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A B S T R A C T

The majority of bridges and quay walls in the centre of Amsterdam are supported by 100–300 years-old wooden
foundation piles subjected to bacterial decay. Bacterial degradation proceeds at a slow rate, allowing the piles to
perform their function for many years, although causing a reduction of their load-carrying capacity over time. In
this study, micro-drilling measurements were employed to capture the amount of decay and remaining short-
term compressive strength of the historic wooden piles. The applicability of micro-drilling was studied on 60
wooden piles with various decay levels, retrieved after 100–295 years of service life. An algorithm was developed
for analysing the micro-drilling signals, aimed at determining the decayed outer layer of the piles’ cross section,
and validated with the results of mechanical testing on the piles. The micro-drilling technique is now used on a
large scale in Amsterdam, supporting the assessment of the wooden foundation piles in the city.

1. Introduction

1.1. Background

Many historic bridges and quay walls in the city of Amsterdam are
based on wooden foundation piles which were built 100–300 years ago.
Nowadays, the assessment of their state of conservation and their
remaining load-carrying capacity are important (Van de et al., 2007),
(Pagella et al., 2022a). This is because wooden piles that remain under
the water table, in fully saturated conditions, are susceptible to bacterial
degradation, potentially influencing their mechanical properties
(Klaassen, 2008)- (Varossieau, 1949), leading to a reduction of the safety
level. Since the wooden piles supporting bridges and quay walls in
Amsterdam remain entirely under the water table, they can benefit from
a longer service life (Macchioni et al., 2013),(Singh et al., 2016). Soft-
wood species are mainly used for the foundation piles, that are normally
not durable in wet conditions (Klaassen, 2008), (Sass-Klaassen et al.,
2008). However, in saturated soils wood degradation is primarily
related to bacteria, and proceeds much slower over time than aerobic
fungal attack (Wang et al., 2008), allowing the piles to perform their

function for many years. When wood is under water, there is not enough
oxygen for fungi to survive, however, wood degrading bacteria can
flourish in this situation and penetrate into the wood, eroding the cell
walls of wood fiber (Björdal and Elam, 2021; Klaassen et al., 2012;
Björdal, 2012; Singh et al., 2022), causing a reduction of the strength
and stiffness of the piles over time. Decayed wooden piles can appear
unaffected in the field, maintaining their surface, layer, colour, and
original dimensions, despite the degradation occurring (Björdal, 2012;
Pedersen et al., 2013; Irbe et al., 2019) (Fig. 1). This poses a challenge in
the engineering assessment of timber piles, exacerbated by the difficulty
in inspecting the foundations hidden beneath the soil.

In order to make a proper assessment of the remaining service life of
wooden foundation piles, it is important to determine their decay level
and mechanical properties. To this end, the municipality of Amsterdam
started a large project with the goal of capturing aspects that determine
the current state of wooden foundations under bridges and quay walls.
The adopted inspection techniques adhered to the F3O guidelines (F3O,
2011) and the Dutch standard NEN 8707 (NEN 8707, 2018), involving
the extraction of drill cores (with a diameter of 10 mm and a length of
roughly half the pile diameter) from the head of the wooden piles,
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roughly 50 cm below the pile head (Fig. 2). The drill cores were
extracted under water by divers with a hand-driven increment borer
(Ø10 mm), and collected in plastic tubes filled with water, to preserve
their physical properties (Fig. 2). Subsequently, the drill cores were
segmented into sub-sections and visually examined: type, gradient in the
degree of deterioration, and wood species were determined under the
microscope according to (Heinz, 2004),(Schweingruber, 1990), (Klaas-
sen, 2008). The classification was carried out in accordance with
(Klaassen, 2008),(Varossieau, 1949), where four decay classes were
used: sound, weak, moderate and severe. Based on this analysis, it was
concluded that bacterial decay was present in a significant number of
piles. Then, utilizing the maximum moisture content that a given
sub-section could absorb, an estimation of the compression strength was
derived according to the model for pine wood in (Klaassen, 2008). On
this basis, the city of Amsterdam considered every sub-section of the
drill core with a predicted compression strength lower than 8 N/mm2

