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Abstract 
 

Acoustic emission (AE) during dehydration at ambient temperature was compared between 
fully saturated fresh Norway spruce (Picea abies (L.) Karst.) sapwood and sapwood exposed to 
two dehydration-rewetting cycles in order to get information about the differences in dehydration 
stress. 

AE testing was performed within a frequency range of 35-100 kHz (R6) and 100-1000 kHz 
(WD). Total numbers of AE became lower and mean AE energies weaker after each dehydration-
rewetting cycle. During the first dehydration run, highest mean AE energies were detected at the 
beginning of dehydration. In rewetted wood, highest mean AE energies were however detected 
towards the end of dehydration. AE of rewetted wood was also characterized by a higher percent 
of AE with frequencies >70 kHz and 100-175 kHz, as detected by R6 and WD transducers, 
respectively. 

It is concluded that fresh never-dried sapwood is more prone to dehydration stresses than pre-
dried sapwood. Differences in AE number and AE features might be due to micro-mechanical 
failure that decreased after each dehydration-rewetting run. Dehydration stress might also 
decrease because the membrane of bordered pits, which acts as a valve to avoid the breakage of 
the water columns inside the conduits, becomes weakened after each dehydration-rewetting run.  
 
Introduction 
 

Dehydration stress can lead to a loss in mechanical strength in re-wetted conifer sapwood due 
to structural changes of the cell walls and micro cracks [1, 2]. Sapwood is the wetter outer part of 
a tree trunk, where water is transported from the roots up to the crown within a network of small 
conduits. The transport from conduit to conduit is achieved through small valves termed bordered 
pits (Fig. 1). Moderate drought stress of trees leads to a reversible closure of the pit membranes, 
in order to avoid the breakage of the water column in the adjacent conduit [3]. High negative 
pressures that develop during dehydration of isolated sapwood can however induce a weakening 
or rupture of the membranes of the pits [4] or lead to irreversible pit closure [5]. The dryer inner 
part of a tree trunk is termed heartwood. Conifer heartwood does not transport water anymore 
because the pits are permanently closed [6]. 

Cell wall shrinkage starts when the moisture content drops below fiber saturation; that is 
when the conduit contains no longer free water but the cell walls are fully saturated with liquid 
[7]. Dimensional changes can however be observed long before most of the conduits reach fiber 
saturation [8 , 9]. Similar dimensional changes can be observed as diurnal stem diameter changes 
in living trees out in the field [e.g. 10]. Due to its low free moisture content, heartwood does not 
contribute to these diameter changes [8]. In sapwood, negative hydrostatic pressures acting 
perpendicular to the conduit walls try to draw the walls inwards. When the negative pressure 
becomes too high the water column will break which leads to a sudden stress release. This 
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sudden stress release induces AE with the highest amplitudes in the range of 100-300 kHz [9, 
11]. 
 

 
Fig.1. Four isolated water conducting elements (tracheids) of Norway spruce 

earlywood. Arrows indicate bordered pits. The reference bar represents 1 mm. 
 

Drying checks develop because fiber saturation is reached far earlier in the drier shell than in 
the wetter core of a dehydrating specimen and because wood is an anisotropic material 
concerning cell wall shrinkage [2, 7]. Internal checking can be however induced as well by the 
negative pressure of free water (12, 13]. 

AE testing is a useful tool for optimizing lumber drying conditions. The analysis of the burst 
rates, the amplitude or energy distribution of AE signals has been successfully used to pinpoint 
lumber checking [14, 15, 16]. The bulk of AE (> 15 kHz) during lumber drying is induced by the 
breakage of the water columns inside the conduits after the sudden release of negative pressures 
[15]. Crack formation during dehydration is indicated by high AE burst rates and by AE signals 
with very high amplitudes or energies [12, 16, 17]. 

The aim of this study was to compare AE during dehydration at ambient temperature between 
fresh Norway spruce sapwood and sapwood exposed to two rewetting cycles. On contrary to 
previous work on this topic [5], AE testing was performed within an operating frequency range 
of 35-100 kHz and 100-1000 kHz. It was therefore possible to analyze the average frequency of 
the AE, which might give additional information about the dehydration stress of fresh and pre-
dried sapwood. 
 
