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Abstract  Traditional "hard" protection systems, 
such as hardwood timber sheet pile walls, are often 
used to protect banks of canals and streams, but the 
tropical hardwood they require is not always locally 
available. This has led to increasing interest in nature-
based, bio-engineered solutions that combine locally 
sourced wood with vegetation to protect the soil. To 
assess the behaviour of locally available softwood 
timber sheet pile walls, a full-scale surcharge load-
ing test was performed under realistic conditions. The 
test applied a 30 kPa surcharge load, representing the 
weight of a heavy agriculture machinery, while moni-
toring the wall’s horizontal and vertical displacement, 
along with its rotation at the top, mid-height, and 
base of the retained soil. This resulted in a displace-
ment of approximately 1.9% of the one meter retain-
ing height. The potential onset of a failure wedge was 
observed after an extended loading period. Nonlinear 

tilt measurements showed peak curvature at mid-
depth (0.66° top, 0.71° mid, 0.69° bottom), indicating 
dominant flexural bending. Additionally, the meas-
ured horizontal displacement exceeded the rotational 
contribution estimated from the tilt. The material 
properties of the softwood sheet piles were deter-
mined through four-point bending tests. A numerical 
model, calibrated with experimental data, was then 
developed to simulate the long-term performance 
(10 years) of decayed sheet piles with both bare and 
vegetated backfill. The results indicate that vegetated 
backfills significantly reduce displacement and the 
bending moment on the wooden sheet pile compared 
to bare soil.

Keywords  Bio based retaining structure · Canal 
embankment · Vegetation reinforcement · Earth 
pressure
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MOR	� Bending strength (MPa)
V	� Velocity of the wave in vibration 

measurement (m/s)
L	� Length of the board (m)
f	� The first natural frequency (Hz)
MOEdyn	� Dynamic modulus of elasticity 

(MPa)
rho	� Density (kg/m3)
MC	� Moisture content (%)
F1	� Future scenario 1
F2	� Future scenario 2
F3	� Future scenario 3
MOEs,g12	� Global modulus of elasticity at 

reference Moisture content 12% 
(MPa)

MOEs,l	� Local modulus of elasticity (MPa)
ϕ	� Soil friction angle (degree)
EI	� Elastic stiffness (kNm2/m′)

1  Introduction

The maintenance and restoration of canal and stream 
banks hold significant ecological, economic, cultural, 
and heritage value. Within the Netherlands alone, 
extensive lengths of canal embankments, potentially 
spanning hundreds of kilometres, are scheduled 
for maintenance or replacement within the coming 
decade, highlighting the scale of this challenge.

Traditionally, bank protection has relied on ’hard’ 
engineering approaches, including timber or steel 
sheet piling, rock rip-rap, and even recycled plastic 
structures (Bigham et al. 2020). Sheet piles made of 
materials such as glass fiber reinforced plastics have 
also being studied for use in water front structures 
including streams and creeks (Li et  al. 2021). 
However, a growing emphasis on environmental 
sustainability has spurred demand for bio-based 
and nature-friendly alternatives. These ’soft’ or bio-
engineering techniques are not novel; indeed, early 
forms of bank protection utilized organic materials 
such as living plants and cuttings alongside inert, 
locally sourced wood (Evette et  al. 2009). In recent 
decades, these century-old principles have been 
revisited, with renewed efforts to develop formalized 
design methodologies for bio-engineering solutions 
(Pollen-Bankhead and Simon 2010; Guo et al. 2019; 
Jiang et al. 2022).

Vegetated crib walls exemplify such bio-
engineered solution suitable for stabilizing soil 
slopes and banks (Gray and Sotir 1996; Tardío and 
Mickovski 2016; Acharya 2018). These structures 
typically integrate inert materials, like locally 
available wood, with living vegetation. The design 
philosophy relies on a phased approach (Tardío and 
Mickovski 2016; Mickovski et  al.  2024): initially 
(Stage 1), the inert material provides primary 
bank protection. As this material, particularly 
wood, naturally degrades over time, a gradual load 
transfer occurs to the developing root systems of 
the vegetation (Stage 2). Ultimately (Stage 3), upon 
significant or complete decay of the inert components, 
the established vegetation is intended to provide long-
term, self-sustaining bank stability.

This approach is currently studied and implemented 
worldwide, primarily due to its additional ecological 
benefits (Böll et al. 2009; Krymer and Robert 2014; 
Stokes et  al. 2014; Fernandes and Guiomar 2016; 
Hubble et  al. 2017; Zhang et  al. 2018; Tardío and 
Mickovski 2023; Mickovski et al. 2024). Zhang et al. 
(2018) evaluated various structural forms of bio-
engineered streambank protections, each comprising 
different numbers of rows of pine timber piles, riprap, 
and willow cuttings. The durability of the wooden 
structures was quantified by measuring the percentage 
of tilted timber piles during service period. A 
’warning’ value for maintenance was recommended 
at seven years, specifically when 33.3% of the piles 
had tilted. In a separate study, Mickovski et al. (2024) 
validated the design methodology discussed above by 
conducting a practical case study on an existing long 
crib wall.

