8th European Workshop On Structural Health Monitoring (EWSHM 2016), 5-8 July 2016, Spain, Bilbao
www.ndt.net/app.EWSHM2016

More info about this article:http://www.ndt.net/?id=20121

Development of Key Performance Indicators for the Structural Assessment
of Heritage Buildings
Maria-Giovanna MASCIOTTA 1, Luís F. RAMOS 2, Paulo B. LOURENÇO 3,
José A.C. MATOS 4
ISISE, University of Minho, Department of Civil Engineering, Campus de Azurém,
4800-058, Guimarães (PORTUGAL)
1
mg.masciotta@gmail.com 2lramos@civil.uminho.pt 3pbl@civil.uminho.pt
4
jmatos@civil.uminho.pt

Key words: COST Action 1402, Structural health monitoring, Key Performance indicators,
Threshold values, Historical masonry structures.

Abstract
The present paper tries to fill in the existing gap between the structural health monitoring
(SHM) practice and the performance assessment. To this end, the structural behaviour of a
Portuguese historic masonry church severely damaged because of soil differential
settlements is thoroughly investigated and selected key performance indicators (KPIs) are
monitored and analysed in order to define appropriate warning levels and support decisionmaking on asset management. The results show how case-specific performance metrics may
help to: (i) establish baseline information on the current structural condition; (ii) set
performance standards; (iii) optimise the control of the structural integrity during the
system’s life cycle; (iv) track and quantify the effects of changes in the system’s response
over time, whether be related to endogenous causes or dependent on exogenous factors.
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INTRODUCTION

The last decades have seen a renewed interest in the field of structural health monitoring
(SHM) and considerable endeavours have been made to develop reliable methods for
condition and damage assessment of structures [1-3]. The possibility to obtain real-time
screenings of the system health and to identify flaws and structural vulnerabilities at the
earliest possible stage are not only appealing goals to achieve, but necessary aspects to target
for a successful maintenance strategy. In this context, SHM techniques supported by
vibration-based damage identification methods play a leading role. However, it is important
to acknowledge that the monitoring of static parameters, such as strains, deformations, tilts
and displacements, is likewise fundamental for assessing the structural performance and
identifying changes in the system’s behaviour that are often difficult to spot with dynamic
monitoring. The information supplied through continuous monitoring systems offer facility
managers the opportunity to adopt condition-based maintenance strategies in lieu of random
maintenance approaches, resulting in a more cost-effective structural management.
A systematic framework for the quantification of the value of structural monitoring
information and for the implementation of such analysis tools within a policy for asset
management still needs to be defined. This work is intended as a contribution to move
forward in this direction. Key performance measures are used to assess the health state of a

heritage structure as well as to analyse the environmental variability of the system. Possible
criteria for the establishment of threshold value conditions of maximum allowable width for
new cracks occurring in historic masonry structures are proposed and discussed.
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CASE STUDY: THE CHURCH OF SAINT TORCATO

2.1 Description of the fabric
Located in the homonymous village in the North of Portugal, the church of Saint Torcato
is a hybrid style temple characterized by a Latin cross longitudinal plan (Figure 1). Each limb
is covered with a barrel vault and their crossing is capped with a dome that lays on an
octagonal tambour supported by four semi-circular arches. A roof consisting of wooden
trusses and finished with clay tiles protects the vaults beneath. The gabled façade is
symmetrically framed by two towers circa 43 m high (without including the spires).
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Figure 1: Church of Saint Torcato: general view and plan.

