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Abstract 
The stability assessment of a historical monument involves different phases, which are 

necessary to obtain a complete picture of the state of the monument. If the structure is 
metaphorically seen as the patient, these phases can be described in medical terms: anamnesis and 
analysis, diagnosis, therapy, control and prognosis. The course of this process is illustrated with two 
case studies. In the first case study, failure of the monument could not be prevented. In the second 
case study, strengthening actions were taken, which involved the use of carbon-fiber reinforced 
epoxy sheets. The execution and results of this strengthening campaign are presented.  

The discussion of both case studies will illustrate the use and applicability of different non-
destructive techniques (NDT) and minor destructive techniques (MDT) for monitoring masonry 
structures, such as strain monitoring, acoustic emission (AE) monitoring and stress calculations 
based on core sampling. As AE technique is not commonly used to monitor masonry structures, the 
applicability of this NDT is illustrated in detail. Laboratory tests have indicated that it can be used 
to monitor damage accumulation in masonry and predict failure.  
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INTRODUCTION 

Monumental constructions are subjected to different types of deterioration, each 
with its distinctive damage pattern. Recently, the sudden collapse of a number of 
historical monuments has increased the research effort on damage accumulation in 
masonry, subjected to the creep failure mode. The damage accumulations which occur 
during creep deformations are usually within limits, but at high stress levels, these 
damage accumulations can result into partial or total collapse of the monument. Well 
known examples of historical monuments which collapsed due to creep damage 
accumulation are the Civic Tower at Pavia in Italy (1989), the Sint Martinus Church at 
Kerksken in Belgium (1990), the St. Magdalena Church in Goch, Germany (1992), the 
Cathedral of Noto in Italy (1996) [1], the Bell tower of the Sint-Willibrordus Church at 
Meldert in Belgium (2006) and the Medieval Maagden tower at Zichem in Belgium 
(2006) [2]. These phenomena generally occur in tall constructions, such as bell towers or 
medieval city towers, as rather high stress levels are present at the base of these 
constructions due to the dead weight. Damage accumulation, caused by elevated stress 
levels, was also present at the two monuments which will be discussed in this paper.  

In general, the stability assessment of a historical monument involves different 
phases, which are necessary to obtain a complete picture of the state of the structure. If 
the monument is metaphorically seen as the patient, these phases can be described in 
medical terms: anamnesis and analysis, diagnosis, therapy, control and prognosis.  During 
the anamnesis and analysis phase, the present state of the monument as well as its history 
is analysed. This analysis can include historical research, visual inspections, detailed 
structural analysis with different non-destructive and minor destructive techniques (NDT 
and MDT), structural analysis and reliability analysis.  A solution is proposed, based on 
the outcome of the analysis and on possible consequences of the present damage state. 
The execution of the decision can range from taking no action, monitoring, strengthening 
to total demolishing and rebuilding. 

Although the assessment scheme appears rather strict, the case studies will show 
that not all phases will or can be expected to get the same amount of attention due to 
involvement of different parties, monetary restrictions and the pressure of urgency in 
particular cases. 

CASE 1: BELL TOWER OF THE SINT-WILLIBRORDUS CHURCH AT 
MELDERT, BELGIUM 

Material and damage pattern 

The church in Meldert was constructed in different building phases, during which 
the nave and bell tower were erected and adapted separately and joined in a later stadium. 
The construction of the present bell tower dates from the 13th - 14th century (Figure 1). 
The three-leaf masonry of the tower is composed of two outer leafs in iron-sandstone and 
an inner core with rubble masonry of smaller sandstone chunks and large amounts of lime 
mortar. The red-brown, rather porous sandstone contains iron oxide, which is responsible 
for its color. The sandstone is known for having a low strength, a large scatter on its 
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strength characteristics and easy absorption of water, making it rather vulnerable for 
weathering influences.  

A visual inspection of the supporting corner pillars of the church tower showed a 
large amount of vertical cracks, indicating that the masonry was heavily loaded and in 
bad condition, figure 1. As the sandstone has relative low strength, the stress level in the 
masonry has always been rather high compared to the maximum load level. This effect 
was increased by two actions: large openings had been made in the base of the church 
tower in order to provide a larger entrance into the church. This has increased the stress 
level in the remaining corner pillars of the tower. Secondly, the sandstone of the outer 
leaf has been taken away, rectified and put in place again. This makes the tower appear in 
a good condition and more solid on the outside. Unfortunately, this measure generally 
decreases the connection between the core and the outer leaf, making the wall carry the 
load as two disconnected slabs with different strength and stiffness, which reduces the 
load bearing capacities. 

  

Figure 1: Bell tower of the Sint-Willibrordus church at Meldert and crack pattern on one 
of the tower’s corner pillars 

Monitoring campaign 

A monitoring campaign was set up, including the monitoring of a number of 
cracks by means of a Demountable Mechanical strain gauge (DEMEC). The results of the 
consecutive measurements are indicated in Table 1. This table presents data which were 
obtained from monitoring the cracks in one of the corner pillars, indicated in Figure 1, 
which is only a small amount of all cracks which were monitored. After only 11 days, 
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some crack widths had increased with 1 mm and more. Therefore it was concluded that 
the masonry was most probably in the unstable creep phase which could lead to failure of 
the material. The advice was given to close the church and to start immediate 
strengthening and repair actions.  

Table 1:  Monitored crack width increase  

moment of measurement Crack width increase (mm) 
P3N1 P3N2 P3N3 P3N4 

1 reference 0.00 0.00 0.00 0.00 
2 after 11 days 0.28 0.03 0.95 1.35 
3 after 21 days 0.35 0.03 1.27 1.51 
Comments: values adopted from [3]. 
Position of measurement points are indicated in Figure 1. 

 

Planned interventions and failure 

An emergency strengthening scheme had been designed, including the placement 
of a supporting frame and filling of a number of openings in order to reduce the load on 
the tower’s corner pillars. Unfortunately, strengthening actions came too late as the tower 
collapsed in July 2006, only two weeks after the decision was taken to strengthen the 
tower. Fortunately, making no casualties. 

The previous example is obviously a very critical case, as the unstable creep phase 
had already progressed largely before the measurements had even started. Ancient 
monuments mostly show signs of distress, but not everyone is able to read these signs. In 
particular, cracks in monuments are frequently interpreted as being normal phenomena, 
which have always been present and therefore do not need further attention. Experience 
proves that such attitude may lead to disaster. In many cases, monitoring is performed for 
much longer periods of time before decisions can be made and even then, situations are 
subject to change and regular checks can be necessary. 

CASE 2: BELL TOWER OF THE SINT-EUSTACHIUS CHURCH AT 
ZICHEM, BELGIUM 

Damage pattern 

Alarmed by the collapse of the bell tower of the church at Meldert and the collapse 
of the Maagden tower at Zichem, mentioned in the introduction, the bell tower of the 
Sint-Eustachius church in Zichem was investigated, as this tower was built with the same 
sandstone material and showed a comparable damage pattern. After removal of the plaster 
on the corner pillars of the tower, a crack pattern was observed as indicated in Figure 2. 
Although the pillars appeared to be massive at first glance, they were also composed of 
different zones with lower quality infill and at some spots, bricks and even cement mortar 
had been used to fill up older gaps. 
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Monitoring campaign 

Deformation monitoring 

A large number of cracks were monitored by means of DEMEC gauges. 
Fortunately, the increase of the crack widths was negligible, compared with the data 
which were measured at the church tower in Meldert, indicating that the situation was less 
critical. 

  

Figure 2: Bell tower of the Sint-Eustachius church at Zichem and crack pattern in one of 
the tower’s supporting pillars. 

Acoustic Emission monitoring 

Secondly, acoustic emission (AE) monitoring was performed. As AE technique is 
not commonly used to monitor masonry structures, the applicability of this NDT will be 
discussed in detail. 

The acoustic emission technique is a non-destructive technique which detects and 
locates damage at the moment of occurrence. Acoustic emissions (AE) are high frequency 
transient sound waves, which are emitted during local stress redistributions caused by 
structural changes, such as crack growth. An AE wave, detected by one or more sensors is 
called an event. In order to filter out the continuous low-amplitude background noise, a 
threshold is defined and only sound waves passing this amplitude-threshold are detected. 
AE measurements are not constricted to linear variations between two points, as are the 
DEMEC measurements. It has the advantage that all damage sources are detected and 
damage is registered at the moment it occurs. The advantage of damage source location, 
frequently used in metals and concrete, can not be used in masonry due to the high 
heterogeneity. 
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To evaluate the applicability of the acoustic emission technique for monitoring 
damage accumulation in masonry, subjected to high constant stress levels, an extensive 
laboratory research program has been set up [2, 4]. A relation has been found between the 
damage accumulation rate, monitored as the AE event rate, and the time to failure [5]. To 
illustrate this, the results of a 1-step creep test on a brick masonry specimen are presented 
in Figure 3. During a 1-step creep tests, the stress level is increased gradually until a 
preset load is reached, in this case 88% of the compressive strength, and the load level is 
then kept constant until the specimen fails. As the compressive strength is calculated as 
the average result of at least three compressive tests on comparable specimens, the 
relative stress level can not be known exactly during a 1-step test.  

 

Figure 3: Acoustic emissions detected during a 1-step creep test, with indication of the 
phases of a creep curve: primary phase (A), secondary phase (B) and tertiary phase (C) 

The resulting acoustic emission events, monitored during the 1-step creep test are 
presented in Figure 3. On the left axis, the events are indicated as rates (events/minute) 
and can be seen as the derivative of the cumulative curve (right axis). The 1-step test 
clearly shows all three phases of a typical creep curve: 
- Zone A: the primary phase, which shows a decreasing strain/AE rate after the 

stress increase; 
- Zone B: the secondary phase or steady-state creep with a constant strain/AE rate; 
- Zone C: the tertiary phase is the unstable phase, during which the strain/AE rate 

increases and the damage accumulates in an unstable manner until the masonry 
fails. 
From comparing a large number of experimental data, it could be observed that the 

constant AE event rate during the secondary phase is related to the time to failure. This is 
comparable with the relation between the strain rate and the failure time, which is often 
observed in literature [6]. In contrast with the strain rate, the AE rate is relatively easy to 
monitor for a specific test set-up. A relationship between monitored acoustic emission 
activity and the time to failure would give a method to predict the collapse of the 
masonry. Previous work has shown that a power law relation can be found between AE 

A 
B 

C 

Stress increase 
Failure 
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event rate and time to failure [5]. This relation, calculated from a large number of 
experimental tests, is indicated in Figure 4. 

 

Figure 4: Relation between AE event rate and time to failure 

Due to the power law nature of the model in Figure 4, the model prediction is 
more accurate for short times to failure. The predicted failure time increases rapidly when 
the event rate decreases below 1 event/min. The model has been calibrated for a specific 
set-up; the measurements were performed on 20*20*60 cm masonry specimens, 
constructed with low-strength bricks and lime mortar [2, 4]. The monitoring set-up 
included two AE sensors with a frequency range of 250-700 kHz, with a resonance at 375 
kHz. A threshold level of 34.5 dB was applied.  

This specific model can therefore not be used for the on-site measurements on 
sandstone masonry without a few remarks: although the number of sensors, the type of 
sensor-masonry coupling and the threshold level were kept the same as during the 
laboratory experiments, the difference in material (and therefore in signal attenuation), 
sensor arrangement and monitored area implies that the model can only be used as an 
indication and quantitative results have to be treated carefully. More specific research 
would be necessary to perform this quantitative extrapolation from model to on-site 
predictions [5]. However, when periodical monitoring is performed, the increasing 
damage accumulation rate, which indicates that the tertiary creep phase is reached, will be 
detected.   

Figure 5 indicates results from 4 on-site monitoring campaigns, which were 
performed within a period of 4.5 months and each had a duration of three hours. The 
measurements all indicate rather low event rates which appear to be stable in time. Higher 
rates are expected during on-site measurements compared with the experimental data 
from Figure 4, as environmental noise and friction in the existing cracks will increase the 
detection level. Although the results can not be used as direct quantitative data, due to the 
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restrictions discussed above, it can be noticed that there is a non-negligible level of 
damage accumulation and alertness is appropriate.  

 
2 

 
3 

 
4 

 
1  

Figure 5: Relation between AE event rate and time to failure 

Stress calculations 

To calculate the stress level in the masonry at the base of the corner pillars of the 
tower, small core samples were taken to test the compressive strength of the sandstone. 
During an initial investigation, a limited number of 5 core samples with a diameter of 45 
mm were tested [7]. The masonry’s compressive strength was considered to have a 
lognormal distribution, as this distribution has been proven to be adequate for modelling 
the non-negative, low compressive strength values of masonry [8]. From this analysis, an 
average compressive strength value of fm =2.61 MPa and a characteristic value fk = 1.25 
MPa has been found. To obtain the design value, a partial safety factor of 3.0 is indicated 
in the European code [9], which results in a design compressive strength of  fd = 1.25/3.0 
= 0.42 MPa. 

Calculation of the loading on the base of the tower’s corner pillar resulted in a 
value of 0.87 MPa. Multiplied with the partial safety factor of 1.35, as indicated in the 
Eurocode [10], this results in a design load level of 0.87*1.35 = 1.17 MPa. The design 
load exceeds the design compressive strength and the stability calculation does not fulfil 
the safety performance requirements indicated in the design codes. 