The presence of vegetation contributes to 
stability of banks by providing additional soil 
reinforcement through root systems. The influence of 
root reinforcement is typically confined to the soil’s 
upper layers, as generally majority of the roots are 
concentrated on the top layers of soil (Zhang et  al. 
2018; Andreoli et al. 2020). While the hydraulic and 
mechanical contributions of vegetation have been 
extensively researched (e.g., Ali and Osman 2008; 
Ni et  al. 2018; Dias 2019; Li et  al. 2024), the role 
of the inert components, particularly locally sourced 
softwood, and the synergistic effects within the wood-
vegetation system warrant further investigation.

In the Netherlands, timber sheet piling is a 
common method for protecting canal banks. Current 
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practices often rely on imported tropical hardwood 
like Azobé (Lophira alata Banks ex C.F.Gaertn.), also 
known as Ekki (Van de Kuilen and Blaß 2005), or 
chemically treated Pine (Pinus sylvestris L.). The use 
of imported hardwood raises sustainability concerns 
due to transportation impacts and potential sourcing 
issues, as the Netherlands and neighbouring regions 
lack exploitable native hardwood forests suitable for 
this purpose. Treated pine, while potentially locally 
sourced, poses environmental risks associated with 
preservation chemicals. Consequently, even timber, 
a ’natural’ material, becomes less environmentally 
favourable if not sourced locally and sustainably 
without aggressive treatment.

An alternative is locally available untreated 
softwood, such as Spruce (Picea abies (L.) H. 
Karst.). Widely used in Dutch construction for its 
availability and cost-effectiveness, Spruce offers a 
potential local resource for bank protection. However, 
its natural durability is considerably lower than 
tropical hardwoods; its heartwood is classified as 
Durability Class 4 (DC 4) according to EN 350: 2016 
(on a scale where DC 5 is least resistant and DC 1 
most resistant). Its expected service life in ground 
contact applications is significantly less than durable 
hardwoods such as Azobé and is estimated to be 
between 5 and 20 years.

Notably, the uppermost section of the wooden 
sheet pile, generally within the top 50 cm and situated 
at the air–water-soil interface, is susceptible to greater 
deterioration. Conversely, the submerged portion 
of the sheet pile demonstrates higher durability. 
Furthermore, as mentioned previously, vegetation 
roots developing in this upper, decaying section 
during stage 2 can potentially improve bank stability.

Employing locally sourced Spruce for sheet piling, 
especially when integrated with vegetation, aligns 
with bio-engineered solutions for bank protection. 
This research examines the viability of this approach 
using a combined experimental and numerical 
methodology. A full-scale, in-situ experiment was 
performed on a Spruce timber cantilever sheet pile 
wall, subjecting it to surcharge loading and measuring 
wall displacements, tilt, and soil settlement.

The experimental data obtained was used to 
calibrate a numerical model developed in D-Sheet 
Piling (Deltares 2024). Subsequently, the calibrated 
model was utilized to explore the potential effects of 

vegetation establishment on the deformation behavior 
and bending moments within the sheet pile wall.

2 � Materials and Methods

2.1 � Location and Soil Conditions

The surcharge loading test was conducted near 
Middenmeer, Province of Noord Holland, the 
Netherlands (52°48′07.8″N, 4°59′50.8″E). This 
test section is part of a larger, 100-m canal bank 
testing program. Preliminary field soil investigations 
were performed to a depth of 2.8 m. Soil cores 
were extracted using Ackerman samplers at 0.4-m 
intervals. Seashells were observed in all cores below 
a depth of 0.4 m. Visual inspection indicated that the 
soil consisted primarily of fine sand. A representative 
soil sample, encompassing the top 1.2 m, was oven-
dried at 105 °C and subjected to dry sieve analysis.

The soil was classified as poorly graded sand 
according to the Unified Soil Classification System. 
The groundwater table was located between 1.0 and 
1.2 m below the ground surface. Wet density meas-
urements were conducted at various depths (Table 1). 
The uppermost 200 mm layer was found to be gen-
erally organic. The soil stratigraphy is illustrated in 
Fig. 1. Direct shear tests were performed on soil sam-
ples compacted to a density of 16 kN/m3, resulting in 
a friction angle of 40°.

2.2 � Site Preparation

The test section was situated a few meters behind an 
existing canal and sheet pile bank protection. The 

Table 1   Wet and dry density of soil with depth at test site

Depth (cm) Wet density (kN/m3) Dry 
density 
(kN/m3)

0–40 16.1 12.3
40–80 16.6 15.2
80–120 17.4 14.8
120–160 21.1 17.5
160–200 21.1 16.2
200–240 21.7 16.8
240–280 21.0 16.5
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original slope profile was approximately 1:3 (vertical: 
horizontal). A spruce cantilever sheet pile, 65  mm 
thick and 2.3  m in total length, was installed along 
a 7-m running length (Fig. 2). Approximately 0.3 m 
of soil was excavated from the front of the sheet pile 
and used as backfill. The topsoil and underlying fine 
sand were excavated and stockpiled separately. The 
backfilling process was conducted in layers, ensur-
ing that the excavated topsoil was placed on top of the 
fine sand. To minimize lateral movement of the sheet 
pile edges during testing, a 0.3-m soil buffer was left 
undisturbed at each end of the sheet pile installation.

The sheet piles were interconnected using a 
tongue-and-groove joint. Horizontal timber members, 
measuring 67  mm × 40  mm, were placed along the 
top of the sheet pile for its entire running length. 
This site preparation resulted in a sheet pile height of 
0.9 m above the levelled ground surface. The backfill 
surface was, on average, 0.1 m below the top of the 
sheet pile after preparation. The site preparation was 
completed in October 2022.

