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Integrated geophysical and mechanical study on the wooden
structures of the ceiling of the Church of Beata Vergine Maria

Assunta in Cielo
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ABSTRACT

Non-destructive testing by mean of ground penetrating radar were performed on the wooden elements constituting the roofing of the
Cathedral of Foggia. These measurements were related to the restoration work of the roof. Measurements campaign aimed at the
assessment of the conservation status of the wooden elements of the all major and secondary elements of the truss of the nave, as well
as on those main of the dome and the apse. Results show various abnormalities which correspond to nodes and/or slots. The presence
of the nodes allow a rapid and accurate analysis of the electromagnetic waves velocitv and the volumetric water content.
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1. INTRODUCTION

A discrete number of historic building structures in Italy are
made of timber and the need of preservation is increasingly
significant. Currently, several non-destructive testing (NDT) and
minor-destructive techniques (MDT) are used in situ for
assessing the physical and mechanical properties of wood
structures [1, 2, 3,4, 5, 6, 7, 8]. These include ground penetrating
radar (GPR) that is also used to inspect other materials such as
masonry and concrete [9, 10, 11].

In addition, there are specific NDT and MDT methods for
wood, such as the micro-drilling resistance tool and xylotomic
analysis [12]. Some of these techniques can be used for in situ
evaluation of timber structures, including the GPR [13, 14] which
yields results such as those presented at the Third International
Conference on Metrology for Archaeology [33]. The Cathedral
of Santa Maria de Fovea, which is directly linked with the patron
saint "Madonna dei Sette Veli" (Madonna of the Seven Veils) in
Foggia (Figure 1), was built in 1170 in Romanesque-Apulian
style. Due to the earthquake that almost destroyed the Foggia
town, it was strongly damaged. Later, in 1731 the Cathedral was
re-built in Baroque style. The cathedral of Foggia is strictly
connected to the discovery of the Icona-Vetere religious object,
a table that depicts a rare portrait of the Virgin Kiriotissa with

seven veils, (from which the name of the Madonna with Seven
Veils).

In 2011, an intervention related to the restoration work of the
roof required an in-situ investigation campaign aimed at the
assessment of the conservation status of the wooden elements
constituting the roofing of the Cathedral.

2. NDT AND MDTS USED IN THIS WORK

For this work the following methods were used: GPR (used
device: IDS-Hi Mod with 2GHz antenna, Figure 2a),
measurement of the drilling resistance (used device: Resistograph
IML F400S, Figure 2b).

GPR is very important and powerful method for detecting
nodes, internal cavities and microfractures. GPR method uses
electromagnetic waves to investigate the internal structures of
natural or human-made objects. Its wave frequency ranges from
10 to 2000 MHz. The GPR system consists of a data acquisition
unit and of two (transmitter and receiver) antennas. The
transmitter sends an electromagnetic wave pulse which is
reflected to the receiver by an anomaly, if there is a difference in
the complex permittivity between the anomaly and the
surrounding environment. The maximum depth of wave
propagation depends on the wave frequency and on the complex
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Figure 1. The Cathedral of Foggia.

permittivity of the investigated medium. The higher the
frequency, the smaller the depth and the better the spatial
resolution of the signal. The lower the wave frequency, the higher
the depth and the smaller the spatial resolution. For example, a
2000 MHz antenna (used in this study) can reach about 1 m with
a resolution of about 1 cm. The output of the GPR survey is a
radar section of the investigated medium, where a point-shaped
anomaly is outlined by a hyperbolic trace. The X axis
corresponds to the direction of scanning, the Y axis is the depth.
The data coming from the reflected echoes, saved in the data
acquisition unit, are processed by filtering algorithms. The
interpretation of the radar section permits the recognition of
radar anomalies and their spatial location. These anomalies may
reflect actual discontinuities, objects or voids.

Resistograph is an attachment to a Bosch drill that aids in the
detection of decayed timber structures. It is based on a drilling
resistance measuring method. A drilling needle with a diameter
of 3 mm penetrates into a wooden element at a constant speed,
and the drilling resistance is measured.

Figure 2 a) the GPR instrument (left); b) the Resistograph (right).

