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A B S T R A C T   

In the historic city centre of Amsterdam (NL), the predominant foundation system is comprised of wooden piles. 
Due to their placement below the water table, these foundations are susceptible to bacterial decay. This study 
aims to investigate and compare various methods for characterizing decay patterns within the cross sections of 
piles retrieved from two bridges in Amsterdam. The examined piles span different construction years: three 
originate from 1727, four from 1886, and two from 1922. Following extraction, the piles were transported to TU 
Delft Stevin II Laboratory, where they underwent further subdivision into three segments, each representing the 
head, middle, and tip, resulting in a total of 27 segments. The effects of bacterial decay were characterised by 
performing micro-drilling measurements, small-scale material and compressive tests on prismatic samples 
extracted from the segments’ cross sections, computed tomography scans, and light microscopy observations. 
Microscopic examination revealed severe degradation in all segments dating back to 1727, extending 20–50 mm 
from their surface. This outcome was also confirmed by the other adopted methods: the corresponding prisms 
had large moisture contents and poor mechanical properties, while low basic densities and drilling amplitudes 
were obtained from CT scans and micro-drilling measurements, respectively. On the contrary, the internal sec
tions of the 1727 segments exhibited no evidence of decay and demonstrated properties consistent with those 
observed in sound segments from 1886 and 1922. Finally, the observed gradients of density, strength, and 
stiffness were well correlated with micro-drilling measurements, which can therefore be reliably used as on-site 
assessment method to reconstruct the properties of the piles.   

1. Introduction 

1.1. Background 

The utilization of wooden piles as foundation system of historical or 
existing buildings has been widespread throughout Europe. In this 
context, the city of Amsterdam (NL) constitutes one of the reference 
examples for such foundation structures, since it was built on millions of 
wooden piles, still supporting existing and historical buildings as well as 
bridges and quay walls. When wooden foundation piles in ground are 
subjected to biological decay, their load-carrying capacity can be 
strongly reduced, leading to stability issues in the supported buildings. 
Since the piles are located below the water table, they can benefit from a 
longer service life [1–6]: microbial decay of wooden foundations in 
waterlogged soils can be caused by either soft rot fungi (in low-oxygen 

conditions), or bacteria (even in anoxic conditions) [4,7]. The latter 
biodegradation type proceeds more slowly over time than fungal attack. 
These bacteria, named erosion bacteria on the basis of their way of 
eroding the wood fibre cell walls [8,9], are responsible for wood 
degradation in all types of waterlogged anaerobic terrestrial and marine 
environments worldwide [1,4,10–16], and are able to deeply penetrate 
into the wood matrix, destroying cellulose and hemicelluloses [1,4]. 

In particular, spruce (Picea abies) and pine (Pinus sylvestris) wooden 
foundation piles degraded by erosion bacteria appear unaffected when 
examined on site, because their surface, layer, colour, and original di
mensions are maintained in wet conditions [6,7]. However, the outer 
layer could often be soft and spongy because of the degradation, which 
always starts involving the less durable sapwood, whereas the inner part 
of the pile, including heartwood, might be less decayed or even sound 
[1,4,6,7,17,18]. These differences in degradation within the cross 
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Fig. 1. Schematic representation of the methodology adopted for the present research study.  
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section cause pronounced variations of strength, stiffness and moisture 
content, all factors ultimately influencing the global load-carrying ca
pacity and service life of the piles: when bacterial decay progresses to 
the extent that most of the cell walls are eroded, a strong reduction of 
density and compressive strength occurs, linked to an increase in 
moisture content as well [1,6,19]. 

In the city of Amsterdam, spruce, pine, and occasionally fir piles, 
have been dominantly employed to realize foundation structures [1,19]. 
The local soil is mainly composed of peat and clay layers, resting on a 
sand layer at a depth of 11–12 m, and the groundwater is mainly 
brackish [19]. Given the essential function of these foundations and 
their widespread presence in the historic city centre of Amsterdam, 
estimating the remaining service life of the piles is crucial for arranging 
timely maintenance interventions. 