Even if the partial safety factors are not taken into account, the load level is 70% 
of the characteristic strength. This relative stress level will introduce creep deformations 
and stress redistributions. Secondly, the experiments were only performed on the better 
quality outer-leaf sandstone, without taking into account the lower quality rubble masonry 
in the inner leaf. 

To confirm these results, a second series of compressive tests was performed on a 
larger amount of samples (n = 28). These tests also included larger cores with a diameter 
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of 133 mm and samples from the inner leaf. The results of this second stability analysis 
were even less sufficient to meet the target levels set in the code, as a characteristic value 
fk = 0.85 MPa was found. 

The results of all compressive tests on sandstone cores from the first and second 
test series are indicated in Figure 6, together with the normal and lognormal distribution 
functions. The latter clearly shows a better fit to the results. Also the characteristic value 
fk is indicated as the value which is exceeded by 95% of the experimental results. The 
characteristic value of the normal distribution (fk,N) is even negative and therefore 
physically impossible and not suitable to be used for stability calculations. 

 

Figure 6: Experimental results of compressive tests on sandstone samples, together with 
normal and lognormal distribution and indication of characteristic strength fk. 

Strengthening actions 

As not all results of the different monitoring techniques guaranteed the tower’s 
structural safety, strengthening actions were taken. The approaching December 
celebrations compelled swift interventions and it was decided to strengthen the massive 
columns of the tower by constraining the lateral deformations with epoxy bonded carbon-
fibre sheets. The constraining effect of the CFRP sheets increases the load bearing 
capacity of the pillars. The intervention was carried out according to the following 
scheme (see Figure 7): 
- Removal of loose plaster and application of removable coating to protect the 

existing masonry and provide a coating layer for future injection works; 
- Use of new brickwork to space out the edged shape of the existing pillar; 

fk,N fk,LN 
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- Application of cement plaster, vertical carbon-fiber reinforced laminates, and 
flexible, horizontal carbon-fiber reinforced sheets; 

- Application of finishing layer. 

  

Figure 7: Use of new brickwork to space out the edged shape of the existing pillar and 
application of vertical and horizontal carbon-fibre reinforced sheets 

Prognosis 

The wrapping of the pillars was designed as a temporary measure, to ensure 
stability until an extensive strengthening campaign could take place. This would include 
grout injections to increase the internal coherence of the pillars and the overall strength of 
the masonry. To conclude, the interventions have proven to be a non-radical, but 
necessary action. 

CONCLUSIONS 

Assessing the stability of historical monuments may be a daunting task, as there is 
generally little information available on the structural history of the monument, the 
geometry of the structural elements and the strength properties of the material. In general, 
the stability assessment of a historical monument involves different phases, which are 
necessary to obtain a complete picture of the state of the monument. These phases were 
illustrated with two case studies. Both monuments suffered deterioration due to 
progressing damage accumulation under high sustained stress levels.  

Different monitoring techniques were used to efficiently assess the situation and 
take adequate actions. Due to numerous restrictions, such as time, available knowledge, 
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monetary restrictions, historical value of the material, involvement of many parties etc., 
the assessment can not always be performed in a straightforward manner. 

Combining complementary NDT and MDT has proven to be a good practice for 
requiring adequate data which support the decision making. Secondly, the availability and 
development of strengthening techniques, such as CFRP-wrapping, enhances the design 
of durable or temporary strengthening, according to the requirements of the Venice 
Charter of Conservation (1964). 
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Abstract 
The paper deals with the assessment of a methodological procedure for in situ mechanical 

characterization of ancient timber members using combined Non Destructive Testing (NDT) 
techniques. 

An experimental campaign, including non-destructive and destructive tests, was developed 
on timber structural elements and defect-free specimens, made of old chestnut wood (Castanea 
sativa Mill.). The following NDT methods were employed in the research activity: hygrometric 
tests to estimate wood moisture content; ultrasonic investigations to determine stress wave 
properties; sclerometric tests to assess material hardness and superficial consistence; resistographic 
measurements to detect internal defects and density variations. Destructive tests in compression 
parallel to grain and in bending were performed in order to assess stiffness and strength properties, 
post-elastic behaviour and collapse mechanisms of the timber elements. 

Experimental results are discussed and statistically analyzed. Correlations between non-
destructive and destructive parameters are provided, based on linear regression models, for the 
prediction of the wood density, strength and modulus of elasticity of the tested old chestnut timber. 
The analysis shows that the use of NDT techniques is a useful supplement to the traditional visual 
grading, allowing a reliable mechanical identification of timber members in practical applications, 
leading to the appraisal of the timber structures safety and integrity. 

Keywords: Ancient Timber Structures, Timber Mechanical Characterization, Non 
Destructive Tests, Destructive Tests, NDT-DT correlations, Methodology for In Situ 
Structural Identification of Timber 
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INTRODUCTION 

In the field of restoration of historical timber constructions, visual inspections, 
non-destructive testing and monitoring have an important role for diagnosis, structural 
analysis and retrofitting. The variability of the material, due to its anisotropic 
microstructure and presence of natural defects and degradation, turns the identification of 
physical and mechanical properties hard to get. Therefore, some type of non-destructive 
evaluation of strength is required to guarantee the safety of the structure. Historically, the 
most common method is visual grading of the timber elements. Nowadays, different 
instrumental non-destructive techniques, as ultrasonic and vibration methods (Global Test 
Methods) and electronic penetrometers and superficial hardness systems (Local Test 
Methods), have an own special interest due to the fact that their application does not 
affect the structural integrity of the structure. 

The present weakness of non-destructive tests is exactly the lack of standardization 
that implies uncertainty of the results, besides the most part of non-destructive evaluation 
is useful to determine physical but not mechanical characteristics. Furthermore, safety 
assessment of ancient timber structures is usually not addressed by the current 
regulations, which are conceptually oriented to new constructions. Therefore, the design 
requirements of existing timber systems need to be re-defined. The confidence on the 
structural identification could be enhanced by means of NDT methods, although their 
effectiveness should be aided through laboratory tests. 

In this context, a research activity was developed in the framework of the Italian 
project PRIN 2006 “Diagnosis techniques and totally removable low invasive 
strengthening methods for the structural rehabilitation and the seismic improvement of 
historical timber structures” [1] [2], Prof. M. Piazza coordinator, Dr. B. Faggiano 
scientific responsible of the research unit UNINA (University of Naples “Federico II”), 
aiming at providing a methodology for in situ mechanical characterization of old timber 
elements by means of compared non-destructive techniques, based on statistical analysis 
and evaluation. An experimental campaign was carried out at the Laboratory of the 
Department of Structural Engineering (DIST) of the University of Naples “Federico II”, 
including non-destructive investigations (NDT) and destructive tests (DT) on full-scale 
and defect-free specimens, made of old chestnut wood (Castanea sativa Mill.) [3]. In this 
paper, testing equipment and set-up, together with the applied methodology for data 
processing, are illustrated. The test results are statistically analyzed and combined 
methods to predict physical and mechanical properties of timber are provided by means 
of NDT-DT correlations, based on both simple and multiple linear regression models. 

MATERIAL AND METHODS 

Specimens have been provided from timber roofing trusses of an ancient masonry 
building of Naples, which were dismantled in a recent restoration intervention. Several 
members were selected for non-destructive and destructive tests. In particular, from the 
king posts, 14 structural elements (type Structural [S]-Compression [C]; Fig. 1a) were 
obtained for compression tests parallel to the grain. They had a nearly square cross-
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section, characterized by large rounded edges, with a mean equivalent diameter (D) 
ranging between 14.5-16 cm and a standard length of about 6D (UNI EN 408). From the 
trusses struts, 10 elements (type Structural [S]-Bending [B]; Fig. 1a) were selected as full-
scale beams for bending tests. They had an irregular circular shape with mean diameter 
ranging between 15 to 16.5 cm and standard length equal to about 19D. These specimens 
were affected by shape irregularities and defects, such as knots, cracks, ring shakes and 
insect attacks, which were detected by means of visual inspection. 

After the destructive tests, by extracting from the S-C samples several pieces of 
clear wood with no macroscopic defects and biological damage, two groups of defect-free 
specimens were obtained. The first group of 20 elements (type Defect-Free [DF]-
Compression [C]; Fig. 1b) is 5×5×30 cm sized for non-destructive and destructive tests in 
compression parallel to grain, the second group of 16 elements (type DF-NDT; Fig. 1b) is 
5×5×15 cm sized for only non-destructive tests. 

The following NDT techniques were employed in the research activity: 
hygrometric tests (H) for the evaluation of wood moisture content; ultrasonic 
investigations (U) for the determination of dynamic properties of the material, 
sclerometric tests (S) for the assessment of superficial hardness by means of the 
penetration depth of a blunt pin; resistographic measurements (R) for the evaluation of 
wood density through the measure of drilling resistance of a small needle. Compression 
tests parallel to the grain (C //) and bending tests (B) were performed according to UNI 
EN 408, in order to define the mechanical behaviour of timber in terms of stiffness, load 
bearing capacity and collapse mechanisms. The non-destructive (NDT) and destructive 
(DT) test types are specified in Table 1 for each group of specimens. 

 

Figure 1. Specimens features: a) Structural elements (S); b) Defect-free specimens (DF). 

Table 1. Non-Destructive (NDT) and Destructive (DT) Test types. 

Specimens  Non-destructive tests (NDT) Destructive tests (DT) 
type n.   H U S R          C //   B 
S-C 14   x x x x          x  
S-B 10   x x x x    x 
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NON-DESTRUCTIVE TESTS (NDT) 

Hygrometric tests 

The hygrometric tests were performed by means of Tramex Professional device, 
which is a digital pin type resistance meter with built-in pins designed to take precise 
measurements of moisture content (MC) in wood. It gives moisture readings from 7% to 
40%, with accuracy of 0.1%. The hygrometric measures were performed inserting the 
resistor pins into the lateral surface of the specimens, aligned along the grain direction, in 
several tested sections. As the device is calibrated at 20 °C, at wood temperature below or 
above 20 °C, the meter readings were opportunely adjusted according to the provided 
technical temperature chart. Therefore, for each element, the average value of all readings 
was defined, it being equal to about 10-12%. 

Ultrasonic tests 

Ultrasonic System CMS (Boviar) was used for ultrasonic investigations (Fig. 2a), 
which is meant to evaluate elastic and dynamic features of materials by measuring the 
propagation time of compression waves. The equipment is made of a data acquisition unit 
combined either with sensors fitted with high-power piezoelectric transducers (>1.6 Kv). 
The used transducer TSG-20 is fitted with special threaded conic tips, ideal for 
inspections on wooden materials, and it can generate pulses with frequencies up to 20 
kHz, obtaining higher receiving frequencies and hence a better resolution. The cylinder-
shape sensor RSG-55 has been designed to have a high sensitivity in a frequency range of 
received signals from 50 Hz to 70 kHz (Fig. 2a). 

The ultrasonic tests were performed on the structural elements, type S-C and S-B. 
Direct method was used, placing the transducers on two opposite sides of the same 
specimen, in both parallel and perpendicular to grain direction (Fig. 2b). In order to 
evaluate the global dynamic mechanical properties of the material, 5 longitudinal 
measurements were performed per specimen. Whereas, in order to discover the presence 
of weak and critical zones of each element, 11 contiguous sections were investigated by 
means of local transversal measurements, coupling the sensors in 4 directions per section, 
for a total number of 44 transverse readings per specimen. 
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Figure 2. Ultrasonic tests: a) Testing apparatus; b) Test set-up; c) Typical waveform. 

The software Data Sonic was used for transferring the data from the equipment 
Pocket computer to an external PC and exporting the logged signals in ASCII format to 
get oscillograms for data processing and interpretation. The recorded signals have been 
analyzed in time (t) – Amplitude (A) diagrams in order to evaluate the wave propagation 
time, so called “Time of Flight” (TF), which represents the time required for the stress 
wave to travel between the sensors (Fig. 2c). The velocity of the ultrasonic pulse, so-
called Stress Wave Speed (SWS), has been easily determined dividing the distance 
between the probes by the transmission time. Furthermore, on the basis of the Euler beam 
theory for free flexural vibrations of prismatic beams, the dynamic modulus of elasticity 
(Edyn) is evaluated too, according to the theoretical relationship for homogenous and 
isotropic elements (Edyn = SWS2 ρ, where ρ is the wood density, determined in a simple 
way, weighting and measuring the dimensions of the samples). 

Sclerometric tests 

The Wood Pecker mechanical test hammer for wood (Eurosit) was used for 
sclerometric tests (Fig. 3a). It is an innovative tool, which provides accurate and reliable 
information about the quality and integrity of the tested material. It belongs to a family of 
proven rebound hammer, from which it has inherited the same ease of use and versatility. 
The device allows, through the release of a spring that transforms the elastic potential 
energy into impact energy, equal to 2300 Nm, to shoot into the outer millimeters of wood 
a blunt metallic needle, 2.5 mm diameter and 50 mm length, by means of five spring 
blows. Therefore, this technique is mainly influenced by the conservation state of 
superficial layers. The pin penetration depth (PD) is measured by using a comparator 
system which gives the pin outside length, with 0.01% accuracy. 

In order to investigate the wood superficial hardness in both parallel and 
perpendicular to grain directions, longitudinal and transversal shots were performed, 
respectively on the end cross-sections and on the lateral sides of the samples, in two 
orthogonal transversal directions. For the specimens in actual dimensions (S), regular 
grids of nine points, 2.5 cm spacing, were used as single test areas (Fig. 3b), however it 
was necessary to adapt the shot locations to the local conditions of the timber surface in 
order to avoid defects, as deep shakes or superficial decay. 

