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Influence of knots and density distribution on ceoesgsive strength of
wooden foundation piles

G. Pagella, M. Mirra & G.J.P. Ravenshorst
Delft University of Technology, Delft, The Netherlands

J.W.G. van de Kuilen
Technical University of Munich, Munich, Germany & Delft University of Technology, Delft, The Netherlands

ABSTRACT: This work investigate the influence of knots cthe compres:on strengt of wooden foundatio
piles. The study involved 110 pile segments sawmffi8 spruce and 9 pine piles with a mean dianudter
approximately 200 mm, and moisture contents abinex Saturation. The mechanical properties werereet
mined performing both full-scale compression testspile segments, and small-scale experiments stsdi
sawn from selected segments, considering sampkbsand without knots. A knot ratio (KR) was defined
analysing the knots layout of each wooden pile, evaluating how the compressive strength was inflad
by size, number and layout of knots. As final steprediction model was implemented based on thdelsity
and KR of wooden piles, to estimate the influenicknots on their compressive strength.

1 INTRODUCTION axial load during its service life, the presenckraits

can be governing for the capacity of the pile. Tikis
For engineering purposes, structural sawn timber isecause the low stiffness of the cross section with
assigned to a strength class. To achieve this,etimbknots in the axial direction of a pile, due to filake-
boards are visually or machine graded. Grading padation around a knot, implies that only a very 8ma
rameters can be knots or modulus of elasticity@nd/ amount of the load is taken up by the knots. In-add
density. By defining limits for the magnitude inief  tion, it was assumed that the zone around the knot,
these grading features may occur, for instance naxwhere the fibers in longitudinal direction devidtas
mum knot size in the case of visual grading, timbea slightly higher stiffness than the knot itselii btill
boards can be assigned to different strength dasseery low. Therefore, the influence of knots as a
(Ravenshorst 2015). However, for timber piles, onestrength-reducing factor on the load bearing capaci
strength class based on visual grading is defined iof timber piles has been studied over the lengthef
Dutch standard NEN 5491 (2010). The grade boundpile. Based on experimental tests, a model to ptredi
ary relates to the declared characteristic valw®m-  the compressive strength along the pile will be pre
pression, determined on the basis of tests perbrmesented.
on wooden piles with knots (van de Kuilen 1994).
This study mainly consisted in tests on pile heads,
without providing values in compression for thd ful 2 MATERIALS AND METHODS
pile. Therefore, this paper investigates the infes 21 Materials
of knots on the compressive strength along woodefr
piles, as part of the research regarding the currein this research, the following full-scale specimen
state of existing foundation piles in Amsterdamn(va have been investigated:

de Kuilen et al. 2021), (Pagella et al. 2022),ddret- - 18 sprucefiicea abies) piles from the Nether-
ter understanding of the reference quality of ttee m lands;
terial. However, the high variability and heterogen - 9 pine pinus sylvestris) piles from Germany.

ity of the material, due to specific natural growth All piles were felled in 2019, had an average
characteristics of trees, is the reason for conifyléx  length of 14 meters, average head diameter of 255
the determination of the mechanical properties omm and average tip diameter of 145 mm. The piles
wooden piles (Vieira Rocha et al. 2018), (Hossein ewere driven into the ground in a test field in Aerst

al. 2011). Growth characteristics such as grainadev dam with the main objective to determine geotech-
tions, tapered shape, geometry imperfections anmgical parameters. In spring 2021, the wooden piles
knots, result to have large influence on mechanicalere extracted from the location and tested over th
properties. In the case of a wooden pile, subjeited whole length with frequency response measurements,



to determine the dynamic modulus of elasticityother, with a variable length equal to two-thirdshe
(MOEgayn). The 27 piles were cut in three parts andength of the specimen. The other two sensors were
transported to the TU Delft Stevin 2 laboratoryti#é  placed over a knot and on a clear-wood part, ieiord
arrival, all the piles were cut into 110 segmenithw to evaluate the deformation with and without the in
a length of approximately six times the averagendia fluence of a knot. At the end of the tdgb,meas,wewas
eter. For most piles, three segments (sawn from thealculated from the ratio between the maximum force
head, middle and tip part) were tested accorditiggo reached in compression by the specimen and the av-
procedure described in section 2.2. For six pd@f)it  erage cross-sectional area of the pile.
segments over the length of the piles were tested t
gain insight into a more precise distribution obter
and strength along the pile. Finally, for three-segf
ments that were tested, two discs of 100 mm lengtg
were sawn:

