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Abstract
The strength degradation resulting from duration-of-load (DOL) effect and bacterial 
decay poses significant challenges to historical timber piles. Many historical Euro-
pean cities still heavily rely on the infrastructure supported by their original timber 
foundations. A reliable modelling approach on the structural performance of timber 
piles is needed to avoid the economic loss caused by closing down infrastructure. 
In this work, we consider a simplified bacterial decay model and develop a nu-
merical framework to integrate the decay model into a standard DOL model. Two 
approaches are proposed and compared: one considering the homogenised effect 
of bacterial decay over the entire cross section, and the other taking into account 
the localised failure accelerated by bacterial decay and applying stiffness reduction 
to allow stress redistribution. Although the homogenised failure criterion is found 
to potentially underestimate the effect of bacterial decay, both approaches are able 
to capture the designated decay pattern. Ultimately, there is a potential for future 
extension to more intricate loading conditions and decay patterns.

Introduction

Before the widespread usage of steel and concrete in the 20th century, timber piles 
were frequently employed in soft-ground foundations to reach deeper soil layers 
(Przewłócki et al. 2005; Klaassen 2008; Zelada-Tumialan et al. 2013). Even today, 
timber piles remain widely used in road and railway infrastructure in the US, Canada, 
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Australia, Sweden and the Netherlands (Gunnvard et al. 2021). Many historical Euro-
pean cities such as Amsterdam, Venice, Stockholm and Ljubljana, are still supported 
by their original timber piles. During the last decades, severe wood degradation has 
been discovered on a considerable number of foundations across Europe (Ceccato et 
al. 2013; van de Kuilen et al. 2022; Humar et al. 2021), partially leading to structural 
failure. To prevent such structure failure and maintain the safety of foundations, dete-
riorated timber piles need to be identified, either repaired or replaced. However, these 
interventions often come with significant financial burdens, sometimes accounting 
for up to half of the total renovation costs (Klaassen 2008). Notably, Zelada-Tumia-
lan et al. (2014) reported that the typical cost of underpinning pile foundations for a 
row house ranges between $200,000 and $250,000 in Boston. Given the significant 
demand and economical costs for inspection and repair, a clear need is posed there 
for an effective assessment method.

To create a near anaerobic condition, timber piles are generally placed below the 
lowest expected groundwater level (Przewłócki et al. 2005; Klaassen 2008; Elam 
and Björdal 2020). For these waterlogged environments, biological decay mainly 
originates from bacteria. Only in cases where the dissolved oxygen in groundwater 
reaches a certain threshold, soft rot fungi decay may take place (Zelada-Tumialan et 
al. 2014). Bacterial decay rate is generally low and the service life of timber piles in 
submerged water can be up to 500 years (van de Kuilen et al. 2022). However, sev-
eral factors can accelerate the deterioration process and shorten the service life. For 
instance, water pumping, mining cavities, or urban underground constructions can 
lead to a decrease 

in groundwater level. With the increased oxygen level in the soil, a more favour-
able condition is created for aggressive fungal degradation (Elam and Björdal 2020; 
Przewłócki et al. 2005). Climate change may be another factor, as increased soil 
temperature is known to promote bacterial activities (Díaz-Raviña et al. 1994). More-
over, many historical foundations face challenges due to changes in loading condi-
tions (Przewłócki et al. 2005). This can lead to nonuniform settlement and increased 
stress on certain parts of the foundation, accelerating damage accumulation caused by 
long-term mechanical loading. Due to the abovementioned effects, the actual service 
life of historical timber piles can be largely reduced. For instance, Zelada-Tumialan 
et al. (2014) estimated that the service life might be shortened to around 100 years, 
based on historical pile data from downtown Boston.