2.3 � Testing Procedure

The full-scale test was performed during the last 
week of March 2023, approximately six months after 
the initial site preparation. In the period preceding 
and during the test days, soil moisture conditions 

were monitored using tensiometers and water content 
sensors previously installed to a depth of one meter in 
an adjacent plot situated approximately 15 m from the 
test structure, confirming near-saturated conditions.

Test procedures commenced with the installation 
of sensors (Sect. 2.4) to monitor horizontal and ver-
tical displacements of the sheet pile. Tiltmeters T1 
through T8 were also affixed to the structure at this 
stage, and initial zero readings were recorded for all 
instrumentation. Subsequently, the soil surface in 
front of the sheet pile was excavated to establish a 
precise exposed wall height of 1.0 m above the base 
level (elevation − 5.12  m, see Fig.  3), requiring the 
removal of approximately 0.1  m of soil on average. 
Following excavation, tiltmeters T9 and T10 were 
installed.

After allowing sufficient time for the initial 
horizontal displacements induced by the excavation to 
stabilize, the area behind the sheet pile was backfilled 
to create a retained soil height of 1.0 m. This involved 
adding an average soil layer thickness of 0.1 m along 
the structure’s length. The backfill material was 
carefully tamped and levelled to ensure uniformity.

Once the structure’s horizontal movement 
stabilized following the backfilling process, the 
saturation phase was initiated. Although data from 
the nearby monitoring plot indicated that the soil 
profile was already near saturation down to 1 m depth 

Fig. 1   Soil stratigraphy at test site
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(tensiometer readings close to zero water potential), 
artificial rainfall was applied to the backfill surface 
for three hours using a commercial sprinkler system 
to ensure thoroughly saturated conditions at the 
surface. The application was periodically paused 
when surface ponding occurred and resumed once 
the water infiltrated. Following the simulated rainfall, 
the entire test setup was left undisturbed overnight 
(approximately 16 h) to allow for pore water pressure 
equalization and further system stabilization before 
proceeding to the loading stage.

Prior to initiating the surcharge loading, a laser 
sensor was positioned to measure vertical settlement 

of the backfill surface. The surcharge load was 
applied incrementally using a stepped loading 
procedure. To ensure uniform load distribution over 
the 4.0 m long × 1.0 m wide area of backfill behind 
the sheet pile, a steel plate with corresponding 
dimensions (4.0  m × 1.0  m) was placed on the 
levelled ground surface. The load was generated 
by Intermediate Bulk Container (IBC) water tanks, 
each with a volume of 1 m3. These tanks were 
positioned on the steel plate and filled sequentially 
with water pumped from the adjacent canal. The 
tanks were arranged in three layers, with four tanks 
per layer. For safety, each layer of tanks was secured 

Fig. 2   a Illustration of site preparation, excavation and backfilling before surcharge loading experiment, b Picture from the test site 
at the end of site preparation
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with tie ropes anchored to poles or water tanks fixed 
in the ground several meters behind the test area to 
prevent toppling in case of excessive deformation or 
failure.

A total of seven load steps were applied, 
corresponding to surcharge pressures of 
approximately 2, 5, 10, 15, 20, 25, and 30  kPa. 
The magnitude and duration of these steps were 
determined based on real-time monitoring of the 
structural response, logistical constraints aiming for 
test completion within approximately 24 h, and safety 
considerations. The maximum applied surcharge 
load was limited to 30  kPa which is representative 
of the typical maximum load expected from heavy 
agricultural machinery such as a large farm tractor, 
on an agricultural canal embankment. For safety, 

surcharge loading was stopped at this limit to mitigate 
the risk of container toppling in the event of a failure. 
Each load increment, from the completion of the 
previous step to reaching the target pressure of the 
next, typically took approximately 20  min to apply. 
The final load step of 30  kPa was maintained for a 
monitoring period of 16 h.

2.4 � Sensors

To accurately measure sheet pile displacement, a 
stable reference frame was essential. A 9-m long 
HEB180 steel beam was used to create this reference 
frame, spanning the sheet pile’s running length and 
extending beyond the test area (Fig.  3). The beam 
was supported by wooden poles positioned one 

Fig. 3   Loading setup a Detailing in the placing of HEB 180 beam, b Plan view of the test section c Testing setup section view, d 
Picture from the test site during surcharge loading
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meter outside each end of the sheet pile. The poles 
supported the beam’s web, with the flange oriented 
towards the sheet pile. The top of the beam was 
positioned 50 mm below the top of the sheet pile, and 
the beam was located 250 mm horizontally from the 
sheet pile.

Laser triangulation sensors (FDFR603 series) 
were used for all displacement measurements. The 
sensors were mounted on wooden blocks, which 
were then clamped onto the flange of the steel beam. 
Small wooden blocks, fixed to the sheet pile, served 
as targets for the horizontal laser displacement 
measurements. Similarly, PVC panels were attached 
to the sheet pile as targets for vertical displacement 
measurements. A separate laser sensor, also mounted 
on a wooden block and aimed at a small PVC plate 
located 80  mm behind the sheet pile, measured soil 
vertical displacement.