To this end, an extensive experimental campaign has been started by 
the municipality of Amsterdam in cooperation with Delft University of 
Technology [20], aimed at characterising the current state of wooden 
foundation piles [21–23], as well as providing solid input for service life 
prediction models [24,25]. Among the available techniques for assessing 
the state of timber piles on site, micro-drilling measurements constitute 
a promising option [26–35], because with this method extensive in-situ 
sampling of a large number of piles can be efficiently conducted under 
water by divers [20–23,36,37]. Micro-drilling measurements can 
already be effectively adopted for qualitative assessment of (existing) 
timber structures [37], and they provide useful information on the state 
of wooden foundation piles’ cross sections [22,23,25]. On this basis, 
investigating the possibility of using micro-drilling techniques also for a 
quantitative purpose in underwater conditions is of interest, especially 
in terms of the capability of correctly representing the aforementioned 
gradients in mechanical properties, caused by bacterial decay, along the 
cross section. 

1.2. Research objectives and approach 

A first objective of this work is the detailed characterisation, in terms 
of material and mechanical properties, of historic wooden piles from the 
city of Amsterdam, with specific reference to the influence of bacterial 
decay in their load-carrying capacity. The piles involved in this study 
(Section 2) have been exposed in the soil for 99, 135 and 294 years (with 
reference to 2021, year of extraction). Thus, it was possible to assess for 
which time in service of the piles the effects of degradation start influ
encing the mechanical properties. Several techniques at full-scale and 
small-scale level were adopted for this characterisation: compressive 
tests on prismatic samples retrieved from their cross sections, determi
nation of their moisture content and density in water-submerged as well 

as dry conditions, micro-drilling measurements, computed tomography 
(CT) scans, and light microscopy observations (Section 2.2). 

Because it is not possible to perform such a detailed assessment for 
wooden foundation piles on site, a second objective of this work is to 
assess the possibility of characterising the state of the piles by means of 
micro-drilling measurements. Correlations between the material and 
mechanical properties of the prisms and the micro-drilling signals were 
investigated, to check the reliability of micro-drilling measurements in 
identifying decay from both a qualitative and quantitative point of view. 
After presenting the methodology at the basis of this research work 
(Section 2), the results of the conducted tests are presented (Section 3), 
followed by their discussion (Section 4). Finally, in Section 5, the main 
conclusions are summarized. 

2. Materials and methods 

2.1. Materials 

This research study involved 9 wooden foundation piles, fully sub
merged in water, and which were part of the foundation system of the 
piers of two bridges (catalogued as no. 30 and 41) 150 m far from each 
other in the city of Amsterdam (Fig. 1). According to the database of the 
Engineering Office of the Municipality of Amsterdam (Ingenieursbureau 
Amsterdam), the piles were dated back to 1727 (3 piles), 1886 (4 piles), 
and 1922 (2 piles). The length of the piles was ≈ 12 m, their head 
diameter ranged from 175 to 260 mm, while their tip diameter ranged 
from 125 to 210 mm. All piles were made of spruce (Picea abies), with 
the exception of one from 1886, made of fir (Abies alba). 

2.2. Methods 

2.2.1. General 
After extraction, the piles were transported and delivered to TU Delft 

Stevin II Laboratory, where they were further subdivided in three seg
ments representative for head, middle and tip part. The segments were 
coded in the form “year-number-pile part” (e.g. 1727–1-head), and were 
subdivided into two groups of specimens, hereinafter referred to as 
group 1 and group 2, for additional investigations (Fig. 1). 

Group 1 consisted of 15 segments from 5 piles (Fig. 1): 9 segments 
from 1727, 3 from 1886, and 3 from 1922, all kept under water for two 
weeks to reproduce the on-site submerged conditions. The main target 
for the segments in group 1 was the characterisation of material and 
mechanical properties along the cross section for a disc taken from the 
segments, from which smaller longitudinal prismatic samples were 
retrieved: this was especially of interest for decayed piles, as the effects 

Fig. 2. Principle for execution of micro-drilling measurements across the grain for pile segments of group 1 (a) and group 2 (b).  
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of biodegradation on strength, stiffness and density could be quantified. 
For all segments, a location without knots was identified, and before 
cutting the prisms, two micro-drilling measurements were conducted in 
the same direction along which the prisms were taken within the cross 
section, right above and below the prisms themselves (Section 2.2.2 and 
Fig. 2). Next, five 20×20×120 mm3 prisms were retrieved from the cross 
section to test their material and mechanical properties (see Fig. 1 and 
Section 2.2.3), in agreement with EN 408 [38]. Additionally, for head, 
middle part and tip of samples 1727–1, 1886–1 and 1922–1, other 5 
20×20×60 mm3 prisms were taken, to assess whether a possible influ
ence of size effect was present. In this way, it was possible to determine 
the physical, material and mechanical properties of the prisms, and to 
establish their correlations with micro-drilling measurements. A total of 
120 prisms were tested, and 48 micro-drilling measurements were taken 
(Fig. 1). 

