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A B S T R A C T

The majority of the bridges in the historic city centre of Amsterdam are supported by wooden foundation piles. 
Most of these were constructed 100–300 years ago, currently raising concerns about potential safety issues. The 
wooden piles under the bridges remain entirely under the water table, potentially subjected to bacterial decay in 
anaerobic conditions. 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. To this end, a large 
experimental campaign was conducted to characterize the material and mechanical properties in relation to 
biological decay of 60 spruce and fir piles, dated back to 1727, 1886 and 1922, retrieved from two bridges in 
Amsterdam. Large-scale compression tests were carried out on 201 pile-segments extracted from head, middle- 
part and tip of the piles to determine their remaining short-term compressive strength. Micro-drilling mea-
surements were conducted on each pile and analysed with a TU-Delft-developed algorithm, aimed at determining 
the soft shell – the width of the decayed outer layer of the piles’ cross section. Micro-drilling allowed to accurately 
assess the remaining sound cross section of the pile, which resulted to be well correlated to its mechanical 
properties. The extent of decay throughout the cross-section of the piles was assessed within sapwood and 
heartwood through experimental models from literature and validated with Computed Tomography (CT) scan-
ning. This allowed to identify that bacterial decay was only present in the non-durable sapwood, even in very 
degraded piles. Moreover, the soft shell resulted to be rather uniform along the piles’ length. The analysis of 
decay, supported by micro-drilling and CT scans, allowed to develop experimental equations to predict the 
remaining short-term compressive strength along the pile length. The micro-drilling technique is now used on a 
large scale in Amsterdam, supporting the assessment of the remaining load carrying-capacity of wooden foun-
dation piles in the city, aiding in the planning of conservation, maintenance and preservation strategies.

1. Introduction

1.1. Background

Many buildings and infrastructures in the city of Amsterdam (NL) are 
supported by wooden foundation piles. It is estimated that more than 
eleven million timber piles are present in the city [1]. Mostly pine, 

spruce, and alder piles were traditionally used, typically 10–12 m long 
and tapered, driven through the weak soil layers in order to reach the 
stable bearing sand layers (end bearing piles), with head diameter of 
180–200 mm and tip diameter of 120–140 mm, as extensively reported 
in [1,2]. On top of the piles, the foundation system in Amsterdam was 
made by a horizontal cross- and longitudinal beams [3,4]. Timber pile 
foundations can be found in delta cities across European countries, such 
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as Stockholm (SE), Hamburg (DE), and Venice (IT) [5-7], but also 
overseas locations including Boston (US) [1,2]. Even though the struc-
tural layout in the various locations may differ, the actual ageing pro-
cesses are of similar nature [8]. The foundational system of timber piles 
can vary among cities, differing in construction technique, pile di-
mensions, lengths, and types of wood species used, depending on local 
environmental conditions, historical building practices, and the avail-
ability of materials [2]. Most of the timber foundations in Amsterdam 
were constructed 100–300 years ago, and the assessment of their state of 
conservation and remaining load-carrying capacity have become 
important [8–12]. When timber piles are in the ground below the water 
level, they can be subjected to biological decay which can strongly 
reduce their load-carrying capacity [13,5,6,14,15], leading to safety 
issues in the supported buildings [16–19,3,4,20,21]. Biological decay in 
waterlogged soils can be caused by either soft rot fungi (in low-oxygen 
conditions), or bacteria (even in anoxic conditions) [16,22-25]. More 
specifically, the latter are named erosion bacteria on the basis of their 
way of eroding the wood fibre cell walls [14,16], responsible for wood 
degradation in all types of waterlogged anaerobic terrestrial and marine 
environments worldwide. Bacterial decay proceeds more slowly over 
time than fungal attack, which cannot survive under water in absence of 
oxygen [16,17,20,26], but could cause a very fast degradation of timber 
piles, especially when the water level decreases exposing the piles to 
conditions where oxygen is present. Piles in anoxic conditions can 
perform their function for centuries before showing a substantial 
reduction of the load-carrying capacity [1]. Wooden foundation piles in 
The Netherlands, mostly comprise softwood species [17–19], suscepti-
ble to bacterial degradation in saturated soils, especially in Amsterdam 
where the piles remain submerged under the water level for all their 
service life. For submerged piles, bacterial attack always proceeds 
radially inward within their cross section, at first affecting the 
non-durable sapwood, while the inner part of the cross section, 
including the heartwood, tends to exhibit a lower degree of decay or 
remains sound [22,7,23,27,24,28–33]. However, decayed wooden piles 
can appear unaffected in the field, maintaining their shape and colour 
despite the degradation occurring [22,23]. This poses a challenge in the 
engineering assessment of historic wooden piles, exacerbated by the 
difficulty in inspecting the foundations hidden beneath the soil.

1.2. Scope of the research

Given the essential function of wooden pile foundations and their 
widespread presence in the historic city centre of Amsterdam, esti-
mating their remaining material and mechanical properties in relation 
to biological decay is crucial for arranging timely maintenance in-
terventions. As timber foundation piles were primarily designed on 
historical experience, the current material status can only be estimated 
through the assessment of the present structure.