- one disc without knots;

- one disc with a branch whorl. 3

A branch whorl is defined in ISO 24294 (2021) as;
the zone of the stem where several branches os knc
occur at approximately the same cross section. ‘

Top plate

» Wooden pile segment

Linear potentiometers

2.2 Methods

2.2.1 Compression tests on segments ..
The length of the pile segments was calculated def
pending on the diameter of the average cross sectid
of each pile. Three length categories were estal}
lished: 900 mm, 1350 mm and 1800 mm, accordin|
to EN 408 (2010) and EN 14251 (2003), which pre: _
scribe an axial length of six times the smallentta  Figure 1. Set-up for mechanical testing of pilersegts.
ter of the cross section for a pile. Before the pms- o
sion test, the piles were constantly kept undeewat 2.2.2 Determination of the knot area
to achieve a wet saturated condition with an awerag®ccording to EN 1309-3 (2018) and NEN 5461
moisture content value of 70% with variations of +(2011), the method for the classification of kniés
20%. This was done to recreate the same in-soil co€nds on the type of knot (round, oval, arris,)etnd
ditions where the piles were fully under the water it is established for timber beams. The size ofiat k
ble, in order to retrieve comparable mechanical antp indicated as the width of the knot or knot atust
physical properties during the compression tese Thmeasured perpendicularly to the longitudinal axis o
moisture content was estimated with the oven-dryhe piece. However, this method does not take into
method, according to EN 13183 (2002), for two 30Account the influence of knoys on t_he flberorlentt_l .
mm thick discs taken from both sides of each setect The area around the knot with a fiber angle dewgti
segment. from the Io_ngitudinal .axis will have a lower st_in’a‘ss_.
Before running the mechanical tests, the pile seghan the fibers running parallel to the longitudina
ments were taken out of the water and weighted, ariis- Thus, the knots layout of the specimens was
the density of each pile was measured by detergininstudied calculating both the diameter of the ktsatlf
volume and wet mass (EN 384 2016) from which thé®1) and the diameter around the knot where fiber de-
moisture content was determined. Mechanical testingiations were visible®: + a ®1) (Fig. 2). In this way,
was performed to determine Compression Strengtﬁlso the influence on the stress d|Str|bUt|0n ahar
(feomeaswdt The indexmeas is used to distinguish Wher_e fibers are not parallel to the axial Ioadld(_iue
from modelled values. All compression strength valconsidered. The surface of each wooden pile was
ues, measured and modeled, refer to the full cros§apped calculating, anda®; of each knot on the
sectional area. A displacement controlled set-up wdongitudinal axis. Subsequently, an equivalent knot
used (Fig. 1), where the specimens were subjeoted @iameterd; was defined as the diameter to which no
an axial load in direction parallel to the fibeE$\408 ~ strength is accounted for the prediction models de-
2010), (EN 14251 2003). The displacement betweefcribed in section 4. The equivalent diameberis
the two steel plates was monitored with four linea€alculated with equation 1.
potentiometers placed on the four edges of the tog, =@ + ¢ g @, (1)
plate and connected to the bottom plate. The defor- . _ _ )
mation of the specimens was measured with sixlined he coefficient is a pure geometrical factor, taking
potentiometers screwed on the surface. Four of thefito account the size of the fiber deviation aroand
were placed on each side of the pile, 90° from eacknot, which is visually measured.

> Bottom plate

<
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Figure 3. Discs with and without knots sawn fropila segment

Figure 2. Calculation of the diameter of a woodtkda is the iy correspondence to a clear wood section (witkaots) and a
diameter of the knot itselfi®, is the diameter referred to the gection with maximum KR.

grain deviation caused by the knot.

