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What are the risks related to use of structure?
What analyses shall be performed?
What type of inspections and monitoring?
What type of measures shall be taken?
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. FRAMEWORK (background requirements)

Case study of practical and structural importance
Easy to read and understand

Representative for a wide range of experienced cases
Reflecting output of WG1 to WG3 results
Consistent to WG5S guideline

Identifying Vol of SHM

Aimed at practicing engineers

Generally valid conclusions

Ref: SEI paper March 2018 Optimizing monitoring: standards, reliability basis and
application to assessment of roof snow load risks by Diamantidis et al.
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3. ASSET INFORMATION

« Stadium constructed in the beginning of 1990s
» Located in Northern Italy, altitude - 190 m
o Capacity: 4000 spectators - CC3 structure

 Structural system:
— member: cantilever steel beam IPE450

— system: spacing between adjacent beams - 5 m with stiffening members
« Design requirements:
— snow loads: old code D.M. 12.02: 0.9 kN/m?, EC1-3: 1.25 kN/m?

— design requirements: resistance of the roof is about 90% of that
required by the Eurocodes (in terms of design values)
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THE NEED FOR MONITORING

e The roof does not comply with the requirements in EN
1990

e The snow load dominates structural reliability
— continuous monitoring of snow loads will help

* When a specified limiting value of the monitored
parameter Is exceeded, either snow on the roof can be
removed or the stadium can be temporarily closed.

 In full agreement with the concept of a safety plan

provided In ISO 2394

“the performance objectives, the scenarios to be considered for
the structure, and all present and future measures (design,
construction, or operation, - e.g. monitoring) to ensure the
safety of the structure.”



4, STRUCTURAL PERFORMANCE (limit states)

Failure through limit state of bending

Z(X) = I Wy T, - G L2 [ygieerAs + oot D + 15 X Yould) X b x ]
main random variables

> f, yielding stress

» ¢ and 9 model uncertainties for R and E

> u; shape factor

> Yow(d) X d: snow load

System behavior simplified as a series system - correlations amongst
components:

 full: resistance and load model uncertianty, steel density, weight of roofing,
annual maxima of ground snow load

 significant: yield strength, shape factor



4, STRUCTURAL PERFORMANCE (snow loads)

Table 3. Models of basic variables.

Basic variable Dist. Mean CoV  Note
Shape factor, u;: A
A: ?0 monitoring on the \ A: 0.8 0.15  A: Conversion ground to roof loads, JCSS.
roo
B: monitoring on the B:1 B: B: Deviation from uniform distribution.
roof 0.05
g}gﬂlﬂ smn?))\j\I/T:agf S ﬁl;)r(nbel 0.55 kN/m? 0.6 Based on data from a nearest meteorological station.
1 g .
Maximum observed See Maximum load observed by a nearest meteorological station
N 1.35 kN/m? since the time when the roof has been completed; ~ 90% of
ground snow load, Sg note. -
’ the characteristic value of the ground snow load.
Measured ground snow i .
2. See As for Sy ¢, — measurement uncertainty described by
ISoad (monitoring M1), N measured value note.  standard deviation of 0.05 kN/m?.
g,mon
Snow depth (M2), d N measured value, in See Measurement uncertainty.
m note.
The mean is an average of estimates obtained by the snow
. 1.09d + 2.4; in density models provided in ISO 4355 [31] and JRC
Snow density (M2), ysnow LN kN/m® for d in m 0.2 report [32] for the location of the stadium. CoV is obtained
by comparing outcomes of the ISO 4355 models.
Snow load measurement measured value in See . .
S, mon (M3) N KN/ note Measurement uncertainty defined by the producer.
. provided by Uncertainty in prediction is estimated to be slightly larger
ﬁg)(()t\/\:hlf;d dgredlztgd for LN meteorologists, in ﬁgtee than for measurements by the sensors and thus standard
¥s, kN/m? " deviation of 0.15 kN/m? is taken into account. 8

DET = deterministic; LN = lognormal; N = normal.



Table 3. Models of basic variables.

		Basic variable

		Dist.