Horizontal displacement sensors had a maxi-
mum range of 100  mm, while vertical and soil dis-
placement sensors had a range of 50 mm, all with an 
accuracy of 0.01  mm. Six horizontal displacement 
sensors were used to measure the out-of-plane hori-
zontal movement of the sheet pile. Two sensors were 
placed at the edges, and four were positioned within 
the loading region along the sheet pile (Fig. 4). Four 
vertical displacement sensors were placed within the 
loading region along the sheet pile. All laser sen-
sors were connected to a data logger via long cables 
exceeding 10 m.

The sheet pile’s tilt was measured at the top, 
middle, and bottom of its retained height using 
triaxial tiltmeters. At the top of the sheet pile, six 
tiltmeters were installed in close proximity to the 
horizontal laser displacement measurement locations. 

Fig. 4   Sensor placement on the sheet pile; a Elevation/Front view from the canal side, b Plan. All dimensions are in mm
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At the middle and bottom, tiltmeters were positioned 
at the longitudinal midsection of the sheet pile.

These tiltmeters were screw-mounted, 
battery-powered devices employing the 
LoRaWAN wireless communication protocol. A 
230  V-powered gateway, located approximately 
10  m from the test area, facilitated real-time data 
access through the Move Cloud platform. The 
tiltmeters offered a resolution of 0.000015° and a 
measurement range of ± 90°.

Data acquisition, including temperature readings, 
occurred at two-minute intervals throughout the 
testing period. Synchronization of all ten tiltmeters, 
strategically placed along the sheet pile, ensured 
simultaneous tilt data collection.

2.5 � Spruce Sheet Pile

Following the surcharge loading test, spruce sheet 
piles were transported to the Biobased Structures 
and Materials laboratory at Delft University of 
Technology. Fourteen sheet piles were subjected 
to four-point flatwise bending tests, conforming to 
EN 408 (2010), to determine the global modulus of 
elasticity (MOEs,g) and bending strength (MOR). 
MOEs,g was calculated from mid-span deflection 
relative to supports. Seven boards were submerged 
in water for two weeks, before subjecting to four 
point bending tests, resulting in an average moisture 
content of 33%, while the remaining seven were 
tested in air-dry conditions (average moisture 
content 17%).

Vibration measurements were conducted using 
Timber grader MTG device manufactured by 
Brookhuis Micro-Electronics BV. The first mode 
eigenfrequency was obtained and registered from 
processing the amplitude time plot using Fast 
Fourier Transform (FFT), which was displayed real 
time using the accompanying software of timber 
grader device. Velocity of the wave was determined 
as:

where L is the length of the board in m and f  is the 
first natural frequency in Hz. Using the velocity of 
the propagating stress wave, the dynamic modulus of 
elasticity MOEdyn was calculated from the formula:

(1)V = 2L × f

where rho is the density.
After completion of four-point bending tests, a 

representative piece was cut from the tested board. 
Moisture content (MC %) was determined according 
to EN 13183-1 (2002).

2.6 � Modelling Approach and Strategy

This modeling study aimed to evaluate the long-
term performance of the bio-engineered solution 
(softwood timber sheet pile + vegetation) by 
comparing two distinct stages.

Stage 1 modeled the surcharge loading 
experiment with spruce sheet pile, representing the 
initial condition of a bio-engineered solution, where 
the bank protection consists of only the inert timber 
material. D-Sheet Piling software was employed for 
this simulation, and the model was calibrated using 
horizontal displacement data obtained from the 
field experiment. D-Sheet Piling is widely adopted 
by practitioners and researchers in the Netherlands 
due to its computational efficiency and user-friendly 
interface (e.g., van Delft 2020; Theunisse 2023).

Stage 2 simulated the combined effects of a 
decayed spruce sheet pile and vegetation growth 
ten years post-construction. The natural resistance 
of wood to decay varies among varied species 
(EN 350, 2016; Tardio and Mickovski 2023). 
The biological deterioration along the surface of 
the wood depends on micro-climatic conditions 
(the moisture or humidity level of the material’s 
environment), which in turn are influenced by 
macro-climatic (e.g., rainfall, temperature) and 
meso-climatic factors (e.g., location, structural 
details) (Viitanen et  al. 2010). The location of 
the maximum bending moment acting on the 
timber sheet pile used for bank protection is 
generally expected to be submerged in water. In 
such waterlogged environments, biological decay 
is primarily caused by bacterial activity, which 
generally has a very low decay rate (Gard et  al. 
2023; Yang et al. 2025).

Other bio-engineering studies (Tardio and 
Mickovski 2016, 2023), following the work of 
Leicester et  al. (2003), model wood deterioration 
as bilinear, where a steady decay is observed after 
a time lag for decay to begin. In the study on the 

(2)MOEdyn = V
2
∗ rho
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deterioration of long-standing timber piles, Yang 
et  al. (2025) used a linear ’fast’ decay rate of 
0.2  mm/year and a slow decay rate of 0.07  mm/
year for spruce. Since no specific data for the decay 
rate of softwood timber sheet piles is available, 
a uniform decay rate of 1  mm/year was applied 
to the spruce sheet pile within the model. To be 
conservative, no time lag for decay to initiate was 
included.