 
                                           a)                                                           b) 
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Figure 3: Sclerometric tests: a) Testing apparatus; b) Test set-up. 

Resistographic tests 

IMLRESI F400 device (Boviar) was used for resistographic tests (Fig. 4a). It is a 
drilling resistance measuring system based on the energy used to introduce a needle 
through the wood. The drilling needle with a diameter of 1.5 mm to 3.0 mm penetrates 
into the wooden element with a regular advancing speed. The spent energy of the drilling 
device is measured electronically every 0.1 mm, as a value of the drill-resistance. The 
data are recorded on a wax paper strip in a scale of 1:1, instantly stored on a special 
electronic unit as graphic profiles and then downloaded on a PC. 

Perforations in both parallel and perpendicular to the grain directions, with an 
advancing speed of 20 cm/minute, were carried out. In particular, 5 and 2 longitudinal 
measurements were taken on each end section of the samples type S and DF, with drilling 
depth of about 350 mm and 60 mm, respectively. On the lateral sides of all specimens, 2 
transversal perforations were performed in each tested section (Fig. 4b). 

 
                                                  a)                                                           b) 

Figure 4. Resistographic tests: a) Testing apparatus; b) Test set-up. 

 
                                                                           a)                                                             b) 

Figure 5. Typical resistographic profiles: a) Longitudinal; b) Transversal. 

The resistographic data have been exported on a PC in ASCII format by means of 
F-Tools Pro software. Therefore, the experimental results have been analyzed by means 
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of graphic profiles relating the Drilling Depth (DD) and the drilling resistance, measured 
as Amplitude percentage (A) (Fig. 5). By examining the resistographic charts, it was 
possible to evaluate the density variations of the wood and to detect different levels of 
wood quality, the latter can be exemplified as the following ones: level 1) wood of high 
quality, characterized by large values of amplitude for the presence of knots on the lateral 
surface or internal more resistant parts; level 2) wood of good quality; level 3) wood of 
poor quality, with small values of drilling resistance where internal defects, such as 
hollow areas, cracks and damaged zones, are present. Within the parts of wood in good 
conditions, the longitudinal profiles show very similar values of amplitude (Fig. 5a), 
which, on the contrary, is characterized by a strong variation in the transversal 
measurements, due to the crossing of the growth rings during the drilling path (Fig. 5b). 
As unique parameter of drilling resistance, the mean value of amplitude (Am) has been 
calculated, as the ration between the integral of the diagram area and the depth of the 
needle path. It is worth noticing that, in0 presence of internal defects, the Am parameter 
has been evaluated with reference to homogeneous zones. 

Results and discussion 

As NDT parameters, the average values of non-destructive measures are 
considered for each tested specimen. In Table 2 the test statistics of the following 
longitudinal (L) and transversal (T) parameters, including both arithmetic mean and 
coefficient of variation (CV), are given: ultrasonic stress wave speed (SWS) and dynamic 
modulus of elasticity (Edyn), sclerometric penetration depth (PD) and mean resistographic 
amplitude (Am). It is worth noticing that, the SWSL/SWST ratio is about three times for all 
structural elements. On the contrary, the sclerometric and resistographic results seem 
slightly dependent by the tests orientation, also providing reasonable L - T relationships, 
as shown in Figure 6. Furthermore, the Am parameters are affected by greater variability 
in terms of CV, due to the presence of internal defects which influence the local measures 
of the drilling-resistance. 

 
                                                                   a)                                                                     b) 

Figure 6. L - T NDT relationships: a) Sclerometric shots; b) Resistographic measures. 
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Table 2. Experimental results of non-destructive tests: NDT parameters. 
 Specimens type S (n=24)  Specimens type S + DF (n=60) 
 SWSL SWST Edyn, L Edyn, T  PDL PDT Am, L Am, T 
 [m/s] [N/mm2]         [mm]         [%] 
mean 5327 1641 16705 1586  18.18 15.90 33.51 35.02 
CV [%] 4.36 5.63 10.54 12.44  13.25 11.51 29.47 27.39 

 

DESTRUCTIVE TESTS (DT) 

Compression tests parallel to grain 

The compression tests parallel to grain on 14 structural elements (type S-C) and 20 
defect-free specimens (type DF-C) were carried out under force control using the Mohr & 
Federhaff AG machines of 5000 kN and 400 kN capacity, respectively. A loading cell 
HBM and displacement transducers were used during the tests (Fig. 7a). 

The experimental data have been fitted in stress (σc,0) - strain (εc,0) curves (Fig. 
7b). In particular, for S-C type specimens, cycles test up to failure were carried out. In 
these cases, envelops among cycles are represented for each element in Figure 7. The 
global response appears more or less similar for both groups of samples. In fact, the 
curves show a linear elastic branch up to the peak load reached during the test, after that 
they exhibit distinct non linearities, with post-peak softening branches characterized by a 
abrupt reduction of the stress carrying capacity. 

Typical failure mechanism was generally due to the splitting phenomena with 
parallel to fibres fractures in radial direction and/or along the annual growth rings. For the 
structural elements, the rupture was caused by the presence of longitudinal cracks, knots 
and ring shakes previous to the tests. For the defect-free specimens, when collapse begun 
for fibres microbuckling, in any case local plasticization shear bands appeared on 
specimen surface, consisting in fracture planes about 45° angle inclined as respect to the 
grain orientation (Fig. 7c). 

Bending tests 

Bending tests were performed on 10 full-scale beams, using the Mohr Federhaff 
AG testing machine, a loading cell HBM of 740 kN and displacement transducers 
(LVDT). According to four-points static scheme, the two load-points, acting on the third 
of the span, were realized by interposing a rigid steel profile between the actuator and the 
specimen (Fig 8a). The force controlled procedure consisted in several loading-reloading 
cycles up to failure. The corresponding force (F) - displacement (w) curves as envelope 
among cycles for each specimen are depicted in Figure 8b. They show a linear growing 
branch up to the maximum applied load, whereas, after the second or third cycle, an 
evident reduction of strength occurs, together with important displacements. For almost 
all the specimens the failure mechanism was triggered around large knots located at the 
central zone and at the tensile edge of the beam cross-section. Therefore the presence of 
knots did not allow the development of the plastic behaviour in the compression side with 
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consequent rupture at the tension one, exhibited due to tearing of the more stressed fibres 
(Fig. 8c). 

 
                  a)                                               b)                                   c) 

Figure 7. Compression tests: a) Test set-up; b) σc,0-εc,0 curves; c) Failure modes. 

 
                                                 a)                                                   b) 

 
                                                                                                                      c) 

Figure 8. Bending tests: a) Testing arrangement; b) F-w curves; c) Failure modes. 
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Results and discussion 

The destructive tests results are given in Table 3, in terms of mean values and 
coefficients of variation (CV) of compression strength (fc,0) and stiffness (Ec,0) properties, 
together with bending results, such as strength (fm) and both local (Em,l) and global (Em,g) 
modulus of elasticity. 

The mechanical behaviour in compression is analyzed by comparing the stress 
(σc,0) - strain (εc,0) average curves of the structural (S-C) and defect-free elements (DF-C; 
Fig. 9a). It is evident that the two specimens types exhibit different responses in terms of 
stress carrying capacity, due to the presence of natural defects, irregularities and wood 
degradations, typical of ancient timber members, which seem to reduce of about two 
times the compression strength of the base clear material. Moreover, good Ec,0 vs fc,0 
correlations are found (Fig. 9b).  

Table 3. Experimental results of destructive tests: DT parameters [N/mm2]. 

 Compression tests parallel to grain  Bending tests 
 S-C (n=14)  DF-C (n=20)  S-B (n=10) 
   fc,0   Ec,0    fc,0   Ec,0    fm Em,l Em,g 
mean   24.40   5582    44.05   5713    41.10 12535 12849 
CV [%]   17.21   9.84    11.98   13.83    11.63 8.75 11.02 

 

 
                                                                   a)                                                                     b) 

Figure 9. Mechanical behaviour in compression parallel to grain: a) σc,0 - εc,0        average 
curves; b) Ec,0 - fc,0 correlations. 
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Applied methodology 

NDT-DT correlations are statistically analyzed by means of both simple and 
multiple linear regression approach on the basis of laboratory test results, aiming at 
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old structural timber. In this way, several models are examined, assuming the wood 
density, strength and stiffness properties as DT dependent variables and the single or 
combined ultrasonic (U), sclerometric (S) and resistographic (R) parameters as NDT 
predictors. The goodness of fit regression is formally assessed by the coefficient of 
determination (R2) values, which is a summary measure to judge the fitting of the linear 
model to a given body of data. The quantity related to R2, known as adjusted R-square 
(R2

adj) is also used for comparing models having different number of observations n 
and/or of predictor variables k. 

In the following sections, scatter plots among the variables, coefficients of 
determination, together with the estimated regression lines and equations, are reported. 
By means of statistical inference tests, the usefulness of regression analysis are carried 
out, providing the models which adequately fit and describe the experimental data. 

Estimation of wood density 

The statistical results of NDT-density correlations, are summarized in Table 4. As 
it appears, similar responses are obtained for both longitudinal (L) and transversal (T) 
tests. Concerning the simple regression model, the sclerometric penetration depth (PD)is 
inversely related to wood density (ρ) with larger scatter in the results, R2

adj ranging 
between 0.32 (T, Fig. 10a) and 0.37 (L, Fig. 10b), with respect to the resistographic mean 
amplitude (Am), which provides good R2

adj-values, equal to 0.55 (L, Fig. 11a) and 0.51 (T, 
Fig. 11b). The multiple analysis shows that when both sclerometric and resistographic 
variable are involved in the model, high correlations are obtained (R2

adj≈0.60). 
Furthermore, the combination of all NDT parameters, including also ultrasonic stress 
wave speed (SWS), provides strong R2

adj-values, equal to 0.68. 

Table 4. NDT - density correlations: linear regression results. 
Longitudinal tests 
Model NDT parameters R2adj Linear regression equations 
SL (n=60) PDL 0.372  = 799.56 -12.743 PDL 
RL (n=60) Am, L 0.546  = 442.64 + 3.737 Am, L 
SL + RL (n=60) PDL + Am, L 0.628  = 596.483 – 6.949 PDL + 2.916 Am, L 
UL + SL + RL 
(n=24) 

SWSL + PDL + Am, L 
 

0.680 
 

 = 539.894 – 0.031 SWSL – 3.819 PDL 
      + 2.959 Am, L 

Transversal tests 
Model NDT parameters R2adj Linear regression equations 
ST (n=60) PDT 0.319 ρ = 815.51 - 15.57 PDT 
RT (n=60) Am, T 0.509 ρ = 437.62 + 3.72 Am, T 
ST + RT (n=60) PDT + Am, T 0.603 ρ = 609.774 – 9.271 PDT + 3.014 Am, T 
UT + ST + RT 
(n=24) SWST + PDT + Am, T 0.675 ρ = 830.66 – 0.118 SWST – 8.027 PDT 

      + 2.213 Am, T 
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                                                                   a)                                                                     b) 

Figure 10. PD - ρ correlations: a) Longitudinal tests; b) Transversal tests. 

 
                                                                   a)                                                                     b) 

Figure 11. Am - ρ correlations: a) Longitudinal tests; b) Transversal tests. 

Prediction of strength 

Table 5 provides the linear regression results of NDT - compression strength 
correlations. The transversal sclerometric parameters (PDT; Fig. 11a) and the longitudinal 
resistographic ones (Am,L; Fig. 11b) may be used as single and combined predictors for a 
fast estimation of compression strength parallel to grain (fc,0). With regards to the simple 
relationships, the regression lines of the structural elements and the defect-free specimens 
are almost parallel each other, pointing out the influence of macroscopic defects on both 
non-destructive and destructive results. No relevant difference in terms of R2

adj-values can 
be pointed out between the two groups of samples, equal to 0.68 when the multiple 
models are considered. 

Concerning the relationships between NDT variables and bending strength (fm), 
low agreement is found with sclerometric penetration depth. Whereas, the statistical 
analysis emphasizes the effectiveness of the resistographic parameters as simple 
predictors of flexure strength property. In Table 6 the R2
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correlations are given, equal to 0.58 and 0.49 for longitudinal and transversal 
measurements respectively, together with the linear regression functions. 

Table 5. NDT- compression strength correlations: linear regression results. 
Structural elements (S-C; n=14) 
Model NDT parameters R2adj Linear regression equations 
ST  PDT 0.528 fc,0 = 79.926 – 3.172 PDT 
RL Am, L 0.501 fc,0 = 10.787 + 0.339 Am, L 
ST + RL PDT + Am, L 0.679 fc,0 = 53.112 – 2.141 PDT + 0.218 Am, L 
Defect-free specimens (DF-C; n=20) 
Model NDT parameters R2adj Linear regression equations 
ST PDT 0.625 fc,0 = 87.093 – 2.820 PDT 
RL Am, L 0.540 fc,0 = 21.736 + 0.722 Am, L 
ST + RL PDT + Am, L 0.678 fc,0 = 62.251 – 1.907 PDT + 0.353 Am, L 

 

 
                                                                   a)                                                                     b) 

Figure 12. NDT - fc,0 correlations: a) Penetration depth (PDT); b) Mean amplitude (Am,L). 