Material and Methods 
 

Wood specimens came from a 50 year-old healthy Norway spruce (Picea abies (L.) Karst.) 
harvested in Prinzersdorf (Lower Austria). Wood bole segments, 20 cm in length, were taken 
immediately after felling at 3 – 4 m height from the ground.  

Outer sapwood specimens with a transverse surface of about 0.9 x 0.9 cm were isolated by 
splitting the wood along the grain with a chisel. Tangential and radial faces of the beams were 
planed on a sliding microtome. Transverse sample ends were re-cut using a razor blade. During 
preparation steps the wood specimens were kept wet. Fresh wood specimens were then soaked in 
distilled water under partial vacuum for 24 h to refill empty conduits [18] and afterwards stored 
at 4 °C in degassed water containing 0.01 vol. % Micropur (Katadyn Products Inc., Switzerland) 
to prevent microbial growth. The final shape of the specimens was 0.6 cm tangential, 0.6 cm 
radial, and 10.0 cm longitudinal. Fresh and pre-dried wood specimens were dehydrated for 24 h 
at ambient climatic conditions (25 °C, 30 % r.h.) to the equilibrium moisture content of 9.5 %. 

AE (acoustic emission) was monitored with the AMSY-5 High -Speed AE system (Vallen 
Systeme GMbH, Munich, Germany). Preamplifiers (40 dB) were used in connection with R6 and 
WD transducers with an operating frequency range between 35-100 kHz and 100-1000 kHz, 
respectively (Physical Acoustics Corporation Princeton Jct, PA, USA). Data were recorded with 
a detection threshold of 40 dB (R6) and 35 dB (WD) (0 dB = 1 µV input). AE features assessed 
were the peak amplitude, the absolute energy and the average frequency.  

AE transducers were positioned on the tangential face of fully saturated standard beams using 
an acrylic resin clamp (Fig. 2). Silicone paste (Wacker, Burghausen, Germany) was used as a 
coupling agent. The specimen was positioned on a sample holder fixed upon a compression 



   

 
spring, which was used to minimize the decrease in contact pressure due to wood shrinkage 
during the dehydration processes [9]. Contact pressure was monitored by a load cell (DMS, Type 
8416-5500, range 0 - 500 N; Burster, Gernsbach, Germany) positioned between the AE 
transducer and the screw of the acrylic resin clamp (Fig. 2). Contact pressure between transducer 
and wood was set to 30 N [14] and the clamp assembly was kept so deep in water that the wood 
was totally covered till the applied pressure reached a constant value, which was achieved after 
less than 20 min. Thereafter, superficial water was quickly removed from the assembly and 
recording of AE and coupling pressure was started.  

After the cessation of all AE activity, which was achieved after about 10 hours, specimens 
were re-soaked at 4 °C in distilled water containing 0.01 vol. % Micropur under partial vacuum. 
Specimens were re-soaked till they reached their former saturated weight, which took > 96 h. 
Thereafter, the second AE testing run took place. Before the third AE testing run was started, 
wood specimens were again re-soaked till the former saturated weight was reached. 
 
 

 
Fig. 2. Acrylic resin clamp assemblage for AE testing 

 
Results and Discussion 
 
Acoustic activity monitored with the R6 transducer (35-100 kHz) 

The total number of AE became increasingly lower with each dehydration cycle. Dehydration 
of a one-time rewetted specimen produced 55.9 % and dehydration of a two-times rewetted 
specimen 33.6 % of the AE of fresh sapwood. Especially specimens which were rewetted a 
second time showed a very low AE rate at the onset of dehydration (Fig. 3). With each rewetting- 
dehydration cycle the signals became also weaker. AE energy had much higher mean values in 
the fresh than in the two pre-dried specimens (Fig. 3). Additionally, the time course of the mean 
AE energy values differed between treatments. Whereas highest mean energies were measured in 
fresh sapwood at the beginning of dehydration, in pre-dried sapwood highest energies were 
measured towards the end of dehydration (Fig. 3). Attenuation decreases with increasing 
moisture loss [14]. Accordingly, the amount of signals >60 dB became higher towards the end of 
dehydration in pre-dried wood. In fresh wood however, highest amounts of signals >60 dB were 
found at the onset of dehydration [9]. All treatments were characterized by very weak signals in 
the last AE peak. The frequency composition was quite different between fresh and pre-dried 
sapwood: fresh sapwood showed a higher amount of signals <70 kHz during the first AE peaks, 



   

 
whereas pre-dried wood only during the second AE peak. The third AE peak showed a very high 
percentage of AE >70 kHz in all three specimens. 
 
