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ABSTRACT 
Reduced climate impact is a worldwide strive today. The foundation engineering 
industry is continuously searching for more sustainable solutions to reduce resource 
usage and pollutions directly or indirectly. One such solution is timber piling, as an 
alternative to the commonly used concrete and steel piles. Geosynthetic-reinforced 
pile-supported embankment (GRPSE) is a common foundation method for settlement 
reduction of both roads and railways on soft subsoil. Pile-supported embankments rely 
on arch formation within the embankment material, which transfers the traffic and 
embankment load onto the piles. Reinforcing of the embankment with geosynthetics 
further increases this load transfer, whilst also stabilising the formed arches. Substituting 
concrete and steel piles with timber piles allows for a GRPSE solution with lower 
carbon footprint, especially if the timber piles are untreated and the (concrete) pile 
caps are excluded. The lower strength of timber piles and exclusion of pile caps require 
narrower pile spacing and/or more extensive geosynthetic reinforcement to maintain 
a stable arch formation in the embankment. Unstable arches can cause unwanted 
differential settlements in the upper structure of the embankment. Although timber 
piling is being practiced in countries like United States, Canada, Australia, and the 
Netherlands, only Sweden has a dedicated code for GRPSE using untreated timber 
piles. However, the Swedish code is deliberately conservative with narrow required 
pile spacing and two layers of GR. The aim of the thesis is to improve the resource 
efficiency and sustainability of geosynthetic-reinforced timber pile-supported 
embankments, by optimizing the required number of piles and amount of geosynthetic 
reinforcement (GR) based on the Swedish code. 
 First, a numerical study was performed to evaluate the Swedish code with a focus 
on the pile group. The code states that the timber piles should be installed with a 
centre-to-centre distance of 0.8–1.2 m in a triangular arrangement instead of the more 
common square arrangement. Finite element (FE) modelling setups—with square and 
triangular pile arrangements with varying centre-to-centre distance—were used based 
on a geosynthetic-reinforced timber pile-supported road embankment to evaluate the 
design criteria. As part of the evaluation, a state-of-the-art study was done on 
international design guidelines and analytical models. From the FE simulations, no 
evident difference of mechanical behaviour is found between the triangular and the 
square piling pattern. The maximum allowed centre-to-centre distance between 
timber piles can be increased from 1.2 to 1.4 m, decreasing the number of timber piles 
by as much as one-third. 
 Second, a field study was carried out. A reconstructed road embankment with 
geosynthetic reinforcement and timber pile support was instrumented in 2020, and 
the first two years of post-construction data was analysed. Monitoring of the 
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embankment included settlements, pile deflection, pore water pressure, load on piles 
and subsoil, and strains in the GR. Only small strains were observed in the GR because 
of minor GR deflections. Partial arch formation was found from the measured load 
distribution, as less than half of the total load of embankment and traffic was carried 
by the piles. The pile loads increased in winter as the frost front penetrated the 
embankment and stiffened the embankment fill. The field study data provides a 
detailed reference for this thesis and further research on timber pile-supported 
embankments. 
 Third, a numerical study was performed on the effect of geosynthetic 
reinforcement in timber-piled embankments. Three different cases were studied: two 
layers of GR (“beam” theory load transfer), one layer of GR (“catenary” load transfer) 
and unreinforced. The hypothesis is that there exists a range of embankment heights 
and centre-to-centre pile spacings for which one of the cases is preferrable to the other 
two in terms of resource efficiency. FE simulations, calibrated using the data from the 
field, were performed of the three cases with varying pile centre-to-centre spacing, 
embankment height and subsoil material. Based on the results of the FE simulations 
and literature on arch formation, limits for the three cases are suggested as a guideline 
for stable arch formation in timber-piled embankments. The limits allow for a more 
object-specific design than the Swedish code, improving the resource efficiency both 
in terms of required number of piles and amount of GR. 
 Based on the findings from the three sections presented in this thesis, 
recommendations are given on timber pile-supported embankments. The 
recommendations are based on theoretical calculations and field test data. As an 
outlook, the thesis outlines the design of a physical laboratory test setup to verify the 
theoretical results and establish implementable recommendations. Though the primary 
application of timber pile-supported embankments, the physical test results can be 
extrapolated to pile-supported designs in general.  
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SAMMANFATTNING 
Minskad klimatpåverkan är idag en världsomspännande strävan. 
Grundläggningsbranschen söker kontinuerligt efter mer hållbara lösningar för att 
minska resursanvändning och utsläpp direkt eller indirekt. En sådan lösning är 
träpålning, som ett alternativ till de vanligt förekommande betong- och stålpålarna. 
Armerad bankpålning är en vanlig sättningsreducerande grundläggningsmetod för både 
vägar och järnvägar på mjuk undergrund. Bankpålning nyttjar valvbildning i 
bankfyllningen, som överför trafik- och banklasten på pålarna. Jordarmering av 
geosynteter i banken ökar denna lastöverföring ytterligare, samtidigt som den 
stabiliserar de formade valven. Ersättning av betong- och stålpålar med träpålar 
möjliggör armerade och pålade bankar med lägre koldioxidavtryck, speciellt om 
träpålarna är obehandlade och pålplattorna (i betong) exkluderas. Träpålarnas lägre 
hållfasthet och exkludering av pålplattor kräver dock ett mindre pålavstånd och/eller 
mer omfattande geosyntetisk förstärkning för att upprätthålla en stabil valvbildning i 
banken. Instabila valv kan orsaka oönskade differentialsättningar i bankens övre del. 
Även om träpålning praktiseras i länder som USA, Kanada, Australien och 
Nederländerna, är det bara Sverige som har en specifik standard för armerad 
bankpålning med obehandlade träpålar (TRVINFRA-00230, tidigare TK Geo 13). 
Den svenska standarden är dock medvetet konservativ på grund av osäkerheter. Syftet 
med avhandlingen är att förbättra resurseffektiviteten och hållbarheten för armerad 
bankpålning med (obehandlade) träpålar, genom att optimera erforderligt antal pålar 
och mängden jordarmering baserat på den svenska standarden. Detta gjordes genom 
tre studier. 
 I den första studien gjordes en numerisk analys för att utvärdera den svenska 
standarden med fokus på pålgruppen. Enligt standarden ska träpålarna installeras med 
ett centrumavstånd på 0,8–1,2 m i ett triangulärt pålningsmönster i stället för det 
vanligare kvadratiska pålningsmönstret. Finita element (FE) analyser av ett flertal 
uppställningar—med kvadratiska och triangulära pålningsmönster för varierande 
pålavstånd—genomfördes baserat på en geosyntetförstärkt vägbank på träpålar för att 
utvärdera designkriterierna. Som en del av utvärderingen gjordes en litteraturstudie av 
internationella dimensioneringsriktlinjer och analytiska modeller. Från FE-
simuleringarna erhölls ingen tydlig skillnad i det mekaniska beteendet mellan 
triangulärt och kvadratiskt pålningsmönster. Det maximalt tillåtna centrumavståndet 
för träpålar kan ökas från 1,2 till 1,4 m, vilket minskar antalet träpålar med så mycket 
som en tredjedel. 
 I den andra studien upprättades en fältlokal. En ombyggd vägbank, förstärkt med 
träpålar och jordarmering, instrumenterades 2020 och mätdata från de två första åren 
efter ombyggnationen analyserades. Mätningarna i fältlokalen omfattade sättningar, 
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pålutböjning, porvattentryck, belastning på pålar och undergrund samt töjningar i 
jordarmeringen. Små töjningar observerades i jordarmeringen på grund av liten 
nedböjning. Ofullständig valvverkan konstaterades utifrån den uppmätta 
lastfördelningen, då mindre än hälften av den totala lasten av vägbank och trafik bars 
upp av pålarna. Pållasten ökade vintertid då tjälen trängde ner i banken och förstyvade 
bankfyllningen. Data från fältstudien utgör ett detaljerat referensobjekt för denna 
avhandling och den fortsatta forskningen inom bankpålning med träpålar. 
 I den tredje studien gjordes en numerisk analys av effekten av jordarmering i 
träpålade bankar. Tre olika fall testades: två lager armering (balkteorin), ett lager 
armering (kedjeteorin) och oförstärkt. Hypotesen är att det finns ett intervall av 
bankhöjder och pålavstånd där ett av fallen är att föredra framför de två andra vad gäller 
resurseffektivitet. FE-simuleringar, kalibrerade med hjälp av data från fältstudien, 
utfördes för de tre fallen med varierande pålavstånd, bankhöjd och 
undergrundsmaterial. Baserat på resultaten från FE-analysen och litteratur om 
valvbildning föreslås gränser för de tre fallen som riktlinje för stabil valvbildning i 
träpålade bankar. Gränserna möjliggör en mer objektsanpassad dimensionering än den 
nuvarande svenska standarden, vilket förbättrar resurseffektiviteten både vad gäller 
erforderligt antal pålar och mängden jordarmering. 
 Baserat på slutsatserna från de tre studierna som presenteras i denna avhandling, ges 
rekommendationer för träpålade bankar. Rekommendationerna baseras på teoretiska 
beräkningar och en fallstudie. Som en framåtblick beskriver avhandlingen 
utformningen av en fysisk laboratorieuppställning för att verifiera de teoretiska 
resultaten och upprätta implementerbara rekommendationer. Även om den primära 
tillämpningen är träpålade bankar, kan de fysiska testresultaten tillämpas på generell 
bankpålning. 
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1. Introduction 
 

 
1 

 

1. INTRODUCTION 

1.1 Background and motivation 
Road and railway embankments must often be constructed over soft compressible soil. 
The associated problems (i.e. large settlements, embankment instability, and the long 
period of time required for consolidation of the underlying soil) has led to the 
development of many of the ground improvement techniques used today. The bearing 
capacity of the system may be increased with a base reinforcement layer, and if needed 
the construction of stone columns, soil mixing or piles. Possible normalised load–
settlement curves are represented schematically in Fig. 1 by Springman et al. (2014) 
for the mentioned ground improvement techniques. The ratio 𝑞𝑞𝑞𝑞𝑘𝑘𝑘𝑘/𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢,𝑘𝑘𝑘𝑘~3 represents 
a ‘limit value’ below which the load-settlement behaviour of an unreinforced 
embankment may be assumed to be modelled elastically and to represent the 
serviceability limit state. The ratio 𝑞𝑞𝑞𝑞𝑘𝑘𝑘𝑘/𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢,𝑘𝑘𝑘𝑘~5 represents the assumed ultimate limit 
state of the unreinforced embankment at which ground failure occur. 

 
Fig. 1. Schematic load–settlement curves for different soil improvement methods (provided 
by Springman et al., 2014), where 𝑞𝑞𝑞𝑞𝑘𝑘𝑘𝑘 = applied vertical stresses (embankment weight), 𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢,𝑘𝑘𝑘𝑘 = 
undrained shear strength, 𝛿𝛿𝛿𝛿 = settlement at mid-embankment, and 𝐻𝐻𝐻𝐻 = embankment height. 

 Pile-supported embankments have been used worldwide to provide a foundation 
for roads and railways. When driven into the soft ground, the piles both stiffen the 
subsoil and transferring some of the loads to stiffer soils and significantly increasing the 
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stiffness and bearing capacity of the embankment system. Geosynthetic reinforcement 
(GR), such as geotextiles and geogrids, further improves the stiffness and bearing 
capacity (Hewlett and Randolph, 1988; Low et al., 1994). Pile caps are added to 
increase the effective coverage of the pile-support. 
 Nowadays, there is a search for solutions using less resources and decreased 
environmental impact. In many situations, reviewing old techniques can be a suitable 
procedure. A good example is the old foundation method of timber piling which dates 
back 7000 years in Europe to the Neolithic period (Menotti and Pranckenaite, 2008; 
Heumüller, 2012). The Romans built the first and most famous of the bridges across 
the Tiber River in Rome, Pons Sublicius, on timber piles B.C. 640–616 (Tucci, 2012). 
Cities such as Venice, Amster- and Rotterdam, Stockholm, and New Orleans were 
originally founded on timber piles. After reinforced concrete and steel piles became 
widely available, there was a decline in the use of timber piles. Over the past decades, 
timber piles have seen an increase in use as a viable and sustainable deep foundation 
method. There is a significant reduction in carbon dioxide emission in the production 
of timber piles compared to concrete or steel ones. Churkina et al. (2020) calculated 
the mean carbon emission of 1 tonne of cement, steel, and timber to be 0.16, 0.54, 
and 0.12 tonnes, respectively. In addition, timber acts as a carbon sink (Zeng, 2008), 
with 1 tonne of timber storing 0.48 tonnes of carbon on average (Churkina et al., 
2020). Additionally, timber piling is often cheaper compared to steel and precast 
concrete piling. In 2009, Reynolds and Bates (2009) estimated the cost for driven 
timber piles at £15/m, steel piles at £32/m, and precast concrete piles at £24/m in 
the UK. For construction in regions with large quantities of forest, e.g. northern 
Sweden, timber piles cost as little as £9/m and generate relatively low transportation 
emissions. 
 Although timber piles are widely used for infrastructure 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. A vertical cross 
section of an embankment, which follows the Swedish design guidelines found in 
TRVINFRA-00230 (STA, 2022), is presented in Fig. 2a. Untreated piles are used 
since treating the timber with wood preservatives have a negative climate effect 
(Townsend and Solo-Gabriele, 2006). The basal reinforcement consists of a load 
distribution layer, at least 1.5 m thick, with two layers of GR (geogrids) to prevent 
pile punching failure of the embankment. Pile caps are not used (further reducing the 
carbon footprint), limiting the allowable centre-to-centre pile spacing to 0.9–1.2 m. 
Note that in 2022, the design criteria and recommendations in TK Geo 13 (STA, 
2016a) and TR Geo 13 (STA, 2016b) were reintroduced in the current code 
TRVINFRA-00230 (STA, 2022). In TK Geo 13, the allowable centre-to-centre pile 
spacing was 0.8–1.2 m, otherwise the design criteria were not changed. The piles are 
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in both versions of the code arranged in an isosceles triangular pattern (Fig. 2b), in 
the belief that it provides a more stable structure than with a square pile pattern, since 
the longest distance between two adjacent piles are shorter. However, a square pile 
arrangement is more common for GRPSE in general, both in Sweden and abroad. 
 

 
Fig. 2. Design criteria according to the Swedish code TRVINFRA-00230 (STA, 2022). 

 Though the GRPSE with timber piles that has been constructed according to the 
Swedish codes have proven successful in terms of serviceability state, TRVINFRA-
00230 (STA, 2022) is deliberately conservative with narrow required pile spacing and 
two layers of GR instead of one layer. There is a limited number of timber pile-
supported road and railway embankments worldwide, and thus no ”best practice” is 
yet known. This leads to potentially unnecessary excess of timber piles and GR to 
maintain the serviceability state of the road or railway. There is an interest in the 
possibility of reducing the number of piles and amount of GR to save natural and 
economical resources. The purpose of this thesis is to deepen the knowledge and 
improve the resource efficiency and sustainability of geosynthetic-reinforced timber 
pile-supported embankments. 
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1.2. State of the Art 

1.2.1 Geosynthetic-reinforced pile-supported embankments (GRPSE) 

In 1972, a piled embankment with a basal geotextile-reinforcement was used for the 
first time, as an alternative solution to carry the horizontal forces in a pile-supported 
bridge approach embankment outside Gothenburg, Sweden, as reported by Holtz and 
Massarsch (1976; 1993). The solution of a geosynthetic-reinforced pile-supported 
embankment (GRPSE) was significantly cheaper than a longer bridge structure. The 
method became popular in Scandinavia and parts of Southeast Asia (Jones et al., 1990).  
A few years decade later, Reid and Buchanan (1984) reported an early use of GRPSE 
in the UK, also for a bridge approach support piling, in central Scotland. The first 
application of a GRPSE in the USA came 10 years later, for the storage tanks at the 
Westway Terminal in Philadelphia, PA (Shaefer et al., 2017). Here the load 
distribution layer consisted of three layers of geogrid instead of geotextile. 
 The combination of pile-support and basal reinforcement is today widely used as a 
foundation method for road and railways on soft ground. GRPSE has a short 
construction time and creates an efficient reduction of both the vertical and the 
horizontal displacements. The GR used in GRPSE consists of one or more layers of 
woven textiles or synthetic polymeric textiles or grids, known as geogrids. The GR 
has the capacity to span in catenary between the caps and prevent excessive 
embankment settlement between the adjacent piles. 
 In e.g. the United States and Australia, the GRPSE method is referred to as 
geosynthetic-reinforced column-supported embankment (King et al., 2017a; Shaefer 
et al., 2017). Other terminologies used by researchers and engineers are: basal 
reinforced piled embankments, geosynthetic-reinforced piled embankments, and rigid 
inclusion ground improvement. The term “geosynthetic-reinforced pile-supported 
embankments” is used in this thesis. 