The factorf describes how much efP; should be
taken into account to obtain a value fds as an
equivalent size to which no strength is assignéa. T
knots distribution along the length of each tapere
wooden pile was studied in correlation with the cir S
cumference of the specimens. In order to study hoy
the knots layout may influendgo measwsta knot ratio
(KR) was defined as the sum of the diameéssof
each knot in a branch whorl within a section ofla p Furthermore, additional six full-length piles were
(usually a branch whorl is visible over alengtiif0  divided in eight sub-parts and tested in compressio
mm) and the circumferend® of that pile (Eg. 2). In  to collect data regarding the mechanical propedies
addition, KR was calculated consideriirg to inves-  each sub-part and their correlation with knots layo
tigate the difference in correlation wifdb meas,wet

Figur 4. Compression test of a disc sawn fromleaggigment.

IL P
KR = =220 (2) 3 RESULTS

In more than 70% of pile segments, the failure oc3.1 Relationship between @1 and a®1

g;;rreé(: é?zghgfski%,'[gng:;g éhgnq;%gefﬁ enrl:]rgsﬁuagdé&he aforementioned coefficieat determined by vis-
99 ' ’ al measurements, is shown in Table 1. From the

e e gy iasses o ko, i possile o cbserye trael
Y. = knots contributed less to fiber deviation. Therefan

gfrgtrl]o?h gfndtrlfag 'tlg awrlfg:r? atlarrlgtfsailﬁtr)glqrhaeff_ecmt thethe tip of a pile, where generally knots were found
9 b ’ more frequently but the circumference was smadier,

Of KR 0nfe,0measwewas investigated: the COMPresSIVe, ot had a more severe influence on the fiber devia

strength of pile segments without visible knotdtoe . :
surface was compared with all other pile segment on and thus on the compressive strength. However,

with knots. The reference value fop,meas,weOf Sam- It should be considered that a larger amount oduv

ples without knots, was determined performing IargenIIe wood is also present in the tip.

scale testing on five plle segments. Table 1. Coefficient. in relation to®4, determined according to

the conducted visual measurements.

2.2.3 Compression tests on discs

The global analysis was validated by testing als ¢'ass of knots o Diameterd,
three 100-mm-thick wooden discs sawn from a sec— Tae O e
tion without knots, i.e. a clear wood section o¢ th g 11¢ 15< d; < 2C
same pile segments, characterized by a compressi ¢ 0.97 21< @, < 25
strength fc0,cw measwet MOreover, other three discs D 0.9¢ 26<®;<3C
where sawn in correspondence to a section with ma;_E 0.8¢ @, > 3C

imum KR of the same pile segments, to further ana-
lyze the influence of knots on compressive strengtg
fC,O,KR,measywetWith |Oca| teStS (F|g 3), beSIdES the
large-scale ones.

All discs were subjected to compression load untilThe average mechanical properties of 110 pile seg-
failure measuring the deformation with four linpar ~ ments were obtained: Table 2 shows the distribution
tentiometers attached on the pile surface (Fig 4)pf dry density §ary), moisture content (m.c.), KR and
From these tests, reference valuek 0fwmeaswdor  fcomeaswedlong the pile, by subdividing the speci-
pile sections without knots arfelo,krmeaswefor pile  mens in head, middle-part and tip. The results sitow
sections with knots were determined. an average decreasef@f measwdfom the head to the

.2 Compression strength and KR val ues of
segments



tip. In particular, for heads and middle-parts, éive  zero strength zone of a knot (taking into accohat t
eragefc 0,meas,wetvas comparable, while for tips a 20% knot itself and the fiber deviation around it), wihiis
reduction was measured. This can be attributet to assumed to take up no load, is definedbbylus ap-
observed larger number of knots in tips and thuproximately half of®1. The R values found in Fig-
higher KRs. Another aspect is related to a largesp ures 5 and 6 are similar, which can be explaineoh fr
ence of juvenile wood in the tip of a pile, whiabutd  the fact that most knots fell in class C according
influence the compressive strength, especialbhén t Table 1, with a value af ~ 1. Thus, the influence of
very tip. knots as a strength reducing factor on the loadrgea
capacity of timber piles, will be studied with KR4).
Table 2. Average mechanical properties of the de$®0 pile  The values of KR®>) in relation tofco kr measweand

segments. In brackets the standard deviation sriegh fe.0.cwmeaswerdetermined for the tested discs, were
Seg- Avg. pary  Avg. m.c Avg. KR®2 Avg. feomeaswe @ISO @added in Figure 6, resulting to be in linehwtiite
ments  kg/nm? % MPa values obtained from the pile segments. However,

6.14 (0.07) 16.7(3.4) this subject is part of further investigation bgtieg

Heac 40C(43) 87(14)

Middle ~ 39%(24) 78(10) 0.21(0.0) 16.5(1.7) more discs in the future.