Acoustic activity monitored with the WD transducer (100-1000 kHz) 

AE detected with the WD transducer showed a similar amplitude and energy distribution as 
detected with the R6 transducer. With each rewetting cycle the signals became weaker and 
highest mean energies were measured at the onset of dehydration in fresh but towards the end of 
dehydration in pre-dried sapwood (Fig. 4). Rewetted sapwood showed no first AE peak, which 
was characterized in fresh wood by a very high amount of signals >60 dB. The amplitude 
distribution of pre-dried wood resembled the amplitude distribution of the last two AE peaks of 
fresh wood, which had a very high amount of AE < 50 dB. Pre-dried wood lacked also single 
high energy AE during the first two hours of dehydration, at moderate moisture loss. The first 
and second AE peak of fresh sapwood had highest amounts of signals between 100 and 175 kHz, 
whereas the amount of AE within this frequency range was neither higher in one-time rewetted 
nor in two-times rewetted sapwood during the whole dehydration cycle (Fig. 4). The lowest 
amount of 100- 175 kHz AE was detected after the second rewetting-dehydration cycle. The last 
AE peak of fresh dehydrating wood was characterized by a high amount of high frequency AE, 
as it was typical for pre-dried sapwood throughout the whole dehydration period. 
 
Possible reasons for lower AE activity in pre-dried sapwood 

During the first dehydration run, irreversible damage must have occurred, which caused no 
AE during the second and third dehydration run, which is know as “Kaiser-effect” [19]. Events 
during the first run were characterized by higher AE peak amplitudes and a higher percentage of 
AE with lower frequency. A lower number of AE detected during the following dehydration runs 
indicated that fresh sapwood was more prone to dehydration stress than pre-dried wood [20]. 
Differences in AE rate, peak amplitude and AE energy were quite small between the second and 
third dehydration run [20, 21]. Recently, we [5] reported higher dimensional changes at moderate 
moisture loss in fresh than in pre-dried wood. It is supposed that dimensional changes of fresh 
wood during early dehydration stages are merely induced by the negative pressure of free water 
inside the capillaries [9]. Differences in AE and dimensional changes induced by negative 
pressure between fresh and pre-dried wood could have their causes in pit functioning and 
mechanical failure. 

AE generated during dehydration of conifer sapwood generally exceeds AE generated during 
heartwood dehydration [21]. In spruce sapwood, bordered pits of the first formed earlywood cell 
rows become irreversibly closed when sapwood is dried at ambient conditions (Fig. 5). The 
hydraulic permeability at full saturation is therefore much lower in pre-dried than in fresh 
sapwood [5]. If pit closure was a rapid process, it could be an AE source in fresh wood. 
Permanently closed pits in pre-dried wood will then produce no AE during the following 
dehydration cycles. Pre-dried sapwood resembles somehow heartwood, where conduits lost their 
function of water conductance due to permanent pit membrane closure [6]. Heartwood does not 
contribute to the dimensional changes induced by negative pressures [8] because the conduits 
contain no or only a low amount of free water. However, even if conduits would refill through 
the cell walls, pit closure might be advantageous in order to avoid internal checking in living 
trees by reducing the transmission of negative pressure from conduit to conduit. [13] supposed 
that sapwood within-ring internal checking is caused by deformation due to negative pressure 
and not by differential cell wall shrinkage, because checking occurred already at an early stage of 
kiln drying. Internal sapwood checks caused by negative pressure may also occur in living trees 
during periods of summer drought, and are a severe problem of short rotation forests [22]. 