(corresponding to complete degradation in the model in (Klaassen,
2008)), as being part of a so-called “soft shell”: the degraded part of the
cross section to which zero strength was assigned. Finally, the “dry”
(12% moisture content) characteristic compression strength value for
“new” piles (fc,0,rep = 19.8 N/mm2), provided in the Dutch National
Annex of Eurocode 5 (NEN-EN 1995-1-1/and NB, 2013) and NEN 8707,
was assigned to the remaining assumed sound cross-sectional area of the
piles, deriving the remaining design compression force by factoring in
(wet) climate conditions and (long) load durations using codified
modification factors (kmod) in the calculation (NEN-EN 1995-1-1/and
NB, 2013), (EN 1995-1-1, 2010). However, several drawbacks
emerged from this approach: firstly, the remaining compressive strength
values of the piles derived with the drill-core analysis could not be
validated with actual remaining compressive strength values of the piles
that have been in service and subjected to bacterial degradation, since
only very limited data was available in literature, as showcased in (Van
de et al., 2007). Secondly, the drill core analysis is often cumbersome
and dependent on the technician’s expertise. Finally, the analysis does
not give a continuous representation over the pile’s cross section.

1.2. Scope of the research

In order to address the knowledge gap concerning the impact of
bacterial decay on the mechanical properties of wooden foundation piles
and to explore assessment techniques for efficiently mapping the radial
distribution of decay within these piles, an extensive experimental
campaign was initiated in collaboration with the TU Delft and the mu-
nicipality of Amsterdam (Van de et al., 2021). The main objectives are.

a) Characterizing the present condition of wooden foundation piles
driven into the soil in 3 different time periods (1727, 1886, 1922),
retrieved from two bridges in Amsterdam (Bridges 30 and 41) that
were demolished and replaced (Fig. 3), through a large testing
campaign involving mechanical tests on full size specimens.

b) Exploring the applicability of a more efficient inspection technique,
as an alternative to the current method of extraction of drill cores,
both in execution and in analysing, for an accurate analysis of the
decay within the piles’ cross section.

Among the available non-destructive techniques for assessing the
state of conservation of timber piles, micro-drilling stands out as a
promising method, offering the advantage of enabling extensive in-situ
sampling across a large number of piles (Gard et al., 2018; Sharapov
et al., 2018; Humar et al., 2021; Nowak et al., 2016). Micro drilling
allows to inspect the material status throughout the whole cross section
of the pile, involving the utilization of a drilling tool, where a drilling
needle is pushed into the material with a chosen drill and feed speed,
resulting in a graphical representation of the resistance encountered
during the drilling process (Paragraph 3.2). The resistance profile can be
directly evaluated in-situ, allowing to check if the measurement is suc-
cessful or has to be repeated. The measurements can be performed in
different positions and directions, resulting into more available mea-
surements, increased accuracy, faster in-situ testing, and allowing to
store and analyse the data at any moment.

In this paper the results of this research are presented. The main
goals of the research were to develop an algorithm for analysing the
micro-drilling signals of each pile, through which the decayed portion
(zones) of the pile could be determined. On this basis, the remaining
short-term compressive strength of wooden piles that have been in
service for a long time could be predicted.

2. Materials

The materials comprised 55 spruce (Picea abies) and 5 fir (Abies)
foundation piles, which were part of the foundation system of the piers
of two bridges (called bridge 30 and 41) in the city of Amsterdam that
were planned to be demolished and reconstructed (Fig. 4). The retrieved
full-length piles were driven in three different building years: 1727,
1886 and 1922. Each pier of the investigated bridges was supported by
piles belonging to all three building years. Therefore, similar environ-
mental conditions could be assumed, as reported in (Mirra et al., 2024).
The data of the full-scale tapered timber piles are listed in Table 1,
including mean head diameter (Dhead), measured at the largest section of
the pile head, and mean tip diameter (Dtip), measured at their smallest
section in the pile tip. The average taper per unit length of the piles from

Fig. 1. Degraded parts of a wooden foundation: (a) disintegration of the tip of a wooden pile due to bacterial decay; b) biodegradation of a horizontal portion of the
foundation (visible detail of vertical wooden connectors for piles attached to the beam); (c) cross-sectional portion of a pile with severe effect of bacterial decay,
where it is not possible to visually distinguish the effects of bacterial decay.

G. Pagella et al.
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the head to the tip is also reported in Table 1. The average taper was
calculated from the ratio between the difference between Dhead and Dtip,
and the full length of the tapered pile.

