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In the process of rehabilitation of built heritage, the preservation of timber floors is an essential issue.
These structures have characteristics that are not entirely known, namely the connections between ele-
ments, the load distribution between beams, the importance of secondary elements, such as struts and
floorboard, for the attenuation of vibrations and reduction of deformations of the floor, etc. If properly
analysed and considered, these aspects can contribute to upcoming well-succeeded interventions,
improving the global behaviour of the floors and, consequently, of the buildings. One of the focuses of
the present paper is the assessment of the global behaviour of timber floors by means of dynamic anal-
ysis, which is one of the non destructive tests (NDT) used to evaluate the reference properties of the
wood. In particular, this technique allows estimating the timber floors’ stiffness and, consequently,
assessing their efficiency and integrity. Furthermore, the paper focuses on the use of other NDT methods,
namely involving stress-wave timing, X-ray and resistance drilling, which can provide very useful infor-
mation about these characteristics. The information obtained with the combined NDT allows a better
understanding of the timber floors behaviour and the implementation of more efficient rehabilitation
and (or) strengthening techniques.
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1. Assessment and assessment strategy of timber floors

Historical structures represent a part of the cultural heritage of
every nation and societies pay considerable attention to their
preservation and maintenance. The in-situ assessment of timber
elements and their properties is essential in the continuous main-
tenance and preservation of historical timber structures. Much of
the damage observed in historical timber structures can be attrib-
uted to biodegradation. The deterioration of structural members
results in changes in geometry and load-bearing capacity. The
replacement of members that have deteriorated may not be an
acceptable option for structures of historical significance and
re-design may be necessary to sustain the functionality of the
structure. The structural strength assessment of timber structures,
which uses various procedures and evaluation tools, is based on a
multidisciplinary approach aimed at providing information about
the mechanical properties and actual condition of timber members
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and the mechanical behaviour of joints. Abnormal structural beha-
viour can be suspected when the strength and stiffness of a struc-
ture is diminished due to deterioration, creep and the natural
ageing of old timber [1,2] which implies changes in load-bearing
capacity. Strategies for the analysis of structures of significant cul-
tural value must therefore be established.

A structural investigation procedure should be based on adapt-
ing a general assessment methodology [3-6] to evaluate the struc-
tural condition and the mechanical performance of the floor
structures in an efficient manner.

The methodology comprises the following steps:

(1) Diagnosis of the structure from previous repair work and
action during service life.

(2) Preliminary assessment and visual inspection.

(3) Detailed assessment and investigation including material
testing with non-destructive and quasi-non-destructive
testing methods at critical sections.

(4) Evaluation of the results of the material tests.

(5) Structural analysis and evaluation of results.
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This methodology shall include global and local non-destructive
in-situ tests, namely with the use of seismographs, resistance dril-
ling machines, pilodyn, stress-wave timing, X-rays, etc. The thor-
ough interpretation of these in-situ tests’ results and the
estimation of timber floors’ properties can only be achieved with
a complete constructive/structural characterization, along with
the analysis of the state of conservation of the structural elements.
This characterization includes usually a visual inspection and an
analysis of the geometric characteristics of the beams, struts and
floorboards, the type of connection between these elements and
between the beams and the walls, as well as a survey of the state
of conservation of these elements, normally supported by the use
of some of the referred NDT. The characterization of the wood spe-
cies and of its density is also an important step to build a prelim-
inary model of the mechanical behaviour of the floor.

2. Global assessment through dynamic response

The discussion about the global assessment of timber floors
through dynamic response will be systematized in four main
topics: (1) the dynamic behaviour of timber floors; (2) the tech-
niques and instruments used to assess this behaviour; (3) the pre-
diction of the wood reference properties; (4) the identification of
the damaged areas based on the dynamic analysis. These topics
will be analysed through an overview of this subject and making
use of results from several NDT performed in timber floors of old
buildings in Portugal included in structural survey campaigns.