To assess the influence of vegetation 
reinforcement, two separate analyses were 
conducted, considering the interaction between 
the decayed sheet pile and the vegetated backfill. 
Strength increase attributed to Crataegus laevigata 
DC. root growth, derived from corkscrew extraction 
experiments in an adjacent plot, were incorporated 
using both minimal and average measured values. 
Specifically, the Stage 2 future conditions analyzed 
were:

•	 Future scenario 1 (F1): the decayed spruce 
sheet pile (1  mm/year) without vegetation 
reinforcement;

•	 Future scenario 2 (F2): the decayed spruce sheet 
pile (1  mm/year) with vegetated backfill, using 
minimal vegetation strength increase; and

•	 Future scenario 3 (F3): the decayed spruce sheet 
pile (1  mm/year) with vegetated backfill, using 
average vegetation strength increase.

F1 represents the reference condition, where the 
bank protection consists solely of a softwood sheet 
pile. F2 and F3 represent the evolution of the bio-
engineered solution with vegetation and would 
serve as a comparison to the reference condition 
to assess any benefits derived from vegetation root 
reinforcement.

As part of a separate study, corkscrew extraction 
experiments were performed on Crataegus 
laevigata DC.-rooted soil in a plot approximately 
30  m from the current test location (Kamath 
et  al. 2025a). These tests, conducted to a depth of 
500  mm, revealed an average strength increase of 
16.2  kPa (F3) and a minimal strength increase of 
2.3 kPa (F2) for the rooted soils.

This reinforcement effect of roots is commonly 
represented as an apparent cohesion term, referred 
to as "root cohesion," which is added to the soil’s 
inherent shear strength and is incorporated into 

slope stability models (Waldron 1977; Wu et  al. 
1979; Simon and Collison 2002; Greenwood 
2007; Krzeminska et  al. 2019; Capobianco et  al. 
2021). Therefore, in the numerical model, the 
backfill strength enhancement due to vegetation 
was represented as an increase in soil cohesion. 
Given that most roots are concentrated in the 
upper soil layers, the vegetation reinforcement was 
incorporated only into the top 0.4-m layer of the 
model.

3 � Results and Discussion

3.1 � Deflection of Sheet Pile

Excavation was performed along the full length of 
the sheet pile over a period of 40  min. As a result, 
horizontal displacement was observed to increase 
during this period, stabilizing thereafter before the 
commencement of the next step. Horizontal displace-
ment sensors at the sheet pile edges recorded minimal 
deflection, around 0.25  mm, while central sensors 
registered a maximum deflection of 0.9 mm (Fig. 5). 
Vertical displacement sensors showed negligible 
movement (< 0.2  mm). The exact cause of the tem-
porary stabilization is unknown but may be a period 
of stress redistribution and soil arching development, 
which was subsequently overcome, leading to further 
settlement. The vertical displacements were nearly 
zero after the excavation phase concluded, indicat-
ing stabilization. The displacement patterns of all 
horizontal and vertical sensors were similar, albeit 
with a slight time shift. This shift resulted from the 
sequential nature of the excavation process, progress-
ing from one end of the sheet pile to the other.

Backfilling to the target retaining height was com-
pleted in approximately 45 min. Backfill material was 
evenly distributed and compacted behind the sheet 
pile in layers. Following the backfilling procedure, 
the sheet pile exhibited a maximum horizontal deflec-
tion of approximately 3 mm (Fig. 6). This maximum 
deflection was recorded at the central sensors, H3 
and H4. Edge sensors H1 and H6 registered minimal 
horizontal deflections of approximately 1  mm and 
1.2  mm, respectively. All horizontal displacements 
stabilized after 75 min. Vertical displacements peaked 
at 0.4 mm upon completion of backfilling. All vertical 
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displacement sensors displayed a similar pattern, with 
no significant variation observed between them.

After initiating an artificial rainfall of three hours, 
a horizontal movement of 0.7  mm was recorded. In 
case of artificial rainfall as well, the deflection pattern 
of the sheet pile along the length was similar to that 
of backfilling and excavation steps. The sensors at 
centre showed maximum deflection while the edge 
sensors recorded the minimum deformation of about 

0.1  mm (Supplementary material Fig.  S1, S2). The 
vertical displacement of the sheet pile was minimal 
or averaged to zero during the rainfall for all the 
three vertical sensors other than V1. Sensor V1 
showed values of up to 0.4 mm displacement during 
the period of rainfall. Since the sensors had to be 
removed continuous monitoring overnight using the 
laser sensors was not possible.

Fig. 5   Displacement of the sheet pile during excavation recorded at laser sensors a horizontal displacement, b vertical displacement

Fig. 6   Displacement of the sheet pile during backfilling recorded at laser sensors a horizontal displacement b vertical displacement
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The placement of a steel sheet resulting in a pres-
sure of 1.5  kPa caused a maximum horizontal dis-
placement of 0.1  mm at the centre, as recorded by 
sensors H3 and H4. At the end of application of 2 kPa 
load using water tanks, sensors H4 showed a maxi-
mum displacement of 0.15  mm and H3 0.12  mm. 
At the end of 5  kPa loading, the sensors H4 had a 
deformation of 1 mm and H3 0.79 mm (Fig. 7). After 
loading to 1/3rd of the maximum planned surcharge 
loading, i.e.10  kPa, sensors H3 and H4 had a dis-
placement of 3.8 and 3.5 mm, respectively.