The construction of the church stretched over nearly two centuries (XIX−XX sec.) and
materials pertaining to subsequent building phases can be distinguished. In detail, towers,
nave and transept are made of three-leaf granite masonry walls with thin mortar joints and
inner rubble core, whereas the apse and main altar are built of reinforced concrete walls
covered with granite veneer, revealing the recent replacement of this part.
2.2 Observed damage and diagnosis
The church exhibits moderate to severe structural damage. The most affected part is the
front façade where a V-cracking pattern with vertex in the keystone of the portal is observed
(Figure 2a). The major crack increases upwards reaching over 50 mm width and splitting the
façade into two macro-blocks (Figure 2c). Additional cracks are present on the outer wall of
the left side of the gallery and along the weakest links of the sidewalls of nave and transept
(Figure 2b).
In order to investigate the building pathology, a wide experimental campaign consisting of
visual inspections, crack mapping, and topographic as well as geotechnical surveys was
carried out in 1998 [4]. The results pointed out that the main cause triggering both the cracks
and separation movements of the towers was the differential soil settlement in the strata
underneath towers and façade, where the soil profile resulted to be rather poor and
heterogeneous. As the temple stands on a slope which is levelled by a landfills bank,
the steady bedrock layer is very close to the foundation below apsis and transept, but it goes
deeper and deeper while proceeding towards the front of the temple. This explains why the
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floor of the church is sinking from the transept onwards and the severity of damage worsens
towards the façade. Besides, both towers are leaning forward in longitudinal direction and
moving apart in transversal direction. Little hair cracks are observed at the base of each
tower, conceivably due to the high compressive stresses caused by the load eccentricity
associated with the tilting.

West
Tower

East
Tower

(a)

(b)

(c)

Figure 2: Structural damage in the church. Crack pattern on (a) façade and (b) sidewalls; (c) possible
collapse mechanism.
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DEVELOPMENT AND TRACK OF KEY PERFORMANCE INDICATORS

3.1 Identification of KPIs
The experimental campaign allowed to conclude that the most active part of the church
was the façade where the two major cracks were located. Cracks opening rate and towers
tilting were identified as critical factors reflecting the performance level of the building and,
therefore, selected as Key Performance Indicators (KPIs). Key performance indicators are
specific time dependent quantifiable measurements whose careful analysis enables to assess
the system’s performance against targets, whether these be technical, environmental or
financial [3]. Altogether, the following KPIs have been derived for the present case study:
(a) Type and number of cracks: pattern and position of cracks may help identify the specific
pathology affecting the building, whereas the number of cracks warns of the damage
extension;
(b) Cracks width and opening rate: cracks can be active or dormant. Active cracks are usually
triggered by damage mechanisms or unstable phenomena and environmental changes
(e.g. temperature and moisture) that cyclically cause the crack to open and close (breathe).
Usually, the crack breathing due to environmental effects have no severe consequences for
the structure. Dormant cracks are mainly due to temporary unstable phenomena (overloading
or settlement). The easiest way to detect active cracks is to monitor both their width and
growth rate at regular time intervals;
(c) Towers tilting: inadequate foundations or external factors related to the topography of the
building site, such as the presence of soft soil or ground water tables, can threaten the statics
of a system, causing differential subsidence and shift in the equilibrium position.
The stability of equilibrium is a structural problem particularly relevant for slender structures,
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such as towers. The progressive increase of tilting may not only drive the foundation system
to failure, but may also produce high compressive stresses in the towers walls due to bending
stress distribution [5];
(d) Correlation with ambient parameters: due to the porosity of the masonry material,
the structural behaviour of historical buildings can be affected by exogenous factors, such as
air temperature, relative humidity, rain, wind, etc. [6, 7]. As a rule, materials expand when
temperature rises and contract when temperature falls. Thermal contraction on the material’s
surface without a corresponding change in its interior temperature will cause a thermal
differential and potentially lead to cracking. If cracks already exists, temperature fluctuations
will cause the cracks to open and close accordingly (crack breathing).
3.2 Monitoring and analysis of benchmark KPIs
Pattern and position of cracks have been surveyed during on-site inspections (Section 2),
whereas the other identified KPIs have been tracked by a long-term static monitoring system,
consisting of crack and tilt meters as well as temperature and humidity sensors. The system is
operating since April 2009 and enables to: (1) monitor the evolution of the crack pattern;
(2) control the occurrence of unstable phenomena or damage mechanisms; (3) control the
strengthening and repair intervention carried out between 2014 and 2015 to stop the
progressive damage mechanism; and (4) understand if and to which extent ambient variables
do affect the static response of the church. The results of the analysis of benchmark KPI data
before the structural intervention are shown in Figures 3-4.
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Figure 3: Analysis of KPIs: evolution of cracks opening and West tower tilting from 04/2009 to 04/2014.
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Figure 4: Comparison between West and East towers tilting (r and R2 indicate the coefficients of correlation
and determination, respectively).
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As it can be seen, either crack features a linear increasing trend with an average opening
rate of about 0.1 mm/year. A higher growth rate is found for the crack on the outer side of the
façade (CR2). Concerning the tilt data, both towers present in-phase cyclic oscillations and
tend to lean towards South-West (Figure 4), but greater oscillation amplitudes - responsible
for the separation movements of the façade - are found for the western tower. Here,
maximum tilting values of 0.94 mm/m and 0.75 mm/m are recorded in West and South
direction, respectively. The correlation between cracks and environmental parameters is very
limited (Figure 5) and mainly concern the exterior crack. On the contrary, a strong correlation
between the oscillations of the towers and the seasonal fluctuations of the temperature is
registered.
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Figure 5: Variation of cracks opening and towers tilting versus temperature (AT) and relative humidity
(RH). The coefficient r indicates the correlation between crack (or tilt) data and the relevant ambient variables.
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WARNING LEVELS AND THRESHOLDS