Table 6. NDT - bending strength correlations: linear regression results. 

Structural elements (S-B; n=10) 
Model NDT parameters R2adj Linear regression equations 
RL Am, L 0.529 fm = 24.684 + 0.399 Am, L 
RT Am, T 0.421 fm = 26.436 + 0.396 Am, T 

 

Prediction of modulus of elasticity 

By means of ultrasonic investigations, which have been performed on the elements 
with structural dimensions by direct method, the average value of the dynamic modulus 
of elasticity (Edyn) has been determined for each specimen, aiming at examining the 
relationships between the static and dynamic moduli. Moderate correlation is obtained for 
the prediction of the stiffness property in compression parallel to the grain (Ec,0; Fig. 13a). 
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Whereas strong linear agreement is provided between the local elasticity modulus in 
bending (Em,l; Fig. 13b) and the dynamic one, as the high R2-coefficient emphasizes, 
equal to 0.76. Good correlation is also found with the global modulus of elasticity (Em,g). 

 
                                                                   a)                                                                     b) 

Figure 13. Edyn - E correlations: a) Compression tests parallel to grain; b) Bending tests. 

CONCLUSIONS 

On the basis of the statistical results, the following conclusions can be drawn: 
• Both single and combined wood test hammer and the drill-resistance techniques, 

with the addition of the ultrasonic investigations, could be taken in practical 
application for a quick and quantitative prediction of wood density; 

• By means of both simple and multiple linear regression, the transversal 
sclerometric parameters and the longitudinal resistographic ones may be used as 
predictors for a non-destructive estimation of the compression strength parallel to 
the grain; 

• The statistical analysis reveals the effectiveness of the simple method based on 
resistographic measurements for a reliable prediction of bending strength; 

• The dynamic modulus of elasticity, obtained by ultrasonic tests, appears a useful 
supplement to evaluate the stiffness properties of timber elements. In particular, 
strong correlation between the dynamic and the local modulus of elasticity in 
bending is found. 
The achieved NDT-DT relationships show a great potentiality of NDT techniques 

for in situ diagnosis, assessment and mechanical identification of timber members, 
leading to the appraisal of the ancient timber structures integrity. Considering the chestnut 
timber, the trend evidenced and the methodology assessed should be corroborated and 
refined by extending the laboratory investigations and statistical elaborations for 
achieving a strong level of reliability for practical applications. 
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Abstract 
Historical buildings offer immense and enthralling investigations possibilities for those 

interested in monitoring their structural behaviour and aging process. 
There are usually no plans or dimensioning information available. The “original” material 

they are made of offers no reliable data to characterize their behaviour though they have stood for 
hundreds of years. Localizing risk zones is difficult since anything could happen anywhere. The 
fact that these monuments are classified makes it impossible to apply techniques usually used on 
less noble structures. 

One could dare the observation that this field of investigation has remained virgin despite 
its great age. 

This paper investigates original techniques, either lightly intrusive or global, and mixed 
methods which allow us, without changing the structures, to identify geometrical anomalies and to 
follow the slight variations of some of their characteristics. 

These techniques, based on Laser measurements (SCANSITES 3D), remote degradation 
measurements (SCANSITES), the installation of long-base optical fibre sensors and autonomous 
crack sensors (FISSURO LOGGERS), have been used on numerous French classified historical 
buildings. 

They are described in examples giving the obtained results. 

Keywords: Structural Health Monitoring, Lidar measurements: SCANSITES 3D, Remote 
inspections: SCANSITES, Geometrical Survey, Long base optical fibre sensors, Fissuro-
Thermo-Loggers 
 
 

S. Piot 
  



P a g e  | 350  CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA 

Piot, “Novative Solutions for Heritage Structures Monitoring”, 2/12 

INTRODUCTION 

Many historical buildings are affected by damages which can sometimes appear 
very fast. The techniques used to monitor structure (SHM) are used today to direct the 
investigations towards the origin of the damages. This control then makes it possible to 
better target the actions to be undertaken, thus optimizing the associated costs. This 
document describes the actions and work undertaken by SITES in this field as well as the 
results obtained.  

THE PROBLEM 

In France, the historical heritage is very important, in terms of the number of 
buildings as well as quality and diversity. Though some benefit from preventive 
monitoring, the majority is usually monitored following the appearance of defects. In the 
case of masonry works, the defects can be important with extremely fast kinematics, and 
sometimes falls of material (Fig.1). 

  

Fig.1 Example of cracks with fast kinematics; the damages appear in a few days. 

If these emergencies are not common, buildings often suffer from defects which 
their owners don’t always know how to handle. The first step is to decide whether the 
situation could evolve. The presence of last pathologies which have stabilized associated 
with the natural ageing of the structural elements make this decision rather difficult. The 
methods used to carry out the first phase - the inventory – will therefore determine the 
monitoring strategy which will be implemented. If the evolutionary aspect has been 
proven, one has then to determine or better define the causes and the kinematics involved, 
to ensure better reinforcement and planning. SHM (Structural Health Monitoring) 
provides many investigation tools which help seek the causes and appraise how a 
situation is evolving. The results obtained will help locate the points where it is necessary 
to act and in which order. This strategy is at once technically and financially more 
efficient. 

THE APPROACH 
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When dealing with a sick building, the first fundamental step is to carry out as 
thorough an analysis of the situation as possible. Visual inspection to localise the 
damages is key. It helps determine the defects at a given time and allows the architects to 
analyse the pathologies. This initial appraisal constitutes the basis of the monitoring 
strategy which will, in time, make it possible to specify the evolutions. The geometrical 
survey is an integral part of the analysis. As the evaluation of the damages did, it will help 
establish the condition of the structure at a given moment (verticality, tilt, and deflection), 
the evolutions in time and answer the questions: What is moving? How fast in a year? 
What is stable? 

Modern tools make it possible to merge, on a single media, these two types of 
information. Scansites 3D is used to couple exhaustive geometrical surveys carried out 
using Lidar with the visual inspection data which can be obtained either remotely or 
during closer checks. 

The second stage, based on the analysis, is to formulate assumptions on the 
possible causes which are at the origin of the damages. They will of course need to be 
checked to insure that the factors of the damagas as well as the extent and kinematics 
have been properly identified. For this purpose, a program of investigation is designed 
and can utilize many complementary techniques such as topometry, instrumentation, 
destructive or non-destructive tests, and comprehension of construction methods. 

The last stage is to consolidate all the observations made in order to draw the 
conclusions regarding the works to be carried out, their nature as well as their extent. 

THE ANALYSIS 

LIDAR survey 

LIDAR (Light Detection And Ranging) is a topometric instrument which sweeps 
its field of vision using a contactless distance meter. Associated with angular coders, it 
gives a 3 D point cloud, with densities of points known in XYZ ranging up to a point 
every few millimetres. By combining several points of view, one is able to reconstitute an 
entire building (Fig.2). 

  

Fig.2 Photo of the building (on the left) and cloud of 8.3 millions points (on the right) 
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Lidar measurements can be exploited in two ways. The first method consists in 
visualizing the acquired deflection. It is rarely possible to know if these deflections date 
back to the original construction or if they’re the result of disequilibrium. They however 
guide the analysts towards noticeable points and help refine the structural calculations 
(for example, load lowering). The coloured map below (Fig.3), shows the deformed areas 
compared to geometrical primitives. 

 

Fig.3 Map of building deflections compared to geometrical primitives 

The second method of exploitation is to compare two point clouds obtained at 
different times. If part of the building is moving it will be detected without ambiguity as 
long as it is higher than measurement noise. 

VISUAL INSPECTION 

Visual inspection consists in transferring, onto maps, all the damages examined on 
the building. This inspection is usually carried out “on foot”, which means the inspector 
carries out his survey without any particular tool other than binoculars (Fig. 4).   

Scansites tool 

The important size of certain buildings makes “on foot” inspection difficult and 
the results can sometimes be unsatisfactory. Scansites is a tool developed by SITES used 
to inspect large structures remotely. Though it was initially marketed to be used on very 
large structures (viaducts, dams, cooling towers), it also finds its place in the monitoring 
of historical buildings. It complements inspections where access is difficult and distances 
important. 

Scansites is a video system using a long focal length camera (2000 mm) associated 
with a measurement system (Fig.5 & 6). It allows very precise inspections at a distance of 
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several hundred meters. It produces maps of disorders, where all the defects are given in 
three-dimensional coordinates. The characteristics of the defects as well as their images 
are registered in a database and are automatically drawn to scale using CAD.  

 

Fig.4 Example of damages mapping 
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Fig.5 Scansites head of inspection 

 

Fig.6 Scansites input station 

MERGING INSPECTION AND GEOMETRICAL DATA: SCANSITES 3D 

Merging the data resulting from the visual inspection and the geometrical data 
makes it possible, on single media, to check if a defect is related to a deflection. In order 
to do this, all the data must belong to a single reference frame. Using the Lidar survey as 
a basis, the Scansites 3D data are overlaid. The inspections carried out on foot are 
digitized and integrated also. The comparison will immediately help bring a new light on 
the inspection where, as in the example below (Fig.7), certain cracks are shown by a 
geometric inflection of the wall.  
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Fig.7 Research of correlation between cracks observed and deflections surveyed 

CAUSE SEEKING 

A multiplicity of possible causes 

The cause of defects on a structure can be very various and complex. Several 
buildings were damaged by adjoining actions which modified their conditions of stability 
(soil decompression, modification phreatic circulations…). Sometimes, small 
phenomenon difficult to detect such as a loss of water, bring disastrous effects for the 
structure. The seeking of causes will consist in formulate assumptions of destabilization 
and verify it through investigations. The SHM is one of investigative tools that we will 
detail later in this article. 

The SHM in the seeking of causes 

Here, the approach is to measure probable causes and their repercussions on the 
building. The table 1 provides some stress of the structure, and the tools of monitoring 
regarding the stress, and the table 2 provides examples of responses that can be measured. 

Table 1: Stress measured 

Structure stress Measurement mean Typical metrological features 

Differential settlement   
Landslide 

Direct leveling or hydrostatic leveling 
Borehole inclinometer 

Accuracy: +/-0.5 mm 
Accuracy: +/- 0.01° 

Phreatic movement Piezometer 
Flowmeter  

Accuracy: +/-1 cm 
-  

Thermal gradient Temperature sensor Accuracy: +/- 0.5°C 

Vibration Geophone 
Accelerometer Bandwidth: DC- 500 Hz 

 

Table 2: Responses measured 

Structure response Measurement mean Typical metrological features 

Cracking Crack measurement Accuracy: +/- 0.01 mm 

Tilt Inclinometer Accuracy: +/- 0.001 ° 

Deflection Optical fiber sensor long gage Accuracy: +/- 0.01 mm 

General deflection Lidar Accuracy: +/- 3 mm 

Vibration Geophone 
Accelerometer Bandwidth: DC- 500 Hz 
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When we begin a seeking of causes, it is important to carefully define the 
measurement program. If the goal is to investigate explanatory parameters of defects, we 
have to know their geographical reach too. If through investigations, areas are identified 
as stable, repairs can be reduced, generating an immediate financial saving. In the same 
line, the instrumentation must be flexible and easily adaptable, because it could also be 
used as monitoring during and after works. 

Equipment must show adapted sensitivities and their methods of fixing have to be 
in accordance with the masonry characteristics. 

Usually, observations last a minimum of 12 months, with additional length 
enabling the time for recovery of thermal and hydrological cycle. The next step is to 
analyze data via the research of correlation between sensors (Fig. 8). 

 

Fig.8 The inclinometer (in red) is decorrolated from thermic effects (2 curves down) 
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The sensors used for these applications must be carefully chosen. The engineer has 
to focus on the following aspects:  
- Technology: sensors used must have good stability features for long term 

measurements. 
- Range and accuracy: they have to be in adequacy with the phenomenon monitored. 

Indeed, if the sensor is too much accurate, the signal could be saturated, and 
otherwise, a lack of sensitivity leads to miss the phenomenon.  

- Fastening process: the way to fasten the sensors is determinant for the reliability of 
the measurement.   
This is not the purpose of this article to give details for all sensors listed in table 1 

& 2, but it is interesting to focus on the optical fibre sensors. Amongst the different 
technology existing, the Michelson interferometry becomes to be widely useful. The 
principle of these sensors is to use optic fibre to guide the measurement laser. Using the 
interferometer process, the sensor provides micro-displacement (2 µm) over long bases 
(up to 10 m). This accuracy is independent of the length of the sensor. 

The main use in historical heritage field is to follow up large pieces, for example a 
wall with a lot of cracks, with only one sensor (Fig.9 & Fig.10). 

 

Fig.9 View of 2 long base interferometric sensors and close view of an anchorage 
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Fig.10 Recordings of 2 sensors (length 10 m each) 

The figure 10 shows the measurements during 3 months. The displacements 
recorded in this figure correspond in extreme variation of 0.3 mm over 10 meters.  

CASE STUDY 

Among prestigious structures monitored by SITES, such as French National 
Assembly building or the Cathedral of Orléans, we have chosen to present the actual 
investigations on Hospice Comtesse in Lille, in the North of France. This structure built 
between the 15th century and the 18th century shows important pathologies, especially at 
the chapel (Fig.11). These pathologies are important deflections and a cracking clearly 
marked and alleged progressive. 

