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INFLUENCE OF MOISTURE CONTENT ON THE ASSESSMENT OF
DECAY LEVELS BY MICRO-DRILLING MEASUREMENTS IN
WOODEN FOUNDATION PILES

Michele Mirra', Giorgio Pagellaz, Wolfgang Gard?, Geert Ravenshorst ,
Jan-Willem van de Kuilens

ABSTRACT: In the historic city centre of Amsterdam (NL), the most widespread foundation system consists of wooden
piles. With the aim of modelling and predicting remaining service life of these foundations and the piles in particular, one
of the possible methods for collecting data and monitoring their condition consists of micro-drilling (MD) measurements.
This work evaluates the reliability of MD measurements in identifying decayed portions and specific features of wooden
foundation piles, considering different moisture content (MC) values. To this end, 24 segments were selected, sawn from
wooden piles extracted from site, and having time in service (TS) of 2 to 294 years (with reference to 2021, the year of
extraction). 240 MD measurements were conducted at varying MC values of 7% to 212%. The obtained MD profiles
showed for all TS a slight decrease in drilling resistance when increasing MC. However, from the MD signals it is possible
to reliably detect the areas affected by biodegradation phenomena (e.g. bacterial decay) along the drilling depth, regardless
the MC of the segment or its gradient along the drilling depth. The present study contributes to research aiming at utilizing
(in-situ) MD techniques for reliably assessing and quantifying decay and to be used in remaining service life planning of
wooden foundation piles.

KEYWORDS: Wooden foundation piles, Micro-drilling, Moisture content, Biodegradation, Service life prediction.

1 INTRODUCTION method for the specific context of wooden foundation
piles in Amsterdam was necessary, including the
development of a drill for underwater use.

When performing in-situ MD measurements on the piles,
their moisture content (MC) is above fibre saturation
point. Thus, it is important to ascertain that, also in
submerged conditions, decayed portions of the cross
section of the piles are correctly detected from the MD
signals.

This work aims to assess whether MD measurements can
provide reliable information on the decay levels of
wooden foundation piles, independently of their moisture
content (MC). These biodegradation phenomena on
submerged wooden piles are caused by erosion bacteria
[6]. The outer portion of the cross section is usually
subjected to bacterial decay, since erosion bacteria can
more easily attack the less durable sapwood [7]. Such
decayed areas should also be visible from MD signals,
independently of the actual MC, as this parameter is in
principle unknown for the piles on site.

However, previous research works have shown opposite
results on the effect of MC on MD measurements,
showing that drilling resistance can both decrease [8] or

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 is estimated that eleven
millions wooden piles are present, still supporting existing
and historical buildings as well as bridges and quay walls.
Given the essential function of these foundations and their
spatial extension, the estimation of the remaining service
life of the piles is crucial for arranging timely maintenance
interventions. Therefore, an extensive experimental
campaign has been started in cooperation with the
municipality of Amsterdam [1], aimed at characterising
the current state of wooden foundation piles [2],[3], as
well as providing solid input for service life prediction
models [4].

Among the available techniques for monitoring timber
piles, micro-drilling (MD) measurements are a promising
option, because extensive in-situ sampling of a large
number of piles could be realized. Yet, the use of MD
signals for decay quantification requires still attention [5],
thus a preliminary investigation of the reliability of this
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increase [9],[10] with increasing MC. This is because the
outcomes from MD measurements can be influenced by
different parameters besides MC itself, such as drill and
feed speed, drilling depth, wood species, all factors
influencing the shaft friction along the drill [§]-{10]. In
light of these uncertainties, the reliability of MD
measurements in correctly identifying decay in wooden
foundation piles was evaluated in the present study,
considering different MC values.

More specifically, segments from wooden foundation
piles with a time in service (TS) ranging from 2 to 294
years (with reference to 2021, when their extraction took
place) were selected, and MD measurements were
conducted at varying MC values between 7% and 212%.
To confirm large decay levels identified with MD
measurements, compression tests were also conducted on
the pile segments, after submerging them under water.