3. Methods

3.1. Compression tests parallel to the grain

The full-scale piles were cut into head, middle and tip segments with
a length of approximately 6 times the smallest diameter of the tapered
log sections (Fig. 5) according to EN 408 (EN 408, 2010). This was done

Fig. 2. (a) Extraction of a drill core (in red) from the head of a timber foundation pile; (b) drill core; (c) drill core collected in a plastic tube filled with water; (d)
cross-sectional view of the wooden pile and extraction depth of the drill core (in red).

Fig. 3. (a) Cutaway drawing of historical timber piles under bridge 41 (Johanna Borskibrug) in Amsterdam (NL); (b) a timber foundation pile retrieved from bridge
30 (De Isa van Eeghenbrug) in Amsterdam (NL).

Fig. 4. (a) Locations in the historical city centre of Amsterdam of (b) bridge 30 and (c) bridge 41 from which the timber piles were extracted.

G. Pagella et al.
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to investigate the compressive strength profile over the length of the
tapered piles. During handling and cutting procedures, the piles were
kept submerged in large water tanks to avoid drying and consequent
cracking. Before testing, the piles remained completely submerged un-
derwater for 20 days, with global moisture content (MC) for the whole
cross section of all pile segments ranging from 60% to 260%, well above
the fiber saturation point (Ross, 2021). This was done to recreate the
same in-soil conditions where the piles were fully under the water table,

in order to obtain comparable mechanical and physical properties dur-
ing testing. MC was determined with the oven-dry method, according to
EN 13183 (2002) (NEN-EN 13183-1, 2002), for two 30-mm-thick discs
taken from both sides of each selected segment. The gradient of MC
throughout the cross section was not measured for all piles within this
experimental campaign. This was the subject of past research work
(Mirra et al., 2023), (Mirra et al., 2024), where it was demonstrated that
MC, as long as it is above fiber saturation point, has no influence on the

Table 1
Species, building year and dimensions of full-scale spruce and fir piles retrieved from bridge 30 (B30) and bridge 41 (B41) in Amsterdam (Standard deviation reported
in brackets).

Wood species Building year Bridge (No. of piles) Length mean Diameter Dhead mean Diameter Dtip mean Avgerage taper

m mm mm mm/m

Spruce 1922 B41 (14) 12.6 (0.8) 256 (12) 170 (16) 6.9 (1.5)
1886 B30 (10); B41 (1) 12.0 (1.9) 248 (10) 172 (23) 6.4 (2)
1727 B30 (15); B41 (15) 10.7 (1.1) 220 (39) 129 (29) 8.5 (2.9)

Fir 1886 B30 (3); B41 (2) 11.7 (1.9) 248 (13) 162 (32) 7 (2.5)

Fig. 5. Subdivision of a timber pile in head, middle-part and tip and pile segments.

Fig. 6. Set-up for the compression test of pile segments and data measurements details.

G. Pagella et al.
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decay levels detected with micro-drilling signals. In this work, the global
MC values were related to large-scale mechanical testing on the pile
segments, where the mechanical properties were determined based on
the full cross-section of the pile. Compression tests were performed to
determine the (saturated) short-term compressive strength (fc,0,wet) of
the pile segments in direction parallel to the grain. A
displacement-controlled test setup was used (Fig. 6), where the pile
segments were subjected to an axial load in direction parallel to the
grain (EN 14251, 2003), as in (Pagella et al., 2022b). The displacement
between the two steel plates during the mechanical testing was moni-
tored using four linear potentiometers (S-sensors in Fig. 6), which were
placed on the four edges of the top plate and connected to the bottom
plate. The strain of the specimens in compression was measured with
four linear potentiometers that were attached to the surface of the pile
(P-sensors in Fig. 6), positioned at 90◦ intervals on each side of the pile,
with a variable length equal to two-thirds of the length of the specimen.
In addition, a hinge mounted on a steel plate was placed on top of the
specimen to impart a uniformly distributed compression load on the
pile. The tests were conducted at a displacement rate of 0.02 mm/s until
the peak load was reached. After the peak load (reached at approxi-
mately 5 min), the test continued at a higher speed until the cracks were
visible, and to show the post-peak behaviour of the pile (EN 14251,
2003). Upon completion of the test, fc,0,wet was derived from the ratio
between the maximum force reached in compression (Fc,0,test) and the
average cross-sectional area of each specimen.