 

Fig.11 The chapel picture 

The analysis 

The chapel geometrical characterization was realized with the LIDAR. The cloud 
has reached 6 million points. This point cloud has been compared with geometrical 
primitives (planes) to extract the much information as possible on the general deflections 
and search inflexions (Fig.12 & 13). 

 

Fig.12 Point cloud view (on the left) 
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Fig.13 Colored view of deflections  

The visual inspection of the chapel has been realized and completed by the visit of 
underground canal on which the chapel is partly based. The defects were transferred on 
maps (Fig.14). 

 

Fig.14 Defects map 
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Merging data and searching for cause  

Deflection and inspection data were merged. They have oriented the investigation 
strategy. First, a high precision direct levelling network was installed and concentrated 
around high deflection areas. The measurement of the device is carried out periodically 
and helps to draw up evolution curves. A new Lidar measurement is made to appraise 
deflections which have occurred since the initial measurement. 

The structure was equipped with crack sensors and inclinometers. The analysis 
helped in locating the most relevant areas according to assumptions. The thermal 
parameters are obtained using temperature sensors placed inside and outside the building. 
The (phreatic and canal) water levels have recently been equipped with level sensors. 

Either the entire sensors are connected on an acquisition station or, in the case of 
areas where access is difficult, autonomous Fissuro-Thermo-Loggers are used (Fig.15). 
Destructive surveys are planned. 

 

Fig.15 Autonomous crack sensor: the Fissuro-Thermo-Logger 

Results 

Work is not done, but the investigations carried out have already delivered 
invaluable information. The stable areas of the building were clearly identified and the 
moving ones have been characterized. Of all the assumptions made at the start regarding 
the origin of the disorders, we now lean towards the existence of differential settlements 
whose cause we will now try to identify. 

CONCLUSION 

This article has shown that in the monitoring of structure the engineer’s appraisal 
is based on several complementary techniques which are inspection, geometrical survey 
and instrumentation. They are evolving and use increasingly advanced techniques. In this 
field, one cannot take shortcuts; these investigations are the results of a careful 
consideration and deep knowledge of these special building.  

Finally, as in many fields, the success of a mission is determined by the good 
collaboration of the different trades involved. 
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Abstract.  

Experts from 10 research facilities out of 7 European countries have been working together 
in the CHEF project, which aims at the protection of Cultural Heritage objects and buildings against 
flood and its hazardous impact. For avoiding or mitigating flood-related damage of Cultural 
Heritage, different aspects have to be considered in case by case investigations. The historic 
significance and context of the object have to be taken into account as well as the condition of its 
structure (e.g. materials composition) and its location in risk areas. Clear recommendations how to 
find the most suitable measure to mitigate or avoid flood induced damage at cultural heritage 
objects have been worked out in the project, based on scientific research and on the analysis of 
various case studies. Measurement techniques for humidity measurement were compared regarding 
their applicability. CHEF made use of a general damage information system and updated it for 
flood induced damages as a knowledge base using web ontology language (OWL). 

Keywords: Cultural Heritage, Flood, Preventive Measures, Humidity Measurements, 
Knowledge Transfer, Case Study 
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INTRODUCTION 

Although there are many initiatives in the world, which deal with flood protection 
and provide very good emergency plans and strategies for damage minimization, still 
there is a lack of knowledge, how to deal with sensitive Cultural Heritage, threatened by 
floods. Because of their uniqueness, it is almost impossible to give general 
recommendations how to protect Cultural Heritage. Application of conventional measures 
to protect Cultural Heritage from flood leads to the problem that the originality, 
authenticity and aesthetic qualities or values of historic monuments are impaired. 
However, for protection of cultural heritage against flooding a new approach is needed to 
apply most effective preventive measures and to avoid subsequent damage that occurs 
due to wrong decision-making or bad restoration practice after flood. A large benefit 
could be gained from advanced risk mapping which clearly indicates the vulnerability of 
Cultural Heritage in flood-prone areas supported by reasonable condition monitoring, 
mainly based on non-destructive testing (NDT).   

Clear recommendations about how to find the most suitable measure to mitigate or 
avoid flood induced damage at cultural heritage objects have been worked out in the 
project, based on scientific research and on the analysis of various case studies. 
Measurement techniques for humidity measurement were applied to understand transport 
of water in masonry. The methods were compared regarding their usage during the rescue 
measures for cultural heritage after flood. The partners from the Institute for Theoretical 
and Applied Mechanics (ITAM) in the project CHEF made use of a general damage 
information system and updated it for flood induced damages as a knowledge base using 
ontology web language.  

The research project Cultural HEritage Protection against Flood (CHEF), 
coordinated by the Federal Institute for Materials Research and Testing (BAM), has been 
funded under the 6th European Framework Programme FP6 between February 2007 and 
January 2010. The consortium included ten members from seven different European 
countries (see authors list above). The outcome of the project is being published in a 
summary report, edited by the project partners (Binda et al., in preparation 2010). 

VULNERABILITY OF HERITAGE AND FLOOD 

Classification of Cultural Heritage according to its vulnerability 

To evaluate the threat of flooding (and of other natural hazards) it is important to 
know, how vulnerable the investigated object is. Of course, to determine its vulnerability 
it is necessary to know the monument very well and to be aware of the building materials 
and their properties. Also it is important to know the function and the integrity of its 
structural parts and how they interact.  

Water affects the stability of historic objects in different ways: physical, chemical 
and biological. The physical stability of buildings is affected by the force of the flowing 
waters, but also by the change of materials properties under the influence of water. 
Failure of structural parts as a result of decreased load capacity can easily lead to cracks 
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and further on to collapse. If the surrounding ground loses its stability, settlements are 
likely, which threat the stability of the building.  

But contaminated water has not had a severe impact only during flood. Chemical 
(salt, effloresce) and biological (mould, fungal attack) effects occur as well during the 
drying phase after flood and induce further damage if appropriate countermeasures are 
not taken. 

Examples for properties, which determine the vulnerability of building materials, 
are: 
• mineralogical composition of the affected material  
• water absorption capacity, pore volume (density) 
• moisture expansion, drying properties of the affected object 
• strength parameters. 

To assess the vulnerability, it is helpful to set up a table that shows the sensitivity 
of building components to flood, ranging from low to significant vulnerability and being 
dependent on the flood resistance of the individual components. 

V0- investigated object is less vulnerable towards flood 
V6- investigated object is very vulnerable towards flood 
 

Flood risk low moderate significant 
Heritage vulnerability  
F0 Flood resistant CH V0 V0 V0 
F1 High moisture volume change in materials V1 V1 V2 
F2 Strength reduction, degradation due to 
moisture volume change in materials 

V1 V2 V3 

F3 Partial damage to CH due to flood V2 V4 V5 
F4 CH vulnerable to overall collapse due to flood V3 V5 V5 

Figure.1. Structures and elements and their sensitivity to flood (F0-F4 according to the 
EU-project Noah´s Ark) 

Risk and vulnerability 

There is an important correlation between the identified vulnerability of Cultural 
Heritage objects and the risk which has to be considered in flooded areas. It is obvious 
that some buildings can withstand even severe flooding, while others can be destroyed by 
rather short water contact.The following flood parameters play an important role for the 
evaluation of the vulnerability of a particular building: duration of flood/ time of 
exposure, water level, flow velocity, water load (ice, particles, pollutants, salts, oil), 
climate conditions (temperature of water and air, wind, etc.). 

It has to be investigated in each individual case what type of flood might occur and 
how this particular flood might damage single building components or affect the whole 
building. Even long-lasting flood of relatively clean water might not cause any damage at 
all, if the building materials are resistant towards water and do not change their properties 
and behaviour. But it is important to consider also the long-term effects that might occur 
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after the flood level has decreased again. Changes in the surrounding environment (soil) 
or in building parts which are not visible (foundations) can cause unexpected heavy 
damage long after flood. In these cases non-destructive testing methods (NDT) like radar 
or electric resistivity testing, which were originally developed for subsoil investigations, 
can provide valuable information about the condition of critical parts. But these tests can 
only be carried out by well trained and experienced experts. 

A long lasting flood with a high water level and polluted water may cause heavy 
damages to directly affected Cultural Heritage objects. The influence of chemical 
substances may more severe in the case of high temperature and a slow water velocity.  

   

Figure 2. Case study: Church exposed to sea flood in Piran,  Slovenia. 

  

Figure 3: Investigation for analysis of 
flood specific damage at the Piran 

church (ZAG) 

Figure 4: Annual and extreme flood on the 
Piran Penninsula (ZAG), (Binda et al. 

2010) 

Thus, the seawater flood additionally contaminates the heritage structure with salt 
and the degradation process is enhanced. One of the case study, provided by the 
Slovenian Building and Civil Engineering Institute (ZAG), presents the condition of a 
church in Piran after annual and extreme sea floods, see Fig. 2-4, numerous material tests 
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and classifies mechanical as well as chemical damage in a damage catalogue. (Golež et 
al.2010) The degree of damage depends from the material properties of the affected 
object and the chemical agents. In comparison to Sea water, high water velocity causes 
completely different types of damage that is also depending from the individual material 
properties, its vulnerability and other properties of the affected object.  

Water seeping into the basements of buildings, damp rises and problems with 
hydrostatic pressure may occur at the foundation walls. Therefore in any case it is 
necessary to study and describe the type(s) of flood, which may affect the region and at 
least the cultural heritage object as precise as possible before selecting preventive and 
emergency measures. The risk for a particular building or movable heritage object 
increases with its vulnerability. Risk mapping should thus take into account the risk posed 
by the type and characteristic of flood and the specific vulnerability. The vulnerability of 
a structure, on the other side, depends on the weakest part. The most effective instrument 
is the risk mapping when already known information about floods is systematically 
integrated. These maps should also include Cultural Heritage objects in order to find out 
where heritage is most endangered. They should also provide information which 
infrastructure for prevention and for emergency actions already exists or has to be 
created. Such mappings are a precondition of rational protection measures and of 
effective flood warning systems.  

HERITAGE DAMAGE ANALYSIS AND CLASSIFICATION 

Damage assessment with non-destructive (NDT) or minor-destructive (MDT) testing 
methods 

To understand the harmful impact, caused by static and dynamic loading, moisture 
and salt transport, contamination and erosion several testing methods have been applied 
in laboratory experiments and on-site at buildings. 

Table.1. Qualitative and quantitative methods for the testing of the humidity 

Quantitative minor 
destructive techniques 

Quantitative non-destructive 
techniques 

Qualitative non-destructive 
techniques 

-Powder (or Core) 
Drilling Test 
-Calcium Carbide Method 

-Nuclear Magnetic Resonance 
-Complex Resistivity 
-Microwave Borehole Method 
-Time Domain Reflectometry 

-Thermography 
-Ground Penetrating Radar 
-Sonic Pulse Velocity Test 
-Ultrasonic Test  
-Fibre Optic Relative 
Humidity Sensor 

 

While some of the available methods (table 1) are reliable and give quantitative 
results, most of the testing methods can only be used to determine a trend or to allow a 
comparison of different conditions along the timeline. The minor destructive powder (or 
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core) drilling test and the calcium carbide method are both based on the analysis of 
material samples and provide accurate information. But of course these methods are 
restricted to point measurements and their application is time consuming and affects the 
building integrity in a small extent (Kruschwitz 2008).  

The other methods are indirect and gain information on measure water contents 
indirectly via physical properties like the electrical resistivity, dielectric properties, 
thermal conduction or acoustic material behaviour. The great benefit of non-destructive 
methods is that they can be applied repeatedly and drying processes can be monitored on 
a regular basis.  

Classification of damage 

As described in previous chapters it is necessary to know, when damage occurs. 
But the composition of building materials used for Cultural Heritage objects is very 
complex. There are uncountable material combinations, so it is impossible to set up 
general thresholds for damage. A rough classification (Lanza, 2003) ranging from:  
• light damage (absence of structural damages, light non-structural damages: 

presence of humidity with the appearance of localized efflorescence or growth of 
micro-organisms), 

• moderate damage (absence of structural damages, moderate non-structural 
damages, localized bulges and/or plaster detachment),  

• heavy damage (light structural damages, heavy non-structural damages: thin 
cracks in many walls; desegregation of the materials),  

• serious damage (heavy structural damages, serious non-structural damages: 
desegregation of materials with consequent loss of the bearing capacity, large and 
extended cracks in most walls, local settlings or partial collapse) to 

• Collapse (serious structural damages: total or nearly total collapse of the building). 
can help to evaluate the severity and significance of occurring damage. To 

determine the above described conditions, the testing methods can provide the required 
data. The classification of damage is important after flood, when appropriate measures for 
restoring safety (heavy and serious damage) immediately after the incident have to be 
chosen. But also for the long-term planning of restoration works in strongly affected 
regions it is necessary to know, what to fix first and how to mitigate subsequent damage, 
if immediate repair is required. 

PREVENTIVE AND EMERGENCY MEASURES 

Preventive and temporary measures against flood are typically divided into two 
categories: structural (structure related and operational) and non-structural (measures not 
affecting the structure, incl. administrative or organisational). Structural measures are 
sometimes difficult to apply in the case of Cultural Heritage protection. The major part of 
the project is devoted to presenting the state of the art of available protection measures 
and how they contribute to minimise the impact of floods on immovable and movable 
Cultural Heritage. It is described how to preserve and how to treat historical materials, 
historical structures and sites in case of flooding. A worldwide overview is given about 
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conventional, locally available methods and techniques for temporary repair and re-
strengthening evaluating its effect on the successful preservation of Cultural Heritage 
objects.  