2 MATERIALS AND METHODS
2.1 MATERIALS

In this work, 8 wooden foundation piles were selected:

2 piles from 1727 (TS = 294 years as of 2021);
2 piles from 1886 (TS = 135 years as of 2021);
2 piles from 1922 (TS = 99 years as of 2021);
2 piles from 2019 (TS = 2 years as of 2021).

The piles from 1727, 1886, and 1922 were retrieved from
the foundations of the piers of two bridges in the city
centre of Amsterdam [3], whereas those from 2019 were
extracted from a separate testing field [2] in the
Overamstel area (Figure 1).
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Figure 1: Map of Amsterdam and locations (in red) from
where the piles were extracted: to better highlight their
position, some of the main monuments of the historic city
centre are also reported as a reference. Adapted from [11].
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The piles had length of approximately 14 m, and
diameters ranging from 175 to 290 mm at the head, and
from 130 mm to 230 mm at the tip. All piles were made
of spruce (Picea abies), with the exception of one pile
from 1886, made of fir (4bies alba), and one from 2019,
made of pine (Pinus sylvestris).

The retrieved piles were all subdivided in smaller
segments, representative for the head, middle, and tip part
of the piles (see also Section 2.2), for a total of 24
segments: Table 1 reports a detailed overview of the tested
pile segments, their TS and MC range.

2.2 METHODS

2.2.1 General
The extracted full-length piles were cut in three parts
(head, middle, tip), and delivered to TU Delft Stevin II
Laboratory. From each part, a smaller segment to be tested
in compression (Section 2.2.4) was sawn, having length
equal to six times its diameter, following EN 14251 [12].
In this way, 24 segments were obtained (6 for each TS,
see again Table 1) having lengths of 900, 1350, and 1800
mm, depending on their diameter. All segments were kept
under water for two weeks to represent the on-site
submerged conditions, and were characterised in terms of
wet density [13] and moisture content, determined
through the oven-dry method [14]. These compression
tests allowed to mechanically characterise the pile
segments, and to detect the presence of biodegradation
phenomena (especially for the older piles), corresponding
to a reduction of compressive strength with respect to
fully sound samples.
MD measurements were performed on these segments,
evaluating their reliability in capturing the features of the
cross section (e.g. sound or decayed sapwood, knots, and
so forth) for different MC values. This analysis was
conducted considering the following two scenarios:

1. Assessment of the possible influence of different
MC values referred to a whole segment on the
corresponding drilling resistance (DR), thus an
analysis at global segment level (see Section
2.2.3);
Evaluation, with reference to submerged
conditions, of the possible influence of the MC
gradient along the drilling depth on the MD
signals, thus an analysis at cross-sectional level
(see Section 2.2.4).

Table 1: Overview of TS and MC of the tested pile segments.

Number of segments TS (years)  MC range (%)
6 294 14-212
6 135 857
6 99 12-100
6 2 7-84




2.2.2 Compression tests

Mechanical testing was performed to determine the
compressive strength of the pile segments (fo) in
submerged conditions and confirm the information on the
level of decay obtained with MD measurements. To this
end, a displacement-controlled test setup was used (Figure
2), where the pile segments were subjected to an axial load
in direction parallel to the fibres [12],[15].

The displacement between the two steel plates
surrounding the pile segment was monitored with four
linear potentiometers, placed on the four edges of the top
plate and connected to the bottom plate. Four additional
linear potentiometers, screwed to the segment, measured
its deformation. The sensors were placed along the lateral
surface of the piles, at 90° from each other, and had a
variable length equal to 2/3 of that of the specimen.

The tests were conducted at a displacement rate of 0.02
mm/s, and the compressive strength was derived from the
ratio between the maximum force reached in compression
by each specimen and its average cross-sectional area.