3.2. Micro-drilling measurements

Micro-drilling measurements were adopted as assessment technique
to investigate the potential degraded portion of the piles’ cross section.
Micro-drilling measurements fall within the non-destructive techniques
used for wood inspection (Gard et al., 2018)- (Nowak et al., 2016). In
this study, an IML-RESI PD 400 tool was used (IML. 2024, 2024). During
micro-drilling, a drilling needle was pushed into the material with a drill
speed of 2500 r/min and a feed speed of 150 cm/min. The drill bit was
400 mm long, with a thin shaft of 1.5 mm in diameter and a 3.1 mmwide
triangular shaped cutting part. The acquired data, recorded every 0.1
mm of the drilling depth, were plotted as resistance vs distance. Two
micro-drilling measurements (A and B) were performed through the
cross-section of each head-, middle- and tip-segment, in two orthogonal
directions and 300 mm from the head of the segment as shown in Fig. 7.
In this way, it was possible to map the degradation pattern around the

cross section and along the whole length of the pile. Each measurement
was performed on fully saturated piles. By observing the resistance
profile of each micro-drilling signal, it was possible to distinguish the
annual rings (Ross, 2021), with maximum amplitudes, corresponding to
latewood rings, and minimum amplitudes, representing early-wood (as
exemplified in Fig. 7c). Isolated peaks (Fig. 7c) or lower values could
also be detected in the resistance profile, often associated to.

• wood knots and other high density anatomical variations of the
material (i.e. compression wood (Ross, 2021));

• piths and cracks in the cross-section, creating voids through which
the drilling tool records zero or very low resistance.

All segments were micro-drilled before mechanical testing, to have
an accurate correlation between the material status and its mechanical
properties.

3.2.1. Determination of decay with micro-drilling
In order to evaluate the degraded portion of the cross section of the

historical piles, themicro-drilling signals A and B performed on each pile
segment were analysed with an algorithm developed by the TU Delft.
The purpose of the algorithm is to analyse the micro-drilling signal and
to subdivide it in zones based on the signal amplitude. The algorithm is
based on the differences in signal values and not on absolute values,
starting from the assumption that the wood in the centre of the pile is
sound.

First, the signal is smoothened to a Drilling Moving Average
(Drill_MA), giving the average of the length of the signal between 5 mm
before and 5 mm after a specific signal point. First, the signal is
smoothed using a Drilling Moving Average (Drill_MA). This process in-
volves calculating the average value of the drilling amplitude (y-axis in
Fig. 8a) over a specific range, specifically from 5 mm before to 5 mm
after a given point along the drilling depth (x-axis in Fig. 8a). This results
in a smoother signal by averaging fluctuations (drops and peaks). Sub-
sequently, an Incremental Outwards Moving Average (IOMA) is calcu-
lated for both sides starting from the center of the signal. This involves
computing the average of the Moving Average values incrementally
outward from the center point, for every signal point, on both sides of
the signal, gradually including more data points in the calculation as
moving outward from the center. The maximum IOMA value on both
sides is considered to be the reference for sound wood. From this, 4
zones are determined through chosen ratios between the regular Moving

Fig. 7. (a) Micro-drilling measurements on a wooden pile; (b) drill A and B performed 30 cm from the head of the pile segment; (c) micro-drilling signal plotted as
resistance (amplitude: percentage of the maximum engine power during drilling) vs distance (in mm).

G. Pagella et al.
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Average of the signal and this maximum value of the IOMA. Zones 1, 2,
3, 4 on each side correspond to the point in which the Moving Average,
seen from the outside part, reaches 20%, 40%, 60%, 80% of the
maximum value of the IOMA on that side (Fig. 8a). The soft shell – the
degraded portion of the cross section – is finally calculated as the sum of
a number of zones, which number is determined according to Section
3.2.2 and presented in Paragraph 5.1. In Fig. 8b an example is given
when the soft shell is assigned to zones 1+ 2. In this way, for eachmicro-
drilling measurement, it was possible to assess the zone allocation in a
relative way.

