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ABSTRACT: With exception of a few issues such as design by testing, current standards do not
include guidelines on the use and the quantification of value of additional information gained through
Structural Health Monitoring (SHM). This contribution summarizes a recently developed draft of the
guideline for practicing engineers in the framework of the EU-COST project 1402 and illustrates its
application in engineering decision-making. Besides continuous and periodic monitoring, visual
inspection, non-destructive evaluation and proof loading are included herein as a simple form of SHM.
The guideline is independent of a type of structure, construction materials, loading, and of
environmental conditions. It aims at a wide field of application including design of new structures,
assessment of existing structures and type specific monitoring of a population of structures. The
decision process related to the use of SHM is presented first together with relevant decision objectives
and variables. Performance indicators are summarized and discussed with respect to the performance
objectives. The evaluation of monitoring strategies based on life cycle costs is exposed and the
selection of optimal intervention actions including safety measures is shown in representative case
studies. The results demonstrate the potential of the use of monitoring to support engineering decisions
and reflect though the practical benefits from the application of the guideline.

1. INTRODUCTION
With exception of a few issues such as design by
testing, current standards do not include
guidelines on the use and the quantification of
value of additional information gained through
Structural Health Monitoring. This contribution
summarizes a recently developed guideline for
practicing engineers (Diamantidis and Sykora
2019) in the framework of the EU-COST project
1402 and illustrates its application in engineering
decision-making.
Standardization of SHM in the civil
engineering sector is an important topic which
needs to be developed to contrast the actual
fragmentation and to increase its applications and
related benefits. A summary on activities related
to standardization of SHM was provided by Del

Grosso (2013) and Wenzel (2013). Structural
Health Monitoring (SHM) is understood in the in
this contribution presented and discussed
guideline as the process of measuring parameters
affecting the performance of a system and of
possibly identifying the presence and quantifying
the extent of damage in the structural system
based on information extracted from the
measured system or its members. Thereby the
investigated parameter can be a single variable
such as a load or a structural property, a function
of variables such as strain, vibration, crack width
or displacement, the global condition of the
structure such as recording (scanning) of signs of
deterioration or even a whole capacity of
network of structures for example through traffic
monitoring.

1

13th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP13
Seoul, South Korea, May 26-30, 2019

Possible changes to the load, material and/or
geometric properties of a structural system,
including changes to the boundary conditions
and system connectivity, which adversely affect
the system performance, are considered.
Although visual inspection, non-destructive
evaluation and proof loading are commonly
understood as different processes they are
included herein as a simple form of monitoring
since the focus of the guideline is the Value of
Information (VoI).
Besides continuous and periodic monitoring,
visual inspection, non-destructive evaluation and
proof loading are included herein as a simple
form of SHM. The guideline is independent of a
type of structure, construction materials, loading,
and of environmental conditions. It aims at a
wide field of application including as shown also
by Catbas (2009):




Design of new structures
Assessment of existing structures
Type specific SHM of a population of
structures
The major topics covered in the guideline
include:
 Decision process
 Asset portfolio information
 Structural performance modelling
 Monitoring strategies
 Intervention actions
 Life cycle cost modelling
 Decision and Value of SHM
The aforementioned topics are briefly discussed
in this contribution. The evaluation of
monitoring strategies based on life cycle costs is
exposed and the selection of optimal intervention
actions including safety measures is shown in
representative case studies. The results
demonstrate the potential of the use of
monitoring to support engineering decisions and
reflect though the practical benefits from the
application of the guideline.

2. ASPECTS IN THE DECISION PROCESS
The decision on the implementation of a SHM
system depends on the expected benefit from its
use reflected in the VoI, V, gained through the
SHM. As introduced for example by Thöns and
Faber (2013), the value of SHM can be obtained
through the difference between the expected
value of the life cycle benefits BM utilizing SHM
and the expected value of the life cycle benefits
B0 without SHM:
V = BM – B0

(1)

The life cycle benefits B0 depend on the
structural performance subjected to uncertainty,
the decision rules and the adaptive actions. BM
depends additionally on the SHM strategies
which deliver the uncertain SHM information.
The value of information V can be therefore
practically quantified as the difference between
expected costs (negative benefit), i.e. expected
total life cycle costs CT with and without
implementation of SHM – see for example
Thöns et al. (2015):
V = E[CT,0] – E[CT,M]