In group 2 (18 segments), the main aim was a more detailed char
acterisation of bacterial decay. Group 2 also included six segments from 
1727 which were part of group 1 (Fig. 1), to ensure a complete char
acterisation of the piles with the longest exposure time. From all seg
ments, two micro-drilling measurements perpendicular to each other 
were taken (Section 2.2.2), and CT scans (Section 2.2.4), as well as light 
microscopy observations on thin radial sections retrieved from the cross 
section in correspondence to the micro-drilling measurements (Section 
2.2.5), were performed. A total of 36 micro-drilling measurements and 
18 CT scans were executed, and ≈ 100 radial sections were examined 
under the microscope. The outcomes from the tests performed on the 
segments of group 2 allowed to characterise their decay and main fea
tures, as well as to obtain their density profiles, retrieved from CT scans. 
As a final step, the reconstruction of density profiles by means of micro- 
drilling measurements was also evaluated, thus combining the outcomes 
of group 1 and group 2. 

Fig. 3. Setup for compression tests of prisms.  

Table 1 
Results from small-scale compression tests on prisms retrieved from 9 pile segments (3 head, 3 middle, 3 tip parts) from 1727.  

Prism 
number 

Number of 
samples 

Presence of 
decay 

Prism height 
(mm) 

Moisture content at testing Dry density Compressive strength 

Average 
(%) 

Coefficient of 
variation 

Average (kg/ 
m3) 

Coefficient of 
variation 

Average 
(MPa) 

Coefficient of 
variation 

1 9 Yes 120 216  0.37  304  0.13  8.2  0.64 
2 9 No 120 89  0.23  439  0.03  12.0  0.18 
3 9 No 120 62  0.23  402  0.02  10.1  0.31 
4 9 No 120 63  0.39  439  0.03  13.2  0.01 
5 9 Yes 120 212  0.50  358  0.32  8.4  0.63           

1 3 Yes 60 146  0.57  315  0.19  7.5  0.31 
2 3 No 60 52  0.34  436  0.14  13.8  0.15 
3 3 No 60 60  0.10  403  0.04  10.8  0.18 
4 3 No 60 58  0.37  452  0.02  13.7  0.06 
5 3 Yes 60 189  0.43  351  0.32  8.6  0.64  

Table 2 
Results from small-scale compression tests on prisms retrieved from 3 pile segments (head, middle, tip) from 1886.  

Prism 
number 

Number of 
samples 

Presence of 
decay 

Prism height 
(mm) 

Moisture content at testing Dry density Compressive strength 

Average 
(%) 

Coefficient of 
variation 

Average (kg/ 
m3) 

Coefficient of 
variation 

Average 
(MPa) 

Coefficient of 
variation 

1 3 No 120 52  0.32 496  0.07  16.8  0.18 
2 3 No 120 44  0.05 378  0.03  14.0  0.07 
3 3 No 120 55  0.13 373  0.01  9.1  0.16 
4 3 No 120 58  0.48 372  0.05  10.9  0.07 
5 3 No 120 51  0.11 453  0.01  15.5  0.06           

1 3 No 60 55  0.04 460  0.07  14.6  0.17 
2 3 No 60 41  0.12 398  0.06  15.1  0.03 
3 3 No 60 65  0.34 382  0.02  10.4  0.13 
4 3 No 60 41  0.04 374  0.02  13.0  0.03 
5 3 No 60 45  0.27 488  0.07  17.9  0.17  
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2.2.2. Execution of micro-drilling measurements 
Micro-drilling measurements were performed for both groups of 

segments with an IML-RESI PD400 drill [39], shown in Fig. 1, according 
to the scheme illustrated in Fig. 2. This instrument provides the profiles 
of drill and feed amplitude against drilling depth as output [22]. A drill 
speed of 2500 r/min and a feed speed of 150 cm/min were adopted, in 
agreement with previous preliminary studies on wooden foundation 
piles [22,23]; the drill needle was 400 mm long, with a thin shaft of 
1.5-mm diameter and a 3.1-mm-wide triangular cutting part, with hard 
chrome coating. 