Resistograph gives drilling resistance along the drilling depth
in the form of a dendrogram from which the Resistographic
Measure (RM) parameter can be calculated. RM can be used for
the estimation of modulus of elasticity (MoE), density,
compressive strength or bending strength but the correlations
are prevailingly moderate. The local character of Resistograph
leads to preferable use of this technique for assessment of timber
element interior state, internal voids, decay or loss in cross-

section dimensions, which often cannot be seen from the
outside. Resistograph is influenced by moisture content and
possible deviation in drilling path.

Data are recorded on a wax paper strip at a 1:1scale and
converted by an electronic unit. Graph-profiles can then be
downloaded and analyzed. Because the drilling needle diameter
is so small, the damage to the timber is quite insignificant.

3. GPR DATA ACQUISITION AND ANALYSIS

All GPR profiles were performed on wooden structures
(Figutre 3) and acquited at 1024 samples / track, the other
acquisition parameters were optimized on site and held constant
for each profile.
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Figure 3. The roof planimetry: the red letters refer to the position of the
wooden structures.

To eliminate the noise component present in the data and
facilitate the interpretation, processing was realized through the
following phases: i) background removal; ii) migration.

The presence of various anomalies due to small
inhomogeneities, such as nodes and fractures, can be detected
through a rapid and accurate analysis of the velocity of
propagation of electromagnetic waves which allows also to
obtain also the depth of the anomalies.

The analysis of the GPR data (Figure 4) shows that:

* the radar signal has an excellent penetration and crosses
the element investigated for all its thickness;

* the surface portion of the wooden structures, for a
thickness varying from 2 to 5-6 cm, is generally
characterized by reflections of weak amplitude, and this
testifies to a net decrease in the density of the wood,
probably related to both the activity of wood-eating
insects and chemical attack; this anomaly appears to be
more extensive on the extrados of the chains where the
infiltration of rainwater, in the presence of large
accumulations of guano, may have generated a
corrosive action resulting in breakdown of the cellular
elements of the wood;

* the numerous reflections in the shape of hyperbole,
placed at various depths, indicate hardening of woody
tissue that, in size and shape, can be related to nodes,
single or in groups; their number, sometimes high,
determines an average density including between 1.4
and 5.9 nodes per meter, but in some elements of the
apse area will reach higher values;

* reflections with continuous development are generated
by sub-horizontal fissutes almost always oriented in the
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Figure 4. The processed radar sections.

direction of the grain; their width is generally close to
1 cmy;

* in some of the trusses wood elements B, C, F, G, L. of
the nave, the presence of cavities with dimensions of
the order of 5cm was recorded, probably due to
biological ~attack. Similar anomalies, presumably
correlated to fracture larger than those usually
identified, were detected in the trusses L1 (chain, strut
right monaco), L3 (chain), L5 (chain) and L6 (chain), the
longitudinal development of these inhomogeneities
varies from 15 to 35 cm.

4. VOLUMETRIC WATER CONTENT ANALYSIS

Numerous studies have made use of GPR techniques to
determine material moisture [10, 15, 16, 17, 18, 19].

However, since each technique is generally considered
individually and is efficient only in a specific context, it is difficult
to compare the results because of different field conditions. For
the GPR frequency band, the velocity v of EM-waves
propagating in the ground depends on the relative dielectric
permittivity (i.e. the real part of the dielectric constant, K) of the
material; it is given by the simplified equation [20],

v =c/K"? ©)

where ¢ is the EM-wave velocity in a vacuum (0.30 m/ns).

Hence, K can be determined directly from the EM-wave
velocity similatly to what is done for time-domain reflectometry
measurements [27, 28, 29]. For pure water, K is about 80, while
for most dry geological material it varies between 4 and 10. If
only a small amount of water is contained in the material, the
value of K will increase considerably and, conversely, the EM-
wave velocity will decrease significantly. Thus, K is a good
measure of the water-content in the various materials, such as
ground. Several formulae have been developed, both
theoretically and empirically, to give the dielectric response of
heterogeneous mixtures such as water-saturated soils. One such
formula is the complex refractive index method (CRIM)
equation, which is often used in the interpretation of EM logging
data [21]. The major problem with the CRIM formula is that it
does not take into account the geometrical information about the
internal structure of rocks and about the microscopic fluid
distribution. This has a significant effect on the dielectric
properties of partially saturated rocks [22]. The above restriction
may be overcome by using the Hanai—Bruggeman formula [22].
The main problem with the two previous approaches is that it is
not possible to derive both the porosity and the water-content
from the dielectric constant. Therefore, it is not possible to
obtain information about the water-content without strong a
priori assumptions. For this reason, it is preferable to use the
well-known empirical equation, derived by Topp et al. [23],
relating the dielectric response K of various soil samples (with
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Figure 5. EM wave velocity estimation.

