
1 

Eleventh International Conference on the Bearing Capacity of Roads, 
Railways and Airfields, Volume 2 – Hoff, Mork & Saba (eds) 
© 2022 copyright the Author(s), ISBN 978-1-032-12049-2 

Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license 

Monitoring of a timber pile-supported road embankment 

Per Gunnvard, Nelson Garcia, Hans Mattsson, Jan Laue & Qi Jia 
Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology, 
Luleå, Sweden 

ABSTRACT: Timber piling allows for a solution with lower carbon footprint than concrete 
or steel piling, yet there exist few well-documented cases of modern timber piled embank
ments. In this paper, field measurements on a geosynthetic-reinforced timber pile-supported 
road embankment are reported and evaluated. The monitored road embankment is a section 
of a newly reconstructed semi-motorway in northern Sweden. The embankment was con
structed on 8 m long untreated timber piles with 1.1 m spacing in a triangular pattern, without 
pile caps. On top of that, a 1.7 m high embankment was constructed, reinforced by two layers 
of biaxial geogrids. A long-term monitoring program is being carried out from when the semi-
motorway was reconstructed. This study presents results from the first year of monitoring. 
The measurements include the load on the pile heads and subsoil, geogrid strain, pore water 
pressures, and settlements. The measurements show the development of arching over time, the 
interlocking of geogrid and embankment material, the subsoil consolidation, etc. The results 
of the monitoring are compared with results of analytical models from recommendations and 
codes. 
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INTRODUCTION 

Geosynthetic-reinforced pile-supported embankment (GRPSE) is a common foundation 
method across the world for both road and railway on soft subsoils. GRPSE has a short con
struction time and reduces settlements and horizontal displacements of the embankment. One 
or more layers of geosynthetic reinforcement (GR) are placed in the base of the embankment 
to increase the tensile strength of the fill. The philosophy of pile-supported embankments is to 
transfer as much of the embankment weight and traffic load onto the piles as possible, to min
imise the settlement of the embankment. The mechanism behind the load transfer is primarily 
arching in the embankment fill. The arches being shear bands generated by differential settle
ment as the subsoil settles, due to consolidation and creep, whilst the piles remain stationary. 
As illustrated in Figure 1, the overburden pressure reduces beneath the arch. These arches are 
not permanent and will collapse to substantial differential settlement. Presence of GR affects 
the arching as the layer(s) limits the settlement of the embankment fill between the piles, sup
porting the formed arches. Additionally, the tensile load in the GR is transferred to the piles 
at each end of the span by what is known as the membrane effect. The membrane effect is the 
ability of the GR to support (or absorb) forces that act perpendicular to its surface through 
tension from deformation (Gourc and Villard, 2000). 
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Figure 1. Illustration of a semi-circular arch formation and stress distribution in the embankment above two 
adjacent piles. Surcharge load q, effective overburden pressure σ′ ν and major principal effective stress σ′ 1. Based 
on Zaeske (2001) and Van Eekelen et al. (2013). 

Reduced impact is a constant strive in the world today. Even the foundation engineering 
business is searching for more sustainable solutions to reduce resource usage and pollutions 
directly or indirectly. Often the solution lies in reapplying old foundation methods. One such 
method is timber piling, which humans has been using for thousands of years. Cities such as 
Venice, Rotterdam, Louisiana, and Stockholm are to a great extent founded on timber piles. 
Since the introduction of mass-produced reinforced concrete and steel piles, timber piling has 
been left aside. Fortunately, timber piling has started to make a comeback in the last few dec
ades as a competitive and more sustainable deep foundation method. Geosynthetic-reinforced 
timber pile-supported embankments, also known as lightly piled embankments (Gunnvard, 
2020), is a low-cost alternative to GRPSE with steel or concrete piles, as the material and 
transport cost of timber often is far less. More importantly, timber piling allows for a solution 
with lower carbon footprint than concrete or steel piling. Timber is highly suitable as a pile 
material due to its high strength-to-weight ratio. The piles can be easily handled and trimmed 
to a preferred length. To avoid fracturing or brooming (splitting at the toe), timber piles are 
pushed down to a firmer soil layer or bedrock with a low practical refusal blow count limit. If 
driven below the lowest groundwater level in fully saturated silt or clay, timber piles are virtu
ally immune to biological degradation. The piles can be extended to the surface if needed 
using concrete sections. 
Notable GRPSE projects with timber piles include the Kyoto Road in Giessenburg, the 