The ‘duration of load’ (DOL) effect describes the dependency of material strength 
on both the magnitude and the duration of loads (Svensson 2009). Even at a stress level 
significantly lower than the short-term strength, microscopic cracks may develop in 
wood. Propagation of these cracks under long-term sustained loading may eventually 
lead to macroscopic failure of the component or the structure. In general, research 
on DOL effect falls into three categories: phenomenological models (Wood 1951), 
models based on fracture mechanics (Nielsen 1979) and models based on chemical 
kinetics (Caulfield 1985; van der Put 1989). The latter two categories, despite the 
capability of incorporating physical mechanisms, are rather intricate for engineer-
ing uses. In contrast, phenomenological models are simple in form and have been 
validated through extensive experimental studies (van de Kuilen and Gard 2012). By 
introducing a damage accumulation coefficient α that develops over time, the extent 
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of ‘damage’ can be measured, facilitating the prediction of time to failure for specific 
material-load combinations.

Two types of bacteria are distinguished, which can degrade wood: the tunnelling 
bacteria and the erosion bacteria. The former accesses all areas of wood cell walls 
and requires the presence of oxygen, whereas the latter survives very low oxygen 
levels or even in anoxic conditions, creating troughs into wood fibre cell walls and 
weakening the strength of wood (Sundararaj 2022). Erosion bacteria degrade mostly 
the cellulose-rich S2 layer, whereas the middle lamella and S3 layer remain intact 
(Klaassen 2008). Therefore, on-site inspections may not distinguish degraded wood 
from sound wood based on the appearance. However, the degraded wood could be 
much softer and even spongy, depending on the extent of degradation. Studies con-
ducted at various sites have confirmed that erosion bacteria are the primary biological 
agents responsible for the degradation of waterlogged wooden piles (Boutelje and 
Bravery 1968; Boutelje and Göransson 1975; Grinda 1997; Klaassen 2008; Reh-
bein et al. 2013; Elam and Björdal 2020). It has also been shown that wood already 
degraded by bacteria can become vulnerable to aggressive fungal attacks if micro-
climate or groundwater changes occur (Gjelstrup Björdal 2012; Elam and Björdal 
2020).

Gard et al. (2024) and Mirra et al. (2024) conducted an extensive experimental 
investigation on timber piles extracted from foundations aging 100 to 300 years in 
the city of Amsterdam. Following observations were made:

	● Decay pattern: bacterial decay generally appeared close to the periphery on a 
cross section, whereas no bacterial decay was detected in the inner heartwood 
area. This is consistent with previous findings that heartwood, generally rich in 
extractives, is less susceptible to bacterial decay (Zelada-Tumialan et al. 2013; 
Elam and Björdal 2020; Mirra et al. 2024);

	● Strength reduction due to various degradation mechanisms: for specimens taken 
from the same year, compressive strength reduction in severely decayed speci-
mens was up to half that of sound specimens; for specimens with 200-year age 
difference, sound wood in the inner area also experienced strength reduction due 
to the DOL effect, which could be up to 30%.

	● Remaining load carrying capacity of timber piles: compressive tests conduct-
ed on full-scale pile sections showed a negative correlation between remaining 
strength and decay depth.

Current design codes do not provide guidance on assessment of the remaining ser-
vice life of historical timber piles. The DOL effect is simply considered in the design 
stage through a discrete strength modification factor. Whereas biological degrada-
tion is only evaluated qualitatively, by assigning a durability and a hazard class to 
specific combination of material and environmental conditions. As stated by Gard 
et al. (2024), the current method often leads to over-conservative design, which is 
economically costly and unnecessary.

Based on the exponential damage accumulation function developed by Gerhards 
(1987), van de Kuilen and Gard (2012) proposed a modified damage function that 
includes the effect of biological degradations. After the initiation of biological decay, 
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the material strength was substituted with an averaged strength over the cross section. 
Therefore, they successfully incorporated the decay depth and the decay-induced 
strength degradation into the damage function, making it an effective approach for 
engineering practices.

The aim of this paper is to develop a numerical modelling framework for assess-
ing the structural performance of historical timber piles. A simplified pile problem 
is modelled for the verification of the developed approach, which incorporates two 
strength degradation mechanisms– DOL effect and bacterial decay. For simplifica-
tion, the model does not account for accelerated damage resulting from climate or 
groundwater changes. Two main objectives of this paper are:

	● To propose a practical bacterial decay model that can be implemented into FE 
modelling, on the basis of previous results from retrieved historical timber piles 
(Pagella and Ravenshorst 2022), where the decay pattern can be identified.