4.1 Definition of warning levels
As discussed in Section 3, the progressive increase of tilting may decrease the stability of
the towers driving the system to failure in a long-term perspective. Hence, the necessity to
identify threshold value conditions for the appropriate definition of warning levels. As a rule,
a warning system is established in order to meet the structure specific requirements and
boundary conditions. Warning or alarm criteria can be fixed values, tendencies or dangerous
incidences [8]. In case of deviation from the expected behaviour, the relevant warning level is
issued. The warning levels established for Saint Torcato church are listed in Table 1 together
with the respective criteria and the recommended actions/mitigation measures to undertake in
case these criteria are reached or exceeded.
Since the towers are symmetric and feature the same geometry, the warning levels are
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defined with respect to the tower showing greater oscillation amplitudes and higher tilting
values, i.e. the western tower. Taking into account the monitoring data and considering the
tower as a rigid body undergoing pure rotation about a fixed axis located at the bottom of the
foundation, the maximum top linear and angular displacements equal circa 0.048 m and 0.06°
in West direction (transversal), and 0.039 m and 0.04° in South direction (longitudinal).
Note that these values describe relative displacements as the original inclination of the tower
is unknown. However, assuming that the towers had no initial imperfection in verticality,
the actual displacements can be derived from the 3D laser scanning carried out in December
2012 [9]. According to the surveyed points cloud, the tower featuring greater inclinations is
always the western one, with tilting values of 5 mm/m in West direction and 3 mm/m in
South direction. Thus, given the assumption of rigid body rotation about the foundation axis,
the actual top displacements result equal to 0.26 m and 0.15 m in transversal and longitudinal
directions, respectively, whereas the corresponding angles of rotation read values of 0.29°
and 0.17°.
Levels
Level 0
Standard level
Warnings
Level 1
Warning level

Alarms

Level 2
Alarm level

Criteria

Actions

The structure behaves as expected.

No measures to be taken.

Deviation from the target behaviour,
e.g. variation in tilting trend, atypical
towers displacement or increase of
cracks width.
Repeated atypical behaviour,
progressive displacement increases,
stability problem.

Verification of the system’s
behaviour; design of
corrective measures.
Safety management plan;
immediate intervention
measures.

Table 1: Warning levels, criteria and actions to undertake.