2.2.3 Execution of MD measurements at different
MC values (analysis at global segment level)
The MD measurements were conducted with an IML-
RESI PD400 drill (Figure 3a). This device provides the
profiles of drill and feed amplitude against drilling depth
as output [8]. All measurements were taken 300 mm
below the top of each segment, in two orthogonal
directions (A and B in Figure 3b; see also [3]), and at
approximately 1 cm distance from each other for every
direction. A drill speed of 2500 r/min and a feed speed of
150 cm/min were adopted; the drill bit 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.
The first two MD measurements on a segment were
executed in submerged conditions, immediately prior to
its compression test (Section 2.2.2), and were also used to
evaluate the influence of MC gradient along the drilling
depth (see Section 2.2.4). Other four MD measurement-
pairs were then taken during the drying process of each
segment after the compression test, recording every time
the weight of the segment and determining the
corresponding global MC. Thus, a total of 240 MD
measurements were conducted.
Since the outer decayed areas of the pile segments are
linked to lower basic densities compared to sound wood,
a correspondingly low drilling resistance is observed at
the beginning and at the end of the MD signals, showing
the degraded portion. In order to objectively define which
part of the MD signal pertains to decayed areas, and which
part to sound wood, the procedure already proposed in [3]
was adopted. Thus, the average drilling amplitude (DA)
of the drilling resistance (DR) profiles along the drilling
depth H was firstly determined. Following [5], this is
defined as:

J,'DR dh
A*T

(M
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Figure 3: Adopted MD device (a) and drilling directions (b).
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Then, the starting and ending sections of the signal
portions identifying decayed areas were determined as the
intersection between the average DA decreased by 30%
and the MD profile [3] (Figure 4). This method has the
advantage of detecting decayed areas relatively to the
specific MD signal, without providing an absolute
threshold in terms of DR. Finally, the independence from
MC of the detected outer decayed portion was assessed.

2.2.4 Evaluation of MC gradient along the drilling
depth (analysis at cross-sectional level)

After testing the segments in submerged conditions, the
corresponding MC gradient along the drilling depth was
determined as well [14], by retrieving five small prisms of
dimensions 20x20x120 mm® (Figure 5). Sample 3 was
taken in correspondence to the pith, whereas samples 1
and 5 included sapwood. These prisms allowed to detect
the MC variations along the drilling depth: in this way, the
influence of such variations on DR profiles could be
evaluated for both sound and decayed pile segments.
Sound sapwood is associated to a higher density, but also
larger MC than heartwood, whereas in presence of decay
the basic density is reduced due to bacterial degradation,
and the MC locally increases further. Thus, this analysis
allowed to check that MD signals retrieved in underwater
conditions can still enable the distinction between sound
and decayed sapwood, independently of MC gradients.

—— MD signal
Average DA
Average DA reduced by 30%

Detected decayed portion

Dirilling resistance (%)

¥ 30%

Drilling depth (mm)
(a)

— MD signal
Average DA
Average DA reduced by 30%

Detected decayed portion

Dirilling resistance (%o)

-30% -30%'

Dirilling depth (mm)
(b)

Figure 4: Procedure adopted for determining the degraded
portion of the pile segments firom MD signals, corresponding to
low drilling amplitudes at the beginning and at the end.
Examples are shown in the case of a heavily decayed pile (a)
and a sound pile (b). Adapted from [3].
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2 Drilling path

Figure 5: (a) Location of the samples taken to determine MC
variations among sapwood, heartwood, and pith; (b) example
of prisms retrieved from a pile segment along the drilling
depth.

3 RESULTS
3.1 COMPRESSION TESTS

The 24 segments tested under compressive loading
exhibited the values of compression strength £, wet
density in submerged conditions p,, and MC reported in
Table 2.

A distinct drop in f.o is observable for all pile segments
from 1727, linked to large global MC values as well.
Besides, as can be noticed, the wet density of such
samples is comparable to that of piles from 2019: in
combination with the large global MCs, this indicates a
strong reduction of basic density due to bacterial decay for
the pile segments from 1727. Such outcomes thus confirm
the presence of biodegradation phenomena for the oldest
piles, which were also detected with the MD
measurements, as shown in the next section.

The other segments showed higher values of f.o, and
closer to each other, suggesting that the extracted piles up
to 1886 did not undergo significant decay. Only the 1886-
2 segments exhibited lower compressive strengths, but
these were also associated with low wet density and global
MC.