Netherlands (Van Eekelen et al. 2007) and the Port Mann Highway 1 Improvement project in 
Vancouver British Columbia, Canada (Logheed 2017). Although timber piles are widely used 
in the United States, Canada, Australia, and the Netherlands, Sweden is the only country with 
an explicit standard or recommendation for GRPSE with untreated timber piles. Figure 2 
shows a vertical cross section of the embankment according to the Swedish design criterion in 
TK Geo 13 (STA, 2016a). No pile caps are used, to further lower the carbon footprint. How
ever, the piles should have a centre-to-centre spacing of 0.8–1.2 m, requiring a lot of timber. 
The load distribution layer is reinforced with two layers of GR. It is assumed that the two 
layers interlock the soil particles. Horizontal stresses are built in during the compaction of the 
soil particles, causing the load distribution layer to act like a beam resting on top of the 
timber piles. Since it is believed that the Swedish method of GRPSE with untreated timber 
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piles (Gunnvard, 2020) is too conservative, a project was funded to monitor a timber pile-
supported motorway. The results of the first year of monitoring is presented in this paper. The 
purpose of the monitoring is to collect data as a basis for physical and numerical modelling, 
to optimise the design criterion of geosynthetic-reinforced timber pile-supported embank
ments in terms of resource efficiency. More specifically in terms of the amount of GR and 
number of piles. In practice, the case specific designs come down to prediction with analytical 
models. Thus, it is also of interest to compare the monitored results with the results of suitable 
analytical models. 

Figure 2. The design criteria by TK Geo 13 (STA 2016a) for geosynthetic-reinforced timber 
pile-supported embankments. 

SITE CONDITIONS 

The monitored road embankment is a reconstructed 400 m long section of a three lane (2+1) 
motorway at the coastline in northern Sweden, outside the city of Luleå. Due to large settle
ments, the old road was under risk of flooding from high sea levels or rapid snowmelt runoff. 
The monitoring project was initiated parallel to the reconstruction of the road with timber 
pile support and geosynthetic reinforcement. 
The old road embankment was 1.8 m tall, consisting of crushed rock on top of granulated 

blast furnace slag and a brushwood mattress (corduroy) basal reinforcement. The embank
ment sat on a thin layer of peat, a 5-12 m thick layer of lightly overconsolidated sulphide silt 
and sulphide-bearing clay, and a bottom layer of glacial till. The sulphide soil is a soft subsoil 
with 1070 kPa compression modulus, 20° friction angle, 7 kPa cohesion and 95% water con
tent, on average. 
Figure 3 shows a cross section of the new road embankment. Construction spanned from 

July to September 2020. The sulphide soil is approximately 7.5 m deep at the monitored part 
of the road. Untreated timber piles were driven down to the glacial till with a centre-to-centre 
spacing of 1.1 m in a triangular arrangement. The sulphide soil was soft enough to use an 
excavator with a vibrating grip claw as pile driver, shown in Figure 4. The bottom 20-30 cm 
part of the embankment (including the brushwood mattress) was left in place as a working 
platform for the heavy machinery. The pile cut-off level of the new embankment is situated 
about 60 cm above the old foundation level. A mixture of the furnace slag and excavated sul
phide silt was used as a filling material up to the pile cut-off level. The pile heads were covered 
with a 10 cm thick layer of silty sand to keep the pile heads in a fully saturated and anaerobic 
zone by capillary action, to avoid rotting should the lowest groundwater level be below the 
pile heads. The groundwater level was on average 0.2 m above the pile cut-off level for the 
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Figure 3. Cross section of the monitored geosynthetic-reinforced timber pile-supported road embank
ment and soil profile. 