To this end, the first scope of this research is to conduct an extensive 
experimental campaign, in collaboration with the municipality of 
Amsterdam [21], for assessing 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. More specifically, the physical and mechanical 
properties of 60 spruce (Picea abies) and fir (Abies alba) historic piles will 
be characterized, after they have been exposed in the soil for approxi-
mately 100, 135 and 295 years. The piles were retrieved from two 
bridges in Amsterdam that were demolished and replaced (See Chapter 
2). The following techniques will be employed to achieve the fist 
objective of this research:

• Large-scale compression tests will be conducted on pile segments 
extracted from head, middle-part and tip of the piles, allowing to 
assess the remaining short-term compressive strength along the piles 
in relation to bacterial decay after three distinct periods of service 
time (Section 3.1).

• Micro-drilling measurements will be employed to determine the 
potential degraded portion of the cross section [4]. 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 (Section 3.2). Among the 
available non-destructive techniques for assessing the state of con-
servation of wooden piles, micro-drilling stands out as a promising 
method [34–41]. With micro-drilling, an assessment of the material 
can be conducted in different positions and directions, independently 
from the pile’s moisture content (as demonstrated in [40]), resulting 
in more available measurements, increased accuracy and faster 
in-situ testing. Based on the TU-Delft-developed algorithm for ana-
lysing micro-drilling signals of historic wooden piles, presented in 
[4], the decayed outer layer of the cross section of the piles can be 
accurately determined.

• The extent of decay from the wood surface inwards (measured with 
micro-drilling) will be compared to the proportion of sapwood and 
heartwood [42–46] (Section 3.3). The boundary between these two 
parts cannot be visually determined in the investigated historic 
spruce and fir piles, as their colour is uniform throughout their cross 
section [47]. Thus, experimental models from literature [48] will be 
employed, supported and validated by computed tomography (CT) 
scanning. This technology was already applied on part of the inves-
tigated piles (9 piles) in [49]. CT scans can provide a reliable picture 
of the proportion of sapwood and heartwood within the piles’ cross 
section (Paragraph 3.3.1).

The second objective of this research is to predict the short-term 
remaining compressive strength of the historic piles based on micro- 
drilling measurements. From in-situ micro-drilling signals, a direct 
estimation of the remaining short-term compressive strength will be 
made. The information on the remaining short-term compressive 
strength and amount of decay among head, middle-part and tip of all 
piles will be used to investigate correlations among the parts. Based on 
the regression analysis of all the tested segments along each pile, a 
prediction equation for the short-term compressive strength of pile-tips 
will be proposed. This is especially relevant for in-situ assessment, where 
micro-drilling measurements can be conducted underwater only on the 
pile head, located below the water level and accessible. From the anal-
ysis of the pile head, a prediction of the tip can be made, which corre-
sponds to the critical section of the tapered pile, since depending on soil 
conditions, the tip could be subjected to high stresses during service, 
primarily due to its smaller cross section. These experimental prediction 
equations can be adopted in practice for an estimation of the remaining 
compressive strength of the piles, keeping in mind that the mechanical 
properties of the historic wooden piles could vary depending on the load 
levels acting on the foundation piles for centuries.

2. Materials

The test material comprised 55 full-length spruce (Picea abies) and 5 
fir (Abies alba) foundation piles, which were originally part of the 
foundation system of the piers of two bridges (called bridge 30 and 41) 
in the city of Amsterdam (Fig. 1). The piles were dated back to 1727 (30 
piles), 1886 (16 piles), and 1922 (14 piles); the fir piles were all driven 
in 1886. All the piles were completely submerged under the water level. 
The piles were extracted in 2021 and stored in water tanks to preserve 
their saturated status. The dimensions and the tapering of the piles (per 
building year) are listed in Table 1. The dimensions of piles driven in 
1922 and 1886 were comparable, while piles driven in 1727 were 
approximately 2 m shorter, with, on average, 40-mm smaller tip diam-
eter (Dtip) and 30-mm smaller head diameter (Dhead).
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3. Methods

3.1. Compression tests parallel to the grain

The full-scale piles retrieved from bridge 30 and 41 were cut into 
head, middle and tip segments (Fig. 2) with a length of approximately 6 
times the smallest diameter of the tapered log sections according to EN 
408 [50]. This was done to investigate the compressive strength profile 
over the length of the tapered piles. During handling and cutting pro-
cedures, the piles were kept submerged in large water tanks to avoid 
drying and consequent cracking. Before testing, the pile segments 
remained completely submerged underwater 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 [51]. 
This was done to recreate the same in-soil conditions where the piles 

were fully under the water level, in order to obtain comparable me-
chanical and physical properties during testing. MC was determined 
with the oven-dry method, according to EN 13183 (2002) [52], for two 
30-mm-thick discs taken from both sides of each selected segment. MC 
was calculated with input values of dry and wet mass of each pile 
segment; therefore, any variation of the wet mass of the pile could be 
related to a precise MC value. Compression tests were performed to 
determine the remaining short-term compressive strength (fc,0,wet) and 
modulus of elasticity (Ec,0,wet) of the saturated pile segments in direction 
parallel to the grain. A displacement controlled set-up was used (Fig. 3), 
where the specimens were subjected to an axial load in direction parallel 
to the grain in accordance with EN 408 (2010) [50] and EN 14251 
(2003) [53]. The displacement between the two steel plates during the 
mechanical testing was monitored using four linear potentiometers 
(S-sensors in Fig. 3), which were placed on the four edges of the top plate 
and connected to the bottom plate. The deformation of the specimens 
was measured with four linear potentiometers that were attached to the 
surface of the pile (P-sensors in Fig. 3), 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 displace-
ment rate of 0.02 mm/s until the peak load was reached. After the peak 
load (reached at approximately 5 minutes according to EN 408 [50]), 
the test continued at a higher speed until the cracks were visible, and to 
show the post-peak behaviour of the pile [53]. 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 
the each specimen. The Ec,0,wet was calculated with the stress variation 
(Δσ) divided by the strain variation (Δε), between 10 % and 40 % in the 
slope of the linear elastic portion of the stress-strain curve. In addition, 
the dynamic modulus of elasticity (Ec,0,dyn,wet) was determined through 
the frequency response method, using the timber grader MTG [54]. This 
measurement was performed on every segment prior to testing.