(2)

where “0” denotes the scenario without
implementing SHM, and “M” scenario with
SHM, assessed before its implementation. A
relative VoI can be derived as:
ΔV = (E[CT,0] – E[CT,M]) / E[CT,0]

(3)

Total expected life cycle costs include the
expected failure costs CF and the expected
operation costs CO (the latter includes inspection
and maintenance costs – operational cost):
CT = CF + CO

(4)

Figure 1
illustrates
a
high-level
representation of the VoI analysis highlighting
the dependencies in the process according to
Bismut et al. (2018).
Decision analysis can be performed in a
Bayesian context. Thereby prior analysis is
referred to as a situation when decision is to be
made based on previously available, often
generic, information.
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Figure 1: Representation of the VoI analysis highlighting the dependencies in the process (Bismut et al. 2018).

Figure 2: Decision tree for pre-posterior analysis and monitoring optimisation.

Using this prior information, probabilities
are
assigned
to
possible
structural
states/conditions. These assigned probabilities
are called prior probabilities and designated.
Posterior analysis corresponds to a situation
when new information about the structural state
becomes available for example through tests but
a decision whether to carry out this inspection is
not included in the decision process. Using the

new information the prior probabilities assigned
to the different structural states/conditions can be
updated (JCSS 2018).
Pre-posterior
analysis
provides
the
framework for the consistent quantification of
the VoI through SHM before it has become
available. Decision trees are used which allow
for any action the identification of possible
outcomes and their probability of occurring. In a
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decision tree two main braches can be
distinguished i) use of SHM and ii) no use of
SHM. The difference in the expected values of
benefits in both decisions trees represents the
VoI.
Figure 2 shows the decision tree for preposterior analysis and monitoring optimisation
including the various steps of this guideline as
described herein. The basic decision objectives
can be thereby alternatively defined as:
1. Maximize the benefit in accordance to
specified preferences (improve safety or
serviceability through damage control)
2. Minimize lifetime costs through control of
the structural performance
A decision set must be defined which lead to a
positive monitoring benefit represented by the
VoI, V. The decisions Di to be taken regarding
SHM can be categorized in a hierarchical form:




Choice of the monitoring system
Selection of locations for SHM (space factor
including local or global monitoring)
Selection of respective time frames
(frequency of monitoring, time of initiation
of monitoring, duration of monitoring)

3. PERFORMANCE ASSESSMENT
The structural system characterisation is a key
issue for its performance assessment. The
modelling of the structure is a complex
procedure and simplifications might be
necessary. SHM typically cannot measure
directly the structural performance at a local or
global (major part of the structure) level and
relies on indirect inference. Therefore,
performance
indicators
related
to
the
structural/system performance need to be defined
or even calculated based (also) on SHM (Strauss
et al. 2017). Performance indicators are used in
the decision making process and they can be
classified with respect to level of application:
1. Performance indicator of the network
(system of structures)
2. Performance of structure (system of
components)

3. Performance indicator of a structural member
(component)
The indicators can be classified as follows:
1. Direct
indicator
reflecting
structural
behaviour and corresponding to a measurand
such as material strength, strain, deflection or
vibration
2. Indirect (for example environmental)
indicator reflecting environmental and
consequently mainly conditions such as
actions (snow depth, wind velocity, wave
height), exposure (atmospheric conditions),
local traffic, soil category or type
3. Combined indicator reflecting the state of the
structural member or system i.e. including
resistance and action characteristics such as:
utility ratio, damage level (for example
percentage of decrease of cross section area),
reliability index (based on reliability analysis
including updating, see below), robustness
index, expected risk value
4. MONITORING STRATEGIES
The selection of a monitoring system depends
on:
1. Parameter to be measured: the direct
monitoring of the interesting parameter is
recommended; in case of indirect monitoring
model uncertainties shall be taken into
account
2. Sensitivity of monitoring system and
especially of the sensors
3. Reliability of monitoring system
4. Robustness of monitoring system
5. Cost of monitoring system (lifetime
including maintenance)
The monitoring system architecture includes
sensors (number and specifications), sensor
connections, processor/memory requirements,
datalogger for transformation of the signals,
computer for measurement analysis, warning
system for disturbance identification, monitoring
central station for data storage, sensor
diagnostics.
The monitored parameters shall be related to
the structural performance indicators. The direct
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monitoring of the interesting parameter is
recommended; in case of indirect monitoring
respective uncertainties shall be taken into
account. In order to calculate the performance
parameter from measured parameters Xi a
relation through a model shall be applied and
model uncertainties shall be taken under
considerations:
Y = f(X1, X2,…Xn, θ)