AArrcchhiinngg  aanndd  mmeemmbbrraannee  eeffffeecctt  
GRPSE utilises soil arching effect (Terzaghi, 1943) and membrane effect (Gourc and 
Villard, 2000) to transfer the embankment weight and traffic load onto the piles instead 
of the soft subsoil, thus reducing both the total and differential settlement of the 
embankments. Terzaghi (1943) defined the soil arching effect as the “transfer of 
pressure from a yielding mass of soil onto adjoining stationary parts”. This implies that 
the vertical stress on the soil beneath the arch is reduced. As the soft subgrade between 
the piles consolidates, the differential settlements in the embankment base causes shear 
resistance between the stationary and yielding part of the soil mass, which causes the 
soil arching effect to occur (Terzaghi, 1943). By soil arching effect, the vertical load is 
concentrated on the stationary parts (the piles), distributing the load on the piles instead 
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of the soft subsoil. 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). The absorbed vertical load is transferred to the piles as the GR 
deflects and generates tensile forces, further reducing the vertical load on the subsoil, 
as demonstrated by e.g. Girout et al. (2018). Since soil arching is mobilised due to 
subsoil settlement, and subsequently the deflection of the GR, soil arching and 
tensioned membrane effects are related and occur at the same time in the GRPSE. 
 The current common view on the load distribution in GRPSE—according to the 
works, e.g., by Hewlett and Randolph (1988), Le Hello and Villard (2009), Satibi 
(2009), McGuire (2011), Iglesia et al. (2014), Van Eekelen (2015), Zhang et al. (2016), 
King et al. (2017a), Girout et al. (2018), Van Eekelen and Han (2020), and Rui et al. 
(2022)—is illustrated in Fig. 3. The resulting load on the pile heads (𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) is the sum 
of the arching and membrane effects. The load distribution in Fig. 3 is a simplification, 
e.g. the soil beneath the arches interacts with the upper structure and the actual shape 
of the arches is debated, as discussed later in the thesis. 
 

 
Fig. 3. Illustration of the load distribution in a geosynthetic-reinforced pile-supported 
embankment (GRPSE), from Paper III. 
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 The total vertical load of embankment self-weight and surcharge load on a unit 
cell (tributary area, Fig. 2b) is the sum of three load parts 𝐴𝐴𝐴𝐴, 𝐵𝐵𝐵𝐵 and 𝐶𝐶𝐶𝐶 (Van Eekelen 
et al., 2010; Van Eekelen and Han, 2020): 
 
𝑊𝑊𝑊𝑊 = 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣 · 𝑠𝑠𝑠𝑠2 = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶 (1) 
 
where 𝑊𝑊𝑊𝑊 is the total vertical load of embankment self-weight and surcharge 

load on a unit cell, 

  𝜎𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣0 is the initial effective overburden pressure at the pile cut-off level, 

  𝑠𝑠𝑠𝑠 is the centre-to-centre pile spacing, 

𝐴𝐴𝐴𝐴 is the part of 𝑊𝑊𝑊𝑊 that is transferred directly onto the piles via the 
arching effect (𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒), 

𝐵𝐵𝐵𝐵+𝐶𝐶𝐶𝐶 is the weight of the soil underneath the arch resting on the GR 
and subsoil (𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), 

  𝐵𝐵𝐵𝐵 is the part of 𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 that is transferred onto the piles through the GR, 

  and 𝐶𝐶𝐶𝐶 is the part of 𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 that is carried by the subsoil. 

 Van Eekelen and Han (2020) discussed different ways of quantifying soil arching. 
In this thesis, the level of arching is quantified as pile efficacy 𝐸𝐸𝐸𝐸 and stress-reduction 
ratio SRR (sometimes referred to as soil arching ratio). Pile efficacy is the ratio of load 
part 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵 and 𝑊𝑊𝑊𝑊: 

𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑊𝑊𝑊𝑊

= 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝·𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣·𝑠𝑠𝑠𝑠2

 (2) 

where  𝜎𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝 is the vertical effective earth pressure on the pile head, 

  and 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 is the cross-section area of the pile head. 

Observe that the pile efficacy 𝐸𝐸𝐸𝐸 is unitless (kN/kN). When there is no arching 
𝜎𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝 = 𝜎𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣0 and 𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝/𝑠𝑠𝑠𝑠2. SRR is the pressure on the subsoil of load part 𝐶𝐶𝐶𝐶 in relation 
to 𝜎𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣0: 

SRR = 𝐶𝐶𝐶𝐶 
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣·�𝑠𝑠𝑠𝑠2−𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝�

= 𝜎𝜎𝜎𝜎′𝑠𝑠𝑠𝑠
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣

  (3) 

where  𝜎𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠 is the vertical effective earth pressure on the subsoil at zero 
differential settlement. 
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Observe that the stress reduction ratio SRR is unitless (kN/kN). If there is no arching, 
SRR = 1.0.  
 Evans (1983), Jacobsz (2016), da Silva Burke and Elshafie (2021), amongst others, 
showed that shear banding will progressively propagate towards the surface if the 
subsoil settlement is not restrained, i.e. this plane is a function of sub-soil settlement. 
Iglesia (1991) performed geotechnical centrifuge trapdoor tests of tunnelling and 
observed a relationship between the measured SRR and the relative displacement 
(defined as trapdoor displacement divided by trapdoor width × 100%) described as the 
ground reaction curve. At zero relative displacement, SRR = 1.0. As the relative 
displacement increases, SRR reaches minimum value (i.e. maximum soil arching) and 
a residual or decreasing arching effect for larger relative displacement. Ellis and Aslam 
(2009a; 2009b) and King et al. (2017a) continued the work by Iglesia (1991) and 
applied the theory of the ground reaction curve on GRPSE, for which it is a 
relationship between the development of arching stresses and subsoil settlements. The 
trapdoor tests in literature (e.g. Terzaghi 1936; Ladanyi and Hoyaux 1969; Evans 1983; 
Iglesia 1991; Rui et al., 2019; Zhang et al., 2021) show that maximum arching occurs 
at relatively small subsoil settlements, and the soil arching degrades at larger settlements. 
For GRPSE, King et al. (2017a) assessed that the subsoil settlements are typically large 
enough for soil arching degradation to occur. 
 The effective major principal stress 𝜎𝜎𝜎𝜎′1 vectors will align tangentially to the arch 
(Jenck et al. 2009a; Tordesillas et al. 2009; Bhasi and Rajagopal, 2015; Lai et al., 2016; 
Rui et al., 2016; Rui et al., 2022) and the effective vertical stress 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣 will reduce 
underneath the arches and concentrate around the piles (Iglesia, 1991; Zaeske, 2001; 
Van Eekelen et al., 2013; King et al., 2017a; Rui et al., 2022), as illustrated in Fig. 4. 
The actual shape of the fully formed soil arch is debated. Rogbeck et al. (1998) and 
Collin et al. (2008) assumed triangular arch formation, like a wedge. Hewlett and 
Randolph (1988), Zaeske (2001) and Van Eekelen et al. (2013) concluded that a fully 
formed arch is semi-circular, i.e. ℎ = 𝑠𝑠𝑠𝑠/2. The research by Iglesia et al. (1999) and 
Iglesia et al. (2014) showed that the arch initially has a curved shape and transitions to 
a triangular shape with increasing differential displacement. Rui et al. (2019) observed 
triangular arch formation without GR and semi-elliptical arches with GR, both with 
ℎ = 0.8(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒). 
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Fig. 4. Illustration of the vertical effective stress 𝜎𝜎𝜎𝜎’𝑣𝑣𝑣𝑣 reduction due to arching, based on Zaeske 
(2001), and the major principal effective stress 𝜎𝜎𝜎𝜎’1 vectors (Rui et al., 2022). Arch shape 
according to the Concentric Arches model (Van Eekelen et al., 2013) with arching height 
ℎ = 𝑠𝑠𝑠𝑠/2. 

 

GGeeoossyynntthheettiicc  rreeiinnffoorrcceemmeenntt  
Many national codes and recommendations designing the load distribution layer by 
the catenary theory (Fig. 5a) with small separation between the top of pile head/cap 
and the GR (e.g. BSI, 2010; DGGT, 2011; IREX, 2013; SBRCURnet, 2016). The 
GR is allowed to deflect, forming a catenary shape, and fully develop the arching 
effect. 
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Fig. 5. Pile-supported embankment reinforced in accordance with the a) catenary theory and 
b) beam theory. In a) the GR is placed close to the pile cut-off level with little to no elevation. 
In b) the lower GR has significant elevation and the upper GR is placed with a vertical spacing 
to the lower GR. 

 What sets the design criteria for timber piling in TRVINFRA-00230 (STA, 2022) 
apart from other GRPSE national codes and recommendations, e.g., the British 
BS8006 (BSI, 2010), is the exclusion of pile caps in favour of reliance on the GR. 
Designing with no pile caps results in a small pile coverage ratio 𝛼𝛼𝛼𝛼 defined as a 
percentage 

 𝛼𝛼𝛼𝛼 = 𝑒𝑒𝑒𝑒2/𝑠𝑠𝑠𝑠2 ∙ 100 (4) 

where 𝑒𝑒𝑒𝑒 is the equivalent side length of a square pile with the same cross-sectional 
area as a circular pile head with diameter 𝑒𝑒𝑒𝑒, and is calculated as 

𝑒𝑒𝑒𝑒 = �(𝜋𝜋𝜋𝜋𝑒𝑒𝑒𝑒2) 4⁄  (5) 

The allowable centre-to-centre pile spacing in TRVINFRA-00230 (STA, 2022) of 
𝑠𝑠𝑠𝑠 = 0.9–1.2 m (Fig. 2a), results in 𝛼𝛼𝛼𝛼 = 3.9–2.2% for a pile head diameter of 0.20 m. 
For comparison, the minimum pile coverage ratio should according to the Dutch 
CUR226 (SBRCURnet, 2016), the German EBGEO (DGGT, 2011), and The 
Nordic Guidelines (Rogbeck et al., 2005) be 4.5, 3.5 and 10%, respectively. To avoid 
punching failure because of the low pile coverage ratio, the basal reinforcement should 
consist of a load distribution layer with two layers of GR (geogrids) with 20 cm of 
granular material below, in between, and above (see Fig. 2a). The multiple geogrids 
interlock the soil particles to a greater extent than when having just one geogrid. 
During compaction, horizontal stresses are then induced in the load distribution layer 
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making it behave as a beam lying on top of the piles (Fig. 5b). This design approach 
relies less on the arching and membrane effects and more on the creation of a 
composite-reinforced soil mass, as the GR deflects less during loading. Collin et al. 
(2005) developed a beam method for the use of ≥ 3 layers of GR. However, the beam 
theory is like the catenary theory also based on the assumption of full arch 
development within the load distribution layer (Sarsby, 2007). The stiffness of the 
composite-reinforced soil mass can potentially be much greater than that of a single 
GR layer. Rui et al. (2022) showed that too high GR stiffness leads to partial soil 
arching mobilisation, whilst too low GR stiffness results in enough subsoil settlements 
to cause full mobilisation then degradation of the soil arching. The GR stiffness is 
optimum when full soil arching is maintained without degrading. 
 Most design methods in literature assume a geogrid design consisting of biaxial 
layers. Biaxial geogrids have the same strength in both the machine and cross machine 
directions while the primary strength of uniaxial geogrids is in the machine direction 
and just enough strength for the structural integrity in the cross-machine direction. 
Due to the width limitation of rolls of GR, the single biaxial geogrid layer is normally 
replaced by two layers of uniaxial geogrid placed with each cross-machine direction 
perpendicular to the other. Van Eekelen et al. (2012a) concluded that the use of a 
single biaxial geogrid can be comparable to two uniaxial geogrids if the two uniaxial 
geogrid layers are installed directly on top of one another. The two geogrid layers 
should according to the Swedish code TRVINFRA-00230 not be placed on top of 
another, but 20 cm apart, with the lower geogrid layer elevated 30 cm above the pile 
cut-off level, as shown in Fig. 2a. The test embankment results by Briançon and 
Simon (2012) showed that a similar geogrid-reinforcement provided more uniform 
stress distribution at the top of the load distribution layer, compared to reinforcing 
with a single geotextile. However, the geotextile was also elevated 35 cm above the 
pile cut-off level. Both Satibi (2009) and Girout et al. (2018) found that increasing the 
elevation of GR layers within the embankment reduces the membrane effect, since 
the differential settlements are greatest at the subsoil surface and approaches zero at top 
of the soil arch. When the elevation of the GR is significantly increased, Satibi (2009) 
concluded that the subsoil settlements become like the case when only one GR layer 
is applied. Similarly, Girout et al. (2018) observed no apparent difference in adding a 
second additional layer of GR 20 cm above an existing GR layer with no elevation.  
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AArrcchh  ssttaabbiilliittyy  
In practice, it is necessary to have sufficient embankment height to ensure that 
localized differential settlement cannot occur at the surface of the embankment. Chen 
et al. (2008), McGuire (2011), Lai et al. (2016), Al-Naddaf et al. (2019), and Rui et 
al. (2020a; 2020b) studied the development of embankment surface differential 
settlements as a limit for a minimum embankment height. A stable arch formation is 
defined as the formation of an equal settlement plane (Terzaghi, 1943; Chen et al., 
2008; Satibi, 2009; Lai et al., 2016; Rui et al., 2016), above which the pile-supported 
embankment settles uniformly (Fig. 6a). Vice versa, an unstable arch is defined as 
when localized differential settlement occur at the surface of the embankment (Fig. 
6b).  Chen et al. (2008), McGuire (2011), Lai et al. (2016), Rui et al. (2016) and Rui 
et al. (2019) found conditions with and without GR for stable arch formations as ratios 
between embankment height and spacing between the piles. Reinforcing the piled 
embankment base with a GR stabilises the soil arching (e.g. Al-Naddaf et al., 2019; 
Rui et al., 2019). 
 

 
Fig. 6. Deformation pattern of a) a stable arch formation and b) an unstable arch formation. 

 The minimum embankment height 𝐻𝐻𝐻𝐻 for which an equal settlement plane can 
form, i.e. stable arch formation (Fig. 6a), is referred to as the critical height 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 
McGuire (2011) and Rui et al. (2019) found limits for 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 in terms of pile spacing 𝑠𝑠𝑠𝑠 
pile width 𝑒𝑒𝑒𝑒 and embankment height 𝐻𝐻𝐻𝐻 for both unreinforced and reinforced 
embankments. The limits are discussed later in Chapter 2.3. The minimum height of 
a timber pile-supported embankment in TRVINFRA-00230 (STA, 2022) is 1.6 m 
(Fig. 2a) to allow an equal settlement plane to form. 
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PPiillee  aarrrraannggeemmeenntt  
The piles should for GRPSE with timber piles be installed in an iscoceles triangular 
pattern (Fig. 7) according to the Swedish code TRVINFRA-00230 (STA, 2022), on 
the hypothesis that a triangular pile arrangement results in the more stable arch 
formation than a square pile arrangement. However, a uniaxial or biaxial geogrid 
works better with a square pile arrangement, as the main stress paths in the geogrid 
aligns parallel and perpendicular to the pile rows (Van Eekelen and Han, 2020).  

 
Fig. 7. The two studied pile arrangements. Pile rows marked with dashed lines. 

 Most design methods found in national codes and recommendations are based on 
square or rectangular pile patterns, although the American FHWA manual (Schaefer 
et al. 2017) and German recommendations EBGEO (DGGT, 2011) do consider 
triangular pile patterns. Comparisons of square and triangular pile arrangements are 
limited in literature. The small-scale experiment by Esmaeili and Khajehei (2016), and 
the FE analysis by Wijerathna and Liyanapathirana (2019) and Zhang et al. (2019) are 
three of few studies which compare square and triangular arrangements of piles or 
columns. Esmaeili and Khajehei (2016) found for deep mixed columns similar 
embankment support of the two arrangements in terms of bearing capacity of the 
system and settlement reduction. For a geosynthetic-reinforced column-supported 
embankment, Wijerathna and Liyanapathirana (2019) concluded that a triangular 
arrangement yields 25% less ground surface settlements. Zhang et al. (2019) studied 
the effect of pile arrangement on the GR tensile strain and found that a triangular pile 
arrangement reduced the maximum tensile strain by approximately 15%. It should be 
noted that the pile coverage ratio in Esmaeili and Khajehei (2016),  and Wijerathna 
and Liyanapathirana (2019) was greater for the triangular arrangement than for the 
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square arrangement, resulting in larger pile-to-soil ratio in the triangular case. 
However, the tributary area 𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠 is equal to 𝑠𝑠𝑠𝑠2 for both a square pile arrangement and 
the triangular pile arrangement required by TRVINFRA-00230 (STA, 2022), 
comprised of isosceles triangles (Fig. 2b; Fig. 7). Esmaeili and Khajehei (2016), 
Wijerathna and Liyanapathirana (2019) studied triangular arrangements comprised of 
equilateral triangles, for which 𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠 = √3/2·𝑠𝑠𝑠𝑠2. 
 In the GRPSE project reported by Holtz and Massarsch (1976), the piles were 
fitted with drains to reduce the excess pore pressure in the subsoil. For this purpose, a 
triangular pile arrangement is preferrable as it provides a more uniform consolidation 
between drains than a square pile arrangement (Rixner et al., 1986). 

1.2.2 Modelling and monitoring of pile-supported embankments 

Terzaghi (1936) pioneered the study of the soil arching effect using trapdoor tests on 
sand fill. Since then, many studies about the soil arching effect have been conducted. 
Van Eekelen and Han (2020) provided a very useful state-of-the-art review of the 
GRPSE foundation method that highlights key developments and results which helps 
understand the design, construction, and performance of these structures. Notable 
studies can be divided into the development of physical modelling of arching and 
GRPSE, analytical models for GRPSE design, and numerical modelling of arching 
and GRPSE. 