		Mean

		CoV

		Note



		Resist. model unc., θR

		LN

		1.1

		0.05

		Yielding resistance for bending without loss of stability ADDIN RW.CITE{{663 Nadolski, Vitalij 2014; 662 Nadolski, Vitalij 2015}}[28,29]



		Section modulus IPE450, Wpl

		DET

		1.70 × 103 m3

		-

		-



		Yield strength S275, fy

		LN

		309 MPa

		0.07

		Probabilistic model of this variable could be improved by measurements.



		Load effect uncertainty, θE

		LN

		1

		 0.05

		Reduced variability considered for the structural system with small uncertainties in idealisation of supports and in composite actions of the cantilevers.



		Span of cantilever, L

		DET

		8 m

		-

		-



		Steel density, γsteel

		N

		77 kN/m3

		0.01

		-



		Sectional area IPE450, As

		DET

		0.00988 m2

		-

		-



		Weight of roofing, groof

		N

		0.6 kN/m2

		0.05

		Variability could be reduced by measurements; additional cost however cannot be justified due to low sensitivity factor of this variable.



		Spacing of cantilevers, b

		DET

		5 m

		-

		-



		Shape factor, μi:
A: no monitoring on the roof
B: monitoring on the roof

		N

		A: 0.8

B: 1

		A: 0.15

B: 0.05 

		A: Conversion ground to roof loads, JCSS.

B: Deviation from uniform distribution.



		Annual maxima of ground snow load, Sg

		Gumbel max.

		0.55 kN/m2

		0.6

		Based on data from a nearest meteorological station.



		Maximum observed ground snow load, Sg,sur

		N

		1.35 kN/m2

		See note.

		Maximum load observed by a nearest meteorological station since the time when the roof has been completed; ≈ 90% of the characteristic value of the ground snow load.



		Measured ground snow load (monitoring M1), Sg,mon

		N

		measured value

		See note.

		As for Sg,sur – measurement uncertainty described by standard deviation of 0.05 kN/m2.



		Snow depth (M2), d

		N

		measured value, in m

		See note.

		Measurement uncertainty.



		Snow density (M2), γsnow

		LN

		1.09d + 2.4; in kN/m3 for d in m

		0.2

		The mean is an average of estimates obtained by the snow density models provided in ISO 4355 [31] and JRC report [32] for the location of the stadium. CoV is obtained by comparing outcomes of the ISO 4355 models.



		Snow load measurement Sr,mon (M3)

		N

		measured value in kN/m2

		See note

		Measurement uncertainty defined by the producer.



		Snow load predicted for next three days, ΔS

		LN

		provided by meteorologists, in kN/m2

		See note.

		Uncertainty in prediction is estimated to be slightly larger than for measurements by the sensors and thus standard deviation of 0.15 kN/m2 is taken into account.





DET = deterministic; LN = lognormal; N = normal.


4. STRUCTURAL PERFORMANCE (reliability analyses)

a) prior information (uncertainties based on JCSS PMC)

* Beomp = 3-85<5.2given in EN 1990 for CC3 (annual values)

* Bgs =3.95 (lower bound estimate as horizontal stiffening
members and other secondary beams will likely provide some
redundancy)

b) updating (survival of a high load equal to 1.35kN/m?) - no
significant improvement



DECISION TREE FOR PRE-POSTERIOR ANALYSIS

Decisions Random
outcome
Planned Results of

- material tests — not
‘applied in case study — less

- Important uncertainties in

steel properties, code
compatibility check

Decisions Random
outcome
Utility/
/ Consequences
U
Risk reducing  Activity performance
and mitigating — :
actions - probability of exceeding
- alternatives | threshold
M1-M3 - safety measures
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5. MONITORING STRATEGY

Alternative Cost Uncertainty
M1: meteorological negligible very high
station snow depth on
ground
M2: snow depthonthe C,= 7000 Euro high (snow density)
roof Co = 800 Euro
[year
M3: snow load on the C,= 14000 Euro reduced (direct
roof Co = 800 Euro measurement)
[year