Figure 4. Pile driving using an excavator with a grip claw. The piles in the foreground have been 
trimmed down to the pile cut-off level. Photo: Hjalmar Törnqvist, AFRY. 

duration of the monitoring presented in this paper. The final pile length along the monitored 
part of the road was approximately 8.0 m. The structural bearing capacity of the piles is 90 
kN, based on strength class C14 (SIS, 2016) and 125 mm pile end diameter. 
The load distribution layer was constructed according to the design criteria shown in 

Figure 2, with a layer of crushed rock (fraction size 0-90 mm) reinforced with two geogrids 
(Enkagrid MAX 60). Both geogrids are uniaxial grids (stronger in the machine direction, see 
Figure 5) of extruded polyester bars with 64 kN/m characteristic tensile strength and 1070 kN/m 
characteristic stiffness in the machine direction. The lower geogrid was placed with its machine 
direction in the transversal road direction, and the upper geogrid was placed with its machine 
direction in the longitudinal road direction. The final embankment height is 1.7 to 2.1 m from 
pile cut-off level to top surface. The monitored part of the road embankment is 1.7 m high. 
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Figure 5. Dimensions of the installed uniaxial geogrid. 

2.1 Instrumentation 

The part of the test area considered in this paper is shown in Figure 6. The instruments are 
located below the two northbound traffic lanes (L1 and L2) along a 12 m long section, spread 
out evenly between the two lanes. The choice of instruments and their layout was primarily 
inspired by the full-scale tests by Van Eekelen et al. (2010), Briançon and Simon (2012) and 
Zhang et al. (2016). One of the four reinforcement cases tested by Briançon and Simon (2012) 
had a load-distribution layer geometry with two geogrids, similar to Figure 2. 
Settlements are measured using a hydrostatic profiler gauge system and levelling of several 

settlement plates. Pore pressures are measured by piezometers located in the pile group. 

Figure 6. Layout of the part of the monitored road under consideration. 

The load distribution in the embankment is measured with a total of eight earth pressure 
cells. Four earth pressure cells were placed in the pile cut-off level in between the piles; two 
pressure cells (PC2.2 and PC2.4) were placed in between two adjacent piles and two pressure 
cells (PC2.1 and PC2.3) were placed in between four adjacent piles. Four earth pressure cells 
(PC1.1 to 1.4) were installed in the piles as shown in Figure 7. Placing the pressure cell directly 
on top of the pile head would result in an over- or underestimated soil-pile load transfer as the 
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diameter of the eight pile heads differed to that of the pressure cells. The average pile head diam
eter was 24 cm, compared to the earth pressure cell diameter of 23.0 cm. Thus, the cells were 
installed inside the piles, 20 cm from the pile head (Figure 7). All eight pressure cells are total 
earth pressure cells with a vibrating wire pressure transducer (Geokon model 4815). PC1.1–1.4 
have 0-2 MPa range, 0.5 kPa resolution and ±0.6 kPa accuracy. PC2.1–2.4 have 0-350 kPa 
range, 0.09 kPa resolution and ±0.18 kPa accuracy. The pore water pressure is measured near 
the pile cut-off level to determine the effective earth pressure in each total earth pressure cell. 

Figure 7. To the left: view of pressure cell installed inside a timber pile. To the right: view of protective 
aluminium sheet around the pressure cell inside the pile. 

Geogrid strain is being measured in both geogrid layers with extensometers to assess the 
tensile force. A total of eight extensometers were installed in the geogrid layers as shown 
Figure 8; four extensometers in both the lower (Ex1.1–1.4) and upper geogrid (Ex2.1–2.4). 
Half of the extensometers were placed in parallel to the geogrid machine direction and the 
other half were placed in parallel to the geogrid cross-machine direction. 

Figure 8. View of the geogrid with extensometer to measure geogrid strain. To the right: extensometer 
covered with a protective metal pipe. 
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The extensometers are vibrating wire crackmeters (Geokon model 4420-50MM) with 
0-50 mm range, 0.0125 mm resolution and ±0.015 mm accuracy. The anchor spacing distances 
of the eight anchors were 340–344 mm. All the extensometers were placed with one anchor 
point above the edge of a pile head, where the GR strain will be at its maximum (Zaeske, 
2001; Briançon and Simon, 2012; Van Eekelen, 2012; Zhang et al., 2019). 
The output data from the earth pressure cells and extensometers is corrected for tempera

ture influence. Each of the instruments are equipped with a high temperature thermistor that 
has a range of -80 to +200 °C and an accuracy of ±0.5 °C. 

3 MONITORING DATA ANALYSIS 

The monitoring results are from 3 September 2020 to 3 September 2021. The road opened for 
traffic on September 28. Based on the settlement monitoring, the road embankment had set
tled on average 6.5 cm in early September 2021. The subsoil had at the pile cut-off level settled 
2–4 cm relative to the pile heads. The excess pore pressure in the subsoil, from the pile driving 
and embankment construction, dissipated in only a month’s time. The settlements are 
expected to continue to increase over time as the sulphide soil is prone to creep strain. 