4.2 Limit analysis for the identification of tilt threshold conditions
The threshold value conditions are identified by analysing the stability of equilibrium of
the tower through the application of limit analysis methods [10, 11]. From a static viewpoint,
the stability of a rigid body depends on the position of its centre of mass: the equilibrium
condition is guaranteed if the eccentricity of the resultant compressive forces remains within
the section (and within the central core of inertia to avoid tension). As the tower is connected
to the church, the maximum admissible equilibrium state is computed taking into account the
macro-element formed by the tower and part of the façade. The limit of influence band of the
macro-element is approximately determined by the crack associated with the inferred failure
mechanism.
Considering the configuration in Figure 6, the equilibrium equation related to the limit
condition in which the thrust line touches the boundaries of the central core of inertia can be
written as follows:
Wtot  xg  Wf  x f cos   Wt  hGt  sin 

(1)

where Wtot is the total weight, Wf and Wt are the weights of the foundation block and tower,
θ denotes the tilt angle of the structure, hGt is the height of the centre of gravity of the tower,
xg is the distance between centre of rotation and centre of gravity of the macro-element (at the
limit condition) and xf is the distance between centre of rotation and centre of gravity of the
foundation block. If perturbations of the reference configuration are restricted to infinitesimal
displacements and rotations (θ << 1), whence sinθ ≈ θ and cosθ ≈ 1, the expression in Eq. (1)
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becomes:

Wtot  xg  W f  x f  Wt  hGt  

(2)

The solution of Eq. (2) for both longitudinal (N/S) and transversal (E/W) directions
provides the threshold values of tilt angle relevant to the maximum admissible equilibrium
state of the macro-element under analysis. The results are summarized in Table 2, where the
maximum top displacements δ in each direction are presented as well. When the resultant of
the compressive forces of the tilted tower is tangent to the boundaries of the central core,
a hinge may be created which can allow rotation in one direction, leading to the formation of
a collapse mechanism.
Direction

xg (m)

xf (m)

hGt (m)

sinθ

θmax (°)

δtop (m)

E−W
N−S

5.08
3.24

5.69
5.16

27.81
28.30

0.1728
0.0839

9°90
4°81

8.88
4.31

Table 2: Threshold values of the tilt angle and top displacements for the western tower.

(a)

(b)

(c)

Figure 6: Stability analysis of the western tower: (a) cross section at different levels; untilted and tilted (grey
frame) configurations in (b) East/West and (c) North/South directions, respectively.
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The identified threshold values mark the borderline between warning and alarm levels,
but they refer to an irreversible condition which will never be reached in reality since the
serviceability of the structure would be unacceptably impaired long before. In the authors’
opinion, maximum admissible tilt values in each direction should not exceed 10% of the
computed stability limit values. The verification of this alarm level is currently being
performed through a parametric analysis by a finite element model. The admissibility of the
compression/tensile state will also be verified since high stress levels can cause the structural
failure earlier than the defined threshold conditions. The progressive deterioration of stability
generated by dynamic rotational creep will be considered as well, given the importance of
this phenomenon for the evaluation of failure mechanisms of leaning towers [12].
Nevertheless, even assuming an initial imperfection in verticality, the observed behaviour of
the western tower does comply with the standard behaviour. The tilt angles and top
displacements registered hitherto are negligible compared to the critical values obtained from
the stability analysis.
5

