the
structure to behave nonlinearly even with low-
level excitation.




Structural health assessment using
minimum number of nonlinear responses

To obtain the optimal solution of system identification
using any filtering approach, a complete description of
the conditional probability densityis necessary

Unfortunately, a large number of parameters are
required for its description.

In the past decades,many techniques of suboptimal
approximation have been developed for nonlinear
structural Sl




For civil engineering applications

BesidesEKF
UnscentedKalman filter (UKF)

Sequential Monte Carlo or particle filter (PF)
methodscan be usedfor nonlinear Sl.




Drawbacks of the sequential Monte
Carlo methods for Nonlinear Sl

The basic drawback of the sequential Monte
Carlo methods is that it often requires a very
large number of samplesthus making the PF
analysiscomputationally expensive




Drawbacks of EKF for Nonlinear Sl

It provides only an approximation to the optimal
nonlinear estimation

It Introducestwo major drawbacks

The Jacoblianmatrices needto be derived

The filter can be unstable if sampling rate is not
sufficiently small




UKFE for Nonlinear Sl

The UKF method, an alternative filter to EKF, was
first introduced by Julier etal. (1995.

It was extendedfurther by Wan and van der Merwe
(2000.

The use of UKF for structural health assessments
relatively new.




Basic Concept of UKF

The main idea of UKF is to generate several sampling

points (sigma points) around the current state estimate
based on its covariance.

Then, these points are explicitly propagated through the
nonlinear system equations to get more accurate
estimation of the mean and covariance of the mapping
results.




Differences in Mathematical formulations of EKF and
UKF-based Procedures

Essential steps in the EKF and UKF nonlinear Sbased procedures
are the same except they differ in the prediction step.




Prediction Equations using UKE

(k+1)At

Xigripe = Xexpe T f FX(t), t)dt i=0,..2n
kAL

27
Xir1x = § Wi Xinr1)x

=0

2n
I ) iy, T
l:Il.l||:+1|.l|17 — I‘VL (XE,k+1|k e K.l|1:+1|jl|17)(Xi,.l.r+1|jﬁr e K1.17+1|I|17)

=0

+{(1—a’+ B)(Xu,mk — ik+1|k) (xu,kuc — ik+1|k).r




U Prediction Equations using EKF

(k+1)At

i1:;:+1|1r‘: = iﬁ:ﬂ: T J. f(iﬂkl t)di
KAt

Priipe = Prrap Prpe q’k+1|k

m[T o)

P =1+
Xi=Xpi




Differences 1n UKEF and EKF

V. =100 sin (x)

X 1s anormal RV with a mean of 1.1 rad and a
COV.of 0.16

Actual UKF EKF
Mean 82.27 82.09 89.12
Variance 368.54 411.00 329.20