3.1 Load transfer 

The total vertical load Wtot of embankment self-weight γH (soil unit weight γ, embankment 
height H) and surcharge load q on a unit cell (including a pile) is the sum of load parts A, 
B and C (Van Eekelen and Han, 2020): 

where s is the centre-to-centre pile spacing, A is the part of Wtot that is transferred directly 
onto the piles via the arching effect, B is the part of Wtot that is transferred onto the piles 
through the GR, and C is the part of Wtot that is carried by the subsoil. 

Van Eekelen and Han (2020) discussed different ways of quantifying soil arching. In this 
paper, the level of arching is quantified as pile efficacy E and soil arching ratio ρ (sometimes 
referred to as stress reduction ratio). Pile efficacy is the ratio of load part A+B and Wtot: 

where σ′ p1 is the measured effective earth pressure on PC1.1–1.4, σ′ v0 is the initial overbur
den pressure (γH+ q) and Ap is the pile head cross-section area. When there is no arching σ′ p1 

= σ′ v0 and E = Ap/s
2 = 0.037, in this case. Soil arching ratio is the pressure on the subsoil of 

load part C in relation to σ′ v0: 

where σ’ p2 is the measured effective earth pressure in PC2.1–2.4, assuming uniform stress 
distribution on the subsoil. If there is no arching, ρ = 1.0. 

The unit weight of the embankment is assumed as 22 kN/m3 and the traffic load is set to an 
equivalent static surcharge load of 19 kPa. Thus, σ′ v0 = 56.4 kPa and Wtot = 68.2 kN for the 
final height of the embankment. 
Figures 9 and 10 show E, ρ and temperature in the load distribution layer over time. 
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The gaps in the curves in Figure 9 and 10 are due to loss of battery power supply to the moni
toring system. The spikes in the E and ρ curves are due to heavy vehicles passing at the precise 
time of data logging. 
Overall, the load on and in between the piles in lane L1 were naturally greater than the piles 

in L2, on average 27% greater load part A+B and 62% greater load part C. L1 is busier than 
L2, and the preferred lane for trucks, which can be seen in the greater number of spikes in the 
curves for those pressure cells. The significantly lower pressure on PC2.1 is most likely due to 
lack of soil compaction around that pressure cell. 
From the time the road was completed in mid-September, the pile efficacy (Figure 9) 

remained relatively constant at 0.29–0.48 most of the monitored period. This is much lower 
than E = 0.74 in the full-scale test by Briançon and Simon (2012), but in-line with E = 0.32 
evaluated from the field test by King et al. (2017) in which the subsoil settlements were minor. 

Figure 9. Pile efficacy over time and temperature in the lower geogrid (TempGR) and pile cut-off level 
(TempPCL). Measured pile efficacy and derived efficacy with the CA model and the EC model. 

The soil arching ratio (Figure 10) remained at 0.31–0.48 from October up until mid-
January, if excluding PC2.1. After a peak value around the time the road was completed, the 
values of ρ decreased and recovered slightly later that autumn. Similarly, the results by Brian
çon and Simon (2012) showed 0.31–0.41 soil arching ratio after embankment construction 
and 0.47–0.60 after 100 days. An initial peak, followed by a low point and recovering were 
also observed by Van Eekelen et al. (2010) and King et al. (2017) for subsoil settlements of 
similar magnitude. The results by King et al. (2017) gives ρ = 0.54. 
The measured results of E, ρ were compared with predicted results using two analytical GRPSE 