Fig. 1. (a) Locations in the historical city centre of Amsterdam from which the timber piles were extracted: (b) bridge 30 (De Isa van Eeghenbrug); (c) bridge 41 
(Johanna Borskibrug).

Table 1 
Data of full-scale piles retrieved from bridges in Amsterdam (Standard deviation 
reported in brackets).

Wood 
species

Building 
year

Bridge 
(No. of 
piles)

Length 
mean

Diameter 
Dhead 

mean

Diameter 
Dtip mean

Avg. 
tapering

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. 2. Cutting scheme and subdivision of the full-scale pile into head, middle and tip segments.
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3.1.1. Determination of the standardized density values
A reference density (ρ12) at MC = 12 % was calculated for each pile 

segment with Eq. 1, from the calculated mass m12 (Eq. 2) and volume V12 
at MC = 12 % (Eq. 3). This was done to have a standardized value for the 
density. In order to determine V12, the volumetric shrinkage at MC =
12 % was calculated on the basis of the following three assumptions 
according to [51]: (a) shrinkage starts at the fiber saturation point (MC 
= 30 %); (b) the dimensions of the pile decrease linearly with decreasing 
MC; (c) variability in volumetric shrinkage can be expressed using a 
coefficient of variation of approximately 15 %, accounting for wood’s 
intrinsic growth characteristics. Based on this, Eq. 3 was used to calcu-
late the volume V12 at MC = 12 %. 

ρ12 = m12 / V12                                                                             (1)

m12 = mdry (1 + uref)                                                                      (2)

V12 = Vwet • (1 – S0) • (1 – uref / u30)                                             (3)

Where: Vwet is the volume at test moisture content, u30 is the mois-
ture content at fiber saturation point (assumed equal to 30 % [51]), uref 
is the moisture content at 12 %, S0 is the volumetric shrinkage assumed 
to be equal to 12 % [51], from green (MC = 30 %) to ovendry (MC =
0 %) for both spruce and fir.

3.2. Micro-drilling measurements

Micro-drilling measurements were adopted in this research as 
assessment technique to investigate the potential degraded portion of 
the cross section of historic spruce and fir piles [34–41]. Micro-drilling 
was applied and calibrated for piles degraded by bacteria [4], after 
having conducted a more detailed characterization of the type of decay 
of 9/60 piles studied in this work from different construction years 1727 
(3 piles), 1886 (4 piles), 1922 (2 piles) in [49]. The results from 
small-scale compression tests on wood samples extracted along the piles’ 
cross section, Computed Tomography (CT) scans of the piles’ cross 
section, and light microscopy observations on thin radial sections 
retrieved from the cross section in correspondence to the micro-drilling 
measurements (extensively reported in [49]), revealed that the inves-
tigated piles were decayed by bacteria. It was demonstrated that 
micro-drilling measurements are an effective method to analyse wood 
cross sections over a range of densities, either in case of sound or 
decayed wood, and resulted to be well correlated with the material 

properties of the piles, providing both qualitative and quantitative in-
formation on the degradation state of the pile. However, the bacterial 
degradation in wooden piles is still not well understood [55,27,34], and 
it should be noticed that it cannot be excluded a priori that other 
degrading agents, such as soft rot fungi (in low-oxygen conditions), 
might be present in isolated spot of the piles or in other timber piles in 
Amsterdam. In this context, an IML-RESI PD 400 tool [56] was used on 
the extracted historic wooden foundation piles (Fig. 4a). During 
micro-drilling measurements, a drilling needle is pushed into the 
cross-section with a drill speed of 2500 r/min and a feed speed of 
150 cm/min. The needle used for the measurements is 400 mm long, 
with a thin shaft of 1.5 mm in diameter and a 3.1 mm wide triangular 
shaped cutting part, with hard chrome coating. The acquired data, 
recorded every 0.1 mm of the drilling depth, are 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, 
approximately 90 degrees to each other and 300 mm from the head of 
the segment (Fig. 4b). In this way, it was possible to map the degradation 
pattern around the cross section and along the whole length of the pile, 
to study the possible amount of decay among head, middle-part and tip. 
Each measurement was performed on fully saturated pile segments, 
where high moisture contents revealed to have no influence on the 
decay levels detected with micro-drilling signals [40]. All segments were 
micro-drilled before mechanical testing, to have an accurate correlation 
between the material and mechanical properties. By observing the 
resistance profile of each micro-drilling signal, it is possible to distin-
guish wood annual rings: maximum amplitudes correspond to latewood 
rings; minimum amplitudes represent early-wood [42] (Fig. 4c). Isolated 
high or lower signal portions could also be detected in the micro-drilling 
signal, often associated to: wood knots [57,58] and other high density 
anatomical variations of the material (i.e. compression wood) [59–61], 
resulting in higher drilling amplitudes; piths and cracks in the 
cross-section, creating voids through which the drilling tool records zero 
or very low amplitude.