The average soft shell length (alSS) of a decayed cross section was
calculated in Equation (1) as the average of the four lengths of the soft
shell (SS), determined according to Section 3.2.2, corresponding to left
and right sides of micro-drilling signal A + B (Fig. 9). Subsequently, the
remaining sound cross-sectional area (Asound), i.e. the part of the cross
section that did not exhibit degradation (Fig. 9), was calculated by
subtracting alSS to the radius (r) of the whole cross-section, and
expressed as percentage of the full cross-sectional area (Atot) in Equation
(2).

alSS =
�
SSA,left + SSA,right + SSB,left + SSB,right

) /
4 [1]

Asound (%)=Asound

/
Atot (%)=

[
π(r – alSS)2

/
πr2

]
• 100 [2]

It should be noticed that micro-drilling is a local measurement, thus

it may happen that the soft shell determined in a specific cross section of
the pile may differ if measured in other positions over the length of the
specimen. In order to minimize this effect, all the micro-drilling mea-
surements were performed in positions without visible defects or ir-
regularities of the material.

3.2.2. Validation of the zones associated with the soft shell based on
mechanical testing

In order to validate the zones correlated to the soft shell (to which
zero compression strength is assigned), the following procedure was
followed.

a) The pile segments extracted from the retrieved piles that did not
exhibit decay were identified. These sound segments had a sound
cross-sectional area (Asound) between 95% and 100% of the full cross-
sectional area (Atot). This means that the sum of zones 1+2+3 of both
sides was less than 5% of the diameter of the pile. Atot was used to
calculate the average sound compression strength (fc,0,wet,sound) of
these segments, for head, middle-part and tip.

b) The selected sound segments only belonged to 1922 and 1886. Thus,
the average fc,0,wet,sound, i.e. the sound compressive strength of non-
decayed piles, was taken from the test results of a total of 62 pile
segments from 1922 and1886 (See Section 4.2).

Fig. 8. Example of the analysis of the drilling signal (Drill B) for the decayed spruce pile shown in Fig. 7: a) drilling moving average (Drill_MA) and IOMA from which
the zones are calculated; (b) 4 zones and soft shell (SSleft and SSright) associated to zone 1 + 2.

Fig. 9. Average soft shell length (alSS) and remaining sound cross-sectional area (Asound) calculated with soft shell left and right of micro-drilling signals A and B.

G. Pagella et al.
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c) For both spruce and fir piles from 1922 to 1886, Fc,0,mod was calcu-
lated according to Equation (3), with the average fc,0,wet,sound of the
62 pile segments and Asound of each pile, determined by subtracting
alSS (see Equation (1)) to the full radius (r), calculated with Zone 1,
Zones 1 + 2, and Zones 1 + 2+3, respectively.

Fc,0,mod = fc,0,wet,sound • Asound = fc,0,wet,sound • π(r – alSS)2 [3]

d) A correlation analysis was conducted between the maximum force
measured with compression tests of the pile segments (Fc,0,test) and
the force (Fc,0,mod) calculated with Zone 1, Zones 1 + 2, and Zones 1
+ 2+3, respectively. With this, the number of zones describing the
soft shell was determined.

e) With the chosen number of zones associated with the soft shell,
which revealed to be zones 1 + 2 (See Paragraph 5.1), the soft shell
was calculated for all segments including those from 1727. Also, for
segments with a Asound > 95%, the soft shell was calculated. This
resulted in the Equivalent sound compressive strength (EQ fc,0,wet,
sound in Eq. (4)), including all piles from every building year, and for
head, middle and tip.

EQ fc,0,wet,sound = Fc,0,test / Asound [4]

f) Finally, Fc,0,mod was recalculated, by applying Equation (5) to all pile
segments, with the soft shell corresponding to zones 1 + 2 (alSS,
zone1+2), and plotted against all Fc,0,test values, in order to validate the
model for all piles.

Fc,0,mod = EQ fc,0,wet,sound • Asound = EQ fc,0,wet,sound • π(r – alSS, zone1+2)2[5]

4. TEST results

4.1. Mechanical properties of retrieved historic piles

The results of large-scale mechanical testing are presented in Table 2,
including a total of 201 pile segments extracted from 60 full-length
spruce and fir piles. The box plot in Fig. 10 showcases the graphical
distribution of the data.

In Table 2, spruce piles from 1922 to 1886 were incorporated in one
category, since no significant difference in fc,0,wet was found. No signif-
icant difference was also found in fc,0,wet of head and middle part of all
categories, which were presented together.