PPhhyyssiiccaall  mmooddeelllliinngg  ooff  aarrcchhiinngg  aanndd  GGRRPPSSEE  
Physical model tests have been conducted since Terzaghi (1936) to study the arching 
effect in granular soil mass. Small-scale testing with geotechnical centrifuge modelling 
is widely acceptance in soil engineering. Studies have been performed on 
geosynthetic-reinforced embankments on soft ground (e.g. Sharma and Bolton, 1996), 
pile testing (e.g. Scott, 1983), pile driving (e.g. de Nicola and Randolph, 1999), stone 
columns (e.g. Weber et al., 2010), and more. Evans (1983) and Iglesia (1991) 
performed centrifuge trapdoor tests on the soil arching over voids formed by 
underground structures. Their methodology passed over to the study of GRPSE in 
the works by e.g. Jenck et al. (2007), Ellis and Aslam (2009a,b); Rui et al. (2016), 
Girout et al. (2018), Rui et al. (2019), and Zhang et al. (2021). Most of the small-scale 
GRPSE tests assume two-dimensional (2D) plane strain, with the trapdoor between 
two piles. This is a simplification since arch formation in a piled embankment is three-
dimensional (3D). Girout et al. (2018) performed trapdoor tests with a pile group to 
capture the 3D effect. Another common method in small-scale GRPSE is the use of 
a horizontal trapdoor to simulate the subsoil settlement, which is thus simplified as 
uniform. Jenck et al. (2007) used a foam block instead of a rigid trapdoor to mimic 
natural non-uniform subsoil settlement. 
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 Medium-scale tests of GRPSE at Earth’s natural gravity often involve two piles 
(e.g. Hewlett and Randolph, 1988; Low et al., 1994; Chen et al., 2008; Al-Naddaf et 
al., 2019; Al-Naddaf and Han, 2021) assuming 2D plane strain, or a small pile group 
of four or more piles to model the 3D arch formation (e.g. Kempfert et al., 1999; Van 
Eekelen et al., 2012a; Van Eekelen et al., 2012b; Esmaeili and Khajehei, 2016; Liu et 
al., 2022). The literature shows different approaches for simulating the non-linear 
behaviour and support of the subsoil. Kempfert et al. (1999) used a peat layer as subsoil. 
Low et al. (1994) and Van Eekelen et al. (2012a) simulated the subsoil with a rubber 
foam. Van Eekelen et al. (2012a) placed a soaked foam cushion in a watertight rubber 
membrane and simulated the subsoil settlement by draining the foam cushion with a 
tap. Al-Naddaf and Han (2021) used trapdoors mounted on springs to test different 
subsoil stiffnesses by varying the number of springs. They also compared a rigid 
trapdoor with a three-segmented flexible trapdoor and found that the uniform subsoil 
settlement from using the rigid trapdoor resulted in greater soil arching effect than the 
non-uniform subsoil settlement from using the flexible trapdoor. 
 Small- and medium-scale tests give a good understanding of the arching mechanism 
for unreinforced and reinforced embankments, but the setups are simplifications of 
GRPSE. Full-scale tests are needed for reference of the actual load distribution. 
Notable examples of full-scale field tests are reported by Rogbeck et al. (1998), 
Almeida et al. (2007), Van Eekelen et al. (2010), Briançon and Simon (2012), Van 
Eekelen et al. (2012c), Zhang et al. (2016), King et al. (2017a), and Khansari and 
Vollmert (2020). Earth pressure cells or load cells are used to measure the load on and 
in between piles. Van Eekelen et al. (2010) put load cells on either side of the GR, 
just above the pile heads, to separately measure load part 𝐴𝐴𝐴𝐴 and 𝐵𝐵𝐵𝐵. Only measuring the 
load on top of the pile heads gives 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵. The GR tensile strains are usually measured 
with strain gauges, extensometers, wire cable systems, or optical fibres. Displacements 
can be measured with hydrostatic profile system, settlement plates, inclinometer, shape 
accelerometer array, etc. 

NNuummeerriiccaall  mmooddeelllliinngg  ooff  aarrcchhiinngg  aanndd  GGRRPPSSEE  
Numerical modelling of GRPSE are in literature treated by finite difference (FD) 
analysis (e.g. Rogbeck et al., 2000; Jenck et al., 2009b) finite element (FE) analysis 
(e.g.; Jones et al., 1990; Heitz et al., 2008; Satibi, 2009; Zhuang et al., 2012; Almeida 
et al., 2013; Pham and Dias, 2013; Girout et al., 2014; Zhuang and Ellis, 2014; Rowe 
and Liu, 2015; Pham et al., 2020; Wijerathna and Liyanapathirana, 2020; Zhuang et 
al., 2022) or discrete element (DE) analysis (Jenck et al., 2009a; Han et al., 2012; Lai 
et al., 2016; Rui et al., 2016; Chen et al., 2020; Rui et al. 2022). The DE method is 
better suited than the FE method for soil-soil and soil-GR interaction, as the individual 
particles are modelled in DE analyses in contrast to the modelled continuum in FE 
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analyses. The DE analyses by Lai et al. (2016), Rui et al. (2016) and Rui et al. (2019) 
clearly show the formation of arches by the developed chains of strong contact force 
between the soil particles. However, DE analyses are computational heavy in 
comparison to FE analyses. Also, the major principal stress directions in FE analysis 
align with the direction of the contact force chains in DE analysis (Tordesillas et al. 
2009; Lai et al., 2016; Rui et al., 2016; Rui et al., 2022). In terms of soil-GR 
interaction, the interlocking effect a geogrid has on a soil aggregate is more simplified 
when using the FD and FE method instead of the DE method. The FD method 
require generally less computational power to solve the problem that the FE method, 
but the FE method is better at solving problems with complex geometries. 
 A common approach to numerical analyses of GRPSE is to model the structure as 
either 2D (e.g. Rogbeck et al., 2000; Jenck et al. 2007; Jenck et al. 2009a; Girout et 
al., 2014; Lai et al., 2016; Rui et al., 2022) or quasi-3D, i.e. only a unit cell (tributary 
area, Fig. 2b) with a single pile being modelled in three dimensions (e.g., Zaeske, 
2001; Oh and Shin 2007; Jenck et al. 2009b; Almeida et al., 2013; Girout et al., 2014; 
Pham et al., 2020). Other studies modelled a limited pile group of four piles (e.g. Le 
Hello and Villard, 2009; Zhang et al., 2019). These methods are adequate when piles 
are installed outside the influence of a lateral embankment slope. There are few fully 
3D analyses (e.g. Liu et al., 2007; Fahmi Farang, 2008; Rowe and Liu, 2015; Bhasi 
and Rajagopal, 2015; Wijerathna and Liyanapathirana, 2020). Fahmi Farag (2008) is 
perhaps the most detailed study of the lateral embankment slope effect in GRPSE. 
The 3D FE analysis by Rowe and Liu (2015) on the full-scale test by Briançon and 
Simon (2012) is one of few numerical studies in which the effect of one or multiple 
layers of GR on the behaviour of GRPSE was extensively evaluated and validated 
against field or experiment test data.  

AAnnaallyyttiiccaall  mmooddeellss  ffoorr  GGRRPPSSEE  ddeessiiggnn  
The use of GRPSE is increasing worldwide, with Europe as the leading field of 
practice. The foundation method is common in the Nordic countries. In the early 
2000’s, the Nordic geotechnical societies created the Nordic guidelines for reinforced 
soils and fills, presented by Rogbeck et al. (2005). The Nordic guidelines mentions 
two analytical models for GRPSE design, the Extended Carlsson method by Rogbeck 
et al. (1998) and the SINTEF model by Svanø et al. (2000). The Extended Carlsson 
is developed based on the Carlsson model by Carlsson (1987), a two-dimensional rigid 
arch model used to determine the tensile load in the GR (𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺). The model assumes a 
wedge (equilateral triangle with 30° apex angle) of soil in movement between the 
piles, with the rest of the embankment being stationary. The load directly transferred 
onto the piles corresponds to the weight of the stationary soil. The GR supports the 
entire weight of the soil wedge, assuming no subsoil support and 𝐶𝐶𝐶𝐶 = 0 kN/pile. Thus, 
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the piles are assumed to carry the sum of the embankment and traffic load (𝑊𝑊𝑊𝑊). 
Rogbeck et al. (1998) added a multiplier to the Carlsson model for the calculation of 
𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 in three dimensions, i.e. 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 per pile instead of per metre. This Extended Carlsson 
model is the recommended analytical model in Sweden for the design of GRPSE, 
including GRPSE with timber piles (STA, 2022). The SINTEF model by Svanø et 
al. (2000) is based on the Extended Carlsson model, but the SINTEF model focuses 
on the arching effect primarily and on the membrane effect secondarily, whilst the 
Extended Carlsson model focuses on them in the reverse order. In the SINTEF model, 
the stationary soil acting directly on a pile head or cap is assumed to form as an upside-
down truncated square pyramid. The SINTEF model allows for the implementation 
of partial arch formation, i.e. when the arch height exceeds the embankment height. 
An eventual surcharge load is instead added over the embankment surface overlapping 
the wedge. The SINTEF model is not implemented in a national code or 
recommendation. 
 Among the other European national codes and recommendations for geotechnical 
engineering, there exist several limit equilibrium (LE) models for the design of 
GRPSE. The three most used models for GRPSE design are: (1) The H&R model 
by Hewlett and Randolph (1988), used in the British BS8006 (BSI, 2010) and the 
French ASIRI (IREX, 2013); (2) the Zaeske (2001) model, used in the German 
EBGEO (DGGT, 2011); and (3) the Concentric Arches (CA) model by Van Eekelen 
(2015), implemented in the Dutch CUR226 (SBRCURnet, 2016). All three models 
consider the transfer of the load through the arch in limit equilibrium, with the 
difference being the formation of the arch. The H&R model assumes a single semi-
circular arch between the piles; the Zaeske model assumes non-concentric semi-
elliptical arches; and the CA model assumes concentric semi-circular arches. The 
H&R model considers no subsoil support, whereas the Zaeske and CA models take 
subsoil support into consideration, in the sense of a subgrade reaction modulus. 
 A notable mention is the model developed by Collin et al. (2005), which is 
implemented in the American FHWA manual (Shaefer et al., 2017). The Collin 
method is a model preliminary used for the design of load distribution layers with a 
minimum of three layers of GR. It is a rigid arch model with the assumption of a 
wedge-shaped arch and no subsoil support, with all the vertical load from the 
embankment and traffic being transferred to the piles, like the Extended Carlsson 
model (Rogbeck et al., 2005) and the SINTEF model (Svanø et al., 2000). 
 As shown, few of the analytical models for GRPSE design include subsoil support. 
As stated in BS8006 (BSI, 2010): “long term partial support offered by the ground 
between piles should not be used for normal design, since the effective stress conditions 
acting on the existing ground can alter irrespective of the embankment loading, e.g. 
seasonal fluctuations in the ground water level can increase the effective stress on the 
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in-situ soil resulting in further consolidation and loss of contact with the underside of 
the reinforcement”. Jones et al. (1990) demonstrated that the estimated tensile force 
in the GR is significantly reduced when considering subsoil support, especially for 
large pile spacing. The study concluded that the simplified analytical procedures 
available at the time overestimate the tensile requirements of the GR. The reason 
being that the empirical relationships used for quantifying the arching effects are 
conservative, and that the procedures cannot accurately consider subsoil support. 
However, BS8006 followed the recommendations by Jones et al. (1990) to adopt a 
conservative assumption and exclude potential subsoil support. Today, advanced 
models like the CA model (Van Eekelen et al., 2013) can consider potential subsoil 
support, which improves the GRPSE design practice. 

1.2.3 Timber piling practice 

As already stated, timber piles offer a more sustainable alternative to concrete and steel 
piles. Additionally, 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. In 
comparison with steel and concrete, however, a timber pile risks fracturing or 
brooming (splitting at the toe) due its low strength if driven in too hard during 
installation. To avoid this, the piles are either driven with a low practical refusal blow 
count limit or, if possible, pushed down to a known firmer soil layer (e.g. sand or 
glacial till). Thus, timber piles are used mainly in soft soils as floating piles or friction 
piles with some base resistance from a firm stratum. For a very soft soil, the piles can 
be driven using an excavator with a grip claw, as shown in Fig. 8.  
 Timber piles can be fitted with a metal boot or point to protect from damaging 
blows when the pile reaches obstructions or end-bearing. In this thesis, only timber 
piles without toe protection are studied. Such a group of timber piles is expected to 
settle significantly, which potentially generates less differential settlement than King et 
al. (2017a) assessed is required for full soil arching mobilisation. 
 With the thin end installed downwards, an active axial load on the naturally tapered 
timber pile creates an upward component of the normal force (reaction force) acting 
on the shaft (Nordlund, 1963). This upward component yields a greater bearing 
capacity of a timber pile than of a regular steel or concrete pile with constant cross 
section. The natural taper also reduces the downdrag load on a timber pile (Olson, 
2020). As historically in Central and Northern Europe, the tree species normally used 
in Sweden for timber piling are Norway spruce (Picea abies) and Scots pine (Pinus 
sylvestris), which have the tapering of 7–8mm in diameter per metre (Björklund et al., 
2009). 
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Fig. 8. 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. 

 Not only was the pile-supported bridge approach embankment outside 
Gothenburg, Sweden, in 1972 the first recorded application of GRPSE, but it was 
also the first time when timber piles were used for a GRPSE (Holtz and Massarsch, 
1973). The piles were installed in a square pile arrangement with 1.5 m pile spacing. 
The minimum pile diameter was 17 cm, and all piles were fitted with a 1×1 m square 
concrete pile cap to transfer the vertical embankment load. The load distribution layer 
consisted of three layers of geotextile (woven polyester fabric) with 15 cm of 
compacted sand between each layer. Aside from Sweden, timber piles are also widely 
used in the US, Canada, Australia, and the Netherlands (Reynolds, 2003). Notable 
GRPSE projects with timber piles include the Kyoto Road in Giessenburg, the 
Netherlands (Van Eekelen et al., 2007; Van Eekelen et al., 2010) and the Port Mann 
Highway 1 Improvement Project in Vancouver, British Columbia, Canada 
(Lougheed, 2017). In Indonesia, there exist guidelines for thinner timber piles (8–10 
cm in diameter) or bamboo piles (Nurdin et al., 2019). However, Sweden is, as 
previously stated, the only country with an explicit standard or recommendation for 
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GRPSE with untreated timber piles. The timber piles should have a minimum toe 
diameter of 125 mm and European Strength Class C14 (SIS, 2016). 
 Untreated timber piles need to be kept in an anaerobic environment to avoid 
rotting. Elam and Björdal (2023) performed lab tests to replicate wood degradation in 
timber pile-supported foundations and concluded that the best measure for the 
preservation of the timber piles is to maintain a high and stable groundwater level. 
Björdal and Elam (2021) observed in historical sites that timber piles with small 
diameter (17 cm) are more susceptible to fungal decay than timber piles with large 
diameter (36 cm). Globally, timber piles are often treated with preservatives to avoid 
microbial degradation (Reynolds, 2003). However, as previously mentioned, wood 
preservatives have a negative climate effect. When installed in a fully saturated fine soil 
under the lowest groundwater level, untreated timber piles are likely to have a service 
life of 100 years or longer (Zelada-Tumialan et al., 2013; Zelada-Tumialan et al., 
2014). In case the pile will be partially located above the groundwater table, the timber 
pile should be extended with a concrete section to keep the timber fully saturated 
(Reynolds, 2003). Following TRVINFRA-00230 (STA, 2022), an anaerobic zone is 
believed to be created around the pile group by the saturated subsoil and a 10 cm layer 
of dense soil with a high capillarity placed on top of the pile heads (Fig. 2a). 

1.3 Aim and objectives of research 
Based on the literature review, there is a clear need to improve understanding of the 
behaviour of GRPSE with timber piles. Though the GRPSE practice is well-
documented, there is a lack of a “best practice” for GRPSE with timber piles in terms 
of required pile spacing and amount of GR to maintain the serviceability state of the 
road or railway. The arch stability is clearly affected by pile spacing, embankment 
height and GR configuration. Also, the current knowledge of GRPSE lacks extensive 
comparisons of square and triangular pile arrangements with the same pile coverage 
ratio. 
 The aim of the thesis is to deepen the knowledge as well as to improve the resource 
efficiency and sustainability of geosynthetic-reinforced timber pile-supported 
embankments, by optimizing the required number of piles and amount of geosynthetic 
reinforcement (GR) based on TRVINFRA-00230 (STA, 2022). With a focus on 
GRPSE with timber piles, the research questions of the thesis are: 

− What are the conditions for arch formation? 
− Is geosynthetic reinforcement needed? 
− Which existing analytical model is most suitable for design? 
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1.4 Thesis Outline 
The Thesis is broken down in 4 chapters. Chapter 1 being the introduction to the 
motivation and background of the problem. Chapter 2 presents a summary of the 
steps in the research process, divided into three main parts: 

- Firstly, a numerical study was performed to evaluate the Swedish code with 
a focus on the pile group, and to develop a hypothesis for improved design 
practice. Finite element (FE) modelling setups in 3D were used based on a 
geosynthetic-reinforced timber pile-supported road embankment to evaluate 
the design criteria. As part of the evaluation, a state-of-the-art study was 
done on international design guidelines and analytical models. The 
appended Paper I, II and III are related to this part. 

