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Abstract Timber elements are major structural and
architectural components in historic buildings and at the
same time belong to the category of materials vulnerable to
degradation. The recovery of 150-year old timber beams
from a roof of a historic building made possible the non-
destructive investigation of their response to cyclic loading.
The experimental study carried out using the acoustic
emission technique provided evidence that historic wood
shows the load memory known as the Kaiser effect. The
effect was observed for different loading and unloading
time windows. The observations open up a new perspective
for the determination of defects in wooden objects and
constructions, important for assessing their possible struc-
tural instability.

Kaiser-Effekt in historischen Holzbalken

Zusammenfassung Holz ist ein wichtiger tragender und
architektonischer Baustoff in historischen Gebduden, aber
gehort gleichzeitig zur Kategorie zerstdrungsanfilliger
Materialien. An 150 Jahre alten Holzbalken aus dem Dach
eines historischen Gebédudes konnte deren Verhalten bei
zyklischer Belastung zerstorungsfrei untersucht werden. In
Laboruntersuchungen konnte mittels Schallemissionsana-
lyse nachgewiesen werden, dass historisches Holz das als
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Kaiser-Effekt bekannte Erinnerungsvermdgen an frithere
Belastung aufweist. Dieser Effekt wurde bei unterschied-
lichen Belastungs- und Entlastungszyklen beobachtet. Di-
ese Ergebnisse erdffnen neue Perspektiven hinsichtlich der
Bestimmung von Schidden in Holzbauteilen und —kon-
struktionen, was fiir die Beurteilung eventueller baulicher
Instabilitit wichtig ist.

1 Introduction

The Acoustic Emission (AE) method is known to be an
excellent monitoring technique for tracing damage devel-
opment in materials. It is defined as energy released due to
micro-displacements in a structure undergoing deforma-
tion. The energy passes through the material as ultrasound
and sound waves and is typically detected at the surface
using piezoelectric transducers which convert the surface
vibration into an electrical signal. For more than 50 years,
AE has been successfully applied in civil engineering and
material science. A passive mode of collecting signals and
high sensitivity make the AE a powerful tool for moni-
toring the structural integrity and healthy condition of
various objects and structures (Suarez del Rio et al. 2010;
Accardo et al. 1983; Jakieta et al. 2007; Carpinteri et al.
2007, Strojecki et al. 2013).

The AE technique is particularly suitable for monitoring
structural elements made of metals, due to crystalline
structure as well as their isotropy and high homogeneity. In
most metals, AE is not observed during the reloading of a
structure until the stress exceeds its previous value. This
ability to memorize the highest stress level already expe-
rienced was discovered in the early 1950s and was termed
the Kaiser effect (Kaiser 1953). Studies by Li and Nordl-
und (1993); Lavrov (2001) and Ko and Yu (2008)
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demonstrated the occurrence of the Kaiser effect also in
mineral construction materials like stones or concrete.

Studying the Kaiser effect in organic materials, such as
wood, is hindered by stress relaxation higher than in metals
and inorganic construction materials, and high mutability
of material stiffness as a function of moisture content.
These factors may adversely affect the material ability to
store memory of a given load configuration. Therefore,
despite the great importance of wood as a modern and
historic construction material, there are few studies of this
phenomenon in timber structural elements. The most
comprehensive tensile and torsion tests were performed by
Kannar (2000) and Chen et al. (2006); both reports con-
cluded that the loading history for most tested specimens
was erased after just 2 weeks. Also, significant acoustic
emissions were recorded at stress levels below the previous
maxima—a phenomenon known as the Felicity effect
(Bucur 2006). The Felicity effect is generally associated
with structurally significant flaws in the material. In both
the studies, only new seasoned wood was examined,
therefore, the conclusions cannot be generalized to historic
wood which might exhibit different ultra- and microstruc-
ture influencing its mechanical properties.

The aim of this work is to get insight into the
mechanical behaviour of historic wood by a systematic
study of the Kaiser effect using the AE method.

2 A case study

The Prosperi-Sacrati palace is one of the buildings located
at the famous intersection of the principal streets of the so-
called “Herculean Addition” built in Ferrara, Italy, by
Ercole I d’Este at the end of the 15th C. (see Fig. 1); the
most famous Palazzo dei Diamanti is also located at the
same intersection. The Prosperi-Sacrati building was
completed in 1513—-1514 but its facade was altered in 1857
and the introduction of new roof beams can be traced back
to this date. A limited number of these were removed in
2006, due to a significant decay which had occurred at the
support ends in contact with the masonry walls. Some of
the discharged beams were recovered by the University of
Bologna. A dismounted beam, identified as spruce on the
basis of visual inspection and existing historic records, with
a bevelled-edges rectangular cross-section of about
25 x 29 cm? and length of approximately 6 m, has been
used in this laboratory experimental work.