	● To integrate the proposed bacterial decay model, developed by van de Kuilen and 
Gard (2012) into a standard DOL model, which can be used as phenomenological 
failure criteria for numerical mechanical analysis.

Materials and methods

Materials

The simulation problem considered in this study is based on experimental obser-
vations made by Pagella and Ravenshorst (2022). To better demonstrate the influ-
ence of bacterial decay on the structural performance, a reference spruce pile dated 
back to 1727 is selected, which is one of the oldest piles featured by severe decay 
development.

The extracted pile section is a tree trunk of 11 m length with naturally tapered 
shape. Because of the narrower cross section at the top of the tree trunk, the pile was 
inserted into soil upside down. While previous studies suggest that bacterial decay 
depth remains relatively uniform along the pile length (Klaassen 2008; Zelada-Tumi-
alan et al. 2013), all reference piles in this work exhibited more severe decay at the 
pile tip, where the cross section is smallest (Pagella and Ravenshorst 2022). There-
fore, in this work, the pile tip is assumed to be the governing cross section for uni-
axial loading conditions. For the ease of simulation, the tip radius of 75 mm is taken 
to form a cylindrical geometry. Preliminary study has shown a higher stress level of 
a model with reduced height. However, running simulations for a full-scale pile is 
computationally expensive. Considering that the current work focuses on developing 
a modelling framework rather than to validate full-scale piles, the height of the pile is 
reduced from 11 m to 200 mm for the conducted simulation in this study.

The material elasticity properties of spruce used in this study are listed in Table 1. 
For the strength properties, an initial compressive strength value of 14.4  MPa is 
adopted. The applied longitudinal Modulus of Elasticity (MoE) and strength are 
obtained by Pagella et al. (2024), using wet-conditioned new piles. The elastic prop-
erties in other directions are estimated based on elastic ratios from the Wood Hand-
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book (Laboratory 2021). As a simplification, constant Poisson’s ratios independent 
of moisture content are taken.

DOL model and bacterial decay model

A standard exponential damage accumulation equation is selected to model the DOL 
effect. As shown in Eq. 1, the damage accumulation coefficient α  is a latent signal 
of specimen failure deducted from long-term experiments with certain load history 
(Gerhards and Link 1987). The value of α  starts from zero and increases over time 
until it reaches one, indicating complete failure of the specimen. Model parameters 
A and B are estimated as: A = 31.2, B = 29.6 according to Gerhards and Link (1987).

	
dα

dt
= exp

(
−A + B · σ (t)

fs (t)

)
� (1)

In Eq. 1, dα
dt  is the damage accumulation rate per minute; A, B are model constants; 

σ (t) is the time-dependent stress; fs (t) is the time-dependent strength.
The bacterial decay depth on the extracted pile section was 15 mm and 40 mm 

for pile head and pile tip, respectively (Pagella and Ravenshorst 2022). Taking into 
account that bacterial decay is generally a very slow process (Gard et al. 2024; Sun-
dararaj 2022), the author assumes an onset of bacterial decay after 90 years. By sim-
plifying the decay development to a linear process, a fast decay rate of 0.2 mm/year 
at the tip and a slow decay rate of 0.07 mm/year at the head are distinguished (Eq. 2). 
The decay rate model is linearly interpolated to the pile section between tip and head. 
As an initial attempt, the current work takes into account a uniform sapwood width of 
40 mm over the whole length of the pile and consider heartwood as free of bacterial 
attack, with a decay rate of 0 mm/year. Based on the work by Mirra et al. (2024), the 
strength reduction caused by bacterial decay is taken as 50% of the initial strength. 
As an initial approximation, the stiffness is also considered to reduce by 50% due to 
bacterial decay.undefined

	

{
d = 0, t ≤ 90yr

d = min(40, (T − 90) × 0.2), t > 90yr (pile tip)
d = min(40, (T − 90) × 0.07), t > 90yr (pile head)

� (2)

In Eq. 2, d is the decay depth; t is the operation time of the pile in year.