Once the rate of change of horizontal displacement 
was minimum the second layer of tanks were filled 
to half resulting in surcharge loading of 15  kPa. At 
15  kPa surcharge load the sheet pile at the centre 
moved by H3 7.5 mm and H4 by 7 mm, respectively. 
On filling the second layer of tanks, resulting in 
20  kPa loading, the displacement at the centre 
increased to 11.5 mm and 10.8 mm. When the third 
layer of tanks were filled to half a loading of 25 kPa 
was applied, sheet pile movement of 15 and 14 mm 
were recorded at the centre. Finally, after filling all 
the three layers of tanks a displacement of 18.2 mm 
and 17.6  mm was recorded. After leaving the load 
overnight a maximum displacement of 19.3 and 
18.8 mm was recorded. The pattern of displacement 
of the sheet pile along the length was consistent for 

all surcharge loads applied. In all the loads applied, 
the edges of the sheet pile (H1 and H6) showed least 
displacement, followed by H2 and H5.

All the vertical displacement sensors showed a 
downwards movement and similar trend with each 
loading step. Vertical sensors V2 and V3, showed 
higher displacements than V1 and V4 which were 
placed towards the edge of the loading area. A soil 
settlement of about 32 mm was observed at the end 
of the surcharge loading (Fig. 8). The settlement cor-
responds to 3.2% of the retaining height.

There has been considerable experimental and 
numerical study on the response of pile walls to 
surcharge loading (Georgiadis and Anagnostopoulos 
1998; Singh and Chatterjee 2020; Mishra and Sawant 
2023; Debnath et  al. 2024). However, most of these 
studies rely on either laboratory-scale models or sheet 
piles made from materials other than softwood, which 
makes a direct comparison with the present results 
challenging.

Aparna and Samadhiya (2019) observed that 
maximum settlement was observed when the 
surcharge load (in their case a footing placed at 
surface) was placed closer to the wall and within the 
Rankine’s wedge. The lateral soil displacement with 
the movement of the sheet pile also contribute to the 
heightened settlement of the footing when placed 

Fig. 7   Displacement of the sheet pile during surcharge loading 
recorded at laser sensors a Horizontal displacement b Vertical 
displacement. The arrows denote the seven sequential loading 

stages with approximate surcharge pressures of 2, 5, 10, 15, 20, 
25, and 30 kPa
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in proximity to the excavation face (Aparna and 
Samadhiya 2019).

Construction of wooden sheet pile canal bank 
barriers is classified under Safety Class 1 according 
to CUR 166. While CUR 166 does not specify 
maximum deflection requirements for wooden 
sheet piles, it does provide guidelines for steel sheet 
piles. In this study, we adopted the steel sheet pile 
deflection criterion, which assumes a maximum 
allowable deflection of 1/100 of the retaining height, 
for the wooden sheet piles. Based on this criterion, 
the surcharge experiment resulted in a deflection of 
approximately 1.9% of the retaining height, exceeding 
the allowable deflection criterion.

Non-linear increase in displacement with 
surcharge loading for cantilever sheet piles was 
reported by Aparna and Samadhiya (2019) and 
Rauf et al. (2021). Madabhushi and Chandrasekaran 
(2005) showed that excessive displacement of 
the cantilever sheet pile is observed as the shear 
demand reaches the maximum strength of the 
backfill material. Such a sudden increase in 
displacement of the sheet pile was also observed on 
1 g tests on cantilever sheet pile walls subjected to 

surcharge loading (Rauf et  al. 2021) The increase 
in displacement was seen to increase with applied 
g-level in centrifuge tests (Madabhushi and 
Chandrasekaran 2005).

Application of the full 30  kPa surcharge load 
resulted in the formation of cracks (Fig.  9), extend-
ing along a four-meter section within the loaded area. 
Although the depth of these cracks remained unde-
termined, visual inspection indicated they were not 
superficial. The longer edge of the steel sheet, adja-
cent to the sheet pile, settled 110 mm by the end of 
the test. Based on a soil unit weight of 16.6 to 17.5 
kN/m3, the theoretical failure plane may intersect the 
backfill surface at 1.26  m to 1.31  m from the sheet 
pile wall. The observed crack location was approxi-
mately 1.25 m from the wall.

3.2 � Tilt of the Sheet Pile

During excavation phase, slightly different tilts 
were measured at both edges of the sheet piles. As 
expected, the tilt measured at the edges of the sheet 
pile was least (T6). T3 recorded the highest tilt during 
excavation phase. The tilt sensors at mid depth of the 

Fig. 8   Soil settlement 
at the backfill during the 
surcharge loading. The 
arrows denote the seven 
sequential loading stages 
with approximate surcharge 
pressures of 2, 5, 10, 15, 20, 
25, and 30 kPa
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sheet pile: T7, T8 also showed similar tilt angles as 
tilt sensors T3 and T4 respectively (Fig. 10).

T5 showed highest tilt measurements after the 
backfill procedure (0.12°), followed by T4 and T3 
tiltmeters (Fig. 11). Similar response is shown in the 
deflection measurements, confirming the coherent 
response behaviour of both the tilt and displacement 
sensors. Tiltmeters at either edge showed the least 

tilt during backfilling. Tiltmeters T7, T8, T9, T10 
showed same trend during backfilling procedure and 
had similar values with the corresponding tiltmeter 
on the top.