The visual inspection of the beam’s cross-section
revealed also the age of the fallen tree to be more than
90 years and its original arrangement on the roof could be
clearly deduced from the degradation state of the surface in
contact with the masonry supports. From the central part of
the beam, four smaller specimens, about 2.6 m in length,
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Fig. 1 Aerial view of the Prosperi-Sacrati palace
Abb. 1 Luftaufnahme des Prosperi-Sacrati Palasts

were obtained by cutting the original element along the two
symmetry axes of the cross-section, see Fig. 2. Bending
tests coupled with AE monitoring were performed for three
of the four specimens (1, 3 and 4) in 2010 and for two
specimens (3 and 4) in 2011.

3 Experimental programme

The laboratory study was carried out in Bologna University
by monitoring AE during cyclic loading of specimens 1, 3
and 4 (Fig. 2) in 4-point bending tests in the elastic range.
The testing was done in two separate sessions: February
2010 and March 2011. During the tests, a well-defined and
repeatable load pattern in bending mode—the type of
deformation commonly present in roof constructions—was
selected. The load was applied using a single hydraulic
jack, a stiff steel beam and two hinge devices transferring
in two points the total force from the actuator. The total
length of each beam was 258 cm but the clear span was
only120 cm and the distance between the loading points
was 40 cm (see Fig. 3a). The relatively short span facili-
tated the AE measurements in which a single analyser
collected the AE signal from two sensors located in the
middle and at the end of the clear span. A short distance
between the sensors allowed the length of cables and
therefore possible noise generated in the measuring system
to be reduced. The displacement at mid-span was moni-
tored near the lateral faces by two LVDT sensors with
50 mm range (see Fig. 3b). The test speed in terms of the
imposed displacement, monitored in real time, was kept
almost constant in all test sessions at values close to 1 mm/
min. The data acquisition was set at 2 data/sec.

The patterns of loading used in years 2010 and 2011 for
beams no. 1, 3 and 4 are summarized in Table 1. The stress
acting on the beam mid-span that is subjected to the
bending moment is evaluated as flexural stress:
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Fig. 2 Specimens cut from the spruce beam recovered from Prosperi-Sacrati palace (left), top and bottom parts of the obtained specimens (right)
Abb. 2 Links: Entnahme der Priifkorper aus den vom Prosperi-Sacrati-Palast stammenden Fichtenbalken, rechts: Priifkrper aus dem oberen und

unteren Bereich der Balken

(@ ..2..2..23. (b)
F2 [Fr2 |

HLVDT e F D27

Fig. 3 a Sketch of the load configuration, b scheme of the 4-point bending test with location of the AE sensors
Abb. 3 Schematische Darstellung des 4-Punkt-Biegeversuchs: a Belastung und b Priifkorper mit Position der AE-Sensoren

o = 3Fa/bh* (1)

where F is the total load applied, a is the length of the
loading span, b and h—width and height of the beam,
respectively (Fig. 3). According to European standards
strength class system (for example EN 338), the charac-
teristic strength value in bending for high quality structural
timber is 40 MPa. Values of maximum stresses reached in
the applied 4-point bending tests (Table 1) clearly indicate
that all loading cycles were performed in the elastic region
of wood’s deformation.

In the measuring campaigns summarised in Table 1, the
effect of a load exceeding the previous level was analysed
in two fast loading cycles (5 cycles lasted less than 0.5 h)
applied at a time interval of 1 year (i.e. in February 2010
and March 2011). To make the study consistent and reli-
able, care was taken to ensure that the experimental pro-
cedure during both measurements was exactly the same. It
is worth adding that the specimens were kept unloaded
between the two measurements in non-air-conditioned
laboratory space with temperature and relative humidity
varying during the year in the range of 18-30 °C and
20-60 %, respectively.

During all tests (in 2010 and 2011), the settings of the
AE monitoring system, that is gain, frequency filters,
sampling rate and threshold level, were the same.