The results showed that the short-term compressive strength of
wooden piles that have been in service for a long time is lower than the
strength values provided for ‘new’ spruce fc,0,wet,mean = 17.2 ± 2.6 MPa
characterized in (Pagella et al., 2024) and fc,0,wet,mean = 20 ± 2.2 MPa
determined in (Van de et al., 1994) (reported in detail in Table 3). This is
partly due to the presence of decay, especially for piles from 1727, with a
service life of ca. 300 years (Paragraph 5.2). However, fc,0,wet values
determined for piles from 1922/1886 exhibiting a lower amount of
decay (Paragraph 5.2) were also lower than the strength values provided
for ‘new’ spruce from (Pagella et al., 2024), (Van de et al., 1994) (See
Table 3).

4.2. Reference sound short-term compressive strength values

The values of fc,0,wet,sound for head, middle-part and tip of 62 sound
piles from 1922 to 1886 (including both spruce and fir piles in one
category), that did not exhibit decay (Section 3.2.2), were selected as
compressive strength reference for sound wood (Table 3). No significant
difference was found between 1922 and 1886. It is important to note
that also for sound piles, fc,0,wet,sound was on average 2–5 MPa lower than
that of ‘new’ spruce characterized in (Pagella et al., 2024), (Van de et al.,
1994), as aforementioned in Paragraph 4.1.

5. Analysis

5.1. Determination of the soft shell and relative zones to which zero
strength can be assigned

For each tested segment, the length of the zones 1, 2, 3, 4 on both
sides of the micro-drilling signal were determined. The correlation
analysis between Fc,0,test and Fc,0,mod, calculated with zone 1, zones 1 + 2
and zones 1+ 2+3 according to Equation (3) of the micro-drilling signal
is shown in Fig. 11, with Fc,0,mod determined with fc,0,wet,sound values in
Table 3. It emerged that zone 1 + 2 represented the best correlation in
terms of R2 and slope of the line that is closer to the bisector. Based on
this, zones 1 + 2 of the micro-drilling signal were chosen to determine
the soft shell. The approach assumes fc,0,wet = 0 MPa of zones 1 + 2.

5.2. Equivalent sound compressive strength values

The area of zones 1 + 2 is now designated as the “soft shell”. The

Table 2
Compressive strength (fc,0,wet) determined with mechanical testing of piles from
1922, 1886 and 1727.

Wood species Building year Part (No. segments) fc,0,wet (MPa)

mean SD

Spruce 1922/1886 Head/Middle (59) 14.0 2.2
Tip (32) 11.9 2.3

1727 Head/Middle (60) 7.5 2.4
Tip (30) 5.8 1.8

Fir 1886 Head/Middle (13) 15.1 2.1
Tip (7) 12.7 2.4

Fig. 10. Box plot with data distribution (in quartiles) of fc,0,wet of head, middle-
part and tip of spruce and fir pile segments divided in 3 building years (1922,
1886, 1727).

Table 3
Reference for sound compressive strength fc,0,wet,sound for 62 sound piles from
1922/1886.

Material status Building
year

Part (No.
segments)

fc,0,wet,sound
(MPa)

mean SD

Sound (Asound > 95%) 1922/
1886

Segments head
(21)

15.4 1.5

Segments middle
(30)

14.9 2.2

Segments tip (11) 13.7 2.2
“new piles” from (Van de et al.,
1994), spruce (Picea abies)

– No distinction
(57)

20.0 2.2

“new piles” from (Pagella
et al., 2024), spruce (Picea
abies)

– Segments head/
middle (81)

16.9 2.4

Segments tip (51) 14.4 2.1
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mean equivalent sound compressive strength (EQ fc,0,wet,sound) related to
Asound, assuming zero strength associated with the soft shell, is presented
in Table 4.

The results in Table 4 show an EQ fc,0,wet,sound for all piles from 1922/
1886 in line with the reference fc,0,wet,sound in Table 3 (only a slight
variation due to the larger database considered in Table 4), and a lower
EQ fc,0,wet,sound = 12.0 MPa for all segments from 1727. For the segments
from 1727, no significant difference was found between head, middle
and tip for the EQ fc,0,wet,sound values.