- Secondly, a field study was carried out. A reconstructed road embankment 
with geosynthetic reinforcement and timber pile support was instrumented 
in 2020, and the first two years of post-construction data was analysed. The 
field study data provides a detailed reference for this thesis and further 
research on timber pile-supported embankments. The appended Paper IV 
and V are related to this part. 

- Thirdly, a numerical study was performed on the effect of geosynthetic 
reinforcement in timber-piled embankments. FE simulations, calibrated 
using the field study data, were performed. Limits for a more object-specific 
design than the Swedish code are proposed, improving the resource 
efficiency both in terms of required number of piles and amount of GR. 
The appended Paper VI is related to this part. 

 Chapter 3 summarises the overall contributions of the Thesis, highlighting the 
important findings and providing recommendations for the design of timber pile-
supported embankments. This chapter also presents the limitations of the Thesis. 
 Finally, Chapter 4 presents an outlook on a planned physical laboratory test 
setup that will be used to verify the theoretical results and establish implementable 
recommendations, which relates to the appended Paper VII and VIII. Additionally, 
ideas for further research which would build on the core outcomes of the work are 
presented in this chapter.
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2. STEPS IN THE RESEARCH PROCESS 
The research process was performed as three main steps: (1) a principal numerical 
analysis of timber pile-supported embankments, (2) a field test of a timber pile-
supported road embankment, and (3) a numerical analysis of arching and geosynthetic 
reinforcement. The three main steps are each separated in the following three 
subchapters, which describes the applied methods and main findings of each step. The 
three steps are interconnecting as following to answer the research questions: 

− Step 1 and 3 answers what the conditions for arch formation are. 
− Step 2 and 3 addresses the need for geosynthetic reinforcement. 
− Step 1 and 2 concludes which of the existing analytical models that is the 

most suitable. 

2.1 Principal numerical analysis of timber pile-supported 
embankments 
A principal numerical analysis was performed to (1) find the key mechanisms of the 
load transfer in GRPSE, (2) make a first evaluation of the efficiency of a triangular pile 
arrangement in comparison with a square pile arrangement, and (3) evaluate 
appropriate centre-to-centre pile spacing. An evaluation was made of the design 
criteria in the Swedish code TK Geo 13 (STA, 2016a) and the recommendations in 
TR Geo 13 (STA, 2016b) to establish a hypothesis for a resource efficient amount of 
timber used for GRPSE with timber piles. The hypothesis was that a triangular pile 
arrangement would result in the most stable arches and that the value of 𝑠𝑠𝑠𝑠 could be 
greater than the upper limit of the TK Geo 13 design criteria of 0.8 ≤ 𝑠𝑠𝑠𝑠 ≤ 1.2 m.  
 This chapter summarises the work reported in Paper I, II and III. Paper I is an 
introduction to the principal analysis. Paper II and III describes the numerical 
analysis, where the evaluation of the design criteria in TK Geo 13 (STA, 2016a) were 
done by three-dimensional FE simulations of a typical geosynthetic-reinforced timber 
pile-supported road embankment based on a case study (Fig. 9). An extensive review 
of several analytical models was performed as part of Paper III for the applicability in 
the design of GRPSE with timber piles, including the analytical model recommended 
in TR Geo 13 (STA, 2016b). Note that TK Geo 13 (STA, 2016a) and TR Geo 13 
(STA, 2016b) were both replaced by TRVINFRA-00230 (STA, 2022) in 2022, after 
Paper I, II and III were published. The findings of the papers are unaffected by the 
introduction of TRVINFRA-00230, as the only update to the code for GRPSE with 
timber piles was changing the design criteria of 𝑠𝑠𝑠𝑠 to 0.9 ≤ 𝑠𝑠𝑠𝑠 ≤ 1.2 m. 

5847347_Inlaga_NY.indd   375847347_Inlaga_NY.indd   37 2023-01-25   07:232023-01-25   07:23



Timber Pile-Supported Embankments: Arching and Reinforcement 
 

 
22 
 

 
Fig. 9. Cross section of the modelled geosynthetic-reinforced timber pile-supported road 
embankment. 

2.1.1 Numerical modelling 

The evaluation of the design criteria was done by 3D FE simulations using the FE 
software PLAXIS 3D 2017 (Brinkgreve et al., 2017). The PLAXIS software has been 
widely used in the numerical analysis of granular soil, GR, and GR–soil interactions 
(e.g. Ambily and Ghandi, 2007; Almeida et al., 2013; Girout et al., 2014; Ardah et al., 
2017; Nagula et al., 2018; Aria et al., 2020; Ari and Misir, 2021). Fig. 10 shows a 
cross section of half of the FE model. Note that the cross section shown in the figure 
is cut along the symmetrical vertical axis (left-hand side in the figure). The length of 
the modelled embankment corresponded to three pile rows, in the same configuration 
as the two patterns in Fig. 7. 
 The pile groups were modelled as purely floating (zero toe resistance) and as 
floating with a small toe resistance (semi-floating) to model the worst-case and the 
normal scenarios, respectively. The semi-floating pile group was assumed to be driven 
30 cm into the siTi-layer, resulting in a modelled pile length of 13 m. For the floating 
pile group, the same pile length was used, while the layer of Subottom was extended to a 
depth of 26 m. Both the floating and semi-floating pile group were modelled with 
square or triangular pile arrangement, for 9 different pile spacings 𝑠𝑠𝑠𝑠 ranging from 0.8 
to 2.0 m. Two additional models were simulated without piles, each with the same 
soil profile as for the floating and semi-floating pile group cases. In total, 38 
combinations were modelled. All modelled embankments had a height of 2.5 m. The 
embankment width was also the same for all models. i.e. the number of piles decreased 
from 20 to 3.5 piles per metre road when increasing 𝑠𝑠𝑠𝑠 from 0.8 to 2.0 m.  
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Fig. 10. Cross section of the semi-floating pile group model and element mesh. Soil layer 
thickness for the floating pile group model is in parentheses. The cross section shows the right 
half of the modelled piled embankment. 

 The timber piles were simplified in the numerical modelling. In Paper II, the piles 
were modelled as embedded beams (Tschuchnigg and Schweiger, 2015). An 
embedded beam consists of a line element (beam) with a stiffness equivalent to, in this 
case, a timber pile. The pile–soil interaction is modelled with linear elastic-perfectly 
plastic springs. As discussed in Paper II, the line element and interface of the 
embedded beams occupies no volume and are unable to generate an arching effect 
above the pile head. In Paper III, a clear soil arching effect was generated by 
modelling each pile as an embedded beam with a plate element as pile head. Timber 
piles have a naturally tapered shape; however, because the tool of embedded beams is 
limited to constant cross sections, the timber piles were modelled with a constant 
diameter of 20 cm. See Paper II and III for a detailed summary of the FE models. 
 The embankment in the case study was reinforced with two biaxial geotextiles as 
GR, the bottom layer being stiffer in the transversal road direction, and the upper one 
being stiffer in the longitudinal road direction. The vertical distance between the two 
layers was too narrow in relation to the overall model size to maintain sufficient mesh 
quality. Thus, the two layers of GRs were combined in the numerical model to a 
single layer of linearly elastic GR and placed in the middle between the existing layers. 
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2.1.2 Numerical results 

The parameters used in the evaluation included the differential and total settlements, 
the axial pile load, the GR tensile load, as well as the formation of arches, with a focus 
on resource efficiency. The results were checked against the serviceability limits in TK 
Geo 13 (STA, 2016a) for the total and differential settlements as well as the structural 
bearing capacity of the piles and GR. 
 The pile arrangement, square or triangular, had no significant influence on the 
settlements in the road pavement or embankment toe. The serviceability limit state 
criteria in TK Geo 13 (STA, 2016a) regarding total settlements and drainage gradient 
were not exceeded for the modelled range of 𝑠𝑠𝑠𝑠. Changes in 𝑠𝑠𝑠𝑠 had greater influence on 
the magnitude of the settlements for the semi-floating pile group than the floating pile 
group. The settlements with a floating pile group were approximately the same for 
any 𝑠𝑠𝑠𝑠 within the pile spacing criterion 0.8 ≤ 𝑠𝑠𝑠𝑠 ≤ 1.2 m in TK Geo 13 (STA, 2016a). 
 The settlement reduction for each pile group configuration was also analysed based 
on resource efficiency. The resulting settlements with piles were compared against the 
case without piles to give the settlement reduction for each pile group configuration. 
The resource efficiency of each installed piled was quantified as the ratio of the 
settlement reduction and the number of piles per metre road. For both the floating 
and semi-floating pile groups, the resource efficiency ratio increased almost linearly 
when increasing 𝑠𝑠𝑠𝑠 from 0.8 to 1.4 m. For 𝑠𝑠𝑠𝑠 > 1.4 m the increase was less. The results 
of the axial pile load 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 suggests that the load bearing characteristics of the pile group 
was that of a combined unit for 𝑠𝑠𝑠𝑠 ≤ 1.4 m and that of single piles for 𝑠𝑠𝑠𝑠 > 1.4 m. 
 The result of 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 across the pile group was almost equal for the square and 
triangular pile arrangements for the modelled range of 𝑠𝑠𝑠𝑠. A small difference of 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 
was observed between the floating and semi-floating pile groups, mainly due to the 
difference in toe resistance. The characteristic pile structural bearing capacity of 
106 kN was exceeded when 𝑠𝑠𝑠𝑠 > 1.6 m. 
 The maximum GR tensile force 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 was well below the GR tensile strength 
of 112 kN/m for the modelled cases. 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 was slightly greater for the triangular pile 
arrangement than the square pile arrangement, and roughly 20% greater for the semi-
floating pile groups than for the floating pile groups. 
 Mostly triangular arches were observed between the piles, due to lack of differential 
settlements between the piles and subsoil for semi-elliptical arches to form, similar to 
the geotechnical centrifuge trapdoor test results by Rui et al. (2019) of an unreinforced 
embankment. No arch instabilities were observed for the modelled range of 𝑠𝑠𝑠𝑠. 
However, the slopes of the embankment had a significant influence on the overall arch 
formation, as deduced from Fig. 11. Fig. 11a and Fig. 11c show the distribution of 
𝜎𝜎𝜎𝜎’𝑣𝑣𝑣𝑣 in the lower part of the embankment for a semi-floating pile group with 𝑠𝑠𝑠𝑠 = 1.4 
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m for the embankment. Fig. 11b and Fig. 11d show the same results for a uniform 
embankment.  As previously stated and illustrated in Fig. 4, the effective major 
principal stress 𝜎𝜎𝜎𝜎′1 vectors will align tangentially to the arch and the effective vertical 
stress 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣 will reduce underneath the arches and concentrate around the piles. 
 

 
Fig. 11. Distribution of vertical effective stress 𝜎𝜎𝜎𝜎’𝑣𝑣𝑣𝑣, as average values in the horizontal planes 
1–3, in a pile group with square (a & b) and triangular (c & d) pile arrangement, with 𝑠𝑠𝑠𝑠 = 1.4 m 
for a sloped embankment (a & c) and an embankment with a uniform height of 2.50 m (b & 
d). The red arrows are the illustrative direction and magnitude of the major principal effective 
stress 𝜎𝜎𝜎𝜎’1 vectors. The cross section of the sloped embankment shows the left half of the 
modelled embankment. 
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 As expected, the arches formed symmetrically for the uniform embankment in the 
transversal and the longitudinal road directions (Fig. 11b and Fig. 11d). The lateral 
embankment slope results in asymmetrical arch formation, with arches primarily 
forming in the longitudinal road direction (Fig. 11a and Fig. 11c). Fahmi Farang 
(2008) found that the effect is caused by the horizontal component of the earth 
pressure and the horizontal spreading of the traffic load over depth, which creates a 
horizontal load component acting on the slope as well. Fahmi Fang (2008) also 
concluded that when the spreading forces are greater than the GR tensile forces, the 
arching effect increases by the outward movement of the piles. 

2.1.3 Analytical calculations 

As discussed by Jones et al. (1990), sophisticated modelling procedures e.g.  FE analysis 
are needed to model the complex interaction behaviour of a GRPSE. The numerical 
results from the FE simulations were compared against results from five analytical 
models implemented in European national standards or recommendations, discussed 
in Chapter 1.2.2 and listed in Table 1. For the Zaeske model (Zaeske, 2001) and 
the Concentric Arches (CA) model (Van Eekelen et al., 2013), subsoil support was 
included (𝐶𝐶𝐶𝐶 ≥ 0 kN/pile). The subgrade reaction modulus was estimated to be 
933 kN/m3. The results of the pile head load 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and maximum GR tensile strain 
𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 are shown in Fig. 12 and Fig. 13. The analytical results of the Zaeske model 
(Zaeske, 2001) for the square and triangular pile arrangement are denoted as 
“Zaeske(Sq)” and “Zaeske(Tri)”, respectively. The analytical calculations are 
summarised in Appendix A. 

Table 1. Summary of the analytical models used for comparison and the guidelines (code or 
recommendation) they are incorporated in. 

Model Guideline Type Pile 
arrangement Arch shape Subsoil 

support

Extended Carlsson 
(Rogbeck et al., 1998) 

TR Geo 13 
(STA, 2016b)* 

Rigid Square Triangular None 

SINTEF 
(Svanø et al., 2000) 

Nordic Guidelines 
(Rogbeck et al., 2005) 

Rigid Square Triangular None 

Hewlett & Randolph 
(H&R) 
(Hewlett and Randolph, 
1988) 

BS8006 (BSI, 2010) 
& 
ASIRI (IREX, 2013) 

Limit 
equilibrium 

Square Semi-circle None 

Zaeske 
(Zaeske, 2001) 

EBGEO 
(DGGT, 2011) 

Limit 
equilibrium 

Square/ 
Triangular 

Non-
concentric 
semi-ellipses 

Yes 

Concentric Arches (CA) 
(Van Eekelen et al., 2013) 

CUR226 
(SBRCURnet, 2016) 

Limit 
equilibrium 

Square Concentric 
semi-circles 

Yes 

*In the current Swedish code TRVINFRA-00230 (STA, 2022).
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Fig. 12. Comparison of the pile head load (𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒), i.e. load part 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵, from the numerical 
and analytical results, as well as the tributary load, plotted against the centre-to-centre pile 
spacing (𝑠𝑠𝑠𝑠). 

Fig. 13. Comparison of the maximum tensile load in the GR (𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚) from the numerical 
and analytical results, plotted against the centre-to-centre pile spacing (𝑠𝑠𝑠𝑠). 

 The results of 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 in Fig. 12 of the Extended Carlsson and SINTEF models 
followed a similar trend as the numerical results, although the difference increased 
more than the CA model with increasing value of 𝑠𝑠𝑠𝑠. The results of the H&R and 
Zaeske(Sq) models gave similar results, and were the closest to the numerical results 
for the full range of 𝑠𝑠𝑠𝑠. 
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 As shown in Fig. 13, the Extended Carlsson, SINTEF, and H&R models gave a 
much greater increase in 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 than the numerical results, which is due to the 
exclusion of subsoil support in these models. The results of the Zaeske and CA models 
showed a similar increase in 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 for the range of 𝑠𝑠𝑠𝑠 as the numerical results, with 
the results of the CA model being closer in magnitude to the numerical results. 
 Of the five analytical models, the CA model was the most consistent of the 
analytical models in the comparison with the numerical results. In contrast, the 
Extended Carlsson model greatly overestimated the numerical results, especially the 
results for 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚. The Extended Carlsson model assumes a constant apex angle of the 
triangular arch shape. Thus, the pile efficacy is relatively insensitive to clear pile spacing 
(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒) unlike the limit equilibrium models (Lawson, 2012). 

2.1.4 Conclusions 

Based on the results of Paper II and III, the main findings are: 
 
Installing the piles in a square or triangular arrangement does not have a significant 
effect on the settlement or the arching and membrane effect. However, a square pile 
arrangement works better for a biaxial or uniaxial geogrid, as discussed by Van Eekelen 
and Han (2020). A square pile arrangement may also be easier to lay out and control 
in the field. 
 
Lateral embankment slopes have an influence on the load distribution and arch 
formation, as shown when comparing an embankment with uniform height and an 
embankment with lateral slopes. Arches form asymmetrically for lateral embankment 
slopes, with less stress reduction on the subsoil along the pile rows than between the 
pile rows. 
 
It is recommended to consider setting the TRVINFRA-00230 (STA, 2022) design 
criterion of 𝑠𝑠𝑠𝑠 to 0.9 ≤ 𝑠𝑠𝑠𝑠 ≤ 1.4 m instead of 0.9 ≤ 𝑠𝑠𝑠𝑠 ≤ 1.2 m for GRPSE with timber 
piles. By increasing 𝑠𝑠𝑠𝑠 from 1.2 to 1.4 m, the number of piles per metre reduced by 
almost one-third.  
 