Early warning system for

J excessive roof loads



6. INTERVENTION ACTIONS/ SAFETY MEASURES

e Cleaning of the roof: C_;, = 60 k€ for the roof area and
cleaning by specialists

e Temporary closure for one week: slightly exceeds the
cleaning cost when the stadium is fully utilised.

e Do nothing
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6. INTERVENTION ACTIONS (background)

Csafe <> Cf pf(X)

Variation of the target reliability index f; with the ratio C_. / C;
B

)

C.s. COsSts of safety measure

C;: failure costs

” ,Bt = '(D_l(csafe / Cf)

-

10 107 106 105 104 1073 13

C.ose/ C

'
safe’



7. DECIS
B
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7. DECISION ANALYSIS

threshold values for a reduced derived safety level of 3,:=3.7

e ML1: ground snow load X, = 1.15 kN/m?

with corresponding roof snow load of 0.8 x 1.15 = 0.92 kN/m?
o M2: Xjim = 0.35 m,

with corresponding roof snow load of (1.09 x 0.35 + 2.4) x 0.35 = 0.97 kN/m?
e Ma3: roof snow load  X;;,, = 1.12 KN/m?

15



7. LIFECYCLE COSTS

Ctot = Cacquisition T Coperational Q(tref’ q) T Csafe Q(tref’ q) n(Xlim)

o Expected number of exceedances per year - estimated from ground
snow load data from a nearest meteorological station
* Return periods for the thresholds ~20-50 years

Ground snow load in kN/m?
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7. LIFECYCLE COSTS

representative results for M1, M2, M3 based on acquisition and operation costs
Cip IN kE
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Knowledge on decision
context

* Decision maker: owner of the
stadium (private)

¢ Minimize costs

¢ Maximize benefit

* Decision scenario: Future use of

the stadium under snow load on
the roof; optimization of
monitoring

« Decision horizon: temporary use

¢ Constraint: reliability
requirements (safety
requirements, temporary
condition e.g. annual)

e Stakeholder:

Vol flow chart

Remedial actions Indicators
» do nothing Deflections

e Clear the roof Strain

» Heating the roof Snow load

» Strengthening

Asset information

« Designed to Italian
code

e Structure does not
fulfil the new design
snow requirements
of EC

* Records: snow load
measurements from
different stations

¢ Records of survived
events

. 2

Objectives

¢ Minimize costs
¢ Maximize benefits

Models of Real World

Prior/posterior knowledge

Exposures/loads

Vulnerability / direct con.

con
SO

Robustness / indirect _

Observations

Change system (repair, maintenance,

strengthen and renew

1
]

Indicators

True State of Nature

Exposures/loads

Vulnerability / direct con.

Robustness / indirect

con
SO

Informatio

Collect
n

Monitoring: snow depth measurements
Monitoring: snow load measurements

Weather forecast
Monitor displacements
Monitor strains

Visual inspections

Optimization
»

Minimize costs and risk of failure
Maximize Benefit — (Cost + Risk)

Perfomance
ULS (bending)
SLS (deflection)
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8. CONCLUSIONS

The required information by SHM needs to be clearly specified before the
monitoring system is installed.

Design of SHM is a complex issue including the following steps:

a) Component and/ or system structural reliability

b) Identification of possible monitoring strategies

c) Specification of threshold values for observed variables

d) Selection of monitoring strategy based on total cost optimisation.

SHM systems allow for a real time evaluation and support decisions regarding
safety measures

Other alternative to be mentioned: displacement
measurements can be coupled with snow load
measurements.

System representation may be oversimplified - FEM might
reveal additional capacity, but the gain will likely be
Insignificant due to uniform snow load.

Gumbel distribution may not be appropriate — design value
of snow load should be checked.



CASE STUDY BRIEF

. Reliability of a stadium roof designed according to old
Italian codes Is insufficient.

. Uncertainty in snow load dominates its reliability.

. Monitoring of roof snow loads in combination with weather
forecast proves to be efficient safety measure.

. Once a specified snow load iIs exceeded, snow can be
removed or the stadium temporarily closed.
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Stone Bridge In Regensburg

W = oeeee  hank you for
b —— your attention

“Charles Bridge in Prague
>650 years
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