5.3. Validation of the soft shell for all piles based on the equivalent sound
compressive strength

The relationship between Fc,0,test and Fc,0,mod calculated with zones 1
+ 2 of the micro-drilling signal is shown in Fig. 12, comprising all the
pile segments from 1922, 1886 and 1727. The difference with Fig. 11,
lies in the application of the algorithm to determine the soft shell of all
pile segments, including the 62 non-decayed segments from 1922/1886,
initially designated as sound (for which no soft shell at all was assumed
in the first calibration step). Furthermore, Fig. 12 includes the pile
segments from 1727. The graph (Fig. 12) shows that the allocation of
zones 1+ 2 to the soft shell also fits for the piles from 1727, highlighting
the good accuracy of the model in assessing the amount of decay within
the historic piles’ cross section.

5.4. Relationship between the short-term compressive strength and
remaining sound cross-sectional area

The remaining short-term compressive strength resulted to be well
correlated with Asound (Fig. 13), especially for the piles from 1727, which
exhibited a larger range of Asound, spanning from 25 % to 85 % of their
full cross-sectional area. Fig. 13 shows the presence of decay also in piles
from 1922/1886, however limited to a lower range 65% < Asound <

100% of the full cross-sectional area. The remaining saturated short-
term compressive strength of a pile can be experimentally estimated
with Equation (6), from the experimental average reference fc,0,wet,sound

= 14.74 MPa (Fig. 13), and Asound (%) determined with micro-drilling.
The empirical Equation (6) is based only on Asound, calculated through
micro-drilling measurements and the diameter of the pile at the mea-
surement location. This gives the possibility to have a direct estimation
of the remaining short-term compressive strength from in-situ under-
water micro-drilling of the piles.

fc,0,wet =14.74 e0.0182 (Asound − 100) [6]

6. Discussion

The applicability of the presented algorithm to determine the zones
(and from that a soft shell) of a micro-drilling signal, and predict the
short-term strength of the tested pile segments based on equivalent
sound compressive strength values, has been demonstrated. The equiv-
alent sound compressive strength values of historical piles revealed to be
different (lower) than the values for ‘new’ saturated spruce piles re-
ported in literature (Pagella et al., 2024), (Van de et al., 1994). This
shows that the compressive strength values in literature cannot be
directly applied to the remaining sound cross-sectional area of historic
piles which were loaded in the soil for centuries. Therefore, the
remaining short-term compressive strength values determined in this
study have to be taken into account in future assessments of historic
wooden foundation piles. The equivalent sound strength values for the
piles from 1727 were lower than those of piles from 1922/1886. In-
vestigations in the basic quality of the material showed no clear differ-
ence between these two building years. The difference could be possibly
associated with long-term loading effects of the piles, as treated in (Van
de et al., 2007), (Gard et al., 2024), (Van de et al., 2021). The piles are
primarily loaded in compression by dead weight of the upper structure

Fig. 11. Correlation between Fc,0,test and Fc,0,mod, calculated with fc,0,sound
assuming zero strength associated with zone 1, zones 1 + 2 and zones 1 + 2+3
of the micro-drilling signal.

Table 4
Equivalent sound compressive strength (EQ fc,0,wet,sound) calculated with zone 1
+ 2 for piles from 1922, 1886 and 1727.

Material status Building year Part (No. segments) EQ fc,0,wet,sound
(MPa)

mean SD

Sound cross section 1922/1886 Head/Middle (72) 15.0 2.3
Tip (39) 13.7 2.4

1727 All segments (90) 12.0 2.8

Fig. 12. Relationship between Fc,0,test and Fc,0,mod calculated from EQ fc,0,sound
and Asound based on the soft shell related to zone 1 + 2 of the micro-drilling
signal of all pile segments from 1922, 1886 and 1727.

Fig. 13. Relationship between fc,0,wet and the percentage of sound cross-
sectional area Asound of all the historic spruce and fir segments.
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and, especially during the last 100 years, by increased traffic loads.
However, the sound load-bearing cross section of the pile progressively
decreases when decay occurs over years, resulting in higher stresses in
the remaining sound cross-section area (Gard et al., 2024). This applies
especially for piles from 1727, which were longer loaded, and their
stress level was potentially higher than for the piles from 1922/1886,
since the load was taken up by a smaller remaining sound cross section
due to larger presence of decay.