Overall, the Extended Carlsson model greatly overestimated the numerical results of 
the pile load and GR tensile strain. The Concentric Arches model (Van Eekelen et 
al., 2013) was the most consistent of the analytical models in predicting the numerical 
results. Thus, it is recommended to use the CA model primarily instead of the 
Extended Carlsson model for the design of GRPSE with timber piles. However, the 
simpler Extended Carlsson model could still be used for a first estimation.
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2.2 Field test of a timber pile-supported road embankment 
The main limitation of the principal numerical analysis (Chapter 2.1) was the absence 
of field data to validate the results. However, there is a lack of knowledge of typical 
load distribution and displacements in GRPSE with timber piles. Thus, a field study 
was carried out to gather monitoring data from an instrumented geosynthetic-
reinforced timber pile-supported embankment, to provide a detailed reference for this 
thesis and further research on timber pile-supported embankments. A reconstructed 
highway road embankment with geosynthetic reinforcement and timber pile support 
was instrumented in 2020. Paper IV and V describes the results of the monitoring 
after 1 and 2 years, respectively. The results of the 2 years of monitoring are 
summarised herein. The reader is referred to Paper IV and V for the full description 
of the field test. 

2.2.1 Field site 

The studied road embankment is along the European route E4 on the coast, north of 
the city of Luleå and 150 km from the Arctic Circle in Sweden. A 400 m stretch of 
the three-lane (2+1) road was reconstructed because of settlements upwards of 90 cm, 
which endangered the old road embankment by flooding caused by high sea levels or 
rapid snowmelt runoff. The road was reconstructed as a GRPSE with over 4700 
timber piles. The piles were installed in a triangular arrangement with 𝑠𝑠𝑠𝑠 = 1.1 m, and 
the load distribution layer consisted of two elevated layers of geogrid (placed 30 and 
50 cm above the pile cut-off level), following the design criteria in the Swedish 
national code TRVINFRA (STA, 2022), Fig. 2. The cross section of the 
reconstructed road embankment is shown in Fig. 14. The timber piles and the geogrid 
reinforcement can be seen in Fig. 15. 
 The old road embankment was 1.8 m high and consisted of crushed rock on top 
of granulated blast furnace slag (0–63 mm), reinforced at the base with a brushwood 
mattress (corduroy). The corduroy layer and the bottom of the old embankment base 
were left in place to support the heavy machinery and as a fill material below the pile 
cut-off level, as can be seen between the timber piles in Fig. 15. The subsoil under 
the corduroy layer was a thin layer of peat on top of a 5–12 m thick layer of lightly 
overconsolidated sulphide silt (SuSi) and silty sulphide clay (siSuCl), resting on a 
bottom layer of glacial till (Ti). In the area of the embankment where the instruments 
are located, the combined sulphide soil layer thickness was on average 9.5 m. The 
groundwater level was on average 0.25 m above the pile cut-off level. 
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Fig. 14. Cross section of the monitored geosynthetic-reinforced timber pile-supported road 
embankment. 

 
Fig. 15. To the left: the timber piles trimmed down to the pile cut-off level. To the right: one 
of the two layers of geogrid. 
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2.2.2 Monitoring program and results 

The instrumented area of the embankment is presented in Fig. 16. A 12 m long 
section along the two northbound lanes (L1 and L2) was selected for instrumentation. 
The instruments were distributed evenly along these two lanes, with a layout inspired 
by the full-scale tests conducted by Van Eekelen et al. (2010), Briançon and Simon 
(2012), Van Eekelen et al. (2012c), and Zhang et al. (2016). The following 
instrumentation was used: 

- Embankment settlements were measured by using a hydrostatic profiler gauge 
system with the profile tube at the pile cut-off level and by levelling 6 
settlement plates (P1–P6) distributed in pairs between the piles, the lower 
geogrid, and the upper geogrid. 

- The inclination of 4 piles (Pile 76, 79, 97 and 100), 2 piles in each lane, were 
measured with shape accelerometer array (SAA). 

- 6 stainless steel drive-point piezometers were installed to monitor the pore 
pressure development in the subsoil under the road. 3 of the piezometers were 
installed inside the pile group (PP17) at approximately 2, 5 and 7 m and the 
other 3 piezometers were installed outside the pile group at the same depths 
for reference of the in-situ pressure. An additional piezometer was installed 
0.5 m below the cut-off level to monitor the shallow groundwater table. 

- 8 extensometers were installed in the two geogrid layers to measure the tensile 
strain. 4 extensometers were installed in each geogrid layer, Ex1.1–1.4 in the 
lower geogrid and Ex2.1–2.4 in the upper one. 

- 8 earth pressure cells were installed to monitor the load distribution in the 
embankment: 4 pressure cells at the pile cut-off level between the piles, 2 cells 
(PC2.2 and PC2.4) in the middle of two adjacent piles, and 2 cells (PC2.1 
and PC2.3) in the middle of four adjacent piles. The other 4 pressure cells 
(PC1.1 to 1.4) were placed in the piles 20 cm below the pile head. 

See Paper V for details on the instruments. 
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Fig. 16. Plan view of the instrumentation area. 
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 Due to the relatively light pile driving compared to e.g. concrete piles, the middle 
of the embankment settled on average 8.9 cm. Most of the differential settlements 
between the piles and subsoil formed during and just after the road construction. Small 
strains were observed in the geogrids (< 0.1%) because of minor geogrid deflections. 
This is partly due to that the geogrids were placed with 30 and 50 cm elevation above 
the pile cut-off level, in accordance with TRVINFRA-00230 (STA, 2022), leading 
to both geogrids ending up in the upper half of the predicted soil arching height. Satibi 
(2009) concluded that GR should preferably be placed within the lower half of the 
predicted arch height, since that is where the large differential settlements typically 
accumulate. Additionally, a significant part of the embankment acts as subsoil support 
for the geogrids if elevated 30 or 50 cm, which reduces the deflection and tensile 
strain. See Paper V for detailed settlement and GR tensile strain results as well as the 
pile deflection measurements with SAA. 
 As shown in Fig. 17, The derived value of the pile efficacy 𝐸𝐸𝐸𝐸 ranged from 0.35 to 
0.62 between the 4 pressure cells in the piles (PC1.1 to 1.4), with an average value of 
0.47. The measured values of the stress reduction ratio SRR fluctuated more over time 
than 𝐸𝐸𝐸𝐸, with SRR ranging from 0.33 to 0.61 (on average 0.48). See Paper V for the 
SRR results over time. The sum of the average values of 𝐸𝐸𝐸𝐸 and SRR should be 1.0 
but is instead 0.95, explained by variation in 𝐸𝐸𝐸𝐸 and SRR and the approximation of 
the initial effective overburden pressure. 𝐸𝐸𝐸𝐸 = 0.35–0.62 is equivalent to only 18–43% 
of the piles’ design structural bearing capacity of 90 kN. 
 

 
Fig. 17. Pile efficacy 𝐸𝐸𝐸𝐸 over time and temperature in the lower geogrid (TempGR) and pile 
cut-off level (TempPCL). Measured pile efficacy and derived efficacy with the Concentric 
Arches (CA) model (Van Eekelen et al., 2013) and the Extended Carlsson (EC) model 
(Rogbeck et al., 1998). 
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 The results of 𝐸𝐸𝐸𝐸 (Fig. 17) are in the same magnitude as 𝐸𝐸𝐸𝐸 = 0.36 and 𝐸𝐸𝐸𝐸 = 0.32 
obtained from the field test by Van Eekelen et al. (2010) and King et al. (2017a), 
respectively, but lower in magnitude compared to the full-scale tests by Briançon and 
Simon (2012) where 𝐸𝐸𝐸𝐸 = 0.74. The values of SRR peaked as the road was completed 
and afterwards decreased as the subsoil consolidated and the differential settlements 
increased, following the ground reaction curve theory by Iglesia et al. (1999) and 
Iglesia et al. (2014). 
 During winter, the temperature in the embankment reached below freezing and 
the reading of the pressure cells in the piles (PC1.1 to 1.4) showed an increased load 
on the piles. The electric power to the equipment cut out due to the cold temperatures 
during the first winter, only showing the declining value of 𝐸𝐸𝐸𝐸 after a supposed peak. 
The power supply was improved during the second winter, clearly showing the full 
development of 𝐸𝐸𝐸𝐸 throughout the winter. The value of 𝐸𝐸𝐸𝐸 increased by as much as 0.23 
when the frost line reached down below both geogrids, equal to 53% of the piles’ 
structural bearing capacity. During thawing in spring, the load on the pile heads 
dropped suddenly below their respective values prior to freezing.  Ishikawa et al. 
(2019) performed fall weight deflectometer (FWD) tests on a road embankment in 
cold climate and observed greatly increased stiffness in the subbase course as it froze 
and sudden loss in stiffness as the subbase thawed.  

2.2.3 Analytical results 

Results of the Concentric Arches (CA) model by Van Eekelen et al. (2013) and the 
Extended Carlsson model by Rogbeck et al. (1998) were compared with the measured 
values of 𝐸𝐸𝐸𝐸 and SRR. The analytical calculations are summarised in Appendix B. As 
concluded in Chapter 2.1, the CA model was the analytical model that agreed the 
most with the numerical modelling. The Extended Carlsson model by Rogbeck et al. 
(1998) was also included as it was used in the design of the instrumented road 
embankment. For the CA model, subsoil support was included (𝐶𝐶𝐶𝐶 ≥ 0 kN/pile), and 
the subgrade reaction modulus was estimated to be 1900 kN/m3. To recall, the EC 
model assumes that all loads are being transferred to the piles (𝐶𝐶𝐶𝐶 = 0 kN/pile). 
 As seen in Fig. 17, both the CA model and the Extended Carlsson model 
overestimated the value of 𝐸𝐸𝐸𝐸 when compared to the measured average of 0.47. The 
CA model was much closer than the Extended Carlsson model to the measured 
average 𝐸𝐸𝐸𝐸. The increased pile load in wintertime was predicted well by the EC model. 
However, there is no temperature dependency of the Extended Carlsson model to 
suggest reliability. The average measured value of SRR (0.48) was underestimated 
using the CA model, by which SRR was precited as 0.37. The Extended Carlsson 
model gives SRR = 0, since subsoil support is excluded in the model. 
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2.2.4 Conclusions 

Based on the results of Paper IV and V, the main findings are: 
 
Very small strain in the GR was observed, only a fraction of the design tensile strain. 
This indicates that the GR layout criteria in TRVINFRA-00230 (STA, 2022) with 
two elevated layers of geogrid is not efficient for timber piled embankments. 
 
It can be deduced that about half of the load was carried by the piles and the other 
half by the subsoil. This contradicts the beam theory assumption of full arch 
development in the load distribution layer, which would result in significantly more 
load transferred onto the piles.  
 
It is expected that the pile load will temporarily increase if most of the load distribution 
layer freezes. Upon thawing, the pile load will quickly drop below, then over time 
return to, the value experienced by the piles before the embankment froze. 
 
Comparing the two analytical models, the Extended Carlsson model by Rogbeck et 
al. (1998) erroneously neglects the subsoil support whilst the subsoil stress was slightly 
underpredicted using the Concentric Arches (CA) model by Van Eekelen et al. (2013). 
Both models overestimated the load transferred to the piles, with the CA model being 
much closer to the measured value. The obtained results agree well with the analytical 
model comparison in Chapter 2.1, reinforcing the recommendation to use the CA 
model for the design of GRPSE with timber piles. 
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2.3 Numerical analysis of arching and geosynthetic reinforcement 
The principle numerical analysis (Chapter 2.1) and the field test (Chapter 2.2) 
confirmed that the practice according to the Swedish code TRVINFRA-00230 (STA, 
2022) is too conservative for the design of GRPSE with timber piles. The work by 
Van Eekelen et al. (2012a), Girout et al. (2018), Rui et al. (2019) and others show  
that soil arching behaviour depends on the geometry of the GRPSE and GR layout. 
The numerical study in Paper VI is summarised in this chapter, which deals with the 
effect of geosynthetic reinforcement in timber-piled embankments. The aim of the 
study was to propose a more flexible basis for design than the criteria in TRVINFRA-
00230 (STA, 2022), to improve the resource efficiency both in terms of required 
number of timber piles and amount of GR. The reader is referred to Paper VI for 
the full description of the numerical analyses. 

2.3.1 Numerical modelling 

3D FE simulations were performed to investigate the influences of different GR 
layouts. A base FE model (Fig. 19) was validated against the first-year data from the 
field test site described in Chapter 2.2 and Paper V. From the base model, another 
53 simulations were performed as a parametric study. The parametric study was 
conducted with variations of the GR layout, the embankment height 𝐻𝐻𝐻𝐻, centre-to-
centre pile spacing 𝑠𝑠𝑠𝑠, and subsoil characteristics. Three GR layout were modelled as 
the cases illustrated in Fig. 18: no GR (Case 1), one geogrid layer (Case 2), and two 
geogrid layers (Case 3). The hypothesis is that there exists a range of values of 𝐻𝐻𝐻𝐻 and 
𝑠𝑠𝑠𝑠 for each case for which that case is preferrable to the other two in terms of resource 
efficiency. 
 For each of the three GR cases in Fig. 18, 9 combinations of embankment height 
𝐻𝐻𝐻𝐻 and centre-to-centre pile spacing 𝑠𝑠𝑠𝑠 were modelled. Additionally, two different 
upper-most subsoil layer were modelled for all models of the three GR cases, resulting 
in 54 modelled combinations in total, i.e. 6 models for each combination of 𝐻𝐻𝐻𝐻 and 𝑠𝑠𝑠𝑠. 
One subsoil setup corresponds to the GRPSE at the field site with an upper layer of 
furnace slag mixture (referred to as “stiffer subsoil”), and the other setup corresponds 
to the general case with sulphide soil from the pile cut-off level and down (referred to 
as “softer subsoil”). See Paper VI for a detailed summary of the FE models. 
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Fig. 18. Illustration of the three modelled cases of GR layouts. 
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 The FE software PLAXIS 3D V21 (PLAXIS, 2021) was used for the parametric 
study. The base model is shown in Fig. 19. Note that half of the embankment was 
modelled, using lines of symmetry to reduce the model size and computational time. 
More emphasis was put on the modelling of the soil-geogrid-interaction and the piles 
in Paper VI than in Paper II and III. The strength and stiffness of the embankment 
aggregate near the geogrid layer(s) were increased, assuming full interlocking between 
the aggregate and the geogrid layer(s). The piles were modelled as volume piles, i.e. 
mesh element volume clusters with the geometry of piles and the pile–soil interaction 
modelled using linear elastic-perfectly plastic springs. The timber piles were modelled 
with a constant diameter of 20 cm, i.e. an equivalent square side width 𝑒𝑒𝑒𝑒 = 0.177 m. 
 

 
Fig. 19. Finite element mesh and structures for the model based on the field test site. 
Denotation: gravel (GR), geosynthetic-reinforced gravel (GrGR), furnace slag aggregate mixed 
with sulphide soil (siGr), top sulphide soil layer (SuTop), bottom sulphide soil layer (SuBot), 
glacial till (Ti). 

2.3.2 Numerical results 

The serviceability behaviour and deformation that often act as the limit of GRPSE 
design is not well understood, as with many geotechnical structures. For GRPSE this 
is partly due to the difficulties in describing the development of arching stress in the 
load distribution layer as deformations occur. Coupled soil arching stress-deformation 
analyses are needed to accurately describe serviceability behaviour, as highlighted by 
King et al. (2017b). In Paper II and III, the results of the FE simulations were checked 
against the serviceability limit state (SLS) criteria in TK Geo 13 (STA, 2016a) regarding 
total settlements and drainage gradient. For those simulations, the SLS was not 
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exceeded. In Paper VI, the FE simulations were checked against the SLS criteria 
regarding arch stability, i.e. if an equal settlement plane is formed.  
 To recall, the minimum embankment height for which an equal settlement plane 
can form, i.e. stable arch formation (Fig. 6a), is referred to as the critical height 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 
McGuire (2011) compiled the results of multiple experimental studies on GRPSE and 
proposed the empirical relationship 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1.15𝑠𝑠𝑠𝑠ʹ + 1.44𝑒𝑒𝑒𝑒, where 𝑠𝑠𝑠𝑠ʹ is the maximum 
distance from the edge of a (circular) pile or pile cap to the boundary of a unit cell, 
i.e. (1.41𝑠𝑠𝑠𝑠 − 𝑒𝑒𝑒𝑒)/2. Rui et al. (2019) found by DE simulations and geotechnical 
centrifuge modelling limits for 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 in terms of relative fill height 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒) and relative 
net spacing (𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 for both unreinforced and reinforced embankments. 
 The evaluated arch stability from the FE simulations are in Fig. 20 and Fig. 21 
compared against the limits by McGuire (2011) and Rui et al. (2019). Based on the 
FE results, modifications to the limits by Rui et al. (2019) are proposed. The proposed 
limits for an unreinforced embankment (Case 1) in Fig. 20 are more conservative 
than the limits by Rui et al. (2019) and McGuire (2011), especially for the softer 
subsoil. The softer subsoil resulted in more arch instability than the softer subsoil, 
which agrees with the geotechnical centrifuge test results by Al-Naddaf and Han 
(2021). No surface load was applied to either of the tests by McGuire (2011) and Rui 
et al. (2019), in contrast to the tests by Al-Naddaf and Han (2021). McGuire (2011) 
found indications that 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 can be almost 20% higher when applying traffic load. The 
soil arches deteriorate when applying a surface load to the embankment, as was also 
observed in the geotechnical centrifuge tests by Al-Naddaf et al. (2019), Al-Naddaf 
and Han (2021), and Zhang et al. (2021). The proposed limit for a reinforced 
embankment (Case 2 and 3) in Fig. 21 agrees relatively well with the limits by Rui 
et al. (2019), as well as the limit by McGuire (2011). Note that no significant difference 
was found in the arching stability between Case 2 and Case 3, hence the two cases 
being combined in Fig. 21. 
 The modelled embankment in Chapter 2.1 (Paper II and III) had a height that 
was 2.5 m and the pile spacing varied between 0.8 and 2.0 m, i.e. 
3.5 ≤ (𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑠𝑠𝑠𝑠 ≤ 10.3 and 1.4 ≤ 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒) ≤ 4.0. Following the proposed limits in Fig. 
21, the arches would remain stable without any differential settlement at the 
embankment surface, which was also the case. 
 As seen in Fig. 2a, 𝐻𝐻𝐻𝐻 should be ≥ 1.6 m according to TRVINFRA-00230 (STA, 
2022). The proposed limits in Fig. 20 and Fig. 21 allow for lower embankments if 
the pile spacing is narrow enough in combination with one or more layers of GR 
and/or stiff enough subsoil. However, in cold climate the minimum 𝐻𝐻𝐻𝐻 is often 
determined by the frost depth and SLS criteria related to frost heave, in addition to 
arch stability. The effect of cold temperature is not included in the proposed limits. 
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Fig. 20. Conditions for arch stability in unreinforced embankments (Case 1). The FE models 
are marked with Test ID (S = pile spacing, H = embankment height). 