CRITERIA FOR DEFINITION OF ALLOWABLE CRACK WIDTH

Heritage masonry structures are likely to experience cracking. Indeed, cracks are the most
frequent cause of masonry performance failure [13]. Whether at a macro or a micro level,
cracks inevitably arise as the structure tend to accommodate movements to which it is
subjected. The difficulty is to identify the root cause of such movements and to understand
whether or not cracks can represent tell-tale signs of a potential collapse mechanism.
As discussed in Section 3.1, examining the location, pattern and width of cracks does provide
useful clues about the cause underlying the movement, helping in turn to address appropriate
remedial measures in a timely fashion.
Cracks are usually associated with strains induced by excessive tensile stresses originating
from either direct loading (including loads imposed by differential soil settlement/heave) or
restraints. Aside from inherent defects and flaws, cracks may also occur for reasons other
than static, such as weathering and thermal stress. As an example, for reinforced concrete
members, EC2 [14] provides specific limiting values of crack width taking into account the
function and nature of the RC structure (presence of rebars) as well as the relevant exposure
class. In what concerns unreinforced stonemasonry structures, to the knowledge of the
authors no limiting values of crack width are provided in the actual codes and regulations.
Therefore, scope of this section is to propose a critical framework for the definition of
threshold values of crack width for unreinforced stonemasonry structures, with focus on
historic constructions.
Three criteria need to be considered when dealing with cracking: (i) visual appearance;
(ii) serviceability; and (iii) stability. When it comes to heritage structures, the first criterion
outclasses the others. This means that any visible damage or movement must be promptly
fixed for the historic structure to keep on meeting aesthetic requirements, which are indeed
much more stringent than serviceability requirements. The point is how to categorize and
quantify crack-induced damage in order to establish its acceptability for visual appearance.
As a starting point, it is needful to classify degree and type of damage. In the present work,
the classification shown in Table 3 is adopted. Five levels of damage are identified based on
observed crack widths and ease of repair of masonry [15].
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Degree of damage
(0) Negligible
(1) Very slight
(2) Slight
(3) Moderate
(4) Severe
(5) Very severe

Description of typical damage
Hairline cracks.
Fine cracks which can easily be treated during
normal conservation/decoration works.
Cracks which can be easily filled and probably
require re-decoration. Possible need of repointing to
ensure weather-tightness.
Moderate cracks which can be easily patched or
masked by suitable linings.
Large cracks which require extensive repair work.
Impair of functionality.
Very large cracks which require major repair job.
Danger of instability.

Approximate crack width
< 0.10 mm to 0.15 mm
~ 1 mm
< 5 mm
5 mm to 15 mm
15 mm to 25 mm
> 25 mm

Table 3: Classification of visible damage in masonry walls due to soil subsidence (adapted from [15]).

Although reasonable, this classification does not take into consideration the environmental
conditions which can also lead the masonry material to cracking or increase the deterioration
processes. To supply this deficiency, the categorization of exposure conditions for completed
masonry given in the Annex of EC6 [16] is borrowed and modified to introduce the
variability of cracking due to different climatic factors (Table 4) and to incorporate this
information into the damage classification.
Class

Micro condition of the masonry

Type of cracking

MX1

In a dry environment

No risk of exposure-induced cracking
No risk of exposure-induced cracking: masonry is
exposed to moisture or wetting but not to freeze-thaw
cycling or external sources of significant levels of
salts or aggressive chemicals
Cracking induced by frost weathering: masonry is
exposed to moisture or wetting and freeze-thaw
cycling but not to external sources of significant levels
of salts or aggressive chemicals
Cracking induced by thermal stress: masonry is
exposed to repeated heating and cooling but not to
freeze-thaw cycling or external sources of significant
levels of salts or aggressive chemicals
Cracking induced by salt-crystal growth: masonry is
exposed to salts that can either expand when heated
up or accelerate frost weathering processes when
temperature decreases (e.g. hygroscopic salts)

MX2.1 Exposed to moisture
MX2.2 Exposed to severe wetting
Exposed to moisture and freeze-thaw
cycling
Exposed to severe wetting and freezeMX3.2
thaw cycling
MX3.1

MX3.3 Exposed to thermal fatigue
MX4

Exposed to saturated salt air, seawater
or de-icing salts

MX5

In an aggressive chemical environment

Table 4: Micro conditions of exposure of stonemasonry and relevant types of exposure-induced cracking.