The results presented in this paper are based on micro drilling
measurements conducted in the laboratory. After a test phase, the micro
drilling technique is now applied on a large scale in the city of
Amsterdam. Analyses of in-situ micro-drilling measurements show the
same quality as the laboratory measurements, and thus they can be used
for the analysis of the soft shell of the wooden foundation piles. How-
ever, the micro-drilling in-situ applicability, with measurements per-
formed underwater on timber foundation piles (Fig. 14), could have
measurement errors given by the difficulties of conducting underwater
micro-drilling measurements and the accuracy and precision of the
operator. To this end, it is always recommended to use at least two
orthogonal micro-drilling measurements to have a comprehensive
analysis of the soft shell. All signals used in this analysis were acquired
using the setting of 2500 r/min for drilling speed and 150 cm/min for
the feed speed. An accurate measurement of the diameter of the pile’s
section where micro-drilling is conducted is of importance for an
adequate estimation of the soft shell. The analysis of the signal is also
sensitive to the location where micro-drilling is performed: the presence
of wood knots, cracks, dirt or other irregularities could influence the
signal and the estimation of the soft shell. To overcome these issues, the
divers who conduct the measurements need clear instructions. When an
underwater micro-drilling measurement is taken, the signal has to be
simultaneously checked by a technician above water in order to decide
whether the measurement was adequately performed and seemed reli-
able, or whether a new measurement has to be conducted.

7. Conclusions

The main objectives of the presented work were to characterize the
mechanical properties of historical wooden foundation piles that have
been in service for approximately 100–300 years, and to develop an
algorithm for analysing the signals retrieved from micro-drilling mea-
surements to identify the level of bacterial decay and to predict the
short-term compression strength of these piles. A total of 55 spruce
(Picea abies) and 5 fir (Abies) piles retrieved from two bridges in
Amsterdam were characterized, by conducting large-scale mechanical
testing on pile segments.

The results showed that the remaining short-term compressive
strength of wooden piles that have been in service for a long time is
lower than the compressive strength values provided for ‘new’ piles in
literature. This is partly due to the presence of decay, especially for piles

from 1727, with a service life of ca. 300 years and a larger amount of
decay. However, lower short-term compressive strength values were
also determined for non-decayed piles from 1922/1886. This could be
related to the long-term loading effects of the piles, which is a topic for
further research. For an accurate engineering assessment of historic piles
in Amsterdam, the remaining compressive strength values characterized
in this study have to be taken into account.

The assessment of bacterial degradation was carried out by using
micro-drilling measurements. Micro-drilling allowed to estimate the
“soft shell” of each pile: the degraded outer layer of the cross section to
which zero strength is assigned. An algorithm was developed to deter-
mine the degraded parts of the cross section based on the micro-drilling
signal, calibrated on the full-size compression test results of sound piles
from 1922/1886, from which the length of the soft shell could be
determined. Based on the soft shell, the equivalent sound compressive
strength for piles of all time periods could be determined. For the piles
from 1727, the equivalent sound compressive strength values were
lower than for the piles from 1922/1886, which might be caused by the
fact that the stress level during the service life of piles from 1727 was
higher, due to a larger presence of decay and thus a smaller sound load-
bearing cross section. This was verified by applying an average equiv-
alent sound compressive strength to the sound remaining cross section of
all piles, assuming zero strength of the soft shell layer: with this, the
short-term compressive strength could be accurately predicted for all the
pile parts from all the time periods.

The micro-drilling technique is now widely used in Amsterdam,
where micro-drilling measurements are conducted underwater by divers
for assessing timber piles. The innovative application of underwater
micro-drilling allows for reliable evaluation of bacterial decay and the
remaining compressive strength of the piles. The algorithm developed
by TU Delft for analysing micro-drilling signals introduces a quantitative
estimation of the soft shell, based on the statistical analysis of a large
database of 201 pile segments. The algorithm supporting the analysis of
micro-drilling signals was calibrated for piles in Amsterdam which
presented only bacterial decay, since they remained submerged under-
water for their all service life. Other types of biological decay (aerobic
fungi, insects, etc.), or wood species (e.g. pine), could have a different
effect on the distribution of the soft shell and on the calibration of the
algorithm, which will be a topic for further research.

The results of this study contribute to the research framework sup-
porting the development of deterministic models and reliability based
design assessment, including predictions for the remaining service life of
infrastructures such as bridges and quay walls based on wooden foun-
dation piles.
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