This overview includes among others:  
• Innovative methods and technologies for the investigation of the flood impact  
• Assessment of different restoration techniques and their impact on the historic 

substance 
• Impact of preventive, temporary or permanent measures  
• Evaluation of restoration and first treatment techniques for Cultural Heritage 

materials and structures 
• Methods for the numerical evaluation of the resistance of Cultural Heritage 

structures due to the flood actions 

LESSONS LEARNT FROM CASE STUDIES  

Selection of case studies 

A large number of case studies has been included in the project. Ranging from 
privately owned historic houses, monuments, historic towns (e.g. Genoa, Prague, 
Regensburg), historic gardens/landscapes (e.g. Pillnitz, Veltrusy, Jaromerice, Rokytnou 
Castles) to Heritage Sites (e.g. in Slovenia, Czech Republic, Germany), e.g. in (Binda et 
al 2010 and Drdácký, Slížková 207) this compilation features a wide range of aspects 
which have to be considered in flood protection planning: 
• How did historic floods occur and how have they been geographically spread; the 

position of study cases in the map of disaster? 
• How was the response of these case studies under flood action and which typical 

damages occurred? 
• Which former concepts and methods used to restore the affected case studies, if 

any have been applied and how successful have they been? 
• Have the lessons learned from former floods been considered and did they lead to 

an improvement of the situation? 
• What were the estimated values of losses caused by the floods? 

It has not been possible to collect comparable and complete data for all of these 
case studies, but the large number included in the analysis enabled the researchers to get 
an overview about appropriate measures and to derive some key recommendations that 
can be applied in most of the cases. Still it has to be kept in mind that due to their 
uniqueness each historic object needs a detailed survey to find out the best protective 
strategy. 

Deriving recommendations 

A well laid out flood-preparedness strategy reduces the potential for damage to 
cultural heritage. Specific comprehensive planning including emergency and technical 
measures as well as the knowledge about the historic backgrounds is crucial for the 
protection. 
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In zones of high flood potential often historic dykes or earth berms to contain high 
waters exist. In former times they might have been part of an effective propriety specific 
flood protection strategy. Flood protection strategies should give attention to those 
concepts. It should be analyzed, if these protective installations can be prepared for use 
again. Generally speaking, the strategy should suggest ways in which its various measures 
will respect heritage values by improving flood protection (Herle et al. 2010). 

A property’s flood-protection strategy has to be the subject of continuous 
monitoring and review, in order to identify possible improvements. It is important to 
ensure that a historic property’s flood-protection strategy is applied flexibly. The package 
of measures adopted should be designed to meet basic safety and stability requirements, 
with least harm to the character of the historic property. Structural alterations to a 
property should be the minimum necessary to ensure adequate flood protection. The best 
flood-protection strategy for a particular property will meet all defined standards of safety 
and security for people, property and objects, with least harm to heritage values, at least 
cost.  

Application in the knowledge base StruFail 

The partners from the Institute for Theoretical and Applied Mechanics (ITAM) in 
the project CHEF made use of a general damage information system available at ITAM 
since the eighties. The system was updated for flood induced damages to cultural heritage 
in case studies as a knowledge base using ontology web language (Drdácký, Vallach et al 
2010).  

The main objective of the damage information system is to support collection and 
share knowledge of documented failures provided by experts and practitioners from 
different fields of expertise to derivate preventive measures for flood protection of 
heritage structures. The domain of knowledge is mainly focussing on immovable 
heritage. 

 

Figure 5: Exploration of structures, their properties, assigned failures and location. 
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The system is open to the input of further damage and failure cases under the 
guidance of the administrators. Basic user interaction scenarios involve exploration of 
damaged structures (menu Structures), their attributes, location on Google Maps and 
assigned failures as shown in Fig. 4. The menu point EXPLORE than provides answers to 
predefined queries. The knowledge base StruFail is further explained in the CHEF-book 
to be issued in 2010.  

Conclusion and perspectives 

The CHEF project establishes the vulnerability aspect in the flood protection of 
Cultural Heritage objects. Up to now risk mapping considers the characteristic parameters 
of floods and displays the areas which are endangered, but it does not show the actual risk 
which is threatening historic buildings when they are flooded. While some buildings 
might withstand even strong floods (high velocity, high ware levels) without suffering 
severe damage, others might be completely destroyed from slowly rising waters. 

The lessons learned from previous floods in Europe show that it is very important 
to be prepared for flooding. It is absolutely necessary to be aware that floods can happen 
at any time in risk areas and that the pre-warning time can be surprisingly short. If the risk 
assessment includes the knowledge about the vulnerability of the threatened buildings, it 
is possible to develop efficient emergency strategies for the dangerous phase during 
flood. Knowledge and preparedness are the keys to successful damage mitigation. The 
rescue teams (e.g. civil protection, fire brigade) should be aware that Cultural Heritage 
objects need special attention and the plan what to do with it if floods occur, must be 
made in advance. The recommendations and guidelines how to deal with the valuable 
objects have to be set up by a team of experts and should involve the emergency teams, 
the restorers, architects, engineers as well as the decision makers in the municipalities 
who are responsible for the area. 

Recommendations for protective measures before and for effective treatment after 
flood have been set up in the frame of the introduced CHEF project. The results of the 
project are available on the projects website www.chef.bam.de and by personal contact to 
the consortium members. 
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Abstract 
Weathering of stone is one of the major reasons for the damage of stone masonry structures 

and it takes place due to interlinked chemical, physical and biological processes in stones. The key 
parameters involved in the deterioration processes are temperature, moisture and salt. It is now 
known that the sudden variations in temperature and moisture greatly accelerate the weathering 
process of the building stone fabric. Therefore, in order to monitor these sudden variations an 
effective and continuous monitoring system is needed. Furthermore, it must consist of robust 
sensors which are accurate and can survive in the harsh environments experienced in and around 
masonry structures. Although salt penetration is important for the rate of deterioration of stone 
masonry structures, the processes involved are much slower than the damage associated with 
temperature and moisture variations. Therefore, in this paper a novel fibre optic temperature cum 
relative humidity sensor is described and its applicability in monitoring building stones 
demonstrated. The performance of the sensor is assessed in an experiment comprising wetting and 
drying of limestone blocks. The results indicate that the novel fibre optic relative humidity sensor 
which is tailor made for applications in masonry structures performed well in wetting and drying 
tests, whilst commercial capacitance based sensors failed to recover during the drying regime for a 
long period after a wetting regime. That is, the fibre optic sensor has the capability to measure both 
sorption and de-sorption characteristics of stone blocks. This sensor is used in a test wall in Oxford 
and the data thus obtained strengthened the laboratory observations. 

Keywords: Masonry Stone, Monitoring, Temperature, Relative Humidity, Fibre Optic 
Sensors, Capillary Rise 
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INTRODUCTION: 

A major part of the built environment is made in stone masonry. Stone in a 
building starts changing rather slowly when exposed to service environments. They 
deteriorate with time, perhaps in an accelerated way when exposed to aggressive 
environments experienced in urban settings. The deterioration process of building stone 
depends mainly on the temperature and moisture regimes within the near surface region. 
Temperature fluctuations at the near surface of the stone cause temperature gradient 
inside the material inducing a number of weathering mechanisms and fatigue in 
susceptible materials [1]. Therefore, frequent cycles of sudden temperature changes can 
cause mechanical disintegration at near surface of stone, beginning at interfaces between 
different minerals in stone. However, temperature induced deterioration cannot act in 
isolation, as it can be varied or influenced by the presence of moisture. Influence of 
moisture is critical in the deterioration process of building stones. Almost all the 
weathering processes, viz. physical, chemical and biological processes, take place due to 
presence or ingress-egress of moisture. The absorption and transport of moisture in 
porous stone combined with effects of temperature changes and air flow at the surface 
makes it a complex process to understand. Generally, moisture induced weathering in 
building stone happens through various external processes, such as: ingress of acid rain 
water, capillary rise of ground water with dissolved salts through ineffective damp course, 
flooded water, water leakages from pipes and roofs. The fluctuations of temperature in 
stone cause evaporation of moisture from the surface resulting in increased concentration 
of dissolved salts and subsequently leading to their precipitation causing residual stresses 
in the pores. In most of the cases it is the cyclic process of ingress-egress of moisture that 
creates problems in building stone, which primarily depends on the external 
environmental conditions such as relative humidity, temperature, wind and on the 
orientation of stone facade to these parameters.  

Monitoring of temperature and moisture in building stone plays an important role 
in diagnosis of deterioration, particularly in cases where there is complex combination of 
temperature and moisture fluctuations in stone. It has been observed that for 
understanding salt weathering processes in building stone, instead of measuring average 
minimum and maximum temperature in a day, it is more important to monitor short-term 
rates of temperature changes in stone that takes place in less than 15-30 minute timescale, 
which provides better information on the thermal history of the stone [2-4].  

The most common techniques which are used to measure moisture in building 
materials are gravimetric method, electrical method and hygrometric methods. 
Gravimetric method is a destructive method which is based on weight measurements; 
electrical method is based on the dielectric properties of the materials that vary with 
change in moisture content; hygrometric method is based on the measurement of relative 
humidity of air enclosed in a drilled hole [5].  Some of the traditional methods, such as 
gravimetric method and other hand held moisture meters, are labour intensive and are 
often performed as a result of financial constraints. The electrical based measurement 
techniques which rely upon measurement of electrical resistance between two pins are 
widely used in moisture monitoring in building stone. This technique has many 
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advantages, such as easy application in building stone and ability to continuously monitor 
through an automatic monitoring system. The major drawback of electrical resistance 
based moisture sensors is that the performance of the sensors are influenced by the 
presence of dissolved salts and other chemical changes in the porous structure of building 
stones. Hygrometer sensors, which, as stated above, are used to measure the equilibrium 
relative humidity in a void created within the building stone. These sensors are popularly 
used to monitor moisture in buildings as they are easy to place, available in suitable 
humidity ranges, have accuracy required for monitoring moisture in buildings and can be 
programmed to collect and store data automatically. However, these sensors are prone to 
problems with saturation and contamination in aggressive conditions experienced in 
buildings, which necessitates the sensors for periodic maintenance and recalibration. 
More advanced techniques for relative humidity measurements are available based on 
chilled mirror technology, in which the sensor can purge itself or can be purged to avoid 
problems associated with saturation.  

Recent developments in fibre optic sensor technology have facilitated the 
application of these sensors in structural health monitoring of civil infrastructures. This 
study looks into the reliability and applicability of fibre optic relative humidity sensors 
for continuous monitoring of temperature and moisture changes in building stone both in 
laboratory and field conditions. This study also deals with the necessary modifications 
needed for protection and packaging of fibre optic relative humidity sensors to sustain 
harsh environments experienced in stone structures. 

FIBRE OPTIC RELATIVE HUMIDITY SENSOR 

In the last few years fibre optic sensors have made a slow but significant 
contribution in the sensor field. Use of optical fibre based sensors have numerous 
advantageous over conventional electrical methods, such as small size, geometric 
versatility, multiplexing capability and resistance to corrosive and hazardous 
environments [6].  Several optical fibre humidity sensors are reported based on sensing 
materials like calorimetric dyes which change colour as a function of humidity [7], 
change of refractive index as a function of humidity [8] and swelling type gel that change 
in size with humidity [9]. In recent years, Fibre Bragg Grating (FBG) based sensors are 
popularly used in structural health monitoring of concrete structures due to their better 
sensitivity to strain and temperature [10]. Furthermore, the small dimensions of FBG’s 
can be utilised as “micro-sensors”. Applying a calorimetric or strain sensitive based 
chemical coating on FBG’s can help to quantify different other parameters. This principle 
is taken as a basis for developing FBG based relative humidity sensor, wherein a moisture 
sensitive polymer (polyimide) is coated, which induces a strain effect on FBG sensor [9, 
11]. Thus the relative humidity level is given through the shift in wavelength caused by 
the expansion of the moisture sensitive polyimide layer on the Bragg grating. The 
equation to describe this relationship in the case of strain or temperature effect is given by 
Eq. 1. 

   ∆𝜆𝐵
𝜆𝐵

= (1 − 𝑃𝑒)𝜀 + [(1 − 𝑃𝑒)𝛼 +  𝜉]Δ𝑇  (Eq. 1) 
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where 𝑃𝑒 is the photo-elastic constant of the fibre, 𝜀 is the strain induced on the 
fibre, 𝛼 is the fibre thermal expansion coefficient and  𝜉 is the fibre-thermo-optic 
coefficient. The above equation is slightly modified for relative humidity sensing so as to 
consider the strain effect induced by swelling of polyimide moisture sensitive polymer, as 
given by Eq. 2. 

   ∆𝜆𝐵
𝜆𝐵

= (1 − 𝑃𝑒)𝜀𝑅𝐻 + (1 − 𝑃𝑒)𝜀𝑇 +  𝜉.Δ𝑇            (Eq. 2) 

Thus from the above equation the shift in Bragg wavelength is related to three 
main components, the strain effect induced on the FBG due to moisture 𝜀𝑅𝐻 and thermal 
expansion 𝜀𝑇 and the thermo-optic effect 𝜉 [9]. 