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

historic piles, the micro-drilling signals A and B performed on each pile 
segment were analysed with an algorithm developed by the TU Delft and 
presented in [4]. 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 

Fig. 3. Sensors positioning and set-up for the compression test of the pile segments.
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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 
Moving Average (Drill_MA) calculated between 5 mm before and 5 mm 
after a specific signal point. Then, an Incremental Outwards Moving 
Average (IOMA) is calculated on both sides from the centre of the pile. 
Thereby, the average of the Moving Average values is calculated starting 
from the centre, for both sides of the signal. The maximum IOMA value 
on both sides is considered to be the reference for sound wood. From 
this, four zones are determined through chosen ratios between the 
regular Moving Average of the signal and this maximum value of the 
IOMA. Zones 1, 2, 3, 4 on each side are determined as 20 %, 40 %, 60 %, 
80 % of the moving average value with respect to the maximum value of 
the IOMA on that side, considered as reference for sound wood (Fig. 5a). 
The soft shell – the degraded portion of the cross section – is finally 
calculated as the sum of zones 1 and 2 (Fig. 5b), according to the cali-
bration demonstrated in [4]. In this way, for each micro-drilling mea-
surement, it is possible to assess the zone allocation in a relative way. It 
should be noticed that micro-drilling is a local measurement, thus it may 
happen that the soft shell measured in a cross section may differ if 
measured in other positions over the length of the specimen. In order to 
minimize this effect, all the micro-drilling measurements were per-
formed in positions without visible defects or irregularities of the ma-
terial. The total soft shell of a decayed cross section was calculated as the 
average of the 4 lengths of the soft shell (SS), corresponding to zones 
1+2 on the left and right sides of micro-drilling signals A + B. From this, 
the average length of the soft shell (alSS) was calculated with Eq. 4. This 

resulted in the assumption of a uniform distribution of decay around the 
cross section of the pile (Fig. 6). Subsequently, the remaining sound 
cross sectional area (Asound), i.e. the part of the cross section that did not 
exhibit degradation, was calculated in Eq. 5, by subtracting alSS (Eq. 4) 
to the radius (r) of the whole cross-section, and expressed as percentage 
of the full cross-sectional area (Atot). 

alSS = (SSA,left + SSA,right +SSB,left + SSB,right)/4                                 (4)

Fig. 4. (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 (%) vs distance (mm).

Fig. 5. Example of a drilling signal (Drill) of a decayed spruce pile: 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 according to [4].

Fig. 6. 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 [4].
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Asound (%) = (Asound /Atot)⋅100 = [π (r – alSS)2 / πr2]⋅100                 (5)

3.2.2. Estimation of the equivalent sound compressive strength and stiffness
For all the 201 tested pile segments from 1922, 1886 and 1727, an 

equivalent sound compressive strength (EQ fc,0,wet,sound) was derived in 
Eq. 6, calculated from the maximum force reached in compression (Fc,0, 

test) and Asound. The equivalent stiffness (EQ Ec,0,wet) was also calculated 
in Eq. 7. Hereby the assumption is made that the soft shell will not take 
up forces, and zero strength and stiffness are allocated to this part, 
meaning that the entire force is taken up by the remaining sound cross- 
sectional area. 

EQ fc,0,wet,sound = Fc,0,test / Asound                                                      (6)

EQ Ec,0,wet,sound = (Fc,0,test / Asound) / (Δl / L0)                                  (7)

Where: Δl/L0 is the compressive strain.

3.3. Physical properties

The distribution of sapwood and heartwood within decayed piles, 
allows to understand the extent of bacterial decay within the cross 
section and whether decay is only limited to sapwood or whether it is 
present also in the heartwood. In the case of spruce and fir piles, 
sapwood and heartwood cannot be visually measured [62–64], since 
their colour is uniform throughout the cross section. Therefore, existing 
models from literature were employed [48], allowing to estimate the 
sapwood width (Ws) on the basis of diameter d (mm), number of annual 
rings (AR) and average radial growth rate RoG (mm/year) of a segment 
(Eq. 8). 

Ws (cm) = (3.48⋅RoG1.07)/(1+6.82⋅e− 0.064 AR)                                 (8)

The diameter, annual rings (AR) and rate of growth (RoG) of all the 
pile segments were measured. AR was calculated over the full radius R, 
by counting the annual rings [65]. RoG was calculated by counting the 
number of growth rings over the outer 75 % of the representative radius 
of the cross section in accordance with NEN-EN 1309–3 (2018) [65]. In 
case of extensive bacterial decay it was difficult to count all the rings, 
especially in the outer side of the cross section where the distinction 
between annual rings is less visible; therefore, a measurement error of 
5–10 % should be considered.

The applicability of Eq. 8 from [48] was validated against the results 
from 49 saturated discs (150-mm thick) selected from the tested seg-
ments and subjected to CT scans (See Section 3.3.1). Only a limited 
number of discs were selected for undergoing CT scanning since it was 
not possible to perform CT scans on all piles’ discs. CT scans on spruce 
and fir discs in wet (green) conditions can highlight the sapwood 
because of its larger moisture content and permeability compared to 
heartwood [62].