Simulation setup

The pile geometry mentioned in sec. Materials is built in the software ABAQUS/
Standard (Simulia 6.14, from Dassault Systems). A cylindrical coordinate system is 

Table 1  Elastic parameters used in this work, calculated based on laboratory (2021) and Pagella et al. 
(2024)
ER ET EL µRT µRL µTL GRT GLR GLT

686.4 378.4 8800 0.435 0.04 0.025 26.4 563.2 536.8
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selected with the pith located at the centre of the cross section. C3D4 elements with a 
mesh size of 5 mm have been used for simulations, as suggested by the convergence 
study presented in sec. Convergence study. Real foundation piles may be subjected 
to a combination of loads and much more complex boundary conditions (compres-
sive load and bending moment at the pile, shear forces along the pile length, uneven 
lateral forces from soil and/or water, etc.). However, the current work focuses on the 
development of the numerical framework. In order to be able to verify the devel-
oped model analytically at the first step, the loading and boundary conditions have 
been simplified to a uniaxial load with fixed constraints at the bottom of the sample. 
Although the model may be simplified to an axisymmetric model, 3D FEM elements 
are implemented in this work, as real-world observations generally show non-sym-
metric decay pattern, loading and boundary conditions. As illustrated in Fig. 1, the 
bottom surface (pile tip) is clamped. A constant load is applied on the top surface 
(pile head). As a conservative estimate, the load is taken as 30% of the initial load 
carrying capacity. The material behavior was developed and programmed in UMAT. 
Due to the relatively low stress level, it is reasonable to assume that the material does 
not exhibit plastic behavior at the initial state. The potential plasticity developed after 
decay development is excluded from the current study as a simplification. Therefore, 
linear orthotropic elasticity is implemented in UMAT.

Numerical algorithm development

In the presence of bacterial decay, the cross section can be divided into a decayed 
part and a sound part. Assuming that the sound part has the same original mechani-
cal properties as new timber, the reduced mechanical properties at the decayed area 

Fig. 1  Illustration of the modelled pile section
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result in stress redistributions, increasing the stress level of the remaining part. Since 
the applied damage accumulation model calculates the damage rate dα/dt merely 
based on the stress level, the raised stress level accelerates damage accumulation and 
results in faster failure.

In the following subsections, two distinct approaches are proposed to numeri-
cally implement the abovementioned DOL model and bacterial decay model. In 
both approaches, DOL and bacterial decay are considered as two separate damage 
processes that interact through the altered stress ratio in the exponential DOL equa-
tion. The damage due to DOL is progressive and develops exponentially, determining 
the final structural failure. The damage caused by bacterial decay is simplified to an 
abrupt process that leads to 50% stiffness and 50% strength reduction once initiated.

Approach 1– homogenised failure criterion

The analytical modelling approach by van de Kuilen and Gard (2012), represented by 
Eq. 3, can be directly implemented through a homogenised failure criterion.

	
dα

dt
= exp

(
−A + B · σ (t)

fs (t)

)
= exp

(
−A + B · F (t)

Fu (t)

)
� (3)

where, F (t) is the time-dependent load on the specimen; Fu (t) is the time-depen-
dent load carrying capacity of the specimen, which is influenced by bacterial decay 
following Eq. 4.

	
Fu (t) = (1 − 0.5 · Adecay (t)

Atot
)· fs,0 · Atot� (4)

where, Adecay (t) and Atot represent the decayed and the total cross-sectional area, 
respectively. Parameter fs,0 indicates the initial strength value of new sound wood.

As depicted in Fig. 2, upon entering each increment, the decay depth is calculated 
according to the decay model stated in sec. DOL model and bacterial decay model. 
A field variable indicating decay is assigned to each material point accordingly. Dif-
ferent field variable values influence the stiffness value of the material point, which 
is further used in deformation calculations carried out by ABAQUS built-in algo-
rithm. A separate damage accumulation coefficient calculation is performed outside 
the deformation calculation through two user-defined subroutines – USDFLD and 
URDFIL. The calculated damage accumulation coefficient α is then stored into a 
state variable as output. Since α is calculated based on the averaged load carrying 
capacity over the cross-sectional area, an equal value of α for all material points is 
expected, which demonstrates the homogenised effect of bacterial decay on damage 
accumulation.