models used in business practice: the Extended Carlsson (EC) model (Rogbeck et al. 1998) in the 
Swedish recommendations TR Geo 13 (STA, 2013b) and the Concentric Arches (CA) model 
(Van Eekelen et al. 2013) in the Dutch standards CUR226 (SBCURnet, 2016). The EC model is 
the primarily used model for timber piled embankment design in Sweden. It is a simple rigid tri
angular arch model in which it is assumed that all the load is transferred onto the piles, i.e. C = 0  
kN/pile. The CA model is a relatively advanced limit equilibrium model that has received a lot of 
attention. In contrast to the EC model, the CA model takes the subsoil support into consider
ation, i.e. C ≥ 0 kN/pile. The subsoil support is based on a subgrade reaction modulus, estimated 
as 1900 kN/m3 for the present case. As seen in Figure 9 and 10, both models overestimated the 
measured pile efficacy. The EC model underestimated the soil arching ratio since C is assumed 
as zero. Excluding PC2.1, the CA model gave a good fit to the average measured soil arching 
ratio. The results of the comparison are consistent with the comparison in Gunnvard (2020) of 
numerical results and predictions with the EC and CA model. 
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Figure 10. Soil arching ratio over time and temperature in the lower geogrid (TempGR) and pile 
cut-off level (TempPCL). Measured soil arching ratio and derived arching ratio with the CA model and 
the EC model. 

3.2 Geosynthetic-reinforcement strain 

Figure 11 and 12 show the strain over time in the lower and upper geogrid. The strains are 
calculated based on the measured displacement in each of the extensometers, relative to the 
spacing between their two anchor points. 1% absolute strain equals ~3.4 mm displacement. 
The results shown are the geogrid strains after road construction. Most of the extensometers 
compressed up to 0.6% during embankment construction. Ex2.3 compressed almost 1.5%. 
Ex1.3 extended roughly 0.3%. As the protective pipes (Figure 8) are open-ended, the crushed 
material could likely have pushed on the extensometer during compaction, causing the 
compression. 
No detailed analysis can be made of the monitored strains after construction. Both the ten

sile strain in the lower (Figure 11) and upper geogrid (Figure 12) were ≤0.03%, which is esti
mated as small. Nonetheless, the lower geogrid is overall in tension, whilst the upper geogrid 
is partly in tension and partly in compression. The high frequent strain fluctuations in the 
upper geogrid are due to traffic. The lower geogrid showed the same fluctuation, but only in 
its stiffer direction. 

Figure 11. Strain in the lower geogrid over time measured with extensometers (Ex). Geogrid machine 
direction marked with *. 

345 



4 

Figure 12. Strain in the upper geogrid over time measured with extensometers (Ex). Geogrid machine 
direction marked with *. 

Though the measurements with hydrostatic profiler showed 2–4 cm subsoil settlement, 
settlement plates in the load distribution layer suggest only a few millimetres of geogrid deflec
tion. Thus, the geogrids can be regarded as only partially mobilized. 
Small tensile strains of ≤0.15% were detected in the GRPSE field tests by King et al. (2017), 

which they attributed to small subsoil settlements. In comparison, Briançon and Simon (2012) 
measured after embankment construction ≤0.7% tensile strain and almost 4 cm differential 
settlement between pile and subsoil. Calculation of the geogrid strain with the CA model gave 
a predicted strain of 0.1%, which can be considered as reasonable given the simplification of 
a linear-elastic subgrade stiffness. The strain is not calculated in the EC model but assumed 
based on maximum allowable strain. 

CONCLUSIONS 

The effects of arch formation over a one-year period were observed and analysed for 
a geosynthetic-reinforced timber pile-supported embankment outside Luleå, Sweden. 
The embankment was reinforced with two layers of geogrid, placed 0.3 and 0.5 m above the 

pile cut-off level, in accordance with the design criteria in TK Geo 13 (STA, 2016a). Small geo
grid strains were generated, due to minor geogrid deflection. Subsequently, load distribution 
analysis showed partial arch formation. Placement of the geogrids resulted in support from not 
only the subsoil, but also embankment fill and the mixture of sulphide soil and granulated fur
nace slag. It is possible that the two layers of geogrid have interlocked the crushed rock to the 
extent that no greater geogrid deflection will occur. It can be concluded that the geogrid place
ment criteria in TK Geo 13 is sub-optimal, as discussed in Gunnvard et al. (2020). 
Increased load was detected on the pile group and subsoil due to the frost front almost 

reaching down to the pile cut-off level. Though the maximum observed load did not exceed 
the timber piles’ structural bearing capacity, local settlements could occur that exceed the ser
viceability limit state. The embankment height should be increased, and possibly the frost sus
ceptible dense soil layer excluded, to reduce the risk of local settlements. 
Of the two analytical models, the Concentric Arches model gave a good prediction of the 

stress on the subsoil, whilst the Extended Carlsson model erroneously overlooks the subsoil sup
port. Both models overestimated the amount of load transfer to the piles due to partial arching. 
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