The tilt readings during loading clearly shows the 
maximum tilt at the centre which reduces to mini-
mum at the edges of the sheet pile. At 10 kPa load-
ing tilt measured at sensors T3 and T4 was 0.14° 

Fig. 9   Initiation of cracks 
a Cracks running full length 
behind loading, b Close up 
view of cracks

Fig. 10   Tilt of the sheet pile during excavation a Tiltmeters T1-T6, b Tiltmeters T7-T8
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and 0.15° (Fig.  12). The tilt angles of T3 and T4 
increased to 0.40° and 0.44° respectively at 20 kPa 
loading and further increased to 0.62° and 0.67° 
respectively at 30 kPa loading. The tilt angles meas-
ured at full loading at sensors T7, T8, T9, T10 were 
0.71°, 0.68°, 0.64° and 0.68° respectively.

The average tiltmeter values at the end of the 
experiment—0.664° at the top, 0.709° at mid-depth, 
and 0.687° at the bottom—reveal a nonlinear tilt 

profile characterized by peak curvature at mid-depth 
and reduced rotation near the toe of excavation. 
This pattern is broadly consistent with the flexural 
bending response typically expected in embedded 
retaining walls, where maximum curvature develops 
around mid-height while toe movements are 
restrained by embedment. Numerical integration 
of the tilt angles, segmented into four sections with 
linear interpolation, yields a rotational displacement 

Fig. 11   Tilt of the sheet pile during backfilling a Tiltmeters T1-T6, b Tiltmeters T7-T10

Fig. 12   Tilt of the sheet pile during loading a Tiltmeters T1-T6, b Tiltmeters T7, T8, T9, T10
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contribution of ~ 12.3  mm at the top. This falls 
short of the measured 19.05  mm, leaving a residual 
displacement of ~ 6.7  mm, potentially due to toe 
translation and kick-in effects associated with vertical 
settlement. The nonlinear tilt distribution therefore 
underscores bending-dominated wall behaviour, 
while the residual displacement indicates coupled 
bending–translation mechanisms, both of which 
align with known responses of flexible retaining 
systems under surcharge loading. Traditional rigid-
rotation models may underestimate displacements, 
highlighting the need for advanced numerical tools 
(e.g., D-Sheet Piling) or field-calibrated tilt data to 
capture these coupled effects.

Hemel (2023) proposed incorporating prism 
measurements along with tilt sensors on the gravity 
wall as part of a monitoring strategy to detect 
potential lateral failures of quay walls in Amsterdam’s 
city center. In the Netherlands and worldwide, with 
aging infrastructures such as quay walls, large interest 
is shown in monitoring and predicting the current 
state of such structures using distinct types of sensors 
with inclination measurements e.g. Smart brick 
project from Althen sensors BV.

3.3 � Spruce Boards

The mechanical properties obtained for the tested 
spruce sheet piles are presented in Table 2. The global 
modulus of elasticity (MOEs,g) was further adjusted 
to a reference 12% moisture content according to 
the guidelines provided in EN 384:2016 + A2:2022. 
The average MOEs,g at reference moisture content​ 
(MOEs,g12) for the air-dry boards was 8500  MPa, 
while the average MOEs,g12 ​for the wet boards was 
7100 MPa. Practicing engineers commonly utilize the 
local modulus of elasticity (MOEs,l), which represents 
the modulus of elasticity in pure bending, for design 
calculations.

Ravenshorst (2005), based on their testing of a 
large number of European softwood samples includ-
ing spruce, found a correlation between MOEs,l ​and 
MOEs,g expressed as: MOEs,l = 1.11 × MOEs,g with a 
coefficient of determination (R2) of 0.78. MOEs,l at 
reference moisture conditions for the boards tested 
in air-dry based on the above corelation is 9500 MPa 
and that of boards tested in wet condition 7900 MPa.

3.4 � Modelling

The surcharge loading experiment was modelled in 
D-sheet piling with the obtained spruce sheet pile and 
soil parameters. A wall friction of 2/3* friction angle 
was assumed. Soil density corresponding to Table 1 
was given to different layers. The first step was to 
calibrate the model to match the experimentally 
obtained horizontal displacement during surcharge 
loading. The parameters of soil friction angle 
and elastic stiffness was fine tuned to match the 
displacement of the sheet pile during surcharge 
loading recorded by laser sensors at the middle of the 
section, H3 and H4. The parameters that best match 
the experimentally obtained displacement are given 
in Table 3.

Following the calibration procedure, a uniform soil 
friction angle (ϕ), 41° and elastic stiffness (EI) of 240 
kNm2/m′ was seen to best represent the horizontal 

Table 2   Average mechanical properties of spruce timber sheet pile from four point bending tests

No Width (mm) Length (mm) Thickness 
(mm)

Density (kg/m3) MC (%) MOEdyn (MPa) MOR (MPa) MOEs,g (MPa)

Dry 7 203 2300 65 447 16.9 10,500 34.8 8100
Wet 7 203 1700 65 543 33.2 9600 32.1 6600

Table 3   Input parameters for D-sheet pile model for calibra-
tion and future scenarios

Parameter Value Units

Depth of sheet pile 2.3 m
Elastic stiffness (EI) calibration 240 kNm2/m′
Elastic stiffness (EI) (F1, F2, F3) 145 kNm2/m′
Soil friction angle (ϕ) 41 0
Root cohesion (F2) 2.3 kPa
Root cohesion (F3) 16.2 kPa
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displacement obtained from the surcharge test, see 
Fig. 13. On calibration additional bending moment of 
2.4 kNm and shear force of 5.8 kN was obtained to 
be acting on the sheet pile at the end of the surcharge 

loading. The total bending moment acting on the 
sheet pile (6 kNm) will result in a relatively low bend-
ing stress when compared to average bending strength 
obtained from four point bending tests (< 50%).