2.1. The dynamic behaviour of timber floors

In residential buildings, the design of timber floors taking into
account the vibration limit state has in consideration the excitation
caused by the movement of people, which produces vibration fre-
quencies of about 2 Hz and 3.5 Hz for walking and running steps,
respectively. The dynamic response of a floor is determined by sev-
eral factors, such as its mass, stiffness, damping and geometrical
and structural characteristics, namely the existence of struts, the
thickness of the floorboard, the type of connection between beams
and walls, etc. In most cases, the floor stiffness ensures a satisfac-
tory dynamic behaviour. However, it also happens that floors
designed to meet the criterion of deformation exhibit vibration
problems. The traditional deflection criterion does not always
guarantee satisfactory vibration behaviour [7].

The issue of vibration induced by people walking on timber
floors is more complex than the static behaviour due to the reso-
nance phenomena. Resonance occurs when the frequency of the
impacts that forces the vibration coincides with the natural fre-
quency of the floor, resulting in a progressive increase in the mag-
nitude of vibration, leading to an eventual structural failure [8]. In
an occupied building, with high permanent loads, the increased
mass may decrease the floor natural frequencies to critical levels,
since timber floors themselves have low mass (50-100 kg/m?).
This reinforces the idea that the application of heavy materials
on timber floors, such as concrete slabs, can result in unsuitable
dynamic behaviours.

Therefore, it is fundamental that the timber floors’ design
respect the vibration limit states to fulfil comfort and safety
requirements. Ref. [9] concluded that two criteria for lightweight
floors with fundamental frequencies above 8 Hz should be consid-
ered: one related to the deformation due to a concentrated load
and other to the speed of the vertical vibration. These criteria were
adopted by Ref. [10] in the design of timber floors to the vibration
limit state, ensuring that the loads acting on a particular structure
or structural element will not cause vibrations that may involve an

improper functioning or level of discomfort unacceptable to the
users.

According to Ref. [10], the vibration levels should be estimated
by tests or calculations, taking into account the parameters that
determine floors’ dynamic behaviour, namely mass, stiffness and
damping coefficient. The knowledge of all these characteristics
allows the assessment of the natural vibration frequencies and
vibration modes associated to each frequency, i.e. of the response
of timber floors when subjected to known dynamic actions.

2.2. Description of the method and instruments

2.2.1. Dynamic tests

Dynamic tests using ambient vibration are one of the most
effective non-destructive in-situ testing techniques to identify
the mechanical characteristics of structures. The existence of
highly sensitive sensors allows testing without imposing a forced
excitement on the structure and considering only environmental
dynamic actions, such as wind, traffic, movement of persons etc.,
[11]. One of the advantages of the use of ambient vibration in rela-
tion to the forced vibration is that it’s not necessary to know the
characteristics of the excitation. Given the random and indepen-
dent characteristics of the actions involved in an ambient vibration
test, it’s usual to admit that all the natural frequencies of the struc-
ture are equally excited. Still, some authors consider that, in the
case of timber floors, the forced vibration allows a stronger
response and may provide more consistent results [12].

2.2.2. Instruments used and precautions to have during data
acquisition

For measurements of the ambient vibration of timber floors,
seismographs that include tri-axial accelerometers (GeoSIG
GSR-18bit), with an acquisition frequency of 250 Hz, have been
used by the author [16] in the scope of the consultancy work devel-
oped by NCREP - Consultancy on Rehabilitation of Built Heritage,
Ltd., [37]. It's a method that provides the temporal registries of
the accelerations to which the structure is subjected, Figs. 1 and
2. The seismographs allow the transference of the information to
a computer to be analysed. Nowadays, there are simple electronic
devices, such as smart phones, which are equipped with
accelerometers, Figs. 3 and 4, and provide reliable results if cor-
rectly calibrated with seismographs or accelerometers.

The registration of the dynamic response of a structure is a fun-
damental phase of the tests. If the acquisition is carried out with
errors, it will be very difficult to correct them during the
post-processing phase. Therefore, it is essential to perform a care-
ful planning of the tests, defining the equipment to use, its location
and the duration of the test. The positioning of the devices should

Fig. 1. Frequency measurement on a single timber beam.
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