The proportion of juvenile wood was estimated in each pile segment, 
by measuring the length of the first 15 annual rings around the pith, 
corresponding to the juvenile wood [66]. Juvenile wood has a lower 
density compared to mature wood in softwoods such as spruce and fir, 
and often exhibits poorer mechanical properties [67,68]. The 
cross-sectional distribution of juvenile wood varies along the pile, being 
larger in the tip and decreasing towards the head (Fig. 7). This is a 
critical consideration, particularly regarding the pile tips examined in 
this paper, spanning from 25 to 50 years old, potentially containing a 
significant portion of juvenile wood within the heartwood. Should 
extensive decay occur in the sapwood, the strength of the pile may only 
rely on the remaining juvenile wood, which typically exhibits poorer 
mechanical properties. The physical properties of all the pile segments 
(percentage of sapwood, heartwood and juvenile wood of the total cross 
sectional area, diameter, AR and RoG) were characterized in order to 
find their correlations with the saturated short-term compressive 
strength of the piles.

3.3.1. Validation of sapwood-heartwood proportion with CT scanning
CT scanning can provide a reliable picture of the proportion between 

sapwood and heartwood in saturated spruce and fir segments [62,69, 
70]. This is due to two main properties of sapwood in fully saturated 
conditions: a higher wet density compared to heartwood, due to the 
larger moisture content in saturated segments [42–46]. 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) [71], with 
water having a value of 0 HU, tissues denser than water having positive 
values, and tissues less dense than water having negative values [71], 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. This results in a recognizable difference in grey values between 
sapwood (brighter colour = higher wet density) and heartwood (darker 
colour = lower wet density), as in Fig. 8 [72–74]. The sapwood width 
from CT scans was measured as average of four orthogonal measure-
ments as shown in Fig. 8, and compared with the sapwood width (Ws) 
determined with Eq. 8 (Section 3.3). A total of 49 discs (150-mm thick) 
were CT scanned.

4. Test results

4.1. Mechanical properties of the 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, subdivided in head, middle-part and tip. No sig-
nificant difference in the mechanical properties was found between 
building year 1922 and 1886, and between head and middle-part of 
spruce and fir piles from 1922, 1886 and 1727. The distribution of the 

Fig. 7. Distribution of heartwood, sapwood and juvenile wood longitudinally 
along the pile and radially within the cross section of a spruce pile.

Fig. 8. Example of identification of sapwood (brighter) and heartwood (darker) 
in CT-scanned spruce (a) and fir (b) discs.
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data of fc,0,wet and Ec,0,wet is shown in Fig. 9. 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’ saturated spruce characterized in Pagella et al. [75] and van de 
Kuilen [76] (Included in Table 2). This is partly due to the presence of 
decay (assessed in detail in [49]), especially for piles from 1727, with a 
service life of ca. 300 years (Paragraph 5.1). However, 2–5 MPa lower fc, 
0,wet values were also determined for piles from 1922 and 1886 with a 
lower amount of decay (Paragraph 5.1).

4.2. Physical properties of the historic piles

The physical characterization of the piles presented in Table 3, 
showed no significant difference between the piles from 1922 and 1886. 
The spruce piles from 1727 had 10–15 annual rings less than 1922/ 
1886, but resulted in similar RoG, due to average smaller diameters 
compared to piles from 1922/1886. The sapwood width (Ws) calculated 
according to Eq. 8 [48] (and validated in Section 4.2.1), allowed to 
determine the proportions of area (%) of sapwood, heartwood and ju-
venile wood, referred to the total cross-sectional area of the pile. An 
increasing % of heartwood area from tip to head was measured, and 
decreasing % of juvenile wood area to from tip to head. The average % 
area of juvenile wood in the tips reached approximately 85–95 % of the 
heartwood. The % of sapwood area slightly increased from head to tip, 
especially in spruce and fir piles from 1922/1886.

4.2.1. Validation of sapwood width with CT scanning
The CT scans conducted on the discs (according to Section 3.3.1) 

allowed to validate the sapwood width (Ws) estimated with the adopted 
model from literature [48]. As shown in Fig. 10, good correspondence 
between the actual and predicted sapwood width was obtained, inde-
pendently of the construction year of the pile (1727, 1886, 1922) or of 
its wood species (spruce or fir). Therefore, the model in [48] was 

employed to estimate the sapwood width of all tested pile segments, in 
order to also investigate how deep bacterial decay has progressed within 
this portion of the cross section [49].

4.3. Relationships among the mechanical properties

The remaining short-term compressive strength for all the category 
of tested piles was correlated to the density adjusted to MC = 12 % (ρ12). 
Both fc,0,wet and ρ12 (Fig. 11a), and Ec,0,wet and ρ12 (Fig. 11b), were 
strongly correlated. In spruce piles from 1727, ρ12 was significantly 
lower compared to 1922/1886, possibly due to bacterial decay (Para-
graph 5.1). The strong correlation between fc,0,wet and Ec,0,wet (Fig. 12a), 
indicates that the stiffness is a good indicator for the wet compressive 
strength. A very similar correlation was also found between fc,0,wet and 
Ec,0,wet,dyn (Fig. 12b), determined through frequency response measure-
ments. This suggests that frequency response measurements can be used 
to efficiently estimate the modulus of elasticity of historic timber piles.