Fig. 21. Conditions for arch stability in reinforced embankments (Case 2 and 3). The FE 
models are marked with Test ID (S = pile spacing, H = embankment height). 
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 In addition to the arch stability, the pile efficacy and GR tensile strain were analysed 
in Paper VI. The pile efficacy was greater for the reinforced embankments than the 
unreinforced embankments, which was also found in the tests by e.g. Briançon and 
Simon, (2012) and Girout et al. (2018). There was an insignificant difference in the 
pile efficacy comparing Case 2 and Case 3, also observed by Girout et al. (2018). 
However, the GR tensile strain was greater for Case 2 than Case 3 since the GR was 
placed close to the piles in Case 2. The pile efficacy was more affected by changes in 
the pile spacing than the embankment height, consistent with the results by Lai et al. 
(2016), Rui et al. (2019), and Wijerathna and Liyanapathirana (2020). Although the 
structural bearing capacity of the timber piles was only 90 kN, the capacity was not 
exceeded in the simulations. 

2.3.3 Conclusions 

Based on the results of Paper VI, the main findings are: 
 
The addition of GR layer(s) enhances the efficiency of the load transfer towards the 
timber piles, as well as enhances the stability of the arch formation. Adding a second 
layer of GR to an existing GR layer has insignificant effect on the arch stability and 
pile efficacy. Increasing the subsoil settlement relative to the pile heads could affect 
this conclusion, as literature shows. 
 
Stable arch formation occurs when the relative height 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒) ≥ 1.5 and the relative 
pile spacing (𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 ≥ 5.0 for an unreinforced embankment, with the stability 
depending on the subsoil stiffness and strength when (𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 < 6.0. For a reinforced 
embankment, stable arch formation occurs when 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒) ≥ 1.3 and (𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 ≥ 3.8. 
The minimum 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒) for stable arch formation increases with decreasing value of 
(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 when (𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 < 6.0 for an unreinforced embankment and when 
(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 < 3.8 for a reinforced embankment. 
 
Conditions for stable arch formation in GRPSE with timber piles are proposed (Fig. 
20 and Fig. 21). The limits allow for a more object-specific design than the Swedish 
code TRVINFRA-00230 (STA, 2022), improving the resource efficiency both in 
terms of required number of timber piles and amount of GR. 
 
Traffic loading has a significant impact on the soil arching effect and arch stability. 
Constructing the pile-supported embankment on an upper soil layer with greater 
strength and stiffness than the in-situ soft subsoil reduced the impact of the traffic load 
and enhanced the arch stability.
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3. DISCUSSION AND CONCLUSIONS 
This chapter summarises the key findings and contributions of the research. 
Additionally, the key limitations of the work in this thesis are discussed and an outlook 
towards future research is presented. 

3.1 Arching and geosynthetic reinforcement 

3.1.1 Conditions for arch formation 

The main findings regarding the conditions for arch formation are divided into the 
findings for geosynthetic-reinforced pile-supported embankments (GRPSE) in general 
and the findings for GRPSE with timber piles in particular. 

GGeeoossyynntthheettiicc--rreeiinnffoorrcceedd  ppiillee--ssuuppppoorrtteedd  eemmbbaannkkmmeennttss  ((GGRRPPSSEE))  
The pile efficacy is improved with decreased pile spacing and increased embankment 
height. The pile spacing was shown to have greater impact than the embankment 
height on the amount of load transferred onto the piles, given that the embankment 
is high enough to support an arch. This is consistent with the observations by Lai et 
al. (2016), Rui et al. (2019), and Wijerathna and Liyanapathirana (2020). 
 
For equal pile coverage ratio, a square pile arrangement is equivalent to a triangular 
pile arrangement in terms of load distribution. The studied triangular pile arrangement 
consists of an isosceles triangular pattern. Installing the piles in a pattern of equilateral 
triangles increases the pile coverage ratio, and thus also the pile efficacy, as shown by 
Wijerathna and Liyanapathirana (2020). 
 
Lateral embankment slopes have an influence on the load distribution and arch 
formation. Due to the spreading effect of the embankment slopes arch formation is 
asymmetrical, with arches primarily forming in the longitudinal road direction. By 
modelling an embankment with uniform height instead (e.g. a unit cell with a single 
pile), the arch formation is symmetrical in the longitudinal and transversal road 
direction. Unless the piles are installed in a square arrangement and unaffected by the 
spreading effect of the slope, a full 3D analysis is required, as discussed by Rowe and 
Liu (2015).  
 
There is insignificant difference in the pile efficacy or arch stability between 
reinforcing the embankment with one layer of GR close to the pile cut-off level or 
reinforcing the embankment with two layers of GR with an elevation above the pile 
cut-off level. 
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Traffic loading has a significant impact on the soil arching effect and arch stability. 
Constructing the pile-supported embankment on an upper soil layer with greater 
strength and stiffness than the in-situ soft subsoil also reduces the impact of the traffic 
load as well as enhances the arch stability. 
 
The load on the piles can be expected to increase wintertime if the frost penetration 
is deep enough to freeze most of the embankment. Especially when there is significant 
subsoil support, as the embankment stiffens when freezing (Ishikawa et al. 2019), 
increasing the embankment’s ability to transfer load onto the pile heads instead of the 
subsoil. 

GGRRPPSSEE  wwiitthh  ttiimmbbeerr  ppiilleess  
Timber piles settle more than concrete and steel piles, resulting in less differential 
settlements in short-term. Thus, greater subsoil support and less pile efficacy can be 
expected. The pile settlements can be reduced by fitting the pile toe with a metal boot 
or point to protect from damaging blows when the pile reaches obstructions or end-
bearing and allow harder driving of the piles. 
 
Pile spacing up to 1.4 m is feasible for design in terms of arch stability and resource 
efficiency, though arch instability might occur for low embankments (height ≤ 1.8 m). 
Though timber piles have lower strength than concrete and steel piles, there is only a 
risk of exceeding the structural bearing capacity of the timber piles for 1.4 m or greater 
pile spacing when the embankment heights is ≤ 2.5 m. 
 
Conditions are proposed for stable arch formation, which are modifications of the 
existing conditions by Rui et al. (2019), but includes the influence of traffic load. The 
parameters in the conditions are embankment height, pile centre-to-centre spacing, 
pile head diameter, inclusion of GR, subsoil stiffness and strength. See Chapter 2.3.2. 

3.1.2 Need for geosynthetic reinforcement 

In an unreinforced embankment, the arch stability depends on the subsoil 
characteristics. An upper soil layer with greater strength and stiffness than the in-situ 
soft subsoil reduces the impact of the traffic load and enhances the arch stability. If the 
embankment height is ≤ 1.8 m, a soft subsoil will result in arch instability. If the 
embankment is high (> 1.8 m), the arches remain stable for softer subsoil as well. 
Conditions for stable arch formation for an unreinforced embankment are proposed 
along the conditions for a reinforced embankment. See Chapter 2.3.2. 
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Implementation of one or more layers of GR significantly increases the pile efficacy, 
as reported by several other studies (e.g. Briançon and Simon, 2012; Girout et al., 
2018), but also the arch stability. Adding one or more layers of GR mitigates the soil 
arching deterioration due to traffic loading. However, designing according to the 
beam theory with multiple elevated layers of GR results in small tensile strain in all 
GR layers as most of the differential settlements develop at the subsoil surface, also 
observed by Girout et al. (2018).  

3.2 Recommended analytical model 
Several analytical models were compared against FE analysis results and field site data. 
The Concentric Arches (CA) model by Van Eekelen et al. (2013), implemented in 
the Dutch code CUR226 (SBRCURnet, 2016), is the model that best predicts the 
load distribution in a geosynthetic-reinforced timber-pile supported embankment. 
The Extended Carlsson model by Rogbeck et al. (1998) is the analytical method 
recommended in the Swedish code TRVINFRA-00230 (STA, 2022) for the design 
of GRPSE with timber piles. Designing a timber piled embankment based on 
estimations using the Extended Carlsson model results in overestimated pile load and 
required tensile strength of the GR. However, the Extended Carlsson method is 
significantly easier to manage than the CA model, making it suitable for first 
estimations. 
 Significant amount of load was carried by the subsoil in both the numerical studies 
and the field test, showing that potential subsoil support needs to be implemented in 
the design. Though Jones et al. (1990) demonstrated this 30 years ago, they 
recommended a conservative approach to exclude subsoil support for normal design. 
Rogbeck et al. (1998) attribute the overestimations of the Extended Carlsson model 
to the exclusion of subsoil support. Researchers like Zaeske (2001) and Van Eekelen 
(2015) have found safe approaches to include subsoil support. However, for analytical 
models like the Zaeske model (Zaeske, 2001) and the CA model (Van Eekelen et al., 
2013), the calculated pile efficacy and GR tensile strain are sensitive to the input value 
of the subgrade reaction modulus, in addition to the input value of the angle of friction 
of the embankment material. The subgrade reaction modulus is assumed as constant 
in the CA model and the Zaeske model, implying that the subsoil reaction is linear. 
In reality the reaction is non-linear, and the modulus will vary with subsoil 
compression. As recommended by the Dutch code CUR226, several calculations 
should be performed, each with a different estimated subgrade reaction modulus, to 
account for the variation over the embankments service life. For an elevated GR, the 
support of the embankment fill underneath the GR should be included when 
estimating the subgrade reaction modulus. 
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3.3 Limitations of the research 

3.3.1 Numerical modelling 

It should be noted that the geometry of the FE simulations is exact, which is not the 
case in reality. For example, the diameter of the pile head, the position of the pile, and 
the curvature of the pile vary. These variations were not taken into account by a 
probabilistic model. It is expected that the piles will be driven within 5 cm accuracy 
of the suggested design criterion of 𝑠𝑠𝑠𝑠. 
 Though the research focused on timber-pile supported embankments, only road 
embankments were studied. Railway embankments are higher and subjected to greater 
traffic load. As shown in Paper VI, traffic loading has a negative effect on the soil 
arching. The parametric studies in Paper II, III and VI did not include embankment 
heights greater than 2.5 m or multiple traffic load magnitudes. 
 The interlocking effect a geogrid has on a soil aggregate was not explicitly modelled 
in the FE analysis in Paper II and III. In Paper VI, a simplified strength and stiffness 
increase was incorporated in the FE models for the soil adjacent to a geogrid, assuming 
linearly decreasing interlocking effect with increasing vertical distance from the 
geogrid. The true relationship is non-linear. In Paper II and III, the embankment 
material was modelled as stress-independent using the Mohr-Coloumb model. In 
Paper VI, the stress-dependent Hardening Soil model was adopted instead, which 
allows for a better approximation of the real embankment settlements and improves 
the identification of soil arch stability (Satibi, 2009). 
 The timber piles were modelled as “wished-in-place”, i.e. the pile driving was not 
simulated, ignoring any subsequent installation effect from soil mass displacement and 
vibration. The process of simulating pile driving by FE analysis is very complex as 
large element mesh distortion causes computation errors in generic geotechnical FE 
analysis codes which adopts a Lagrangian mesh scheme (e.g. PLAXIS). Several studies 
have focused solely on pile driving with FE analysis (e.g. Mabsout and Tassoulas, 1994; 
Sheng et al., 2005). More recent studied uses hybrid FE methods or Eulerian-
Lagrangian methods such as the Material Point Method to solve the large-deformation 
problem of pile driving (e.g. Dijkstra et al., 2011; Zhang et al., 2013; Staubach et al., 
2022). Yang et al. (2020) showed successful large-deformation FE simulations of 
displacement piles using the Eulerian-Lagrangian feature in ABAQUS/Explicit. 
 The timber piles were modelled with a constant cross section in the numerical 
modelling. Timber piles have a natural taper, which increases the shaft resistance but 
reduces the toe resistance (Nordlund, 1963). In Paper II and III, the effect of the 
taper was included in the input value of the shaft bearing capacity of the embedded 
beams. In Paper VI, no effect of the taper was included for the volume piles. 
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 The traffic loading was approximated as an equivalent static surface loading in the 
FE analyses. This overestimates the resulting pile efficacy, as cyclic loading reduces the 
soil arching effect (Heitz et al., 2008; Pham and Dias et al., 2013; Zhuang et al., 2022). 
 The parametric studies focused primarily on the embankment geometry as well as 
the pile spacing and arrangement. The effect of the material properties of the soils, 
timber piles and GR was not evaluated to the same extent. Only two different subsoil 
materials were tested, but the numerical results agreed with the results by Al-Naddaf 
and Han (2021) that the stiffness of the subsoil affects the arch stability. The effect of 
neither the embankment material friction angle nor the GR stiffness and strength was 
studied in the thesis work. Both the friction angle and GR properties have significant 
effect on the arching effect, as shown by e.g. Lai et al. (2016) and Rui et al. (2019). 
 The proposed conditions for stable arch formation showed a strong indication for 
flexible design of timber pile-supported embankments. The conditions are based on 
extrapolation of a validated numerical model. Verification through multiple physical 
models is needed to conclude a set of conditions that can be used in practice. 

3.3.2 Analytical modelling 

Focus was put on analytical models adopted by national codes and recommendations. 
There exists a plethora of analytical models for GRPSE in literature. The CA model 
assumes semi-circular arches with a height of 0.5(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒). More recent studies by Lai et 
al. (2016), Rui et al. (2016) and Rui et al. (2019) found that the arch forms a semi-
elliptical shape with the height 0.8(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒), meaning that a greater soil volume rests on 
the GR and subsoil. Rui et al. (2022) proposed a model based on the semi-elliptical 
arch shape. Such a model could be preferrable to the ones studied in this thesis.  
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4. OUTLOOK 
As is the nature of research, conclusions raise further questions. Based on the 
conclusions and limitations, there are some clear paths for planned and recommended 
research described in this chapter. 

4.1 Test embankment 
Monitoring of the E4 Råneå field site will continue for several years to monitor the 
long-term behaviour of the structure. The pile group has settled continuously thus far. 
At some point, the piles will not settle more. Sulphide silt/clay is prone to large creep 
strain due to the high organic content. Over time the differential displacement at the 
pile cut-off level will thus increase, affecting the load distribution and altering the pile 
efficacy and possibly the geogrid tensile strain. Continued monitoring will also further 
investigate the recurrence of the increased pile load caused by frost penetration in the 
embankment. 
 Test embankments should be constructed to verify the proposed conditions for 
stable arch formation. The E4 Råneå field site gives the results for one geometry. 
However, the design of the field site was limited to the design criteria in the Swedish 
code TK Geo 13 (STA, 2016a), as the road embankment used by public traffic cannot 
exceed serviceability or ultimate limits. Test embankments for which serviceability 
and ultimate limits of the structure are exceeded are equally of importance to verify 
the proposed conditions. 

4.2 Physical modelling 
Test embankments require a large investment of both time and finances. Though the 
data provided is very valuable, only a few variations in geometry and material 
characteristics can be tested at a time. Physical modelling in small- and medium-scale 
offer a larger set of variations for the same investment. 
 Paper VII and VIII describes a physical experiment being developed at Luleå 
University of Technology as a continuation of the work presented in this thesis. The 
load distribution between two adjacent piles will be studied while simulating the cross-
section of a GRPSE. The tests will be performed under Earth’s gravity (1g). As shown 
in Fig. 22 and Fig. 23, the test setup corresponds to a section of the pile-supported 
embankment between two adjacent piles. For practical reasons, the embankment 
section will be in half-scale, i.e. all dimensions and grain sizes of a regular road 
embankment will be reduced to 50%. The test setup approximates a 2D plane-strain 
case. Plane-strain is chosen to enable ocular observation of the arch formation and 
development of voids below the GRs (or the dense fine-grained soil). The traffic load 
will be added as a surcharge load by a hydraulic cylinder from the top.  
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The physical modelling setup is an idealisation, assuming a widespread embankment 
with uniform height. The lateral slope of the embankment will influence the arch 
formation, as shown in the results of Paper III. 
 