For the 15 segments of group 1, two measurements were taken across 
the grain in the cross sections above and below the prisms (Fig. 2a), and 
along the same radial orientation. This was done to avoid damage to the 
prisms, given their small dimensions [35]. For the 18 segments of group 
2, two measurements were taken 300 mm below the top of each 
segment, in two orthogonal directions (Fig. 2b). Additionally, for group 
1, the average drilling amplitude (DA) of the drilling resistance (DR) 
profiles along the width B of each prism (Fig. 2) was calculated as [23, 
37]: 

DA =

∫ B
0 DR db

B
(1) 

For each prism, the calculated average DA over its width was then 
correlated with its material and mechanical properties. 

2.2.3. Determination of material and mechanical properties of small-scale 
prismatic samples 

For each segment in submerged conditions (moisture content >
50%), on one location over the length, five longitudinal prismatic 
samples were retrieved from the cross section: two corresponding to the 
outermost part (1 and 5, containing sapwood and possibly subjected to 
bacterial decay in the older samples), two containing heartwood (2 and 
4), and one heartwood sample on the pith location (3, see Fig. 1). 
Following EN 384 [40], volume and weight of the prisms for deriving 
their wet density were subsequently measured by means of a calliper 
and a scale. Each prism was then tested in compression parallel to the 
grain following the protocol of EN 408 [38], adopting the 
displacement-controlled setup shown in Fig. 3. The prisms were placed 

Table 3 
Results from small-scale compression tests on prisms retrieved from 3 pile segments (head, middle, tip) from 1922.  

Prism 
number 

Number of 
samples 

Presence of 
decay 

Prism height 
(mm) 

Moisture content at testing Dry density Compressive strength 

Average 
(%) 

Coefficient of 
variation 

Average (kg/ 
m3) 

Coefficient of 
variation 

Average 
(MPa) 

Coefficient of 
variation 

1 3 No 120 120  0.19 487  0.01  14.8  0.12 
2 3 No 120 46  0.20 510  0.05  19.1  0.13 
3 3 No 120 49  0.17 460  0.11  13.5  0.17 
4 3 No 120 59  0.43 499  0.01  19.8  0.13 
5 3 No 120 143  0.17 428  0.07  13.9  0.14           

1 3 No 60 117  0.29 436  0.13  13.5  0.22 
2 3 No 60 74  0.57 503  0.09  21.4  0.36 
3 3 No 60 44  0.10 489  0.12  17.1  0.14 
4 3 No 60 61  0.30 502  0.10  19.1  0.16 
5 3 No 60 111  0.15 450  0.10  14.5  0.32  

Fig. 4. Results from the small-scale experimental campaign on prisms retrieved along the cross sections of pile segments of group 1 (Section 2.2.3): (a) moisture 
content gradient; (b) dry density distribution; (c) wet compressive strength distribution; (d) wet modulus of elasticity distribution; average values and standard 
deviations are shown. 
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between two steel plates, and the application of a compressive load 
without inducing bending was ensured by means of a hinge. Besides the 
three potentiometers already present in the testing machine, other two 
were placed on opposite sides of the prisms. The tests were conducted at 
a displacement rate of 0.02 mm/s, and both compressive strength fc,0,wet, 

prism and modulus of elasticity MOE0,wet,prism parallel to the grain of the 
prisms were determined. Immediately after testing, the moisture content 
of the prisms was determined according to EN 13183–1 [41], as well as 
their dry density. In this way, from these experiments it was possible to 
reconstruct the density, strength, and stiffness profiles, as well as 
moisture content gradients along the cross sections of the segments. 

2.2.4. Computed tomography (CT) scans 
CT scans were performed for all 18 segments belonging to group 2, 

dried in indoor conditions for at least three months, in order to optimally 
capture the variations in measured dried density. To this end, a Siemens 
Somatom Definition CT scanner was used, with a 0.6 mm sampling res
olution. In this way, images from the segments were retrieved from X- 
rays by measuring the reflected radiations; the obtained images are 
displayed in grey values reported in Hounsfield units (HU) [42], with 
water having a value of 0 HU, tissues denser than water having positive 
values, and tissues less dense than water having negative values [42], up 
to − 1000 HU for air. When using grey values, low-density tissues appear 
as darker (blacker) and high-density structures as brighter (whiter) 
colours. With reference to wooden elements, this representation is 

associated with brighter colours in correspondence of e.g. knots, and 
darker colours around low-density or degraded areas [43]. 