Approach 2 – localised failure criterion

In the second approach, a local damage accumulation coefficient α is calculated for 
each material point based on the local stress and strength values. A major difference 
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from the previous approach is that the computed α value is able to influence the 
deformation calculation results. By reducing the elastic parameters of the ‘damaged’ 
elements that exceed an α value of one, we allow higher levels of stress redistribution.

The numerical algorithm is implemented though UMAT subroutine. As shown in 
Fig. 3, with the initiation of bacterial decay, a ‘degraded’ Jacobian matrix Jd is con-
structed based on 50% stiffness values, which allows the stress redistribution caused 
by bacterial decay. At the end of each increment, a local damage accumulation coeffi-
cient α is updated. When α reaches 1, the elastic parameters (MoE and shear moduli) 
are further reduced to 10% of their initial values, signifying the ‘failure’ of the cor-
responding element.

Fig. 2  Flowchart of the numerical algorithm implementing homogenised failure criterion
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Convergence study

Mesh sensitivity is assessed through a convergence study using the homogenized 
approach. The same pile problem described in Sect. 2 is modelled, except that the 
same decay rate of 0.2 mm/year is applied for both pile tip and pile head. Due to 
the round cross-section of the pile geometry, tetrahedral elements are preferred over 
hexahedral elements to achieve a more uniform discretization. The analysis begins 
with a mesh size of 20 mm, ensuring around eight elements in the diameter direction. 
Mesh sizes are then reduced to 10 mm, 5 mm and 2 mm, with both quadratic (C3D10) 
and linear (C3D4) tetrahedral elements. The total number of nodes and the computa-
tional cost for each configuration are presented in Fig. 4 (a). With the same mesh size, 
quadratic elements typically result in a much higher total number of nodes compared 
to linear elements, leading to significantly longer computation time.

Fig. 4  Comparison of different mesh configurations: (a) Number of nodes and computing time, (b) 
Maximum compressive stress development in the longitudinal direction. The labels QT and LT refer 
to quadratic (C3D10) and linear (C3D4) tetrahedral elements, respectively. The numbers represent the 
mesh size in millimeters

 

Fig. 3  Flowchart of the numerical algorithm implementing localised failure criterion
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To determine the optimal mesh configuration, the maximum compressive stress in 
the longitudinal direction is evaluated for all mesh configurations, as shown in Fig. 4 
(b). Quadratic elements seem to show an earlier onset of bacterial decay compared 
to the linear elements. This is probably due to the higher number and thus closer 
spacing of integration points in C3D10 mesh configurations, which allows for earlier 
capture of the decay onset. Due to the progressive decay development and the sub-
sequent stiffness reduction, the maximum stress is anticipated to increase gradually. 
However, mesh configurations with quadratic elements exhibit significant stress fluc-
tuations. For linear tetrahedral elements, coarse meshes (20 mm and 10 mm) show 
relatively high fluctuations, whereas fine meshes (2 mm and 5 mm) produce a similar 
consistently increasing trend. Based on these results, the 5  mm linear tetrahedral 
mesh is considered to have achieved convergence. Furthermore, this configuration 
reduces computation time by 88% compared to the 2 mm linear tetrahedral mesh. 
As a result, the 5 mm linear tetrahedral mesh is considered as the optimal choice for 
subsequent modelling.

Results and discussion

Verification of FE model

The bacterial decay development described in sec. DOL model and bacterial decay 
model is compared with simulation results to verify the developed FE models. Both 
the homogenised approach and the localised approach yield the same results regard-
ing decay development. The accuracy of modelling decay depth largely depends on 
the implemented mesh size, mesh type, and the corresponding material point loca-
tions. Some deviation from the theoretical solution is inevitable, as decay develops 
continuously in reality, whereas in the FE model, changes in the decay depth occur 
incrementally, transitioning from one material point to the adjacent one. Neverthe-
less, as depicted in Fig. 5, the numerical simulation captures the linear evolution 
well for the fast and slow decay process at the tip and head surface, respectively. The 
tapered decay pattern along the longitudinal direction of the pile is visualised in Fig. 
6, showing good correspondence with the interpolated decay model. Moreover, the 
sapwood effect is also well captured, as observed from year 390, where the decay at 
pile tip remains within the implemented sapwood width (See Fig. 6).

