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Outline

e Introduction: Two types of seismic structural health
monitoring

e Pre-posterior, risk-based decision-making framework for
adoption of seismic monitoring

e Damage detection techniques in the probabilistic pre-
posterior framework

e Utilizing both inspection and monitoring data

e Modelling of consequences and costs for seismic risk
quantification for making decision about adoption of seismic
monitoring

e Conclusions 2
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Seismic monitoring arrays

Legend

@ Sensor monitoring fault activity
and seismic wave prtopagation
. Sensor monitoring building

and foundation response Pre/post-event visual inspections

e Sensors on the building, foundations, and in close
proximity of the structure

e Wide-area seismic arrays to monitor faults, wave
propagation and attenuation
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Two types of seismic SHM

Type 1: Quick post-event actual damage detection

e Depending on the output from the monitoring system the
building will be either:
— Evacuated, OR
— Normal, uninterrupted building usage will quickly resume

e The different scenarios entail different consequences:

— Evacuating when there has not been damage entails losses
due to unnecessary business interruption, loss of rent
Income, cost of alternative accommodation etc.

— Not evacuating when there has actually been damage entails
the risk of further casualties, damage to content etc. due to
aftershocks
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Two types of seismic SHM

Type 2: Collection of data for updating hazard and
vulnerability models

Monitoring seismic faults and wave propagation, typically
over extended periods of time to capture larger numbers
and ranges of seismic events, to update probabilistic
hazard models

Monitoring of the building, typically over extended periods
of time to capture larger numbers and ranges of
responses to seismic events, to update probabilistic
vulnerability models
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Decision tree for Type 1 monitoring .,

EVo

Cdamage"'clife
DS1 (Posa)

DS, (Poso) C
DS (pps1)

Cdamage"'cinterrupt

Cmonit (=0) 0
DSy (Ppso|poo)

MOy (do not
monitor)

EVO Cdamage"'clife

DS: (Pos1ppo)

MO; (monitor) DDy (Pooo)
Cronit DSo (sto| ooo)
interrupt
EVo Dsl (pDS“ bpo Cdamage"'cinterrupt
Decision/chance | Options/outcomes | Interpretation DD+ (ppp1) DSo (Ppso|pp1)
outcome /states of nature 0
Adopt monitoring | MO, Do not adopt monitoring
system, MO MO, Adopt monitoring DS (pos1|pp1 Caamage+Cite
Damage DD, Damage not detected DSo (Poso|bo1)
detected, DD DD, Damage detected
Evacuate EV, Do not evacuate DS (Pos1(0o1) Cinterrupt
building, EV EV, Evacuate
Damage actually | DS, Damage not sustained Caamage™ Cinterrupt
sustained, DS DS, Damage sustained
Cost type Symbol
Cost of monitoring system Cronit

Cost of damage, casualties/injuries amongst occupants sustained immediately as Coamage
the result of the main shock
Cost of casualties/injuries amongst people who stay in the building following a Ciite
decision not to evacuate if the building fails in an aftershock 8
Cost of interruption to business/occupancy following a decision to evacuate Cinterrupt
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Pre-posterior analysis for Type 1 monitoring

Inputs:

= Prior probabilities of damage occurrence pps; & Ppso from seismic risk analysis
(hazard exposure and vulnerability)

« Likelihoods of damage detection (true/false/positives/negatives) from laboratory
experimentation and numerical studies of the performance of damage detection

system DD, DD,
DS, Ppbo|pso Ppb1|pso
DS, Popo|ps1 Ppsi|ps1
Outputs:

= Posterior probabilities of damage being present given it has been indicated by
monitoring system from Bayesian analysis

e Posterior probabilities of damage being indicated by monitoring system from
Bayesian analysis

State of nature | Prior probabilities | Likelihoods | Intersection probability Posterior probability

DS, Poso Popo|pso Ppso Popo|pso Ppsoippo= Poso Ponoise/ Pono

DS, Pps1 Pppo|ps: Pps1 Pppoipsi Pps11000= Pos1 Ponoinsi/ Pono
Pppo= Ppso Popoipso*Ppsi Pppolpsi

DS, Ppso Pppi1ipso Ppso Pop1ipso Poso1op1= Poso Popaipse/ Popr |

DS, Pps1 Pop1ips: Pps1 Popiipsi Pos11001= Posi Popiipsi/ Pops

Ppp1= Ppso Popi11psotPosi Popiipsi

e Optimal decision that minimizes expected cost (risk) from decision tree via e.g.
working backwards through the decision tree

MO,, = min Ey, min Epgpp | C(MO,, DD, EV, DS,)|

MOi eMO EVk cEV
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Probability of (no) detection

MO, (do not
monitor)

Cmonit (=0)

Cmonit

DDy (Pooo)
/

DD+ (popi)

DS, (Poso)

EVO Cdamage"'clife
DS1 (pos1)
DSo (Poso)
Cinterrupt
m
Dsl (pDSl) Cdamag<—:-+cinterrupt

DS (sto| boo) 0

Cd +C|‘f
DS, (pDSIIDDO) ameee e

DSo (Poso|opo)

interrupt

~—

DS:1 (Pos1|ooo
DSo (Poso|oo1)

EVO Cdamage+cinterrupt

0

DS1 (Pos1|op1 Cdamage*+Ciife

DSy (Poso|oo1)

Cinterrupt

DS, (p051|001)

11

Cdamage+cinterrupt



COST TU1402: Quantifying the Value of SHM

Probability of (no) detection

P(DD0)=P(PDOL ). p(DS1)+ P(PDOL  )-P(DSO)

P(DD1)=P(DDLL . )-R(DS1)+pP(PBLLC ). P(DSO)

from likelihood functions of from fragility curves

the damage feature

12
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The fragility curves

Plot of the conditional probabilities of exceeding a given damage
state (Ds,) at various levels of ground motion (a,)
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The likelihood functions

In the framework of the quantification of the
value of a monitoring system to be installed, the
likelihood functions cannot be estimated on the
structure to be monitored since the monitoring
system is not yet installed.