Table 2: Overview of the compressive strength of the tested
pile segments after being submerged in water for two weeks;
the corresponding wet density and moisture content is also
reported. Samples with decay are reported in italic.

feo Pw MC of the

Sample (MPa)  (kg/m’)  segment (%)
2019-1-head  15.5 779 74
2019-1-middle  13.7 748 80
2019-1-tip 13.7 657 85
2019-2-head  20.1 767 72
2019-2-middle  16.4 675 73
2019-2-tip 17.3 670 81
1922-1-head  15.4 586 66
1922-1-middle  16.2 601 64
1922-1-tip 15.9 663 75
1922-2-head 16,9 750 81
1922-2-middle  16.3 702 77
1922-2-tip 154 818 76
1886-1-head 172 705 66
1886-1-middle  17.0 730 64
1886-1-tip 15.4 782 82
1886-2-head  11.5 553 77
1886-2-middle  12.3 703 87
1886-2-tip 72 625 98
1727-1-head 7.1 778 192
1727-1-middle 5.3 664 170
1727-1-tip 5.1 755 222
1727-2-head 6.1 770 197
1727-2-middle 4.1 648 179
1727-2-tip 5.8 784 139

3.2 MICRO-DRILLING MEASUREMENTS

Representative results from the 240 conducted
measurements are shown in Figure 6 in terms of MD
signals at different MC levels and TS.

In general, with the adopted drill and feed speed, it
appears that a progressively lower drilling resistance is
obtained when the moisture content increases. However,
this does not influence the detection of specific features
of a pile segment, such as denser sapwood for sound
samples (Figure 6a-c), presence of an internal knot
(Figure 6b), very low drilling amplitude when crossing
outer decayed zones for the oldest pile segments (Figure
6d-e).

It is important to notice that this outer layer affected by
decay and characterised by much lower drilling resistance
could be detected, adopting the methodology described in
Section 2.2.3, independently of the MC. This outcome,
visible in Figure 6 for samples 1727-1-middle and 1727-
2-head, was also obtained for all other segments from
1727, as shown in Table 3, reporting the detected decayed
portions (calculated as average from those of each MD
measurement-pair) as a function of the global MC of the
segments.

- Sample 2019-2, ti o
) p > tp MC(?())
£ 50
2 20 Sound (denser) sapwood 37
§ . SN 44
£ !
z
200 250
Drilling depth (mm)
(a
70 ;
<60 Sample 1922-2, tip MC (%)
g 50 Sound (denser) sapwood ‘lg
£ 40 e
& ! 68
S30
éﬂ 20 | 87
E 10
0
0 50 100 150 200 250
Drilling depth (mm)
(b)
70 -
S 60 Sample 1886-1, tip MC (%)
< N - 12
3 50 /S’QLII?d (denser) sapwogrd
£ 40 ) 25
£y | \ 32
< )
2 «.w@ : 37
E 10 ‘ \
/ 0 \\
0 50 100 150 200 250
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(©
70 n
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= - \ R S—
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= e )
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0 50 100 150 200 250
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Figure 6: MD signals (displayed in terms of a 100-mm moving
average) ordered from lowest to highest MC for representative
pile segments with TS = 2 years (a), 99 years (b), 135 years
(c), and 294 years (d-e).
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Table 3: Overview of the detected decayed portion, determined
from the MD measurements according to the methodology
presented in Section 2.2.3, as a function of MC for the 1727
samples.

Samples with

Detected decayed
portion (average

MC of the

decay from the two MD segment (%)
signals, mm)
1727-1-head 12 13
10 94
10 129
9 153
10 182
1727-1-middle 23 14
25 93
24 151
24 167
23 170
1727-1-tip 16 13
17 88
17 153
17 188
16 212
1727-2-head 40 64
35 93
36 107
37 121
36 197
1727-2-middle 34 105
33 145
36 164
34 179
35 184
1727-2-tip 24 84
25 125
26 139
22 146
26 175

As can be noticed, the zones of cross section affected by
biodegradation phenomena only show small variations for
different MC values (Table 3). This very limited scatter is
unavoidable, as the MD measurements were conducted
close to each other, but local variations along the drilling
depth are very likely to be present.