4 Acoustic emission setup

AE signals were measured by two (FD26 and FD27)
wideband multiresonant piezoelectric sensors (Physical
Acoustic Corporation) located, in each experiment, in the
middle of the beam and close to the position where load
was applied (Fig. 3b). This second sensor was used to
double check the operation of the measuring system and to
evaluate possible emissions resulting from the pressure of
the supporting hinge on the wood during the bending test.
The emission from both the sensors was highly correlated
proving that noise resulting from processes different than
the fracturing of the wood structure did not disturb the
measurements. The AE experimental setup consisted fur-
ther of an acoustic amplifier (EA System) with variable
gain and selectable high-pass frequency filters (5, 20 and
100 kHz). The AE signals were digitized by a simulta-
neous-sampling analogue input card PCI-9812 (Adlink
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Table 1 Number of cycles and
design load applied at each step Cycle Beam 1 : Beam 3 Beam 4
for all tests Month b Load |o™* Load | o™ Load |o™
number .
Tab. 1 Anzahl der (kN) (MPa)* | (kN) (MPa) | (kN) (MPa)
Belagungszyklen und der . 1 5 38 5 >4 5 4
jeweils aufgebrachten Last bei > 10 6 0 n 0 1
allen Versuchen February 7. 7 7
2010 3 12 9.2 12 5.7 12.5 5.9
4 15 114 15 7.1 12.5 5.9
5 18 8.5
1 10 4.7 5 24
March 2 12 5.7 10 4.7
2011 3 5 |71 125 |59
4 18 8.5 15 7.1
March 1 5 2.4 5 24
* Remark: for beam 1, the 2011 2 10 4.7 10 4.7
section height was reduced by Cross
3 cm in the calculations to take section 3 12 5.7 12 5.7
into accpunt a wide anq deep rotation | 4 15 7.1 15 7.1
fissure in the cross-section o
present along the entire beam by 180 5 18 8.5 18 8.5
length

Technology Inc.) and stored in a personal computer used
also for post-processing the acquired data. The recorded
signals were sampled with the rate of 1 MHz. A single data
set consisted of 128 000 points corresponding to 128 ms
time-windows, while the duration of a typical AE event
was of the order of hundreds of ps. The dead time between
two consecutive data sets was found to be around 100 ms.
The storage was triggered when the electrical signal pro-
duced by the AE event first crossed the threshold voltage of
0.6 V (56 dB) which was twofold that of the continuous
background noise (0.3 V corresponding to 50 dB). It was
also verified in supplementary tests that the testing machine
did not generate AE signals when operating without any
specimen installed.

The analysing software was designed to search for
individual AE events, extract them and calculate the most
important AE features, that is, amplitude, energy, duration
and frequency distribution.

5 Results and discussion

The aim of the study performed in February 2010 was to
investigate a short-term Kaiser effect in construction ele-
ments made of historic wood by analysing the load curves
and the AE data in a 4-point bending experiment with
consecutively increased load. The second measuring cam-
paign in March 2011, carried out on the same specimens,
sought to establish if historic timber retained memory of
the loads imposed during the February 2010 tests, i.e. if a
long-term Kaiser effect (the memory of loading exerted
1 year before the tests) was detected. As the stress
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experienced by the specimen is highest at the mid-span,
emissions recorded at this location were taken as the
indicator of progressive damage.

5.1 Year 2010

The results of bending tests (load and displacement in the
middle of the beam) as well as AE signals registered by the
sensor located in the middle of beam for specimens 1, 3
and 4 are presented in Fig. 4. Much lower AE energy
registered for beam three resulted from the application of a
particularly severe regime of high-pass frequency filtering
(100 kHz) in the detection system. Frequency filtering was
applied to increase the signal-to-noise ratio by reducing
environmental low-frequency noise. However, various
frequency filtering did not overshadow the observed phe-
nomenon in any of the tested beams.

It is clearly visible that AE activity strongly depends on
the stress level exerted on the material, that is, increases
with increasing load and displacement. In each load cycle,
AE activity was observed only above the maximum load
that had been exerted on the material in a preceding
loading cycle, marked in Fig. 4 with a dashed line. The
results presented clearly point to an almost perfect short-
time Kaiser effect that occurs in the tested historic
timbers.

5.2 Year 2011
The experiments performed in 2010 were repeated after

1 year on specimens 3 and 4 to verify if a long-term Kaiser
effect is observed for historic wood.
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Fig. 4 Short-term Kaiser effect measured for beam 1, 3 and 4 during
the test performed in February 2010. Solid curves represent the total
load applied and the resulting displacement at mid-span, vertical bars
represent measured AE signals cumulated in 1s windows, thick
dashed line shows cumulative AE energy and thin dashed line
indicates value of the maximal load exerted in the preceding cycle

Abb. 4 Bei der Priifung im Februar 2010 an Balken 1, 3 und 4
gemessener Kurzzeit-Kaiser-Effekt. Durchgezogene Linien: gesamte
aufgebrachte Last und resultierende Durchbiegung in der Balk-
enmitte, senkechte Striche: AE-Signale im Zeitfenster von s
gemessen, dicke gestrichelte Linie: kumulierte AE-Signale, diinn
gestrichelte Linie: im vorhergehenden Zyklus aufgebrachte max. Last

The first part of the experiment was performed on beams
loaded in a similar method (4-point bending) in the same
direction as in 2010. The material did not show large

a ratio between AE recorded in the tests performed in 2010
and in 2011 was 2.5 x 107 and 3.3 x 107>, respectively.
Hence, the AE monitoring confirmed the existence of load
memory in historic timber at a ‘long timescale’, already
evident in the results of February 2010 for a ‘short
timescale’.