SENSOR DEVELOPMENT AND CALIBRATION 

Sensor fabrication 

The FBG sensor used in this work is inscribed in boron–germanium (B/Ge) co-
doped photosensitive optical fibres using the phase mask technique. The gratings were 
annealed for more than 7 hour at 200 0C to stabilise the performance of the device [12]. 
Prior to the polymer deposition, the gratings were cleaved at one end to facilitate the use 
of the dip coating technique which is found to be most effective for this research. The 
gratings were also treated with a silane coupling agent (0.1% 3-APTS solution using 
deionised water) to enhance the adhesion at the silica/polymer interface. This treatment is 
to ensure effective strain transfer to the grating as a result of the polymer swelling. The 
moisture sensitive polymer is coated onto the FBG using an automated and programmable 
dip coating system developed at City University, London. This technique helps to apply a 
uniform film and avoids bubble formation of polymer on the FBG. The selection of the 
coating material and the optimum thickness of the coating play a critical role in the 
performance of the FBG-based moisture sensor. The moisture sensitive polymeric 
material used in this work is Polyimide (PI) with an optimum coating thickness of 24 μm 
for better sensitivity and response time, as described elsewhere [9].  

Protection and Packaging of Fibre Optic RH probe 

Although the advantages of FBG sensors are well demonstrated, optical fibres are 
fragile and are prone to breakage during packaging, transportation and installation to the 
host structures. In order to prevent the bare sensor grating from possible damages such as 
rough handling during installation, contamination by salt deposits and any other internal 
stresses in the building stone there is a need to package and protect the sensors. It is 
observed from the previous work done by the authors that the sensors encased in stainless 
steel tube with perforations at the tip resulted in contamination of fibre gratings [13]. The 
steel casing to protect the fibres conducted temperature easily all along its length and is 
therefore not appropriate for point based temperature and RH measurements. In addition, 
the stainless steel tube created a macro environment all along the length of tube for 
moisture to permeate or diffuse when placed in holes drilled in building stones. 
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Therefore, for monitoring RH in building stones it is essential to modify the probe so as 
to enable the measurement of both temperature and humidity in a small cavity thereby 
allowing the temperature correction on humidity and relate the measurements to moisture 
changes within the stone. A sketch of the new sensor probe is shown in Fig. 1(a) and a 
photograph of FBG temperature and humidity sensor fabricated according to the new 
design is shown in Fig.1(b).  

  

Fig. 1(a): Schematic of new fibre optic RH probe 

Fig. 1(b): Fabricated FOS-RH probe 
with the protection cap removed to 
show the FBG based humidity and 

temperature sensors 

In the new design in Fig. 1, the RH probe is modified by replacing the stainless 
steel sheath with polycarbonate material which has high strength, low thermal 
conductivity and good compatibility with the measuring environment. The measurement 
of Relative Humidity (RH) requires a probe with both moisture and temperature 
capabilities as the RH values have to be calibrated against the effects of changes in 
temperature. Therefore, FBG based temperature sensor has to be placed along with fibre 
optic moisture sensor. Both the temperature and moisture sensors were placed in a groove 
made in a polycarbonate rod, as shown in Fig. 1(a). The tip of the sensor probe containing 
the temperature and moisture grating, as shown in Fig. 1(b) is protected by means of a 
detachable filter cap. The filter cap contains a porous polypropylene sheet of filtration 
size 40μm attached to the tip of the cap, as shown in Fig. 2. 

 

Fig. 2: FOS-RH probe with polypropylene filter 
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The pigtailed connectors of temperature and humidity sensor are connected to a 
fibre optic control unit and shift in wavelength due to expansion/contraction of fibre 
Bragg grating caused by temperature/moisture changes are measured. The data 
acquisition and storage is done using LabView software, which has the capability to store 
individual calibration of sensors. 

Sensor Calibration 

The relative humidity probe is calibrated for temperature against relative humidity 
measurements. The humidity calibration is done by saturated salt solution technique, 
wherein the probe is placed in an enclosed bottle containing saturated salt solution which 
can maintain standard relative humidity at a particular temperature [14]. The temperature 
and humidity inside the bottle is monitored by using a reference hygrometer, to enable 
comparative measurements to be made. Thus the probe is calibrated for humidity at three 
different levels using saturated salt solution of MgCl2, K2CO3, NaCl and KCl which can 
maintain a relative humidity of 33.07%, 43.16%, 75.47% and 85.11% respectively at 
20°C. The temperature inside the bottle is varied from 10ºC to 50ºC at any humidity level 
so as to know the influence of temperature changes on the humidity measurement by the 
sensor. The temperature calibration of the FBG temperature sensor in the RH probe is 
shown in Fig. 3(a). It can be observed from the humidity calibration graph, shown in Fig-
3(b), that the wavelength of the humidity sensor changes both due to change in humidity 
and the change in temperature. Thus from the humidity calibration graph, the temperature 
coefficient is calculated and applied as correction factor to the relative humidity 
measurements. The temperature and relative humidity coefficients obtained from the 
calibration curves were entered into the LabView based software so as to enable a direct 
measurement of RH using the sensor and the software.  

  

Fig. 3(a): Calibration graph of Fibre-Optic 
temperature sensor 

Fig. 3(b): Calibration graph of Fibre -
Optic Humidity sensor 
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PERFORMANCE OF RH PROBES IN A BUILDING STONE 

Sample preparation and experimental setup 

The tests were performed on oosparite limestone block of dimension 150 mm X 
150 mm X 80 mm. To monitor internal temperature and moisture levels, sensors were 
embedded by drilling into one 150 mm X 150mm face in a way that they were at definite 
depth from the opposite face. Before placing the sensors in drilled holes the sample is 
dried at 50ºC until the weight of the sample reached a constant value. The dried sample is 
cooled in a desiccator to room temperature. The newly designed fibre optic humidity 
probe with polypropylene porous filter is placed at a depth of 30mm from the surface. 
The gap left on the sides of drilled hole after placing the RH probe is filled with stone 
dust and blocked with cotton wool at the end. In order to validate the measurements of 
fibre optic RH probe, a commercially available capacitance based RH probe and a set of 
Electrical Resistance (ER) based moisture sensors were placed in the same stone block, as 
shown in Fig. 4. The capacitance based RH sensor is placed parallel to fibre optic RH 
probe at the same depth of 30mm from the surface.  The ER sensors along with bead type 
thermistor were placed in drilled holes at four different depths, 5, 10, 20 and 50mm from 
the surface of exposure. The set of ER sensors were used basically to measure the time of 
arrival of moisture front in capillary rise test on the building stone [15,16]. This set up 
allowed the spatial distribution of moisture to be monitored using three different moisture 
sensors, viz. fibre optic RH sensor, Capacitance based sensor and ER based sensor. 

Capillary rise test 

The limestone block embedded with sensors is subjected to the capillary rise test, 
as shown in Fig. 5. The sample is placed on a tray supported with two stainless steel rods 
and filled with water maintained at 20ºC to a level such that the base of the stone is 
immersed to a depth of 3mm.  

  

Fig. 4: Sample block with sensor 
setup 

Fig. 5: Capillary rise test setup with 
sensors  
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The tray with the sample is placed in a climatic cabinet maintained at 20ºC and 
65% relative humidity. The water level in the tray as kept constant by adding the 
necessary amount of water throughout the test. The moisture and temperature changes 
inside the block were monitored continuously at an interval of one minute and the data is 
collected using a PC. 

  

Fig. 6(a): Changes in RH at 30mm depth 
of stone due to the capillary rise of water 

Fig. 6(b): Changes in temperature at 
30mm depth of stone due to the capillary 

rise of water 

The changes in RH due to capillary rise of water, as measured by FOS and 
capacitance based sensors are shown in Fig. 6(a). As the water front raises to the sensors 
located at 30mm from the surface the RH measurements made by the FOS RH sensor 
increased rapidly and gave stabilised values after 400 minutes. However, the 
measurements made by capacitance based sensor showed a gradual change in RH with 
rising water front and stabilised reached after 600 minutes. The delay in the case of 
capacitance based sensor is due to the bigger dimensions and sensing volume of the 
probe. In Fig. 6(b), it can be seen that the temperature measurements made by the FOS 
RH probe are closely related, and follow the same trend, as the capacitance based RH 
probe. 

The time of arrival of moisture front at different depths from the surface of 
limestone block due to the capillary rise of water is measured using the electrical 
resistance sensor and presented in Table 1. Therefore, it shows that the moisture ingress 
monitored by the FOS-RH sensor at 3cm from the surface of the block correlates well 
with the time of arrival of moisture front at different depths as measured by electrical 
resistance sensors shown in Table-1. 

Table 1: Arrival of moisture front at different depth in stone block as measured by 
electrical resistance sensors 

Depth (cm) 0.5  1.0  2.0  5.0  
Time of arrival of moisture front (mins) 10 40.5 143.5 597 
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Drying test 

Drying is a process that aids salt crystallisation in building stone. Unlike in 
capillary absorption, evaporation process consists of moisture transport in both liquid and 
vapour phases.  

  

Fig. 7(a): Changes in RH at 30mm depth 
of stone due to the drying of stone block 

Fig. 7(b): Changes in temperature at 
30mm depth of stone due to the drying of 

stone block 

In this study, when the limestone block is fully saturated with moisture at the end 
of the capillary rise test the block is subjected to a heating regime so as to monitor the 
drying process using sensors. The heating of the sample is performed in an oven 
maintained at 40°C. The changes in RH and temperature as measured by the FOS RH 
sensor and the capacitance based sensor whilst the limestone block is drying is shown in 
Figs. 7(a) and 7(b). In this experiment, the RH and temperature changes inside the stone 
were monitored continuously for 3 days. It can be observed from Fig. 7(a) that the RH 
values, as measured by FOS probe, decreased gradually with time. Although the RH 
measurements made by the capacitance based sensor decreased slightly in the initial few 
hours of drying it went back to the saturated level throughout the drying period. This 
effect is considered to be mainly due to the condensation of moisture on the sensing part 
of capacitance based RH probe.  

The drying process under constant external influence has been described in two 
stages, the constant drying rate stage (stage 1) and falling drying rate stage (stage 2) [17].  
The transport process in stage 1 is thrived by the movement of liquid and vapour phases 
of moisture, where as stage 2 is mainly by movement of water vapour. The measurements 
made in the drying block by FOS RH probe indicate that the RH decreased gradually 
during the initial period of drying and then very slowly afterwards. The movement of 
water vapour in porous media due to drying is a very slow process as the major transport 
process is governed by diffusion. Thus even after drying the stone block continuously for 
3 days the RH levels inside the stone block is decreasing very slowly. 
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FIELD MONITORING – TEST WALL 

  

Fig. 8(a): Front face of test wall showing 
monitoring surface of non-recessed stone 

block using IR thermometer 

Fig. 8(b): Rear side face of test wall 
showing fibre optic monitoring set-up 

The applicability of FOS RH probe in monitoring moisture changes in masonry 
structures is tested on a test wall constructed at Wytham Woods in Oxford, as shown in 
Fig. 8(a) and 8(b). The test wall is built with Cotswold limestone and the dimensions of 
the wall are 2m×1.75m×0.4m. The backside of the test wall is properly sheltered with 
wooden planks and PVC roofing in order to protect the backside face of the wall and 
instrumentation for the sensors from wetting due to rain. The new RH sensor probe 
containing the polypropylene filter cap and a commercial RH probe were used in this 
study for monitoring moisture changes inside the wall. 

The fibre optic humidity sensor and commercial RH probes were placed in a hole 
drilled from behind the wall to an extent up to 50mm from the façade of the wall. The end 
of the hole after placing the sensors is plugged with cotton wool so as to prevent any 
ingress or egress of moisture through the drilled hole. In addition to the RH sensors, infra-
red thermometer supported using a truss arrangement, as shown in Fig. 8(a), is used to 
measure the surface temperature of the block. The temperature and moisture changes in 
the wall were monitored continuously using the FOS RH probe at a measurement interval 
of one minute for a period of two days. The commercial RH probes were already in place 
inside the stone blocks months before this study and was monitoring RH and temperature 
continuously at one hour interval.   
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Fig. 9(a): Changes in RH at 50mm depth 
of recessed stone block  

Fig. 9(b): Changes in temperature at 
50mm depth of recessed stone block 

The relative humidity and temperature measurements made using the FOS RH 
probe and the commercial RH probe are compared in Fig. 9(a) and 9(b). It can be 
observed from Fig. 9(a) that the commercial RH probe is always showing 100% RH 
whereas the measurements made by the FOS-RH probe indicated variation in RH 
between 90-93% with time. It can be expected that the RH sensor element in commercial 
RH probe is saturated with water and hence the RH measurements were continuously 
stationary at 100%, which is a drawback with most of the commercial capacitance based 
sensors. The temperature measurements, as shown in Fig. 9(b), indicate that the surface 
temperature changes rapidly depending on the environmental conditions and solar 
radiation. On the other hand, the temperature changes at 50mm depth monitored by the 
FOS RH probe are rather slow and in sync with the surface temperature. Furthermore, the 
response time to temperature variations monitored by the FOS RH probe is quicker than 
that by the commercial RH probe. It can be observed from Fig. 9(b) that the surface of the 
stone block is subjected to heating and cooling much faster than the interior, bringing a 
substantial temperature difference between the surface and at a depth of 50mm from the 
surface. Therefore, frequent cycles of these temperature differences at near surface zone 
of stone block causes intermittent thermal stresses, evaporation of moisture causing 
crystallization of salts and eventually leading to the disintegration of material at the 
surface. 