The previous results referred to the MC of global
segments, but they are also confirmed when examining at
cross-sectional level the local MC gradients along the
drilling depth (Figure 7). These MC gradients, determined
with the five prisms retrieved from the cross sections of
the segments (Section 2.2.4), show a typical profile, with
larger MCs pertaining to the outer prisms (1 and 5 in
Figure 5) containing sapwood.
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Figure 7: Example of drilling resistance profile and MC
gradient (dashed) for representative pile segments with TS = 2
years (a), 99 years (b), 135 years (c), and 294 years (d-e) in
submerged conditions. For d-e, very large MC is observable in
the decayed portions, which is not the case in sound samples.



However, for sound cross sections (Figure 7a-c) the MCs
range of prisms containing sapwood was 70-150%,
whereas in decayed samples (Figure 7d), values up to
350% were determined.

On the contrary, when considering MCs of the heartwood
and juvenile wood portions, these always fall in the range
of 40-60%, also in the case of the decayed samples. This
outcome is confirmed by the MD signals as well: the
drilling resistance in the inner part of the cross section is
in all cases close to 20%; for sound sapwood the larger
amplitude correctly corresponds to its larger density,
whereas in presence of decay a large drop in the drilling
resistance is observed.

4 DISCUSSION

Based on the obtained results, it appears that MD signals
can reliably identify decayed portions and their extent
along the drilling depth independently of the MC (see
once more Figure 6d-e). This outcome is relevant, since
the determination of the actual MC of a large number of
piles on site would not be practically feasible.
Furthermore, the distinction between sound and decayed
parts of the cross section is also possible when comparing
MD signals with the MC gradients determined in
submerged conditions. All sound samples showed MC
gradients in line with those expected for green spruce
(around 50% in heartwood and 120% in sapwood [16]),
confirming the results from MD signals and compression
tests. Biodegradation phenomena seemed therefore to be
limited to sapwood, since the heartwood and juvenile
wood of the decayed pile segments featured MC and DR
values comparable to those of the sound specimens
(Figure 7).

Thus, the highly decayed portions of the degraded pile
segments could be correctly identified with MD
measurements, and were coherent with the low
compressive strength obtained for these samples (see once
more Table 2). Since the signals reported in Figure 7 refer
to submerged conditions, it can be concluded that when
performing MD measurements underwater, the specific
features of the cross sections of the wooden foundation
piles can be correctly captured, and independently of the
MC gradient.

S CONCLUSIONS

This work presented an extensive study to evaluate the
underwater use of micro-drilling (MD) measurements for
assessing the state of wooden foundation piles. In
particular, the influence of their moisture content (MC) in
the identification of largely decayed portions was
evaluated for piles retrieved from the historic city centre
of Amsterdam.

Thus, 24 pile segments having time in service (TS) from
2 years to 294 years were subjected to 240 MD
measurements at various MC values, ranging from 7% to
212%. Compression tests were also performed on the
segments after submerging them under water for two
weeks, to determine their load-carrying capacity and
compressive strength. These tests also allowed to confirm

4085

the decayed pile segments identified with MD
measurements, for which a much lower compressive
strength and a larger MC were determined.

For the adopted drill and feed speed, a decreasing drilling
resistance with increasing MC was detected. Since in
practice the on-sitt MD measurements would be
conducted underwater by divers, the MC of the piles is in
principle unknown. Yet, it has been proved that the
detection of specific features or decayed portions of the
cross section through the drilling profiles is not influenced
neither by the global MC of a segment, nor by the MC
gradient within its cross section. Thus, based on the
obtained results, biological degradation phenomena can
be reliably identified with MD signals also in underwater
conditions, where it is not necessary to know the exact
MC.

The results of this study can be further integrated with the
data from the in-progress experimental campaign on
additional pile segments, and can contribute to the
research framework supporting the use of non-destructive
testing for estimating decay, (residual) load-carrying
capacity, and remaining service life of wooden foundation
structures.
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