Finally, in order to define and categorize the maximum admissible values of crack width
in heritage masonry structures, three criteria have been considered, namely the historic value
of the construction (listed or non-listed), the structural role of the component affected by
cracking and the exposure class of the material. For each category, the allowable threshold
values have been established based on engineering judgement (Table 5). Considering that a
crack can be seen at a distance of about 9600 times its width under about 15 foot-candles of
illumination [17], the limiting values provided in the table have been quantified setting as a
visual acuity criterion a crack width of about 1 mm (which corresponds to a ‘very slight’
damage according to Table 3). In case of non-structural members without frescos, the visual
9

acuity criterion is relaxed up to 5 mm (‘slight’ damage). It is remarked that the identified
threshold values are more stringent for listed structures than non-listed structures. Indeed, the
designation of listed structure is awarded to historical constructions of exceptional interest
that meet specific criteria and merits, warranting every effort to preserve them. Nonetheless,
it is important to note that these crack width thresholds are only valid if new cracks occur in
unreinforced stonemasonry structures. If cracks already exist and their width far exceeds the
above defined limits, remedial measures must be undertaken. The choice of the most
appropriate intervention is left to the discretion of the engineer after an in-depth study of the
structure pathology and its symptoms. During the diagnosis phase, particular attention must
be paid to the crack pattern in order to characterize the degree of damage.
Allowable width for new cracks wmax (mm)
Exposure class

Structural

MX3 b

MX4−MX5

Listed

NonListed

Listed

NonListed

Listed

NonListed

1 Bearing walls

0.40

0.50

0.20

0.40

0.15

0.30

2 Columns and piers

0.25

0.35

0.20

0.30

0.15

0.20

3 Beams and vaults

0.40

0.50

0.20

0.40

0.15

0.30

4 Non-bearing walls

4.00

5.00

3.50

4.50

3.00

4.00

0.20

0.20

0.10

0.15

0.10

0.15

2.00

2.50

1.50

2.00

1.50

2.00

System’s component

Nonstructural

MX1−MX2 a

5

Walls with frescos or
ornamentation

6 Cladding/Finishing

Note a – For MX1 and MX2 exposure classes, crack width has no influence on deterioration and these limits
are set to give generally acceptable appearance. In the absence of appearance requirements, these limits may
be relaxed.
Note b – For cracking induced by freeze-thaw cycling (MX3.1 and MX3.2 exposure classes), the porosity of
the material should be taken into account. For cracking induced by thermal fatigue (MX3.3 exposure class),
the thermal expansion coefficient of the material should be considered.
Table 5: Admissible threshold values of crack width for heritage masonry structure (new cracks only).

In what concerns the present case study, even though the church still fulfilled its intended
purpose, the cracks width was already beyond any acceptable limits for appearance
requirements (cfr. Section 2). Therefore, a strengthening and repair intervention was executed
between 2014 and 2015 with the purpose of eliminating any unstable mechanism and
preventing the occurrence of further damage. The intervention included: (i) installation of
micro-piles along the towers foundation for the elimination of differential soil settlements;
(ii) placement of post-stressed tie rods to restrain the towers leaning; (iii) cracks injections.
In order to evaluate the efficiency of the intervention, the static key performance indicators
are now being updated and new dynamic key performance indicators are being acquired, such
as natural frequencies and mode shapes. The same data will be used to develop reliable
predictive models to forecast the structural response, to keep on controlling the system’s
integrity over time and to estimate future inspection periods.
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6

CONCLUSIONS

The paper has addressed the link between SHM practice and performance assessment,
showing how the information collected via monitoring systems can be integrated within a
strategy for the preservation of heritage buildings. Based on the analysis of well-designed
benchmark KPI data, the health condition of a historic church is assessed and case-specific
threshold values are derived to establish appropriate warning levels for structural stability.
Although the assumptions adopted for the limit analysis of masonry structures are
simplifications of its real and complex structural behaviour [18], the method hereby
presented is visual and intuitive, providing engineers with a simple approach for examining
the stability conditions of leaning masonry towers. Finally, taking as a starting point the
limiting values of crack width provided by EC2 for RC structures, suitable criteria for the
definition of crack width thresholds for unreinforced masonry structures are proposed and
maximum admissible values are set accordingly. It is observed that, when dealing with
heritage structures, such limits are rather stringent because of the necessity to meet aesthetic
requirements. In absence of that, serviceability requirements take over and the limits may be
less strict.
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