CONCLUSIONS 

In this work the potential use of a FBG based fibre optic relative humidity sensor 
for continuous monitoring of moisture changes in building stones has been demonstrated. 
Furthermore, the design of the fibre optic RH probe has been modified to suit civil 
engineering applications. Some important conclusions are as follows: 
• In order to achieve error-free operation with quick response time the FOS RH 

sensor probe has been designed with a least sensing volume of 30mm3 and with a 
material of low thermal conductivity and high strength.  
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• The delicate sensor gratings of the RH probe can effectively be protected from the 
ingress of contaminants in the host material using polypropylene filters of different 
filtration sizes depending on the host material. 

• Proper temperature corrections have been applied on RH measurements which 
make the FOS RH probe suitable for a wide range of temperature. 

• The study on the performance of FOS RH probe in building stones has 
demonstrated that these probes can ideally complement the currently available RH 
sensors for long-term monitoring of moisture changed in building stones. 

• The FOS-RH probes are not influenced by condensation of moisture on the sensor, 
unlike commercially available capacitance based RH probes. 
Therefore the demonstrated design of fibre optic RH probes can be used 

effectively in health monitoring of civil infrastructure.  
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Abstract 
The most emblematic and important historic monument in the City of Querétaro 

is the aqueduct. Built between 1726, it has 74 sandstone arches and reaches a length of 
nearly 1,259 meters. Nowadays, two important avenues run along and across the aqueduct 
and due to the heavy traffic, is actually a conflict point. The structure of the aqueduct has 
being maintained using traditional visual inspection and reports few repairs in the past 50 
years, with no visual damage to present. Nevertheless, the traffic has increased 
significantly and there is some concern on the structure integrity due to the vibration 
effects. 

An experimental study was carried out to evaluate the dynamic behavior of the 
aqueduct and to correlate it with the traffic. Natural frequencies and modal shapes were 
identified and a finite element model was calibrated to study the structure under different 
traffic scenarios and conditions. Vibration and deformation levels were evaluated to 
design a remote monitoring system, identifying critical instrumentation points and 
optimizing the number of sensors. 

Keywords: Traffic Vibration, Sensor Location, SHM Design 
 
 

F. J. Carrión, J. A. Quintana, J. A. López, J. L. Moreno, R. Alvarado, M. de J. Fabela, D. Vázquez, J. R. 
Hernández, and M. Martínez 

  



P a g e  | 386  CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA 

Carrión, “Evaluation and SHM strategy for the arches of the aqueduct of Queretaro”, 2/10 

INTRODUCTION 

The city of Santiago de Querétaro, capital of the state of Querétaro, is located in 
central Mexico 213 km northwest of Mexico City. Its founding date is given as 25 July 
1531, when during a battle between the Spanish and the natives of the area, an eclipse 
occurred and supposedly Saint James on a white horse carrying a cross appeared, causing 
the natives of the areas to surrender [1]; since then, the Spanish dominion was gradual 
until the XVII century, when it was considered the third most important city in the New 
Spain [2]. 

During the first quarter of the 18th century, the peak of economic growth of the 
New Spain, and particularly of cities like Querétaro, many Mexican baroque and colonial 
style churches and houses were built, especially in the first quarter of the century. It is in 
this period when the construction of the arches of the aqueduct of Querétaro started in 
1723, by initiative of one of the most important benefactors at that time and a rich noble, 
Don Juan Antonio Urrutia y Arana, Marquis of the Villa del Villar del Águila [3]. The 
construction was finished on the 17th of October of 1738 and it was a very important 
hydraulic infrastructure that supplied clear water to the city, and now is one of the best 
preserved structures from the viceroyalty period of the New Spain. 

The aqueduct of Querétaro was divided in three sections; the initial channel, the 
arches, and the final end channel. The initial channel had an approximate length of 5 km 
from the water spring. The arches, the most know section today, has a total length of 1280 
meters, with 74 stone arches (figure 1). 

 

Figure 1. Photograph of the arches of the aqueduct of Querétaro taken in 1896 

Nowadays, the aqueduct has been taken up by the city and it is practically sited in 
the downtown area (figure 2). The Los Arcos Avenue runs aside the aqueduct and under 
the arches 25 to 29, the Boulevard Bernardo Quintana crosses (figure 3). Both avenues 
are among the most important communication arteries of the city, and the increasing 
traffic is a concern for the deterioration of the historic structure. 
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To solve the main traffic problems at the intersection of Los Arcos-Bernardo 
Quintana, the government of the state of Querétaro has evaluated different projects to 
increase the traffic capacity at this point [4]. Given that few inspections of the arches have 
being reported in the past [5] (involving visual inspection only), little information is 
available to evaluate the present structural condition of the arches. At the same time, since 
fatigue and deterioration induced by traffic are dynamic phenomena, a vibration study to 
characterize the dynamic behavior of the arches is necessary, and that is why this project 
proposed a initial study for a preliminary diagnosis and to design a complete dynamic 
monitoring system for the arches to infer the structural conditions in ordinary conditions 
and during a possible construction period to expand the traffic capacity of Bernardo 
Quintana. 

 

Figure 2. Aerial view of the arches of the aqueduct of Querétaro 

   

Figure 3. Views of the intersection Los Arcos-Bernardo Quintana 

EXPERIMENTAL PROCEDURE 

Figure 4 illustrates a diagram of the Los Arcos-Bernardo Quintana intersection, to 
shows the 7 instrumentation points selected for the initial study. In this case, 15 low 
frequency accelerometers were used in directions and positions according to table 1 and 
figure 4. 
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Table 1. Sensor locations and directions 

Instrumentation 
Point Sensing directions 

1 Y and Z 
2 Y and Z 
3 Y and Z 
4 Y and Z 
5 X and Y 
6 X and Y 
7 X, Y and Z 

 

 

Figure 4. Diagram for the sensor location on the arches 

Dynamic measurements were done during periods of 10 minutes at a frequency 
rate of 250Hz (150000 data entries/channel). The LabView software and a National 
Instruments A/D converter were use for the acquisition system, where data was stored in 
a computer for later analysis. The system had 13 channels for simultaneous 
measurements; thus, 2 pairs of sensors were alternately used. 

Measurements were done during two days at different times, including late night 
and early morning. Simultaneously to the dynamic measurements, wind velocity, 
temperature and traffic were measured. Main objective was to identify the vibration 
modes of the arches and to correlate vibration amplitudes with the traffic. In total, 29 
different data sets were obtained; 8 from the first day, and 21 from the second day. The 
first day data was used for preliminary tests and for calibration of the sensors and 
acquisition system. Analysis was done taking the second day data, when 3 measurements 
were made between midnight and 1:00 am, and the other 18 remaining measurements 
were made from 8:30 am to 5:30 pm, every 30 min (except for 10:00 am). 

X 

Z 

Y 



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 389 

Carrión, “Evaluation and SHM strategy for the arches of the aqueduct of Queretaro”, 5/10 

To evaluate a single data set, 36 groups of 4096 elements were used to calculate an 
average frequency spectrum for each sensor and the average transfer functions between 
sensors, taking as a reference the sensor in point 1, direction Y.  

EXPERIMENTAL RESULTS 

The average frequency spectra for the second day (21 data sets) and for point 1 (Y 
and Z directions) are shown in figure 5. Note that the largest peak does not take place at a 
fix frequency, but it changes from 4.94 to 9.09 Hz, and in some cases, these variations 
take place in short time periods. In particular, the first spectrum taken at 00:10 am has the 
peak at 8.12 Hz, the second taken at 00:30 am has the peak at 7.32, and the third taken at 
00:45 am has a flat peak around 5.4 Hz. The fourth spectrum was taken at 8:30 am with 
the highest traffic measured at that day (figure 6), and it was found that the peak occurred 
at the highest frequency (9.09 Hz). From the fifth spectrum to the last one, the highest 
frequency peak changes from 4.94 to 7.87 Hz. Similar behaviors were found with the 
other sensors in points 2 to 6. 

   

Figure 5. Average frequency spectra for point 1 

 

Figure 6. Traffic on the tunnels during the second day 
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At point 1 (figure 5), it is important to note that the vibration amplitude is larger in 
the Y direction, and it has two significant peaks with a secondary peak within the range of 
3 to 6 Hz. On the other side, in the Z direction the secondary peak takes place at a higher 
frequency around 10 to 15 Hz, showing also a small peak for the corresponding mode of 
the secondary peak in the Y direction.  

Figures 7 and 8 show the frequency spectra in X, Y, and Z directions at point 7. In 
this case, the vibration produced by the traffic is clearly identified in the Y and Z 
directions between 14 to 18 Hz. In the X direction, the dynamic response of the arches 
has a predominant role, with respect to the vibration transmitted from the traffic. It should 
be also noted that the vibrations magnitudes are higher in the X direction; and in general, 
the amplitudes of the spectra show a relationship with the traffic, contrary to the ones 
shown for point 1. 

 

Figure 7. Average frequency spectra for point 7, direction X 

     

Figure 8. Average frequency spectra for point 7, directions Y and Z 
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FE MODEL CALIBRATION AND ANALYSIS 

Figure 9 shows the finite element model that was built using the ANSYS software 
and the geometrical measurements obtained from a total station. Due to the non linear 
behavior observed in figures 5, 7 and 8, and to have a complete model, the soil and two 
tunnels of Boulevard Bernardo Quintana, were also included in the model. The complete 
model has 118682 SOLID45 elements with 98082 nodes. 

 

Figure 9. Finite Element Model for the arches at the intersection point  

To calibrate the model, experimental values measured on site provided the soil 
properties [6], and typical values were used for the reinforced concrete of the tunnel. The 
arches structure, as a first approximation, it was considered as a homogeneous material 
and its properties were adjusted to match the dynamic experimental behavior (table 1).  

Table 2. Parameters used for the calibrated model 

Structural 
Element 

Material’s Properties 
Elastic Modulus 

E (GPa) 
Poisson 

Rate 
Density 

ρ (Kg/m3) 
Arches 15 0.25 2000 
Soil 0.8 0.25 2100 
Concrete 70 0.3 2400 

 

To identify the vibrations modes of the arches, the transfer functions between 
sensors were calculated using as reference the sensor in point 1, Y direction. From this 
analysis, it was found that the principal peak corresponded to a high vibration mode 
(figure 10); leading to the conclusion that it is mainly determined by the traffic excitation, 
in agreement to the static global deformation analysis with the calibrated FE model and 
considering the traffic loads in the tunnels (figure 11).  
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Figure 10. Local vibration mode identified at the intersection point 

 

Figure 11. Global deformation due to the traffic in the tunnels  

From the transfer functions and phase angle analysis, it was found that the mode 
for the principal vibration mode at different times was the same or at least a very similar 
one where this analysis showed no difference to the instrumentation used in the study. A 
detailed time-frequency analysis of the data set 3, where a flat peak was identified, 
showed a spectrogram with a peak that in fact shifted during the monitoring period of 600 
seconds, from 6.7 Hz to 6.25 Hz, and again went back to 7.2 Hz (figure 12). This result is 
in agreement with the non linear behavior of the system and the previous results from the 
transfer functions analysis. 

A correlation of the peak vibration frequency to the traffic in the tunnels is shown 
in figure 13. In this case, there is a linear trend with an acceptable correlation, but this 
shows that the frequency is not only driven by the traffic, but also external parameters 
such as temperature or humidity, and also by the soil’s behavior. 
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Figure 12. Spectrogram for data set 3, point 1, Y direction 

 

Figure 13. Correlation between the arches vibration frequency and traffic 

CONCLUSIONS 

From previous results, it is concluded that a monitory system for the arches is 
necessary to evaluate its condition at the intersection point of Los Arcos- Bernardo 
Quintana. Although, to present, the FE analysis showed that the structural behavior of the 
arches is within structural limits, there is a high non linear behavior strongly affected by 
traffic, and thus, the increment in vehicles will affect significantly the structural 
performance of the arches.  

A basic design for a SHM system should include 3 deformation FO sensors at the 
center of the arches, to monitor dynamic strains and stresses. From this analysis, at least 
15 arches have to be instrumented. Additionally, triaxial accelerometers (FO sensors) on 

y = 0.3392x - 0.7317
R² = 0.6571

0

0.5

1

1.5

2

2.5

6 7 8 9

Tr
af

fic
 fr

eq
ue

nc
y 

(V
eh

/s
)

Vibration fequency (Hz)



P a g e  | 394  CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA 

Carrión, “Evaluation and SHM strategy for the arches of the aqueduct of Queretaro”, 
10/10 

the basis of the columns of the 7 arches at the intersection should be included to monitor 
the local structural behavior of the arches and its interaction with the soil. Triaxial FO 
accelerometers on the top of 4 columns will provide also important information of how 
the vibration is transmitted from the ground to the structure. A complementary system to 
measure the elevation of the foundations to a fix reference is highly recommended, 
especially if excavations and constructions will be done to increase the traffic capacity; 
this can be done using a total station with regular monitoring during the construction 
period. A weather station is also recommended. 

In total, the proposed SHM system has a total of 102 FO sensors (45 strain gages, 
15 temperature sensors, 42 accelerometers). Monitoring frequency can be limited to 100 
Hz, and a 4 channel interrogator with a 16 channel multiplexor. Expansion of the 
monitoring system is possible using sequential strategies and adding only more sensors; 
without increasing the cost of the system significantly. 
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