different degrees of saturation) to their net water-content ». This
formula is given by

w=-53-10"2+1292-1072K -5.5-107*K% + 43 - 107°K3 (2)

The EM-wave velocity can be estimated from GPR data in
several ways [24, 25]; the conventional methods involve common
depth-point (CDP) and wide-angle reflection and refraction
(WARR) data sets. Both methods require two antennae in
separate units and relatively long acquisition times. In the first
case, both antennae are simultaneously moved apart on either
side of the midpoint of the profile. In the second case, the
position of one antenna is fixed while the other is moved along
the profile direction. The EM-wave velocity can be more quickly
and easily determined from the reflection profiles acquired in
continuous mode, using the characteristic hyperbolic shape of
reflection from a point source [26]. This is a very common
method of velocity estimation and it is based on the
phenomenon that a small object reflects EM-waves in almost
every direction. In the data set, several hyperbolic reflections
caused by objects of small dimensions such as node (Figure 4)
are present, enabling EM wave velocity analysis to be performed
(30, 31, 32].

Figure 5 shows an example of velocity analysis performed on
the data set. This represent the interactive velocity adaptation of
a diffraction or reflection hyperbola using a hyperbola of defined
velocity and width. The velocities are combined into a 2D model
using a special interpolation method. The interpolation is
performed as follows: all actual velocities are summed for every
point in the x—# range, proportional to the square of their
distance from the (x, #) point. This method provides only the
average EM-wave velocity down to the depth of the source-point
reflector. The EM-wave velocity was determined from the point-
source reflections. This method gives rms EM-wave velocities to
the depth of the point-source reflector. Since in all radar sections
acquired on the wooden structures, any interfaces with changes
in EM-wave velocities between the surface and the target depth
level are recorded, and the errors involved, compared to those
obtained using interval velocities, are about 0.35%. This early
application, which uses a point-source reflection from a buried
object to determine the average velocity, gives an accurate
(qualitative) estimate of the subsoil volumetric water-content.

Successively, the volumetric water-content was determined
from the dielectric properties of subsurface material, using the
above empirical relationship (2). By applying the empirical Topp
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Figure 6. Volumetric water content analysis.
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Figure 7. Resistographic curve.

formula (2), we then obtain an estimate of the average volumetric
water-content of the wood; this varies from about 3% to 6%
(Figure 6). Water content was measured also through a direct
mode using a wooden core and results agree with those obtained
using the Topp formula.

5. RESISTOGRAPHIC TESTS

Resistographic tests carried out on wooden structures of the
ceiling showed, for most of the investigated elements, a medium-
low drilling resistance, attributable both to the intrinsic
characteristics of the Silver Fir wood (softwood) and to external
factors responsible for an incipient or advanced decay.

An example of the results obtained by these tests is given by
the curve in Figure 7, in which each of the suspect points, with
low resistance, are easily distinguishable.

6. CONCLUSIONS

The integration of the GPR and resistographic tests data
allowed to detect the presence of various abnormalities which
correspond to nodes and/ot slots, making possible a rapid and
accurate analysis of the electromagnetic waves velocity of
propagation and thus to obtain the depth of these anomalies.
Among the main obtained data, it is worth stressing the
following:

*  the surface portion of the beams, for a thickness varying
from 2 to 5-6 cm, is characterized by abnormalities
related to the activity of wood-eating insects and to
chemical attack due to pigeon droppings;

e the numerous reflections in form of hyperbole, located
at various depths, indicate that hardening of woody
tissue can be mapped, both in size and shape, as nodes;

* the continuous reflections with a sub-horizontal
development are generated by fissures almost always
oriented in the direction of wood fibers;

e insome of the trusses wooden elements of the nave was
recorded the presence of cavities with dimensions of
about 5 cm.

Volumetric water content analysis shows an approximately
homogeneous distribution of the moisture in the analyzed woods
elements.

The resistographic tests showed a medium-low resistance to
penetration for most of the wooden elements investigated, that
can be attributed both to the intrinsic characteristics of the wood
employed and to external factors, such as the insects attack and
guano deposition, responsible for their advanced deterioration.
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