Their estimation has to be carried out basing on
numerical models or using statistical models of
the distributions themselves which is a
challenging task due to the difficulty in reliably
simulating both the structural nonlinear behavior
and the variability of the damage feature with the

random sources. "
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Likelihood functions of the damage feature
f
T need to define a

threshold T

fd/ bs0

s 1 d

P(PDOL ) Probability of no Detection (PnD)

p(DD%)SO) Probability of False alarm (PF)
p(DD%Sl) Probability of Missing alarm (PM)

p(PDL. . ) Probability of Detection (PoD) 15
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Example (ctd)

The conditional probabilities depend on the threshold T
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Utilizing both inspection and monitoring data

Undamaged Damaged Future State
00 0OC 0 00| Future | )
00 00| #w— |00 00 45 0 9P
- - s i ea i
Pre-Event Post-Event Post-EQ Risk

isti Characteristics

Characteristics ISt Hazard

N\ yd Vulnerability
Stiffness Consequerices
Damping
Observed or | Strength |
estimated Ultimate limit state Estimated
parameters etc. parameters

18
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Utilizing both inspection and monitoring data

Actual
Building

Analysis
Model

Undamaged

Mo

Damaged

L DL
L DL

W

Yool

New
Stiffness
Damping
Strength
etc.

An “accurate” model should
provide results that are in
agreement with actual damage

19
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Utilizing both inspection and monitoring data
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Utilizing both inspection and monitoring data

4 Force
Deformation
>
LS1 LS3
Example: Cover Concrete Concrete Reinforcement

RC Members Spalling Cracking buckling
T - v f “< 0
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Utilizing both inspection and monitoring data

m! .o.
jm, '
. Set of
Set of e ca - ” model

“plausible

predictions
) el Force %
Deformation
LSl

A

22



COST TU1402: Quantifying the Value of SHM

Utilizing both inspection and monitoring data
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Classification of conseguences/costs

e Immediate consequences (cannot be avoided using monitoring)

VS.

e Delayed consequences (can be managed using monitoring)

(Similar to direct vs. indirect consequences used in robustness assessment but based
on time scale)

Types of consequences

Type

Immediate consequences

Delayed consequences

Structure
and content

Immediate damage to structure (repair or
rebuild)

Damage to structure because it was not repaired and sustained
further damage/collapsed in an aftershock(s)

Immediate damage to non-structural
components and services (repair or replace)

Damage to non-structural elements because structures was not
repaired and sustained further damage/collapsed in an
aftershock(s)

Immediate damage to content and
equipment (repair or replace)

Damage to content/equipment because structure was not repaired
or content/equipment removed and sustained further damage in
an aftershock(s)

Human Immediate fatalities Fatalities due to uninterrupted use of damaged structure which
later collapses in an aftershock
Immediate injuries Injuries due to uninterrupted use of damaged structure which later
collapses in an aftershock
Immediate trauma Trauma due to uninterrupted use of damaged structure which later
collapses in an aftershock
Function Loss of residence due to immediate damage | Additional loss of residence due to uninterrupted use of damaged

structure which later collapses in an aftershock

Business interruption due to immediate
damage

Additional business interruption due to uninterrupted use of
damaged structure which later collapses in an aftershock

25



COST TU1402: Quantifying the Value of SHM

Example on modelling consequences

Estimating numbers of fatalities N due to collapse
e Modification of a model by Coburn et al. (1992):

N, =M, x M, x M, x(M, + M)

e M; = maximum number of people in the building
e M, = occupancy ratio when earthquake hits (night/day; weekday/weekend)

Accurate data will be available from swipe/proximity card systems operating at
entrances of office buildings etc.

e Mj; = ratio of occupants trapped in the building

1 &

M, = VZ%N/' (Aco/%,i VA i1 )
1 i=0
n = number of floors
N; = number of occupants on i-th floor
% = number of occupants of i-th floor who are likely to escape (50% for ground
floor for total collapse)

(Acoios.iYA106.i+1) = union of projected collapsed areas of i-th and (i+1)-th floor

e M, = ratio of those trapped killed immediately

Estimated as 0.4 for RC buildings

e M; = ratio of those trapped who will die later (not rescued on time)
Estimated as between 0.7 and 0.9 x(M;—M,) for RC buildings

26



COST TU1402: Quantifying the Value of SHM




COST TU1402: Quantifying the Value of SHM

e Two types of seismic SHM systems were proposed for i) damage
detection immediately after an event, and ii) long term collection
of data to calibrate hazard exposure and/or vulnerability

e A pre-posterior decision making framework was adopted for
quantifying the expected contribution of an SHM system to
seismic risk reduction before it is actually procured and installed

e In order to cast the use of damage detection techniques in the
probabilistic pre-posterior framework, the likelihoods and total
probabilities were defined with reference to a damage detecting
feature

e Taking into account both the monitoring-based and the
inspection-based data is expected to lead to more reliable post-
earthquake risk evaluation compared to the case of relying on
only one of these sources

e It is critical to properly represent the aleatory and the epistemic
uncertainty associated with the estimated performance of the
structure and take these into account appropriately in post-
earthquake risk evaluation

e Next step will be considering a realistic case study

28
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