5. Analysis of the remaining short-term compressive strength in 
relation to bacterial decay

5.1. Assessment of decay with micro-drilling

The average soft shell length (alSS) and the remaining sound cross- 
sectional area (Asound) related to the remaining short-term compressive 
strength are presented for all historic pile segments in Table 4, based on 
the micro-drilling approach (Paragraph 3.2). Moreover, Table 4 lists the 
sapwood width (Ws) of the pile segments and the decayed percentage of 
sapwood depending on alSS.

According to the small-scale characterization conducted in [49], the 
degradation was attributed to bacterial decay, confirming that the piles 
extracted from bridge 30 and 41 in Amsterdam remained submerged in 
anoxic conditions throughout their service life. However, it should be 

Table 2 
Results for spruce and fir pile segments tested in compression parallel to the fiber in water saturated state according to EN 408. Mean values and standard deviation 
(SD) are reported.

Wood species Building year Part (No. segments) fc,0,wet (MPa) Ec,0,wet (MPa) ρ12 (kg/m3) D (mm) MC (%)

mean SD mean SD mean SD mean SD mean SD

Spruce (Picea abies) 1922/1886 Head/Middle (59) 13.8 2.1 9900 1580 470 43 240 18 80 21
Tip (32) 11.8 2.1 8400 1610 450 48 190 15 95 24

1727 Head/Middle (60) 7.5 2.4 5500 1890 380 52 200 34 160 48
Tip (30) 5.8 1.8 4200 1590 360 47 150 27 195 54

Fir (Abies alba) 1886 Head/Middle (13) 15.1 2.1 11100 1770 490 41 220 30 100 24
Tip (7) 12.0 3.0 9500 2420 460 70 160 29 100 19

“new piles” from [75], spruce (Picea abies) “new” Head/Middle (81) 16.9 2.4 10500 1600 490 40 240 20 85 15
Tip (51) 14.4 2.1 8800 1750 470 55 180 17 90 16

“new piles” from [76], spruce (Picea abies) “new” No distinction (57) 20.0 2.2 - - - - 140 12 110 28

Fig. 9. Data distribution for (a) fc,0,wet and (b) Ec,0,wet of spruce and fir pile segments divided in 3 building years (1922, 1886, 1727).
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noticed that it cannot be excluded a priori that other degradation types 
such as soft rot fungi (in low-oxygen conditions) might be present in 
isolated spot of the piles or in other timber piles in Amsterdam.

A larger amount of decay was determined for piles from 1727 
compared to 1886/1922, where alSS ranged at 20–22 mm, with no sig-
nificant difference across head, middle and tip of the pile. This high-
lights that bacterial decay is potentially uniform along the pile length: a 
useful information for the in-situ assessment of historic wooden foun-
dation piles. Although alSS resulted to be constant along the piles, the 
pile geometry is tapered, meaning that the diameter decreases from head 
to tip, resulting in a lower average Asound in the tips, compared to head 
and middle-part, for the same values of alSS as shown in Fig. 13. This is 
showcased in Table 4, especially in tips from 1727, where Asound values 

are 15–20 % lower compared to head/middle. The pile segments from 
1922/1886 exhibited a smaller amount of decay, with alSS below 7 mm, 
approximately constant along the pile. Asound resulted to be on average 
uniform in head and middle-part from 1922/1886, with a slight 
decrease in the tips, due to their inherent smaller cross-sectional area. In 
fir piles, alSS remained always below 2 mm indicating a very low amount 
of decay for this wood species, in line with [19,77]. However, due to the 
limited dataset of fir piles only from 1886, no relevant conclusions can 
be drawn.

For all piles, at cross-sectional level, bacterial decay was only present 
in the sapwood. The values of alSS remained always below the sapwood 
width (Ws) in all pile segments (Table 4). No degradation was detected 
in the heartwood. This is in line with the research conducted in Mirra 

Table 3 
Physical properties of head, middle-part and tip spruce and fir piles. The Area (%) of sapwood, heartwood and juvenile wood refers to the total cross-sectional area of 
the pile.

Wood species Building year Part (No. segments) Diameter 
(mm)

AR (No. annual 
rings)

RoG (mm/ 
year)

Sapwood Area 
(%)

Heartwood Area 
(%)

Juvenile wood Area 
(%)

mean SD mean SD mean SD mean SD mean SD mean SD

Spruce 1922/ 1886 Head (29) 249 15 68 16 1.7 0.4 65 8 35 8 13 5
Middle (30) 226 13 58 16 1.8 0.5 69 7 31 7 15 3
Tip (32) 193 15 45 13 2.0 0.7 74 5 26 5 22 2

1727 Head (30) 212 33 55 11 1.7 0.5 71 5 29 5 15 3
Middle (30) 189 31 45 10 1.9 0.6 74 4 26 4 20 3
Tip (30) 150 27 38 10 1.8 0.7 75 3 25 3 23 2

Fir 1886 Head (6) 235 30 72 19 1.5 0.4 63 9 37 9 12 3
Middle (7) 208 25 57 16 1.6 0.4 69 7 31 7 16 5
Tip (7) 162 29 46 11 1.5 0.3 72 4 28 4 22 5

Fig. 10. Comparison between the sapwood width for 49 pile discs determined with CT scans and that predicted with the model of [48].