In this way, the difference in densities in cross sections and in whole 
pile segments could be characterised and reconstructed. For the post- 
processing of the scans, conducted with myVGL 2022.1 software [44], 
the grey values and associated dried densities were subdivided in ranges, 
each one of which was assigned a representative colour:  

• Red for 90–180 kg/m3  

• Orange for 180–270 kg/m3  

• Yellow for 270–360 kg/m3  

• Green for 360–450 kg/m3 (expected average reference for sound 
spruce/fir wood)  

• Blue for 450–540 kg/m3 (dense sound wood, or knots/compression 
wood) 

Thus, the less dense decayed areas could appear as red-orange, the 
sound wood as green (or blue, for denser tissue). The obtained density 
profiles from the CT, were used to validate those predicted from the 
micro-drilling measurements on the same segments, on the basis of the 
correlations established from the tests on the segments of group 1 
(Section 2.2.3). 

2.2.5. Light microscopy observations 
To complete the characterisation of biodegradation for the pile 

Fig. 5. Comparison between micro-drilling signals and wet compressive strength profiles of the prisms (Section 2.2.3) along the cross section for two representative 
decayed segments – 1727–1-head (a) and 1727–1-tip (b), and two sound ones – 1922–1-middle (c) and 1886–3-middle (d). 
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segments of group 2, light microscopy observations were performed as 
well. In this way, the extent of decay from the wood surface inwards was 
assessed. To this end, radial sections with a thickness of 20 μm suitable 
for microscopic observations were retrieved from the locations where 
micro-drilling measurements were executed. These radial sections were 
cut with a Leica HistoCore Multicut R microtome, and examined under 
polarised light with a Keyence VHX 6000 digital microscope. The use of 
polarized light enabled the detection of birefringence, a typical feature 
of cellulose: once this is degraded by bacteria, a loss of birefringence is 
observed [1,4,6]. Bacterial decay was also evaluated by considering 
wood microanatomical features (presence of erosion channels, degraded 
cell walls), associated with corresponding decay levels, similarly to the 
classification provided in reference literature for wooden foundation 
piles [1,6]: 

• No degradation: smooth cell walls, showing clear, intensive bire
fringence under polarised light [1];  

• Light degradation: few degraded tracheids with small eroded grooves 
in earlywood; sound tracheids in latewood [1,6];  

• Moderate degradation: diffuse degraded tracheids in a matrix of 
sound cells; in most earlywood tracheids, presence of erosion chan
nels aligned along the micro-fibrils; in latewood tracheids, presence 
of typical diamond or v-shaped figures [1,6], not related to 
tracheid-ray connections;  

• Severe degradation: few sound tracheids in a matrix of degraded 
cells; cell walls fully eroded, often filled with residual material; 
presence of erosion channels aligned along the micro-fibrils; no 
birefringence [1]. 

3. Results 

3.1. Small-scale compression tests on prisms retrieved from the pile 
segments of group 1 

The outcomes from the small-scale compression tests on prisms 
retrieved from group 1 pile segments, are reported in Table 1, Table 2, 
and Table 3 for prisms from 1727, 1886, and 1922, respectively. The 
results are shown separately for the two prisms’ sizes (20×20×120 mm3 

and 20×20×60 mm3), and the very small differences (10% on average) 
in the recorded parameters suggest that size effect does not influence the 
results from these tests; this outcome is in agreement with previous 
research work on spruce samples [45]. The graphical distributions of 
moisture content, dry density, wet compressive strength, and wet 
modulus of elasticity (the latter measured only for the 120-mm-high 
prisms) are shown in Fig. 4. 

These findings indicate presence of decay for all segments from 1727, 
even though limited to the outer prisms (1 and 5): these show large 
moisture contents (up to 350%), as well as low dry density, compressive 
strength, and modulus of elasticity, whereas the other prisms (2, 3, 4) 
show values in line with those from more recent piles. Thus, a drop in 
load-carrying capacity of the most ancient piles can be expected, 
because of the poor material and mechanical properties of the outer 
portion of their cross section, the inner part remaining sound. However, 
although biological decay was absent in this inner portion, the presence 
of mechanical degradation cannot be a priori excluded, given the 
observable difference in properties between older (1886 and 1727) and 
more recent segments (1922). 