Tip 39C(25) 80(10) 0.28(0.0) 14.6(1.9)

All 395(33) 82(12) 0.22(0.0) 16.C(2.5 25

3.3 Compression strength and KR values of discs U

The results of six wooden discs with and without£ 15 TR0, . Y7 7o5Y 00

knots are presented in relation to their pertaimiig ¢ Lo

segment in Table 3. For discs without knots, am-ave §'°

agefco,cw,measweOf 21.6 MPa was obtained, in line .2 . = Head
with the average value of 21.5 MPa determined fo * Middle-part
the five pile segments without knots. Besidessiti |, —
possible to observe hof o krmeaswetof discs with 0 0.2 04 06 08 1
knots (at different KRs) is comparable with KR @, (-)

fc,O,KR,meas,we@btained testlng |n CompreSSK)n the threé:|gure 5 Correlation b.eFWeé(gb,measvweanq KR CaICU!ated with
pile segments (see again Tab. 3). @, for pile segments divided in head, middle-part tipd

Table 3. Compressive strength of pile segments ratative .
discs with and without knots. 20 e
Sample Code KR D, fc,O,CW,meas,wet fc,O,KR,meas,wet —_ \\\‘~ T . V=-1:2-2_1(>)<Z719-03
& 15 l\.iln..l' ° o
- - — Mpa MPa g A.I‘A“ “\ﬂkéA‘ AA
Segment: 1 0.27 - 15.t g s a2 Tso
2 031 - 15.5 210 b
3 0.27 - 13.2 % A = Head
Discs 18 027 - 14.2 TS © Middle-part
A ip
1b 0 22.¢ - X Discs
23 031 - 14.C 0
2k 0 214 - 0 0.2 0.4 0.6 0.8 1
KE 0.27 - 13.¢ _ . KR ®, (-) .
3k 0 20.€ - Figure 6. Correlation betweép measweanNd KR calculated with
@, for pile segments divided in head, middle-part &pdand
discs.
4 ANALYSIS

4.2 Modeling of the compressive strength based on
the dry density and KR.

On the basis of the comparison of the compressive
strength obtained from discs with knots (although o
a limited amount of tests), it was concluded that t
sfrength of a segment with a certain branch whad w
similar to the strength of the branch whorl diselt.
The discs without knots had similar strength as seg
ments without knots. Thus, the discs sawn from a
clear wood section of the pile, showkd,cw meas,wet
values which could be adopted, in combination with
KR (@), to predict the failure at any position of a full
[éngth pile. For the parts without knots it is ased

4.1 Correlation between fcomeaswet and KR

The correlation betweeRo measwednNd KR measured
with @1 is shown in Figure 5. However, the trend line
gives a zero strength value for a KR lower thaim-1,
dicating that only taking the size df: is not suffi-
cient to describe a zero strength zone caused by
knot. Therefore, in Figure 6, the correlation betwe
fc.0.measweNd @2 showed that forb,, calculated ac-
cording to Equation 1, the fact@ris optimized in
such a way that for KRd>) = 1, the value for
fc,0,measwes= 0. In order to achieve this, a valuefof
0.462 was determined. This means that the equivale



that this basic strength is related to the dry igns fcokr modwetwere calculated based on the respective
based on the research of Ravenshorst (2015), whelR (®,) values (Fig. 9) over the length of the pile.
this approach was adopted for bending strength. On Finally, fc.0,cw,mod,we@ndfc,0.kr,modwetwere plotted
this basis, the prediction &fo.kr measwe€ould be done in Figure 10, and compared with the actual compres-
in any section of a pile, once KR and dry density osive strengthff o measwdt determined with mechanical
that pile are known. The influence that knots couldesting on the eight pile segments. The positions
have onfc0measwetvas calibrated on the basis of me-where failure occurred during the test are relatitll
chanical properties of samples without knots, witlthe sections with maximum KR for each segment.
reference to dry density (for a m.c. of 0%). Tcsthi This can be observed in 75% of cases where the pre-
end, a linear regression analysis was conductsdgdba dicted fc 0 kr,modwet cOiNCided withfc o measwetin the

on experimental data collected by testing in compre section with maximum KR.