Some pit membranes can be also ripped out of their sealing position due to high negative 
water pressures [4], which might be an AE source in fresh wood but not in pre-dried sapwood. 
Drought stress leads as well to a phenomenon termed “cavitation fatigue”. Cavitation fatigue is 



   

 
induced by the rupture or loosening of the cellulose mesh of inter-conduit pit membranes which 
results in a weakened response of the pits to drought stress [3]. Pre-dried spruce sapwood is 
therefore more vulnerable to the breakage of the water columns than fresh wood, which means 
that less negative pressure is necessary in pre-dried than in fresh wood to result in the breakage 
of the water columns [5]. As a consequence, pre-died rewetted wood is less prone to deformation 
under negative pressure, because the stress is more easily released due to the breakage of the 
water columns. Fresh wood emitted much stronger signals than pre-dried wood. The sudden 
breakage of the water column in a conduit of the same size should give AE with lower 
frequencies and higher peak amplitudes when it occurs at more negative pressure, because more 
elastic energy (more deformation) is stored before the breakage occurs. Minimizing any kind of 
dimensional changes is advantageous for heartwood concerning crack formation in life stems. 

High AE burst rates or AE with high peak amplitudes indicated mechanical failure in fresh 
wood at moderate water losses [12, 15, 16, 17]. Single high energy AE measured during the first 
dehydration run let suggest that micro-cracks occurred in the Norway spruce specimens. In fresh 
sapwood, highest peak amplitudes were measured during the first hours of dehydration, whereas 
in pre-dried sapwood during the last hours. Moreover, in some pre-tried specimen, the first AE 
peak was totally missing. This let suggest that some AE arose from irreversible damage induced 
by negative water pressures because it was detected already at an early stage of dehydration [13]. 
By means of X-ray CT scanning (resolution 4.5 µm) no mechanical failure on a set of 
comparable Norway spruce specimens could be detected [5]. Micro cracks in dried specimens are 
however sometimes hard to detect, because they close again after dehydration [2]. For detection 
of matrix-cracks in the conduit cell walls, higher resolution techniques were required, such as 
Scanning Electron Microscopy [1]. 
 
Conclusions 
 

AE testing results suggested that fresh sapwood is more prone to dehydration stresses than 
pre-dried sapwood. The dehydration stress became extremely lower after the first rewetting-
dehydration cycle; thereafter it showed only a slight decrease. Differences in AE might be due to 
changes in pit functioning and mechanical failure. Permanently closed pits, pit membrane rupture 
and micro-cracks in the cell walls which developed during one dehydration cycle will produce no 
AE during the next dehydration cycle, after rewetting. Additionally, the weakening of the pit 
membranes might lower dehydration stress because breakage of the water columns occurs at less 
negative pressures. Therefore, a higher number of AE with higher AE energies and lower average 
frequencies were measured in fresh than in pre-dried wood. If it is assumed that pre-dried 
sapwood resembles somehow heartwood, changes in pit functioning could be advantageous for 
avoiding internal checking in living trees by reducing dehydration stress. The results might be 
also relevant for analyzing checking processes during industrial lumber drying, especially when 
wood boards contain a high amount of sapwood. Critical stages of drying could be pinpointed by 
the analyzing the frequency composition and the AE energy. Extremely high energy AE events 
could be used in future studies on source location of lumber checking processes. 
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Fig. 3. Time courses of AE rate/0.1 h clustered in amplitude and frequency steps and time 

course of AE Energy (eu = aJ) of fresh, pre-dried, and two times pre-tried sapwood 
detected with the R6 transducer (35-100 kHz). The red line in the AE Energy plot 

represents the mean AE Energy/0.1h. 
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Fig. 4. Time courses of AE rate/0.1 h clustered in amplitude and frequency steps and time 

course of AE Energy (eu = aJ) of fresh, pre-dried, and two times pre-tried sapwood 
detected with the WD transducer (100-1000 kHz). The red line in the AE Energy plot 

represents the mean AE Energy/0.1h. 
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Fig.5. Transverse stained (Toluidine blue) sections of fresh (A) and pre-
dried (B) Norway spruce sapwood. Arrows indicate bordered pits, which 

are open in fresh and permanently closed in pre-dried earlywood. 
Reference bars represent 40 µm [5]. 
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