The signals from the executed micro-drilling measurements were 
then compared with the variation of mechanical properties along the 
cross section of the piles: four representative examples are provided in 
Fig. 5 for two decayed and two sound segments. For the decayed seg
ments from 1727 (Fig. 5a-b), a comparison is provided between head 
and tip of the same pile: it is interesting to notice how the micro-drilling 
signal is able to capture the decrease in mechanical properties within the 
cross section of the pile tip, mainly due to more extensive bacterial decay 
in prisms 1 and 5, and larger presence of juvenile wood in prisms 2 and 
4, as compared to the head. In general, the drilling resistance profiles 
provide a reliable representation of the characteristics of the cross sec
tion, with the compressive strength of the single prisms following the 
same pattern as the measured amplitude. In particular, a clear identifi
cation of decayed portions was possible, and this was well in line with 
the results obtained from the tests on the prisms. 

The latter statement is also supported by Fig. 6, showing the corre
lations between the average drilling amplitude measured within the 
width of the prisms, and their material and mechanical properties. In 
general, the low or very low drilling amplitudes found in the outer 
prisms (1 and 5 in Fig. 1, Fig. 4 and Fig. 5) are linked to low dry den
sities, compressive strength, and modulus of elasticity, and to large 
moisture contents, all features imputable to the effects of bacterial decay 
in the outer portion of the cross section. It should be noticed that the 
obtained correlations between the drilling amplitude and the strength 
and stiffness of the prismatic samples refer to clear wood, while the 
compressive failure of full piles may also occur because of whorl clusters 

Fig. 6. Correlations derived from the small-scale experimental campaign on 
prisms retrieved along the cross sections of the pile segments of group 1: 
relationship between average drilling amplitude (DA) over the width B =
20 mm of each prism (Section 2.2.2) and their (a) dry density; (b) wet 
compressive strength, and (c) wet modulus of elasticity. 
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[46]: further research will be conducted on the possibility of direct 
compressive strength prediction from micro-drilling signals by investi
gating a larger dataset; these investigations will be reported in future 
publications. The correlation with the dry density can instead be 
employed to reconstruct the density profile of a cross section along the 
drilling depth, and will be therefore validated in the following using the 
micro-drilling measurements conducted on the segments from group 2 
(see Section 4). 

3.2. CT scans, light microscopy observations, and micro-drilling 
measurements performed on pile segments of group 2 

CT scans, light microscopy observations, and micro-drilling mea
surements performed on the 18 segments of group 2, are compared in 
this section. Among these pile segments, six from 1727 were also part of 
group 1, to fully characterise their state. The more recent pile segments 
from 1922 did not show biodegradation phenomena (Fig. 7); in few 

Fig. 7. Comparison between light microscopy observations (A1-A2, with reported magnification and scale) and micro-drilling signal (B) along the cross section of 
sample 1922–2-tip (sound spruce segment), and its corresponding CT scan (C). Smooth cell walls and intensive birefringence were observed, corresponding to the 
absence of decay (Section 2.2.5) in the examined radial sections (A1-A2), a result confirmed by micro-drilling and CT scan. 

Fig. 8. Comparison between light microscopy observations (A1-A2, with reported magnification and scale) and micro-drilling signal (B) along the cross section of 
sample 1886–2-head (fir segment, incipient moderate decay in the very outer portion), and its corresponding CT scan (C). In radial section A1, a matrix of sound cells 
showing birefringence is observed, but with some tracheids showing darker triangular-shaped notches caused by bacterial degradation, corresponding to moderate 
decay (Section 2.2.5); radial section A2 featured no signs of decay: both results are confirmed by micro-drilling and CT scans. 
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cases, incipient decay was found in 1886 segments (Fig. 8): both drilling 
resistance and density distribution from CT scans exhibited lower values 
on a very limited outer portion of the segment, where light microscopy 
observations revealed the presence of moderate decay as defined in 
Section 2.2.5. Most of the cells in the radial sections taken from the 
surface of the segments still showed birefringence (Fig. 8-A1), but 
several darker areas with the typical degradation pattern of erosion 
bacteria [1,4,6], were visible. The radial sections taken from the inner of 

the segments were intact, with smooth cell walls and intense birefrin
gence (Fig. 8-A2). 