Fig. 11. Relationship between (a) fc,0,wet and density ρ12; (b) Ec,0,wet and density ρ12 for all the categories of tested pile segments.
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et al. [49] on selected timber piles tested in this work, where no signs of 
bacteria were found in the pile’s heartwood, even in the most decayed 
piles from 1727. The same findings are also reported in literature [16,17, 
1], where the bacterial decay seemed to stop at the sapwood–heartwood 
boundary of spruce and pine, highlighting the very good durability of 
heartwood against bacterial decay. Yet, the inner heartwood of these 
piles did not show signs of decay and had properties in line with sound 
wood [1], once more proving the better resistance of heartwood against 
bacterial degradation, compared to sapwood. On average, the percent-
age of decayed sapwood width ranged at 50–63 % in spruce pile tips 
from 1727, with limited cases in which 90 % of the sapwood width 
resulted to be degraded. This suggests that the remaining sound cross 
section of these piles comprised a larger portion of sound heartwood, 
while most of the sapwood was decayed. A larger portion of heartwood 
would result in an intrinsic lower density (ρ12), at similar RoG and Age. 
This is observable in Table 4, where ρ12 of piles from 1727 ranged at 
360–385 kg/m3, while ρ12 of piles from 1922/1886 ranged at 
450–470 kg/m3. This can also be explained by the lower EQ fc,0,wet,sound 
of piles from 1727, where Asound comprised a larger portion of less dense 

heartwood and a smaller available sound sapwood portion due to 
extensive decay. The lowest values of ρ12 and EQ fc,0,wet,sound were 
determined for tips from 1727 in Table 4, attributable to the larger 
proportion of juvenile wood within their cross section, which closely 
aligned with the entirety of the heartwood (see Table 3). In piles from 
1922/1886, the maximum percentage of average decayed sapwood 
remained within 20 % (Table 4), resulting in a larger contribution of 
sound available sapwood (above 80 %). In this case, only little varia-
tions in the density (ρ12) and EQ fc,0,wet,sound were measured, especially 
in head and middle-parts. For tips from 1922/1886, approximately 10 % 
lower ρ12 and EQ fc,0,wet,sound values were determined compared to 
head/middle parts, possibly attributed to the larger portion of juvenile 
wood corresponding approximately to the whole heartwood (see 
Table 3).

5.2. Prediction of the short-term compressive strength in relation to 
bacterial decay

The remaining short-term compressive strength resulted to be well 

Fig. 12. Relationship between (a) fc,0,wet and Ec,0,wet; (b) fc,0,wet and Ec,0,dyn,wet for all the categories of tested pile segments.

Table 4 
Remaining short-term strength properties in relation to ρ12, Asound, alSS, WS and percentage of decayed sapwood.

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

(MPa)
EQ fc,0,wet,sound 

(MPa)
ρ12 (kg/m3) Asound (%) alSS (mm) Wsa (mm) Decayed 

sapwood width 
(%)

mean SD mean SD mean SD mean SD mean SD mean SD mean SD

Spruce 1922/ 
1886

Head (29) 13.9 2.0 15.3 2.5 465 42 91 8 6 5 52 8 14 14
Middle (30) 13.7 2.3 14.7 2.3 470 45 94 7 4 4 50 7 9 10
Tip (32) 11.8 2.1 13.7 2.4 450 48 87 10 7 5 47 5 18 13

1727 Head (30) 7.5 2.3 12.2 3.3 385 55 63 14 22 11 49 10 53 20
Middle (30) 7.3 2.4 12.3 2.9 375 48 62 20 20 11 46 9 52 28
Tip (30) 5.8 1.8 11.6 2.4 360 47 50 15 22 9 38 7 66 20

Fir 1886 Head (6) 15.2 2.0 16.0 1.8 495 34 97 4 2 2 47 11 5 6
Middle (7) 14.8 2.3 15.2 1.7 485 48 97 6 1 3 46 8 4 9
Tip (7) 12.0 3.0 12.5 2.8 460 70 96 7 2 3 38 6 5 10

a calculated according to experimental model in [48] (See Paragraph 3.3).

Fig. 13. Drawing of a decayed tapered pile with Asound decreasing along its length for the same alSS in head, middle-part and tip.
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correlated with Asound (Fig. 14), 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. 14 showcases 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 estimated with Eq. 9, from the average reference fc,0,wet,sound =

14.74 MPa (Fig. 14), and Asound (%) determined with micro-drilling. The 
experimental Eq. 9 is based only on Asound, calculated through micro- 
drilling measurements and the diameter of the pile at the measure-
ment location. This gives the possibility to have a direct estimation of 
the remaining short-term compressive strength from in-situ micro-dril-
ling of the piles. 

fc,0,wet = 14.74 e0.0182 (Asound − 100) (9) 

Based on the comparison of head and tip of all piles, an average 
decrease in fc,0,wet of 2 MPa in the tips compared to the pile heads was 
observed (Table 4). The relationship between fc,0,wet of head and tip of 
the pile can be used during the in-situ assessment of historic wooden 
foundation piles in Amsterdam to assess the remaining mechanical 
properties of the tip. The assessment of the remaining short-term 
compressive strength of the pile tip (fc,0,wet,tip) is important, since the 
tip corresponds to the critical section of the pile, featuring the lowest 
compressive strength (Table 4). This could have an influence on the 
load-bearing capacity of the pile, where depending on soil conditions, 
the tip could be subjected to high stresses during service, primarily due 
to its smaller cross section.