Comparison of two approaches

Stress redistribution

The stress redistribution using both homogenised and localised failure criterion 
is illustrated for the late stage of decay development from 240 years to 270 years, 
shown in Fig. 7. Since the modelled problem focuses on uniaxial loading conditions, 
the main stress component that develops and contributes to damage accumulation is 
the longitudinal stress component S33. Therefore, mainly S33 is compared, which 
has a negative magnitude, indicating compression.

1 3
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Both approaches show a much lower stress value on the outer layer that is already 
decayed (the decay development can be seen in Fig. 6), which can be explained by 
the reduced stiffness of decayed wood. As bacterial decay progresses, the overall 
stress value at the inner area increases, with a higher value at the pile tip (bottom 
surface) due to the faster decay development. Apart from that, stress concentration is 
observed near the boundary of inner ‘sound wood’, where new decay first appears. 
This is due to the abrupt stiffness change that we set for the simulation.

At year 240, the stress distribution using both approaches are similar. From year 
250 on, a higher level of stress concentration is observed for the localised approach. 
This difference is a result of stress redistribution caused by stiffness reduction associ-
ated with damage accumulation.

Fig. 6  The modelled bacterial decay development using both approaches (the top surface indicates 
pile head)

 

Fig. 5  Verification of bacterial decay development using both approaches
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Damage propagation and failure

Figure  8 depicts the damage accumulation coefficient α calculated by different 
approaches. As the homogenised approach computes the overall damage accumu-
lation over the whole cross section, a uniform value is calculated for all elements. 
An exponential increase over time is observed, corresponding to the standard DOL 
model of Gerhards. The structural failure is expected to be after 390 years with the 
implemented model.

In the localised approach, the damage accumulation coefficient α is calculated for 
individual elements based on the local stress level and is used as a criterion for further 
stiffness reduction. The increase in stress levels due to bacterial decay accelerates 
damage accumulation in elements near the ‘sound wood’ boundary. Consequently, 
these elements undergo an abrupt reduction in stiffness much earlier, further amplify-
ing stress concentrations in adjacent regions. As a consequence, a large proportion of 
pile tip elements rapidly lose their load carrying capacity, only shortly after the first 
elements reach an α value of 1. At year 280, more than 20% of the entire pile ele-
ments already ‘failed’.

Conclusion

Historical timber piles located below groundwater degrade over time. In this work, 
two mechanisms are taken into account: the cumulative damage described by dura-
tion-of-load (DOL) model, and the biological decay primarily resulting from erosion 

Fig. 7  Comparison of stress redistribution over time using homogenised and localised failure criterion
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bacteria. A numerical framework is proposed based on the work by van de Kuilen and 
Gard (2012), which incorporates both mechanisms for the structural assessment of 
historical timber piles. The bacterial decay is considered as an abrupt damage process 
that influences the stress distribution through reduced strength and stiffness. The DOL 
is treated as a progressive damage process that is dependent on the stress level. By 
calculating the damage coefficient, failure can be determined. Herein, a homogenised 
failure criterion and a localised failure criterion are differentiated. The conducted 
case study shows that the proposed numerical framework is able to demonstrate the 
bacterial decay development. However, the homogenised failure criterion underesti-
mates the effect of bacterial decay on the mechanical performance of the pile, hence 
predicts a much longer service life compared to the localised failure criterion.

Although this study addresses a rather simplified problem with reduced pile length, 
uniaxial loading, and linear decay development, the proposed numerical framework 
has the flexibility to be extended to more realistic loading and boundary conditions. 
Moreover, abrupt stiffness reduction is implemented as a preliminary attempt to 
account for both degradation processes. However, in reality, both processes are pro-
gressive. Further validation is needed on real historical timber piles, with a particular 
focus on the extent and progression of material property degradation due to bacterial 
decay, the decay pattern, and the strength degradation of ‘undecayed wood’ due to 
DOL effect in historical timber piles.
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