(5)

where Y denotes the performance indicator; f( ) is
the model function; θ is the model uncertainty.
Monitored parameters maybe used for the
calibration of structural models. The calibration
is conducted by adjusting parameter values that
define material, geometry and boundary
conditions until the discrepancies between
measured data and simulated structural
behaviour are minimized with respect to an
objective function.
The following shall be defined related to the
execution
of
monitoring:
location
of
measurements, number of measurements per
time unit (static or dynamic loading), duration of
measurement (spot, periodic or permanent
monitoring),
number
of
measurements,
identification of disturbances, quality control and
reliability of results.
The system should be able to analyse and
evaluate measurement data, compare obtained
results with specified criteria (diagnostic
analysis) and give alert when respective
thresholds xlim are reached. Obtained data are
subjected to quality control and to assessment of
related uncertainties. Such uncertainties should
be accounted for by suitably determined
conversion or modification factors in the
threshold levels. Such factors can be estimated
from information provided by the supplier and
from previous experience.
A user friendly interface shall be provided
together with training for the human operators
for successful organizational acceptance and
adoption.

5. INTERVENTION ACTIONS BASED ON
LIFE-CYCLE COST MODELLING
Intervention actions based on the monitoring
results can include: do nothing, optimal
inspection and maintenance plan, strengthen the
structure, provide additional safety measures,
reduce the residual service lifetime; use the
structure under constraints or demolish the
structure.
All relevant parameters including costs
(considering discounting), residual working life
etc. together with their uncertainties shall be
thereby taken into account. The estimation of
failure cost is a very important, but likely most
difficult step in the cost optimisation. For
consistency, all the costs need to be expressed on
a common basis. Sensitivity analyses can be in
addition performed to investigate different
scenarios/input values.
Based on the SHM diagnostic results
prognostic analyses and respective algorithms,
i.e. algorithms able to estimate the remaining life
of the structure can be developed and applied.
Monitoring results, calculations regarding
decisions etc. must be well documented and
consequently documentation shall be prepared
and submitted as basis for decisions in
accordance with valid regulations. The operator
shall assess the need for documentation in the
various phases of the activities.
The integration with possible existing
structure management systems such as BMS
(Building Management System) is beneficial. In
the past years, building information modelling
(BIM) has substantially been changing the
workflow of planning and operating engineering
structures. Different schematic approaches
towards modelling SHM information or a BIMbased representation were described by Sternal
and Dragos (2016).
6. REFLECTIONS FROM SELECTED CASE
STUDIES
The guideline has been developed by considering
over 20 case studies developed in the COST
Action TU1402. The studies vary in many
aspects such as a type of the structure, SHM
5
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strategies or decisions to be taken. The
implementation of the guideline is illustrated by
two case studies dealing with 1) an existing
stadium under snow load in the Alpine region of
Italy (Diamantidis and Sykora 2018; Diamantidis
et al. 2018) and with 2) a historic masonry
structure (Sykora et al. 2019).
6.1. Stadium roof
Periodic (in winter periods) monitoring of the
roof snow load on a stadium in the Alpine region
is optimised. Monitoring strategies include M1)
information on snow load on the ground at a
nearest
meteorological
station,
M2)
measurements on the roof by snow depth sensor,
and M3) measurements on the roof by snow load
sensor. The monitoring strategies are associated
with different efficiency (uncertainty) and
acquisition and operation costs. When a specified
threshold is exceeded, various interventions can
be considered:
1. Cleaning of the roof by specialists
2. Temporary closure for one or two weeks –
highly season-dependent decision; the loss
slightly exceeds the cleaning cost when the
stadium is fully utilised
3. Do nothing (accept the risk)
The key steps of the case study include:






Demonstrating insufficient system reliability
for the critical Ultimate Limit State
verification using the partial factor method
and probabilistic assessment considering the
target reliability in EN 1990;
Estimating costs using data from the industry
and expert judgements (failure, safety
measures, SHM operation); costs due to a
partial collapse of the roof would total about
50% of the building cost of the whole
structure; see Holicky et al. (2018) for
details;
Defining thresholds for M1 to M3 by
economic optimisation, balancing a safety
measure cost and accepted risk when no
intervention is adopted in the situation with
snow on the roof; the thresholds consider a

three-day weather forecast so as to provide
an early warning;
 Pre-posterior analysis of total cost related to
M1-M3: based on ground snow load records
for the site, roof snow loads are simulated for
a considered lifetime; failure cost (failure
before reaching the threshold) and safety
measure cost (depending on an expected
number of exceedances of the threshold) are
estimated.
Figure 3 shows that an optimum monitoring
strategy can be selected on the basis of the total
cost of monitoring and safety measures over a
specified reference period – the required
remaining working life. It appears that M2 is
associated with the highest costs as snow depth
monitoring is not a low-cost approach and, more
importantly, is associated with excessive
uncertainties in snow density. Preferences
between M1 and M3 depend on the required
remaining life. For periods shorter than 14 years,
M1 is optimal while the initial investments into
the accurate snow load sensors (M3) are
outweighed by reduced uncertainty and thus by
reduced expected intervention costs for longer
periods.
total cost in 1000 €
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Figure 3: Variation of the expected total cost with a
required working life for the three monitoring
alternatives.
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6.2. Historic building
In the second case study spot monitoring in
terms of testing the material strength is
considered. The case study of a historic building
illustrates how the number of destructive tests
(DTs) used to calibrate non-destructive tests
(NDTs) can be optimised to provide the basis for
the reliability assessment of a particular
structure. Calibrated NDTs are used to establish
the probabilistic model for compressive masonry
strength and estimate its design value.
The preliminary assessment is based on
non-calibrated NDTs. The number of DTs for
calibration is then optimised by means of a
probabilistic cost optimisation, considering also
possible subsequent actions – ‘do nothing’ or
‘strengthen the structure’. It is shown that the
estimates of masonry unit strength based on
NDTs are associated with a large dispersion and
may be significantly biased. This is why it is
often beneficial to conduct at least one DT.
A practical tool to determine optimum
number of DTs, nopt, for different outcomes of a
NDT survey and different failure consequences
is provided by Figure 4. The figure displays nopt
as a function of:


φ0 – the ratio of masonry strength based on
non-calibrated NDTs to the masonry strength
to comply with the reliability condition (e.g.
the design value in the partial factor method)
 Failure consequences, considered relatively
to upgrade costs; see Sykora et al. (2019) for
details.
The figure suggests that no DTs are needed for
φ0 < 0.2; i.e. the NDT survey indicates the true
strength be five times lower that the required
strength and an upgrade is needed. Otherwise,
the distinction amongst various failure
consequences needs to be made:





For low relative failure consequences: nopt =
1 for φ0 < 1 and nopt = 0 for φ0 ≥ 1
For medium consequences: nopt = 1 for φ0 < 2
and nopt = 0 for larger φ0
For high consequences: nopt = 1 for φ0 < 2.5
and nopt = 2 for larger φ0

failure consequences
high
nopt = 2

nopt = 0
nopt = 1
medium

nopt = 0

low

0

0.5

1

1.5

2

2.5

3

3.5 φ 4
0

Figure 4: Optimum number of DTs as function of the
ratio φ0 for various failure consequences.

Obviously, the larger failure consequences are,
the higher number of DTs should be taken.
While it might seem alarming that a few DTs are
needed for structures with high consequences, it
is important to realise that in the case study:




DTs are used to reduce uncertainty in NDTs
DTs and NDTs are combined to assess a
mean value of masonry unit strength (and not
a low fractile like for other materials)
Reliability of the masonry structure is
predominantly affected by model uncertainty
and thus it is inefficient to minimise
uncertainty in material strength at high cost