 
Fig. 22. 3D model of the planned test apparatus, by Fahleson & Co AB. 
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Fig. 23. Front view of a cross section of the 3D model in Fig. 22, by Fahleson & Co AB. 

 As a first model version, the subsoil settlement is simulated with a trapdoor, divided 
into three segments to approximate the non-uniform subsoil settlement that develops 
between the piles, similar to the geotechnical centrifuge tests by Al-Naddaf and Han 
(2021) with a flexible trapdoor. To further approach natural subsoil behaviour, the 
trapdoor system can be replaced with a cushion filled with water, where the subsoil 
settlements are controlled via drainage during the test through a tap. This solution was 
successfully used by Van Eekelen et al. (2012a; 2012b). 
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 The load on the pile heads (load part 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵) and the subsoil (load part 𝐶𝐶𝐶𝐶) will be 
measured with load cells as shown in Fig. 23. Soil and GR displacements will be 
monitored using Particle Image Velocimetry (PIV), captured through sheets of 
plexiglass on the front of the test setup, drawing inspiration from the trapdoor 
geotechnical centrifuge tests by Rui et al. (2019) and da Silva Burke and Elshafie 
(2021). The GR tensile strain will be measured by PIV analysis or fibre optics, as done 
in full-scale by Briançon and Simon (2012). This enables formation of arches to be 
observed in real time while simultaneously measuring the load distribution and 
displacements. 
 To verify the proposed geometric conditions in Chapter 2.3, the relative fill 
height 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒) and relative net spacing (𝑠𝑠𝑠𝑠−𝑒𝑒𝑒𝑒)/𝑒𝑒𝑒𝑒 will be varied for cases with and 
without GR, equivalent to the three tested cases in Fig. 18. Though the physical 
modelling will be used primarily for GRPSE with timber piles, the results of the tests 
are applicable for GRPSE design in general. 

4.3 Embankment stability 
The focus of the presented research has been on the settlement reducing aspect of 
GRPSE with timber piles. A limiting factor of timber piling is the pile driving itself in 
terms of slope stability. Since the piles are not driven firmly into bedrock or coarse 
aggregates, a slip surface could reach below the pile toe, in the gap between pile toe 
and firm stratum. This is especially a problem for pile-supported embankments on soil 
profiles with inclining soil layers, e.g. on the side of a mountain. A concrete or steel 
pile would be driven into the bedrock or coarse aggregate, cutting off the slip surface. 
It is of interest to analyse the stability of embankments supported by timber piles, and 
find design practices for geographical areas that present stability issues. 
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APPENDIX 

A. Analytical calculations Paper III 

A.1 Extended Carlsson model 

Table A 1. Analytical calculations using the Extended Carlsson model (Rogbeck et al., 
1998), following TR Geo 13 (Trafikverket, 2016b) and the Nordic guidelines for reinforced 
soils and fills (Rogbeck et al., 2005). 
Parameter     Unit Equation/Comment 

centre-to-centre pile spacing 𝑠𝑠𝑠𝑠 0.8 1.4 2.0 m  

Input parameters      
 

pile diameter 𝐷𝐷𝐷𝐷 0.20 0.20 0.20 m  

equivalent square pile width 𝑒𝑒𝑒𝑒 0.177 0.177 0.177 m �𝜋𝜋𝜋𝜋 · 𝐷𝐷𝐷𝐷2/4 

height embankment 𝐻𝐻𝐻𝐻 2.5 2.5 2.5 m  

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 21 21 21 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 23 23 23 kN/m3  

GW level above pile heads  0.85 0.85 0.85 m  
unit weight (weighted 
average) 

𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 21.7 21.7 21.7 kN/m3  

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 45 °  

surcharge load 𝑞𝑞𝑞𝑞 15 15 15 kN/m2  

tributary load per metre 𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚 55.4 96.9 138.4 kN/m (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 +  𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠  
tributary load per pile area 𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠,𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 44.3 135.6 276.8 kN/pile (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠2  

GR tensile load       
weight of soil wedge (2D) 𝑊𝑊𝑊𝑊2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 7.8 30.2 67.2 kN/m (6.3)* 

weight of soil wedge (3D) 𝑊𝑊𝑊𝑊3𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 21.6 134.6 412.8 kN/pile (6.4)* 

reinforcement strain (chosen) 𝜀𝜀𝜀𝜀 0.06 0.06 0.06  max 6% strain 

reinforcement displacement 𝑒𝑒𝑒𝑒 0.09 0.18 0.27 m (6.6)* 
reinforcement tensile force 
per metre (2D) 

𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝2𝐷𝐷𝐷𝐷 7.6 29.4 65.3 kN/m (6.7)* 

reinforcement tensile force 
per metre (3D) 

𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝3𝐷𝐷𝐷𝐷 21.0 130.8 401.1 kN/m (6.7)* 

coefficient of active earth 
pressure 

𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 0.17 0.17 0.17 - (5.3)* 

horizontal load due to active 
earth pressure 

𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 18.1 18.1 18.1 kN/m (5.2)* 

total reinforcement tensile 
force 
per metre (3D) 

𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 39.1 148.8 419.2 kN/m (6.8)* 
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Load on pile head (unofficial calculations based on the geometry of the model) 
wedge height ℎ 1.16 2.28 3.40 m (𝑠𝑠𝑠𝑠 𝑠 𝑒𝑒𝑒𝑒)/(2𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒15°)  
embankment height above 
wedge 

𝛥𝛥𝛥𝛥ℎ 1.34 0.22 0.00 m 𝐻𝐻𝐻𝐻 𝑠 ℎ >  0  

height of inverted wedge 𝐻𝐻𝐻𝐻 - 𝛥𝛥𝛥𝛥ℎ 1.16 2.28 2.50 m  

weight of soil above pile 
head 

𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 35.5 45.6 45.9 kN/m 

𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑 · [½(𝑒𝑒𝑒𝑒 + (𝑒𝑒𝑒𝑒 +
2(𝐻𝐻𝐻𝐻 𝑠 𝛥𝛥𝛥𝛥ℎ) ·
𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒15°) · (𝐻𝐻𝐻𝐻 𝑠 𝛥𝛥𝛥𝛥ℎ) +
𝑠𝑠𝑠𝑠 · 𝛥𝛥𝛥𝛥ℎ]   

surcharge load on pile head 𝑞𝑞𝑞𝑞2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 12.0 21.0 22.8 kN/m 
𝑞𝑞𝑞𝑞 · [𝑒𝑒𝑒𝑒 + 2(𝐻𝐻𝐻𝐻 𝑠 𝛥𝛥𝛥𝛥ℎ) ·
𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒15°]  

arched load on pile head per 
metre 

𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 47.5 66.6 68.7 kN/m 𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑 + 𝑞𝑞𝑞𝑞2𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑  

arched load on pile head per 
pile 

𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 38.0 93.3 137.3 kN/pile 𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 · 𝑠𝑠𝑠𝑠  

arching efficacy 𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐% 85.8 68.8 49.6 % 
𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡/𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ·
100  

total load on pile head 
(tributary load) 

𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 44.29 135.6 276.8 kN/pile 
𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
= (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠2 

pile head load efficacy 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒% 100 100 100 % 𝑄𝑄𝑄𝑄ℎ𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑/𝑊𝑊𝑊𝑊 · 100  

*see Rogbeck et al. (2005) 
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A.2 SINTEF model 

Table A 2. Analytical calculations using the SINTEF model (Svanø et al., 2000), following 
the Nordic guidelines for reinforced soils and fills (Rogbeck et al., 2005). 
Parameter     Unit Equation/Comment 

centre-to-centre pile spacing 𝑠𝑠𝑠𝑠 0.8 1.4 2.0 m  

Input parameters      
 

pile diameter 𝐷𝐷𝐷𝐷 0.20 0.20 0.20 m  

equivalent square pile width 𝑒𝑒𝑒𝑒 0.177 0.177 0.177 m �𝜋𝜋𝜋𝜋 · 𝐷𝐷𝐷𝐷2/4  

height embankment 𝐻𝐻𝐻𝐻 2.5 2.5 2.5 m  

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 21 21 21 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 23 23 23 kN/m3  

GW level above pile heads  0.85 0.85 0.85 m  
unit weight (weighted 
average) 

𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 21.7 21.7 21.7 kN/m3  

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 45 °  

surcharge load 𝑞𝑞𝑞𝑞 15 15 15 kPa  

tributary load per pile area 𝑊𝑊𝑊𝑊 44.3 135.6 276.8 kN/pile (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠2  

Load on pile head 
wedge apex angle  32 32 32 ° chosen value 

wedge slope (2.5< β <3.5) β 3.49 3.49 3.49 -  

wedge height (full height) ℎgeo 1.09 2.13 3.18 m 𝛽𝛽𝛽𝛽/2 · (𝑠𝑠𝑠𝑠 𝑠 𝑒𝑒𝑒𝑒) 

wedge height ℎ 1.09 2.13 2.50 m ≤ 𝐻𝐻𝐻𝐻 
embankment height above 
wedge 

𝛥𝛥𝛥𝛥ℎ 1.41 0.37 0.00 m 𝐻𝐻𝐻𝐻 𝑠 ℎ ≥  0  

weight of soil above pile 
head (plus surcharge) per pile 

𝛥𝛥𝛥𝛥𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝 29.22 45.03 38.93 kN/pile 
𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠2 · 𝛥𝛥𝛥𝛥ℎ
+ [𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒] 

arched load on pile head per 
pile 

𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝 35.6 79.5 91.5 kN/pile (8)* + 𝛥𝛥𝛥𝛥𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝 

arching efficacy 𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝% 80.4 58.6 33.1 % 𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝/𝑊𝑊𝑊𝑊 

total load on pile head 
(tributary load) 

𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 44.3 135.6 276.8 kN/pile 𝑊𝑊𝑊𝑊 = (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠2 

pile head load efficacy 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒% 100 100 100 % 𝑄𝑄𝑄𝑄ℎ𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑/𝑊𝑊𝑊𝑊 · 100  

  

5847347_Inlaga_NY.indd   835847347_Inlaga_NY.indd   83 2023-01-25   07:242023-01-25   07:24



Timber Pile-Supported Embankments: Arching and Reinforcement 
 

 
68 
 

GR tensile load       

weight carried by GR 𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠 24.5 158.2 463.2 kN/m (9)* 

GR strain (chosen) 𝜀𝜀𝜀𝜀 0.06 0.06 0.06 - max 6% strain 

GR displacement 𝑒𝑒𝑒𝑒 0.09 0.18 0.27 m (2)* 

GR tensile load 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 18.0 123.2 368.5 kN/m (13)* 
coefficient of active earth 
pressure 

𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 0.17 0.17 0.17 - (5.3)** 

horizontal load due to 
active earth pressure 

𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 18.1 18.1 18.1 kN/m (5.2)** 

total GR tensile load 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 36.1 141.3 386.5 kN/m (6.8)** 

*see Svanø et al. (2000) 
**see Rogbeck et al. (2005)  
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A.3 Hewlett & Randolph model 

Table A 3. Analytical calculations using the Hewlett & Randolph model (Hewlett and 
Randolph, 1988), following the British standard BS8006-1 (BSI, 2010). 
Parameter     Unit Equation/Comment 

centre-to-centre pile spacing 𝑠𝑠𝑠𝑠 0.8 1.4 2.0 m  

Input parameters      
 

pile diameter 𝐷𝐷𝐷𝐷 0.20 0.20 0.20 m  

equivalent square pile width 𝑒𝑒𝑒𝑒 0.18 0.18 0.18 m �𝜋𝜋𝜋𝜋 · 𝐷𝐷𝐷𝐷2/4  

height embankment 𝐻𝐻𝐻𝐻 2.5 2.5 2.5 m  

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 21 21 21 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 23 23 23 kN/m3  

GW level above pile heads  0.85 0.85 0.85 m  
unit weight (weighted 
average) 

𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 21.7 21.7 21.7 kN/m3  

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 45 °  

surcharge load 𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 15 15 15 kPa  

Arching efficacy 
passive earth pressure 
coefficient 

𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 5.83 5.83 5.83 - 8.3.3.7.2* 

calculation coefficients 

𝐴𝐴𝐴𝐴 0.09 0.27 0.41  -“- 

𝐵𝐵𝐵𝐵 0.25 0.44 0.41  -“- 

𝐶𝐶𝐶𝐶 0.20 0.39 0.58  -“- 

β 2.8 0.7 0.3  -“- 
arching efficacy at arch 
crown 

𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢 74.99 47.18 28.00 % -“- 

arching efficacy at pile head 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 73.78 41.24 23.96 % -“- 
minimum pile load arching 
efficacy 

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑢𝑢𝑢𝑢 73.78 41.24 23.96 % -“- 

tributary load per pile area 𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 44.29 135.6 276.8 kN/pile (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠2 
arched load on pile head 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 32.68 55.94 66.33 kN/pile 𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 · 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 

GR tensile load       

maximum weight carried by 
GR 

𝑊𝑊𝑊𝑊𝑇𝑇𝑇𝑇 15.26 57.85 106.1 kN/pile 8.3.3.7.2* 

minimum weight carried by 
GR 

𝑊𝑊𝑊𝑊𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑢𝑢𝑢𝑢 8.30 14.53 20.76 kN/pile -“- 

reinforcement strain (chosen) 𝜀𝜀𝜀𝜀 0.06 0.06 0.06 - max 6% strain 
maximum mid-span GR 
deflection 

𝑦𝑦𝑦𝑦 0.093 0.183 0.273 m 8.3.3.14* 

GR tensile load 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝 52.1 387.9 1060 kN/m 8.3.3.9* 
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min. GR tensile load 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 28.4 97.4 207.5 kN/m -“- 
coefficient of active earth 
pressure 

𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 0.17 0.17 0.17 - 8.3.3.11* 

horizontal load due to active 
earth pressure (lateral sliding) 

𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 18.06 18.06 18.06 kN/m -“- 

total reinforcement tensile 
load 

𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 36.1 141.3 386.5 kN/m 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 + 𝑇𝑇𝑇𝑇𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 

Pile head load       
minimum total load on pile 
head 

𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐n 41.0 70.5 87.1 kN/pile 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎ℎ𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑 + 𝑊𝑊𝑊𝑊𝑇𝑇𝑇𝑇,𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 

minimum pile head load 
efficacy 

𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐n

% 92.5 52.0 31.5 % 𝑄𝑄𝑄𝑄ℎ𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚/𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  · 100  

total load on pile head 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 44.29 135.6 276.8 kN/pile 
𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎ℎ𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑 + 𝑊𝑊𝑊𝑊𝑇𝑇𝑇𝑇 = 𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
= (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑒𝑒𝑒𝑒2 

pile head load efficacy 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒% 100 100 100 % 𝑄𝑄𝑄𝑄ℎ𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑/𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 · 100  

*see BSI (2010)  
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A.4 Zaeske model 

SSqquuaarree  ppiillee  aarrrraannggeemmeenntt  

Table A 4. Analytical calculations using the Zaeske model (Zaeske, 2001), following the 
German recommendations EBGEO (DGGT, 2011) and the Dutch standards CUR226 
(SBRCURnet, 2016). 
Parameter     Unit Equation/Comment 

centre-to-centre pile spacing 𝑠𝑠𝑠𝑠 0.8 1.4 2.0 m  

Input parameters      
 

pile diameter 𝑒𝑒𝑒𝑒 0.20 0.20 0.20 m  

height embankment 𝐻𝐻𝐻𝐻 2.5 2.5 2.5 m  

GR level above pile heads 𝑧𝑧𝑧𝑧 0.30 0.30 0.30 m 𝑧𝑧𝑧𝑧 𝑧 0.30 

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 21 21 21 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 23 23 23 kN/m3  

GW level above pile heads  0.85 0.85 0.85 m  
unit weight (weighted 
average) 

𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 21.7 21.7 21.7 kN/m3  

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 45 °  

surcharge load 𝑝𝑝𝑝𝑝 15 15 15 kPa  

GR axial stiffness 𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘 2200 2200 2200 kN/m  

Stress between the bearing elements (piles) 
pile spacing x-axis 
(transversal) 

𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 0.8 1.4 2.0 m  

pile spacing y-axis 
(longitudinal) 

𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 0.8 1.4 2.0 m  

pile diagonal spacing 𝑠𝑠𝑠𝑠 1.13 1.98 2.83 m �𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥2 + 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦2 

arch height ℎ𝑎𝑎𝑎𝑎 0.57 0.99 1.41 m (9.6)* 
critical principal stress ratio 
(passive earth pressure 
coefficient) 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 5.83 5.83 5.83 - (9.7)* 

active earth pressure 
coefficient 

𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠ℎ 0.172 0.172 0.172 - tan2(45 − 𝜑𝜑𝜑𝜑′/2) 

calculation factors 

λ1 0.108 0.396 0.864 m2 (9.9)* 

λ2 0.661 0.596 0.568 - (9.10)* 

χ 0.661 0.596 0.568 - (9.8)* 

normal stress between piles σ𝑧𝑧𝑧𝑧𝑡𝑡𝑡𝑡,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 22.62 41.10 51.14 kPa (9.5)* 
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Stress on the bearing elements (piles) 
support surface 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 0.031 0.031 0.031 m2 𝑒𝑒𝑒𝑒2/4 ∙ 𝜋𝜋𝜋𝜋 (Figure 9.4*) 

tributary area 𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸 0.64 1.96 4.00 m2 𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 (Figure 9.4*) 

stress on pile head σ𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 971.6 
1794.