sion five pile segments without knots. Equation 3 It should be noticed that the role played by knots
shows the prediction equation used fiQycw,modwet  In cOmpressive failure of a pile segment refergso
The error was calculated considering a level ofieon specific size: the failure location could be diéfet

dence of 99% given the few samples used. when testing a longer segment, because the maximum
KR and its location can vary.
= + +
fC’OCW,mod,wet Cl pdry Ck’l Bl (3)
where G = experimental factorpary = dry density; 25
Cx.1= experimental factor,1= error term in regres- S, e
sion. 20 o w
. . . e B

The results in terms of mechanical properties an g . ,,\,‘?»f-';-.

. . . . . . s 800 7587 00
their correlation with knots, acquired with 110epil = I ST
segments, were used to implement a prediction mod ;10 e 7
including the knot ratio KRdy). Equation 3 was ex- 5 .

“ 5

tended with KR @) to account for the influence of
knots on compressive strength. It is assumed thilat w 0

the term (1 — €KR) the reduction of the active cross 0 5 10 15 20 25
section is taken into account (Eq. 4). In this cHse feoxRmos et (MPa)
error was calculated with a level of confidence offigure 7. Relationship betweéyp measweiNdfc,o,kr mod wecalcu-
95% since 105 specimens were considered. lated with equation 5.

=(C, pyt C)(1 = C,KR) + ¢ 4 500
fC’OKR,mo et (C} Pgry ™ Cr1 X 2 KR) +g,  (4) -
where G = experimental factorgk2= error term in 400 —_— _ o
regression. 300 1 | —

The prediction model described by Equations 3-4 200
was calibrated on five specimens without knots, re'§100

sulting in G=0.028, G1=9.62,ex1=3.6 MPa(Eq. < o
3); &= 1, &2= 3.7 MPa (Eqg. 4). This resulted in
Equation 5, representirfgo kr,meas,weFig. 7).
f(; = (0027 pdry+101)(1 -1 KR) + 81(,2 (5) Length (mm)

Figure 8. Dry density profile (for a m.c. of 0%) afull-length
It should be considered that the values prediabed f Pile divided in 8 segments.
fc.0.krmodwetwere calculated with a dry density (for a
m.c. of 0%), since for the wet densities the moestu
content was different for every segment, and onh 04
wood material adds to the strength. Based ontiat, —
coefficients in Equation 5 allow to compare these p & .

dicted values with the mechanical properties obwat < ° ' \ ’ '| l ‘ ‘ ‘ |]

1 2 3 4 s 6 7 8 :
0 2000 4000 6000 8000 10000 12000

’OKR,mod,wet

N

saturated wooden segments (with m.c. > 60%). Th o1

predicted values were slightly underestimated,esinc

the interaction between KRb§) and density was not

taken Into account yet . . 0 2000 4000 6000 8000 10000 12000
The formulated prediction model was applied on ¢ Length (mm)

full-length pile divided in eight segments, whererigure 9. KR ®,) profile of a full-length pile divided in 8 seg-

fc.0.cwmodwetwas determined with Equation 3, from ments.

the density profile shown in Figure 8. The valués o

6 2 8



el - Failure position — Fagmmnet — fotsimiver — Fiiifming The developed model can have in-situ future implica
20 tions to predict the failure positions of woodenrie
T dation piles in use, for determining their criticaic-

— tions. This research can serve as basis for future

10 studies, aiming at determining more specific grgdin
5 _ classes for wooden foundation piles, opening up the
. ‘ opportunity of a more optimal use of these struadtur
I (00 | 7N I | 5 elements.
0 I 2000 ' 4600 6000 | 800(; 16000 iZOOO
Length (mm)

Figure 10. Profile ofocwmodwetCalculated from dry density 6 ACKNOWLEDGEMENTS
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