Therefore, the pile head located below the water level can be 
accessed and inspected with underwater micro-drilling measurements 
[4] and its remaining short-term fc,0,wet,head can be predicted based on 
Eq. 9. Subsequently, based on the regression analysis of all the tested 
head and tip segments, Eq. 10 can be used in practice to estimate Pred. fc, 
0,wet,tip from fc,0,wet,head. The correlation between Pred. fc,0,wet,tip and the 
actual fc,0,wet,tip determined with compression tests, is showcased in 
Fig. 15, showing a strong relationship between the two parameters and 
supporting the applicability of Eq. 10 in practice. 

Pred. fc,0,wet,tip = 0.88 fc,0,wet,head − 0.76 (10) 

The presented approach for the direct prediction of the remaining 
short-term compressive strength on the basis of the micro-drilling sig-
nals is derived from the experimental analysis of the wooden piles pre-
sented in this paper. The experimental prediction equations can be 
adopted in practice for an estimation of the remaining compressive 
strength of the piles, keeping in mind that the mechanical properties of 
the historic wooden piles could vary depending on the load levels acting 
on the foundation piles for centuries. Further research is envisaged to 
investigate the remaining short-term compression tests of other wood 
species, in particular pine, very diffused in Amsterdam.

6. Conclusions

A total of 55 spruce (Picea abies) and 5 fir (Abies alba) historic piles 
that have been in service for 100, 135 and 295 years were retrieved from 
two bridges in Amsterdam and characterized in this research study. 
Their mechanical properties were determined by means of large-scale 
mechanical testing. The amount of bacterial decay along the piles 
could be reliably assessed with the innovative utilization of micro- 
drilling measurements. The extent of decay within the piles’ cross sec-
tion was analysed by estimating the portion of sapwood with empirical 
models from literature, which were successfully validated with 
computed tomography (CT) scanning of 49 discs extracted from the 
piles.

The results showed that the remaining short-term compression 
strength of wooden piles that have been in service for a long time is 
lower than the strength values provided for ‘new’ piles. This is partly due 
to the presence of decay, especially for piles from 1727, which were 
exposed to bacterial decay for 295 years. However, lower short-term 
compressive strength values were also determined for more recent 
piles from 1922 and 1886 (exposed to bacterial decay for ca. 100 and 
135 years, respectively), which exhibited a lower amount of decay. 
These strength values have to be taken into account in future assess-
ments of wooden foundation piles.

The micro-drilling approach allowed to estimate the soft shell of each 
pile: the degraded outer layer of the cross section to which zero 
remaining strength is assigned. The soft shell length (alSS) was found to 
be rather uniform along the piles, from the head to the tip, with varia-
tions typically within ± 10 %. Bacterial decay was only present in the 
sapwood of the spruce and fir piles, also in very decayed piles from 1727. 
This is also supported by the findings in literature, where decay in spruce 
and fir piles never exceeded the sapwood–heartwood boundary.

The equivalent sound compressive strength assigned to Asound of piles 
from all time periods could be determined, giving useful information 
about the remaining mechanical properties of the non-decayed part of 
the piles. The equivalent sound compressive strength of Asound of piles 
from 1727 was lower than those from 1922 and 1886, due to a larger 
decayed portion of sapwood, resulting in a remaining Asound with poorer 
mechanical properties, associated with the intrinsic lower compressive 
strength of heartwood and juvenile wood. However, this might also be 
partly attributed to the mechanical degradation due to higher stress 
levels during the service life of piles from 1727, associated with their 
larger presence of decay and thus a smaller sound load-bearing cross 
section.

As a result, micro-drilling can be effectively employed in-situ on the 
pile head to evaluate the remaining sound cross-section (Asound), 
assuming uniform decay levels across the middle-part and tip of the 
piles. On the basis of the strong correlation between the remaining 
sound cross-sectional area (Asound) and the short-term compressive 

Fig. 14. Relationship between fc,0,wet and the percentage of sound cross- 
sectional area Asound of all the historic spruce and fir segments.

Fig. 15. Relationship between Pred. fc,0,wet,tip and fc,0,wet,tip based on the 
regression Eq. 10.
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strength of the piles, it was possible to predict their remaining short- 
term compressive strength. Experimental prediction equations were 
developed in this study, to be used in practice for estimating the 
remaining short-term compressive strength along the pile. From the 
underwater micro-drilling analysis of the pile head, the remaining short- 
term compressive strength of the tip can be experimentally derived. This 
constitutes an important step in the assessment of the remaining load 
carrying capacity of historic wooden piles, given that the tip corresponds 
to the critical section of the pile featuring the lowest mechanical prop-
erties, and depending on soil conditions, it could be subjected to high 
stresses during service due to its smaller cross section. It should also be 
noted that the mechanical properties of the piles could be different 
depending on the load levels acting on the foundation piles for centuries.

In conclusion, promising results were obtained in relation to the use 
of micro-drilling measurements for in-situ monitoring of historic 
wooden foundation piles, supported by the unique opportunity to 
characterize the material and mechanical properties of piles dated back 
to different construction years and with different decay levels. The 
micro-drilling technique is now used on a large scale in Amsterdam to 
retrieve signals that are useful for determining the soft shell, from which 
the remaining load carrying-capacity of wooden foundation piles can be 
estimated. The research conducted can aid the city of Amsterdam in 
arranging timely maintenance interventions, and contribute to the 
research framework supporting the development of deterministic 
models and reliability-based design assessment, including predictions 
for the remaining service life of timber pile foundations.
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