A more critical situation was found in the segments from 1727 
(Figs. 9–10), all featuring moderate to severe decay (Section 2.2.5) 
extending from their surface up to a depth of approximately 50 mm, as 
also confirmed by the very low drilling resistance and density distribu
tion from CT scans. The corresponding radial sections observed under 
the microscope, featured erosion channels due to bacterial action, and 

Fig. 9. Comparison between light microscopy observations (A1-A2, with reported magnification and scale) and micro-drilling signal (B) along the cross section of 
sample 1727–2-tip (spruce segment, severely decayed in the outer portion), and its corresponding CT scan (C). In radial section A1, only few sound cells showing 
birefringence are present, whereas the other tracheids are fully degraded and do not exhibit birefringence, corresponding to severe decay (Section 2.2.5); radial 
section A2 featured no signs of decay: both results are confirmed by micro-drilling and CT scans. 

Fig. 10. Comparison between light microscopy observations (A1-A2, with reported magnification and scale) and micro-drilling signal (B) along the cross section of 
sample 1727–1-tip (spruce segment, severely decayed in the outer portion), and its corresponding CT scan (C). In radial section A1, only few sound cells showing 
birefringence are present, whereas the other tracheids are fully degraded and do not exhibit birefringence, corresponding to severe decay (Section 2.2.5); radial 
section A2 featured no signs of decay: both results are confirmed by micro-drilling and CT scans. 
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almost no birefringence under the microscope’s polarized light, with 
only few sound cells left, indicating severe decay (Fig. 9-A1 and Fig. 10- 
A1). On the contrary, no evidence of decay was found in the radial 
sections taken from the inner of the segments (Fig. 9-A2 and Fig. 10-A2). 
This underpins the outcomes presented in Section 3.1, where the inner 
prisms (2, 3, 4) had properties in line with sound wood even in the most 
ancient samples. 

4. Discussion 

The results from small-scale compression tests, CT scans, microscopy 
observations, and micro-drilling measurements, show that the effects of 
bacterial decay were particularly evident in the piles with the longest 
service life: moderate to severe degradation was detected in the piles 
from 1727, affecting the outer 20–50 mm of their cross sections. In few 
cases, incipient degradation was found in 1886 samples, especially in 
tips. The observed degrees of degradation and the extension of decay 
within the piles’ cross section are comparable to the outcomes from 
previous investigations on spruce, pine and fir piles in the Netherlands 
[1,19]. 

The small-scale tests performed on prisms (Section 3.1) allowed to 
quantify the impact of bacterial degradation on their material and me
chanical properties. It was observed that prisms retrieved from locations 
affected by severe decay in 1727 segments, had large moisture contents 
(up to 350%), low basic densities (even less than 200 kg/m3) and me
chanical properties (average compressive strength of 6 MPa and average 
modulus of elasticity of less than 3000 MPa). Thus, compared to refer
ence wet values for sound spruce roundwood [45], these prisms 
exhibited a more than doubled moisture content and halved mechanical 
properties, supporting and expanding on the findings in [1,19]. For the 
other prisms from sound 1886 and 1922 segments, better characteristics 
were found, comparable to the results of [45]. The obtained values refer 
to wet conditions, corresponding to a moisture content above fibre 
saturation point, since the piles are submerged in practice. Such wet 
parameters could also be related to the usual values at 12% moisture 
content, as further elaborated in [45]. 

The poor material and mechanical properties obtained in severely 
decayed areas of 1727 pile segments, were also linked to a very low 
drilling resistance resulting from micro-drilling measurements, and 
small density values detected with CT scans in these locations. 

Additionally, complete loss of birefringence at cellular level, proving the 
removal of cellulose due to erosion bacteria, as well as their typical 
degradation patterns [1,4,6,7], were observed under the microscope 
(Section 3.2). Yet, the inner of these piles did not show signs of decay 
and had properties in line with sound wood, once more proving the 
better resistance of heartwood against bacterial degradation, compared 
to sapwood [1,4,6,7,17,18]. 

Since the effects of decay could be well captured with micro-drilling 
measurements (Figs. 5, 7–10), a reconstruction of the cross section of the 
pile segments in terms of dry density is possible, because of the good 
relationship between this parameter and the drilling amplitude estab
lished with the small-scale tests on group 1 prisms (Section 3.1, Fig. 6a). 
The obtained equation was applied to the micro-drilling measurements 
conducted on the segments of group 2, and the resulting density profiles 
were compared to those retrieved from the CT scans along the path 
followed by the drill. The outcomes of this analysis are shown in Fig. 11: 
the density profiles could be successfully reconstructed for both decayed 
(Fig. 11a,b) and sound segments (Fig. 11c,d). Furthermore, for sample 
1886–1-head (Fig. 11c), the presence of compression wood was 
observed in the left part of the cross section, and this specific feature 
could be accurately captured with the micro-drilling signal as well, 
showing a larger amplitude in that area. 