Fig. 13   Validation of the numerical model: Horizontal displacement of the sheet pile under increasing surcharge loading, comparing 
experimental measurements with simulations using different friction angle (ϕ) and pile elastic stiffness (EI) parameters

Fig. 14   a Horizontal displacement (mm) and b additional bending moment (kNm) of the sheet pile under increasing surcharge load-
ing (kPa) for different future scenario’s (F1, F2, and F3)
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Using the calibrated model, future scenario, as 
given in Sect. 2.3, was modelled next. F1 future sce-
nario results in horizontal displacement of 28.7 mm 
of the spruce sheet pile after 10 years of service see 
Fig.  14a. This would represent a displacement of 
2.8% of the retaining height which can be expected 
when a uniform decay of 1  mm/year of the spruce 
sheet pile is taken. The displacement reduces to 
10.5 mm in scenario F2 and 0.9 mm in scenario F3 
when full surcharge loading is applied. Similarly, 
additional bending moment acting on the sheet pile 
also reduces from 2.4 to 1.1 kNm in future scenario 
F2. The additional bending moment reduces to nearly 
zero, (0.2kNm), when maximum vegetation rein-
forcement has developed in time, see Fig. 14b.

This study assumes a relatively high decay rate 
with no initial time lag for decay, which constitutes 
a conservative approach. While data on hardwood 
timber decay is available (Kamath et  al. 2025b), 
there is little information on the decay of softwood 
sheet piles in service. Consequently, the assumed 
decay rate used in this study should be interpreted 
with caution. To address this knowledge gap, field-
scale monitoring studies are currently underway at 
the same test location to measure the actual deterio-
ration of softwood timber sheet piles.

While modelling root reinforcement in slope 
stability analysis, majority of the studies assume 
a uniform cohesion in the rooted zone (Switala 
and Wu 2015; Krzeminska et  al. 2019; Aziz 
and Islam 2022). As suggested by Murgia et  al. 
(2022), this assumption is made because of lack 
spatially explicit data regarding root reinforcement 
density or depth. However, spatial variability of 
root reinforcement can occur within the root zone 
in the bank. Overlooking, this spatial variability 
of root reinforcement can result in overestimation 
of contribution of roots to stability. This study 
used the corkscrew extraction technique to 
estimate root reinforcement, which helped to 
better define the depth of the root zone and range 
of root reinforcement. However, applying this 
reinforcement uniformly across the entire root zone 
depth has the limitations previously outlined.

There is little data available on monitoring of 
performance of bio-engineered bank retaining 
structures involving timber and vegetation 
combinations. However, indications of the influence 
of vegetation on deformation characteristics of soil 

slopes is documented in studies from Switala and Wu 
2015 and Liang et  al. (2020). Uniformly distributed 
vegetation reinforcement, as assumed in this study, 
was found to have highest values of factor of safety 
for sandy slopes (Switala and Wu 2015). In presence 
of rooted zones, reduction in crest settlement on 
sandy slope of short heights were reported when 
subjected to earthquake loading (Liang et  al. 2020). 
Hu et  al. (2013) reported higher soil cohesion for 
rooted samples and an associated restraining effect 
and reduction in lateral deformation compared to 
fallow soils. The abovementioned reinforces our 
findings that a reduction in lateral displacement of the 
decayed sheet pile can be expected when the backfill 
has vegetation root reinforcement.

4 � Conclusion

The full-scale field surcharge loading test on 
spruce timber sheet piles and consequent numerical 
modeling successfully evaluated the feasibility of 
using locally available wood with vegetation as a 
nature-based solution for canal bank protection. 
Excavation and backfilling of approximately 10% 
of the retaining height resulted in displacements of 
less than 1 mm (0.1% of retaining height) and about 
3 mm (0.3% of retaining height), respectively.

Under the applied 30  kPa surcharge load, the 
sheet pile wall exhibited a horizontal displacement 
of 18.9  mm (1.9% of retaining height) and a corre-
sponding soil settlement of 32.9 mm. The wall’s tilt 
profile (0.66° top, 0.71° mid, 0.69° bottom) dem-
onstrated bending dominance, with peak curvature 
at mid-depth, signifying flexural deformation rather 
than rigid rotation. The total deformation exceeded 
the permissible limits for permanent sheet piles as 
specified by CUR 166 guidelines.

Simulations for a 10-year period, including antic-
ipated material decay, showed that a decayed spruce 
sheet pile would experience a significant maxi-
mum horizontal displacement of 28.7  mm under 
surcharge loading. However, when root reinforce-
ment from Crataegus laevigata DC was included 
in the model, displacements were substantially 
reduced to 10.5 mm (minimum root reinforcement) 
and 0.9 mm (average root reinforcement). The root 
reinforced backfill also decreased the additional 
bending moment on the sheet pile from 2.4 to 1.1 
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kNm under surcharge loading, demonstrating the 
significant stabilizing effect of this bio-engineered 
approach.
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