To provide further evidence that the analyzed historic
wood shows the Kaiser effect, the test was repeated in a
different configuration. Beams 3 and 4 were turned around
by 180° in the testing machine and the same mechanical
4-point bending cycles were performed but in the direction
opposite to the one loaded before. As the release of
acoustic energy occurs at locations where stress concen-
trations exist due to local structural discontinuities, loading
the element in a different direction than previously should
lead generally to new local deformation—and related
AE—relieving high local stresses. The results presented in
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Fig. 6 Results of AE monitoring plotted together with the load and
displacement time histories for the test performed on beams 3 and 4
(cross section rotation by 180°) in March 2011. For the description
see Fig. 4

Abb. 6 Ergebnisse der an Balken 3 und 4 (Priifkérper um 180°
gedreht) im Mirz 2011 durchgefiihrten AE-Messungen mit dem
zeitlichen Verlauf der Belastung und der Durchbiegung. Legende
siche Abb. 4

Table 2 Results showing the

Fig. 6 indeed confirm this expectation. Energy was emitted
in each loading cycle. When the structure was unloaded
and then re-loaded, little AE was observed unless the load
exceeded the previous maximum. Hence, the short-term
Kaiser effect was observed (as in the measurements in
2010 presented in Fig. 4) and a relatively high value of AE
energy was recorded.

Results of all tests revealing the stress memory in the
analysed historic wood specimens are summarised in
Table 2. For each loading cycle, the ratio between AE
energy registered for loads lower and higher than the
maximum load reached in the previous cycle is provided. A
ratio of zero corresponds to the perfect Kaiser effect
whereas a high value of this parameter corresponds to a big
Felicity effect meaning that AE signals are detected before
the maximum value of the load from the previous cycle is
exceeded. In the presented tests, the ratio exceeded 0.1
only in 3 of 18 loading cycles measured, which shows that
the observed short-term Kaiser effect is distinct for the
tested specimens.

6 Conclusion

Bending tests conducted on specimens obtained from a
150-year old spruce timber beam recovered from the roof
structure of a historic building in Ferrara, Italy, combined
with AE monitoring revealed stress memory in naturally
aged wood. The experiments consisting of subjecting the
specimens to the same loading pattern first in 2010 and
then a year later clearly showed that AE signals appeared
only when the previously exerted load was exceeded, even
if the previous load had been exerted 1 year before. Hence,

Kaiser effect in the analysed February 2010 March 2011 March 2011 (cross section
specimens rotation by 180°)
Tab. 2 Ergebnisse, die den
Kaiser-Effekt in den Total AE Total AE Total AE
untersuchten Priifkorpern zeigen Cycle AE ener Cycle energy Cycle AE ener
number| energy &y Y measured Y energy &y
catiod measur.ed number (arb. number ratio? measurgd
The following high-pass filters (arb. units) units) (arb. units)
were applied in the AE 1 ~
measurements: 5 kHz (beam 1), Beam ) 0.01328
100 kHz (beam 3) and 20 kHz E 003234 1452495
(beam 4) 4 0.00467
Folgende Hochpassfilter wurden 1 - 1 1 -
bei den AE-Messungen Beam 5 0 49183 |2 125 2 0 7820
verwendet: 5 kHz (Balken 1), 3 i 8 i i 885.;)
100 kHz (Balken 3) und 20 kHz :
(Balken 4) ? 0.09034 - ? O.(ill
? defined as ratio of AE Beam |2 0.069 102845 |2 375 2 0.148
energies registered below and R 0.019 3 3 0000 | 068012
above load exerted in the 4 0.004 4 4 0.632
5 0.003

preceding cycle
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both short- and long-term Kaiser effect was revealed. The
Felicity effect was minimal.

In the analysed load range, the observed long-term
Kaiser effect was almost perfect. Even variations in tem-
perature and relative humidity typical of uncontrolled
indoor climate in the laboratory building in which the
beams were stored between consecutive measuring cam-
paigns, did not disturb a clear manifestation of the effect.

This observation opens up a new perspective for using
AE monitoring for the determination of structurally sig-
nificant defects in wooden works of art and constructions.
No emission if past maximum load is not exceeded would
point to insignificant flaws (discontinuities) in the material.
In turn, emission at a load below the past maximum or
emission that continues at constant loads, are likely to
indicate significant defects in the material and structural

instability which should be verified by further
investigations.
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