5. Conclusions 

In this work, an experimental campaign has been presented, aimed at 
characterising the effects of bacterial decay on wooden foundation piles 
supporting bridges in the historic city centre of Amsterdam (NL), from 
both the material and the mechanical point of view. The research study 
involved nine piles from different construction years (1727, 1886, 1922) 
extracted from site, and delivered to TU Delft Stevin II laboratory. The 
effects of bacterial decay were characterised by means of micro-drilling 
measurements, small-scale material and compressive tests on prismatic 
samples retrieved from the piles’ cross sections, computed tomography 
scans on pile segments, and light microscopy observations. 

The conducted investigations revealed that piles from 1922 and 1886 
were mostly not affected by degradation, while moderate to severe 
decay was detected in 1727 piles, affecting the outer 20–50 mm of their 
cross section, where large moisture contents as well as poor material and 
mechanical properties were also observed. Additionally, it was 

Fig. 11. Reconstruction of density profiles from micro-drilling (MD) measurements compared to those retrieved from CT scans for: two spruce decayed segments 
1727–2-tip (a) and 1727–1-tip (b); sound spruce segment 1886–1-head featuring compression wood on the left side (c); sound fir segment 1886–2-head (d). 
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demonstrated that micro-drilling measurements are well correlated with 
such properties, providing both qualitative and quantitative information 
on the degradation state of the piles. In particular, the correlation 
established with the dry density was employed to accurately predict the 
density profiles of the piles’ cross sections from micro-drilling signals, 
which were successfully validated against those obtained with the CT 
scans. For the direct prediction of compressive strength and modulus of 
elasticity of the piles on the basis of the micro-drilling signals, further 
research is envisaged to investigate possible correction factor to relate 
the predicted strength (referred to small-scale samples, i.e. clear wood) 
with the actual capacity of the pile, which could also be influenced by 
the presence of whorl clusters. 

In this work, promising results were obtained in relation to the use of 
underwater micro-drilling measurements for in-situ monitoring of 
(ancient) wooden foundation piles. These outcomes have been sup
ported by the unique opportunity to examine in detail samples dated 
back to different construction years and from the same location, 
adopting an integrated approach at different scales for their character
isation. The results of this study contribute to the research framework 
supporting testing and modelling methods for estimating decay, (re
sidual) load-carrying capacity, and remaining service life of wooden 
foundation structures. 

CRediT authorship contribution statement 

Geert Ravenshorst: Writing – review & editing, Supervision, Project 
administration, Funding acquisition. Jan-Willem van de Kuilen: 
Writing – review & editing, Project administration, Funding acquisition. 
Michele Mirra: Writing – original draft, Visualization, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. Gior
gio Pagella: Writing – review & editing, Visualization, Methodology, 
Data curation. Michael Lee: Methodology, Investigation, Conceptuali
zation. Wolfgang Gard: Writing – review & editing, Supervision, 
Funding acquisition, Conceptualization. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The Authors thankfully acknowledge the Municipality of Amsterdam 
(Gemeente Amsterdam) for having funded and supported this experi
mental campaign (grant CS2B08), and all staff members of TU Delft 
Stevin II and Geoscience and Engineering Laboratories. 

References 

[1] R.K.W.M. Klaassen, Bacterial decay in wooden foundation piles—patterns and 
causes: a study of historical pile foundations in the Netherlands, Int. Biodeterior. 
Biodegrad. (2008) 61. 

[2] N. Macchioni, B. Pizzo, C. Capretti, Grading the decay of waterlogged 
archaeological wood according to anatomical characterisation, Int. Biodeterior. 
Biodegrad. 84 (2013) 54–64. 

[3] R.K.W.M. Klaassen, J.G.M. Creemers, Wooden foundation piles and its 
underestimated relevance for cultural heritage, J. Cult. Herit. 13S (2012) 
S123–S128. 

[4] A.P. Singh, Y.S. Kim, T. Singh, Bacterial degradation of wood, Secondary Xylem 
Biology, Chapter 9, 2016.. 

[5] I. Irbe, O. Bikovens, V. Fridrihsone, M. Dzenis, Impact of biodeterioration on 
structure and composition of waterlogged foundation piles from Riga Cathedral 
(1211 CE), Latvia, J. Archaeol. Sci. Rep. 23 (2019) 196. 
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