7. CONCLUDING REMARKS
Current
standards
do
not
include
recommendations on how to use and quantify the
value of additional information gained through
Structural Health Monitoring (SHM). The
guideline developed within COST Action
TU1402 fills this gap. However, further practical
verifications
and
interactions
with
standardisation committees (e.g. within fib or
CEN) are needed to provide user-friendly
guidance covering all important theoretical
aspects. This contribution discusses the
background philosophy and basic steps when
selecting an appropriate SHM strategy:
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Formulating decision context, objectives and
variables
 Collecting asset and portfolio information
 Structural performance modelling and
reliability analysis
 Updating of random variables and/ or of
event probabilities
 Monitoring system design
 Data interpretation – specifying thresholds
 Selecting intervention actions
 Life-cycle cost modelling and optimisation
The guideline includes the aspects resulting from
different case studies focused on the
implementation of the guideline in a periodic and
spot SHM. The first case study presented in this
contribution shows the complexity of the
decision process and indicates that an optimum
monitoring strategy may depend on a reference
period. The second case study demonstrates the
potential of the pre-posterior analysis, allowing
optimising an extent of an invasive survey based
on the outcome of non-destructive tests.
8. ACKNOWLEDGEMENTS
This work is a part of Grants LTT18003 and
FV 20585 and was supported by the Regensburg
Centre of Energy and Resources (RCER) of
OTH Regensburg and by the Technology and
Science Network Oberpfalz (TWO). Outcomes
of COST Action TU1402 have been utilized.
9. REFERENCES
Bismut, E., Schneider, R., Sousa, H., and Straub, D.
(2018). "Framework and Categorization for
Value of Information Analysis (fact sheet of
COST TU1402 WG3, cost-tu1402.eu)."
Catbas, F. N. (2009). "Structural health monitoring:
Applications and data analysis." Structural
Health Monitoring of Civil Infrastructure
Systems, Elsevier Inc., 1-39.
Del Grosso, A. E. (2013). "Structural Health
Monitoring: research and practice." Proc. 2d
Conference on Smart Monitoring, Assessment
and Rehabilitation of Civil Structures - SMAR
2013, 8.
Diamantidis, D., and Sykora, M. (2019).
"Quantifying the Value of Structural Health
Information for Decision Support. Guideline

for Practising Engineers (tentative title, COST
TU1402 WG5, Feb 2019)."
Diamantidis, D., and Sykora, M. (2018). "Optimizing
Monitoring - Implementation of Draft
Guideline and Case Study of Roof Exposed to
Snow Loads." Proc. 40th IABSE Symp.
IABSE, Zürich, S27-27-S27-34.
Diamantidis, D., Sykora, M., and Lenzi, D. (2018).
"Optimizing Monitoring: Standards, Reliability
Basis and Application to Assessment of Roof
Snow Load Risks." Struct. Eng. Int., 28(3),
269-279.
Holicky, M., Diamantidis, D., and Sykora, M. (2018).
"Economically Optimum Structural Design Methodology and Case Study." Proc.
HPSM/OPTI 2018, WIT Press, Ashurst Lodge.
JCSS
(2018).
JCSS
Probabilistic
Model
Code (periodically
updated,
online
publication). Joint Committee on Structural
Safety.
Sternal, M., and Dragos, K. (2016). "BIM based
modelling of Structural Health Monitoring
(SHM) using the IFC Standard 28." Proc.
Forum Bauinformatik, Leibniz Universität
Hannover, Hannover, 1-11.
Strauss, A., Mandic Ivankovic, A., Campos Matos, J.
A., and Casas Rius, J. R. (2017). "Performance
indicators for road bridges: overview of
findings and future progress." Proc. Joint
COST
TU1402-TU1406
IABSE
WC1
workshop, University of Zagreb, Zagreb, 1-6.
Sykora, M., Diamantidis, D., Markova, J., and
Masciotta, M. (2019). "Optimising In-situ
Testing for Historic Masonry Structures: a
Case Study (in press)." Proc. RILEM Spring
Convention Conf.
Thöns, S., and Faber, M. H. (2013). "Assessing the
value of structural health monitoring." Proc.
ICOSSAR 2013, 2543-2550.
Thöns, S., Schneider, R., and Faber, M. H. (2015).
"Quantification of the value of structural health
monitoring
information
for
fatigue
deteriorating structural systems." Proc. ICASP
2015, University of British Columbia.
Wenzel, H. (2013). "Activities on Standardization of
SHM Methodologies in Europe." Proc.
IWSHM 2013.

8