0 
2350.

5 
kPa (9.11)* 

pile head load 𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 30.5 56.4 73.8 kN/pile (9.13)* 

pile head load (conservative) 𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 44.3 135.6 276.8 kN/pile (9.15)* 
load distribution factor 
(arching efficacy) 

𝐸𝐸𝐸𝐸𝐿𝐿𝐿𝐿 68.9 41.6 26.7 % (9.4)* 

GR tensile load       
equivalent square pile width 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 0.47 0.48 0.48 m (9.17)* 
effective diameter of 
supporting element at level z 

𝑒𝑒𝑒𝑒’ 0.53 0.55 0.55 m 𝑒𝑒𝑒𝑒 + 2 ∙ 𝑧𝑧𝑧𝑧 ∙ 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(30°) 

clear spacing between piles 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑚𝑚𝑚𝑚,𝑦𝑦𝑦𝑦 0.33 0.92 1.52 m 𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 − 𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 − 𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
load coverage area of GR 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚,𝑦𝑦𝑦𝑦 0.32 0.98 2.0 m2 (9.18)* 
normal stress on GR at level 
z 

σ𝑧𝑧𝑧𝑧[𝑧𝑧𝑧𝑧] 24.91 25.02 21.32 kPa (7.7)** 

friction angle 𝜑𝜑𝜑𝜑' 40 40 40 ° ≤ 40° 
critical principal stress ratio  𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 4.60 4.60 4.60 - (9.7)* 

calculation factors 

λ1 0.046 0.257 0.651 m2 (9.9)* 

λ2 0.857 0.738 0.675 - (9.10)* 

χ 0.962 0.610 0.448 - (9.8)* 

resulting load on GR 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 1.80 5.52 11.26 kN/pile (9.20)* 

subgrade reaction modulus 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 933 933 933 kN/m3 (9.27)* 

calculation factor 
𝐹𝐹𝐹𝐹𝑘𝑘𝑘𝑘 ∙ 𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘  
𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 0.019 0.079 0.123 - Figure 9.16* 

calculation factor 
𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝,𝑘𝑘𝑘𝑘 ∙ 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦

2

𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘
 0.165 0.634 1.409 - -“- 

maximum GR strain 𝜀𝜀𝜀𝜀𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 1.30 2.64 3.00 % -“- 
effects from spreading forces 
(active earth pressure above 
GR) 

Δ𝐸𝐸𝐸𝐸𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 13.09 13.09 13.09 kN/m (9.28)* 

tensile load from membrane 
action 

𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 28.60 58.08 66.00 kN/m (9.25)* 

total GR tensile load 𝐸𝐸𝐸𝐸𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 41.69 71.17 79.09 kN/m 𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘+Δ𝐸𝐸𝐸𝐸𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 
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Normal force at the pile head from membrane effect, based on CUR226 (SBRCURnet 2016) 
horizontal component of 
max. GR tensile load (based 
on uniform load distribution) 

𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 28.40 58.04 65.99 kN/m (4.37)*** 

solver to determine 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 
𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻)
= 𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 28.60 58.08 65.99 kN/m (4.38)*** 

calculation factor α 10.70 5.24 4.61 - (4.33)*** 

GR deflection rate at pile 
head (𝑚𝑚𝑚𝑚 = 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊 2⁄ ) 𝑧𝑧𝑧𝑧′ -0.12 -0.04 -0.01 m/m (4.31)*** 

max GR deflection 𝑧𝑧𝑧𝑧(𝑚𝑚𝑚𝑚 = 0) 0.08 0.08 0.07 m (4.31)*** 

vertical component of max 
GR tensile load 

𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 3.4 2.2 1.1 kN/m �𝑇𝑇𝑇𝑇2 − 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻2 (Table 
5.5***) 

load on pile head from 
membrane effect 

𝐵𝐵𝐵𝐵 6.3 4.2 2.2 kN/pile 
𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 ∙ 4𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (Table 
5.5***) 

Load on pile head, based on CUR226 (SBRCURnet 2016) 

load on pile head 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 36.8 60.5 76.1 kN/pile 𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 + 𝐵𝐵𝐵𝐵 

pile head efficacy 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒% 83.2 44.6 27.5 % 
�𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 + 𝐵𝐵𝐵𝐵�
/𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

*see DGGT (2011) 
**see Zaeske (2001) 
***see SBRCURnet (2016)  
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TTrriiaanngguullaarr  ppiillee  aarrrraannggeemmeenntt  

Table A 5. Analytical calculations using the Zaeske model (Zaeske, 2001), following the 
German recommendations EBGEO (DGGT, 2011) and the Dutch standards CUR226 
(SBRCURnet, 2016). 
Parameter     Unit Equation/Comment 

centre-to-centre pile spacing 𝑠𝑠𝑠𝑠 0.8 1.4 2.0 m  

Input parameters      
 

pile diameter 𝑒𝑒𝑒𝑒 0.20 0.20 0.20 m  

height embankment 𝐻𝐻𝐻𝐻 2.5 2.5 2.5 m  

GR level above pile heads 𝑧𝑧𝑧𝑧 0.30 0.30 0.30 m 𝑧𝑧𝑧𝑧 𝑧 0.30 

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 21 21 21 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 23 23 23 kN/m3  

GW level above pile heads  0.85 0.85 0.85 m  
unit weight (weighted 
average) 

𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 21.7 21.7 21.7 kN/m3  

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 45 °  

surcharge load 𝑝𝑝𝑝𝑝 15 15 15 kPa  

GR axial stiffness 𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘 2200 2200 2200 kN/m  

Stress between the bearing elements (piles) 
pile spacing x-axis 
(transversal) 

𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 1.6 2.8 4.0 m Figure 7.2** 

pile spacing y-axis 
(longitudinal) 

𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 0.8 1.4 2.0 m Figure 7.2** 

pile diagonal spacing 𝑠𝑠𝑠𝑠 1.6 2.8 4.00 m 
max(𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥; 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦) (Figure 
7.2**) 

arch height ℎ𝑎𝑎𝑎𝑎 0.80 1.40 2.00 m (9.6)* 
critical principal stress ratio 
(passive earth pressure 
coefficient) 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 5.83 5.83 5.83 - (9.7)* 

active earth pressure 
coefficient 

𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠ℎ 0.172 0.172 0.172 - tan2(45 − 𝜑𝜑𝜑𝜑′/2) 

calculation factors 

λ1 0.245 0.845 1.805 m2 (9.9)* 

λ2 0.617 0.569 0.549 - (9.10)* 

χ 0.978 0.606 0.440 - (9.8)* 

normal stress between piles σ𝑧𝑧𝑧𝑧𝑡𝑡𝑡𝑡,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 34.30 50.88 59.01 kPa (9.5)* 

Stress on the bearing elements (piles) 
support surface 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 0.031 0.031 0.031 m2 𝑒𝑒𝑒𝑒2/4 ∙ 𝜋𝜋𝜋𝜋 (Figure 9.4*) 

tributary area 𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸 0.64 1.96 4.00 m2 𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦/2 (Figure 9.4*) 

stress on pile head σ𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 745.3 1194 1356 kPa (9.11)* 
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pile head load 𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 23.4 37.5 42.6 kN/pile (9.13)* 

pile head load (conservative) 
max 
(𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘) 44.3 135.6 276.8 kN/pile (9.15)* 

load distribution factor 
(arching efficacy) 

𝐸𝐸𝐸𝐸𝐿𝐿𝐿𝐿 52.9 27.6 15.4 % (9.4)* 

GR tensile load       
equivalent square pile width 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 0.48 0.48 0.48 m (9.17)* 
effective diameter of 
supporting element at level z 

𝑒𝑒𝑒𝑒’ 0.53 0.55 0.55 m 𝑒𝑒𝑒𝑒 + 2 ∙ 𝑧𝑧𝑧𝑧 ∙ 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(30°) 

clear spacing between piles 
𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑚𝑚𝑚𝑚 1.12 2.32 3.52 m 𝑎𝑎𝑎𝑎𝑥𝑥𝑥𝑥 − 𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑦𝑦𝑦𝑦 0.33 0.92 1.52 m 𝑎𝑎𝑎𝑎𝑦𝑦𝑦𝑦 − 𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

load coverage area of GR 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚,𝑦𝑦𝑦𝑦 0.61 1.93 3.97 m2 (9.18)* 

normal stress on GR at level z σ𝑧𝑧𝑧𝑧[𝑧𝑧𝑧𝑧] 25.43 21.50 9.88 kPa (7.7)** 

friction angle 𝜑𝜑𝜑𝜑' 40 40 40 ° ≤ 40° 
critical principal stress ratio  𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 4.60 4.60 4.60 - (9.7)* 

calculation factors 

λ1 0.139 0.635 0.934 m2 (9.9)* 

λ2 0.783 0.676 0.653 - (9.10)* 

χ 0.729 0.452 0.400 - (9.8)* 

resulting load on GR 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 7.74 20.73 19.60 kN/pile (9.20)* 
subgrade reaction modulus 
(at GR level z) 

𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎 933 933 933 kN/m3 
(9.27)* based on the 
oedometer modulus 

calculation factor 
𝐹𝐹𝐹𝐹𝑘𝑘𝑘𝑘 ∙ 𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘  
𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 0.007 0.020 0.018 - Figure 9.16* 

calculation factor 
(transversal, x-direction) 

𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝,𝑘𝑘𝑘𝑘 ∙ 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑥𝑥𝑥𝑥
2

𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘
 0.528 2.270 5.242 - -“- 

maximum GR strain (x-
direction) 

𝜀𝜀𝜀𝜀𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚 0.60 0.44 0.10 % -“- 

tensile load from membrane 
action (x-direction) 

𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚 13.20 9.68 2.09 kN/m (9.25)* 

calculation factor 
(longitudinal, y-direction) 

𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝,𝑘𝑘𝑘𝑘 ∙ 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑦𝑦𝑦𝑦
2

𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘
 0.014 0.116 0.318 - Figure 9.16* 

maximum GR strain (y-
direction) 

𝜀𝜀𝜀𝜀𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑦𝑦𝑦𝑦 1.25 2.23 0.95 % -“- 

tensile load from membrane 
action (y-direction) 

𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑦𝑦𝑦𝑦 27.50 49.06 20.90 kN/m (9.25)* 

maximum tensile load from 
membrane action 

𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 27.50 49.06 20.90 kN/m 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚(𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑥𝑥𝑥𝑥;𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑦𝑦𝑦𝑦) 

effects from spreading forces 
(active earth pressure above 
GR) 

Δ𝐸𝐸𝐸𝐸𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 0 0 0 kN/m 
no spreading force in 
longitudinal direction 

total GR tensile load 𝐸𝐸𝐸𝐸𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 26.29 22.77 15.18 kN/m 𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥 + 𝛥𝛥𝛥𝛥𝐸𝐸𝐸𝐸𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 
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Normal force at the pile head from membrane effect, based on CUR226 (SBRCURnet 2016) 
horizontal component of 
max. GR tensile load (based 
on uniform load distribution) 

𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 27.27 49.05 20.89 kN/m (4.37)*** 

solver to determine 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 
𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻)
= 𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘,𝑚𝑚𝑚𝑚  27.50 49.06 20.89 kN/m (4.38)*** 

calculation factor α 11.15 6.20 14.55 - (4.33)*** 

GR deflection rate at pile 
head (𝑚𝑚𝑚𝑚 = 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊 2⁄ ) 𝑧𝑧𝑧𝑧′ -0.13 -0.02 0.00 m/m (4.31)*** 

max GR deflection 𝑧𝑧𝑧𝑧(𝑚𝑚𝑚𝑚 = 0) 0.08 0.07 0.03 m (4.31)*** 

vertical component of max 
GR tensile load 

𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 3.5 1.0 0.6 kN/m �𝑇𝑇𝑇𝑇2 − 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻2 (Table 
5.5***) 

load on pile head from 
membrane effect 

𝐵𝐵𝐵𝐵 6.9 1.9 1.3 kN/pile 
𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 ∙ 4𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (Table 
5.5***) 

Total load on pile head, based on CUR226 (SBRCURnet 2016) 

load on pile head 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 30.3 39.4 43.9 kN/pile 𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 + 𝐵𝐵𝐵𝐵 

pile head efficacy 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒% 68.4 29.1 15.8 % 
�𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘 + 𝐵𝐵𝐵𝐵�
/𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚�𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆,𝐺𝐺𝐺𝐺,𝑘𝑘𝑘𝑘� 

*see DGGT (2011) 
**see Zaeske (2001) 
***see SBRCURnet (2016) 
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A.5 Concentric Arches model 

Table A 6. Analytical calculations using the Concentric Arches model (Van Eekelen, 2015), 
following the Dutch standards CUR226 (SBRCURnet, 2016). 

Parameter     Unit 
Equation 
/Comment 

centre-to-centre pile spacing  0.8 1.4 2.0 m  

Input parameters 
pile diameter 𝑒𝑒𝑒𝑒 0.20 0.20 0.20 m  

height embankment 𝐻𝐻𝐻𝐻 2.5 2.5 2.5 m  
pile spacing x-axis 
(transversal) 

𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 0.8 1.4 2.0 m  

pile spacing y-axis 
(longitudinal) 

𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 0.8 1.4 2.0 m  

pile diagonal spacing 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 1.13 1.98 2.83 m (4.4)* 

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 21 21 21 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 23 23 23 kN/m3  

GW level above pile heads  0.85 0.85 0.85 m  
unit weight (weighted 
average) 

𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 21.7 21.7 21.7 kN/m3  

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 45 °  

surcharge load 𝑝𝑝𝑝𝑝 15 15 15 kPa  

Step 1: Load distribution 
equivalent square pile head 
width 

𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞 0.177 0.177 0.177 m (4.5)* 

area of GR strips 
𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢. = 
𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠. 

0.110 0.217 0.323 m2 
𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 ∙ 𝐿𝐿𝐿𝐿𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
= 𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 ∙ 𝐿𝐿𝐿𝐿𝑦𝑦𝑦𝑦𝑥𝑥𝑥𝑥𝑥 

area of influence for each GR 
strip 

𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚 = 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑦𝑦𝑦𝑦 0.30 0.96 1.98 m2 (4.25)* & (4.26)* 

coeff. of passive earth pressure 𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 5.83 5.83 5.83 - (4.15)* 

height of 3D hemisphere 𝐻𝐻𝐻𝐻𝑢𝑢𝑢𝑢3𝐷𝐷𝐷𝐷 0.57 0.99 1.41 m (4.13)* 

height of 2D arches 
𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢2𝐷𝐷𝐷𝐷 

= 𝐻𝐻𝐻𝐻y𝑢𝑢𝑢𝑢2𝐷𝐷𝐷𝐷 0.40 0.70 1.00 m (4.19)* 

width of GR square under 3D 
hemi. 

𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷  0.62 1.22 1.82 m (4.14)* 

length of GR strip under 2D 
arches 

𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚2𝐷𝐷𝐷𝐷 = 𝐿𝐿𝐿𝐿y2𝐷𝐷𝐷𝐷 0.62 1.22 1.82 m (4.18)* 

calculated parameters 

𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚2𝐷𝐷𝐷𝐷 = 𝑃𝑃𝑃𝑃y2𝐷𝐷𝐷𝐷 58441 5941 1368 
kPa/ 
mKp-1 

(4.21)* 

𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚2𝐷𝐷𝐷𝐷 = 𝑄𝑄𝑄𝑄y2𝐷𝐷𝐷𝐷 33.01 33.01 33.01 kN/m3 (4.21)* 

𝑃𝑃𝑃𝑃3𝐷𝐷𝐷𝐷 57884 194.4 4.1 
kPa/ 
m2Kp-2 (4.12)* 
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𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷 14.60 14.60 14.60 kN/m3 (4.12)* 
force inside circle in the GR 
square 

𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞1;𝑝𝑝𝑝𝑝=0 0.96 7.32 23.89 kN/pile (4.11)* 

part 1 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside 
the circle 

1𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 2.16 18.89 41.85 kN/pile -“- 

part 2 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside 
the circle 

2𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 1.69 12.77 42.31 kN/pile -“- 

part 3 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside 
the circle 

3𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 -1.92 -16.8 -37.2 kN/pile -“- 

part 4 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside 
the circle 

4𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 -1.26 -9.55 -31.6 kN/pile -“- 

total force within the 𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 
square, but outside the circle 

𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2;𝑝𝑝𝑝𝑝=0 0.67 5.34 15.37 kN/pile -“- 

force on the area outside the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but within the 
GR square 

𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞3;𝑝𝑝𝑝𝑝=0 0 0 0 kN/pile (4.16)* 

total force on the GR square 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠;𝑝𝑝𝑝𝑝=0 1.63 12.67 39.26 kN/pile (4.11)* 

transferred force 𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 19.39 68.37 140.8 kN/pile (4.17)* 
resulting surcharge load on 
the 2D arches 

𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 76.89 147.1 207.8 kPa (4.17)* 

total force on the GR strips 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝;𝑝𝑝𝑝𝑝=0 9.05 45.44 106.6 kN/pile (4.20)* 

total force on the GR with 𝑝𝑝𝑝𝑝 
= 0 

(𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶)𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 10.68 58.11 145.9 kN/pile (4.8)* 

force that goes directly via 
arching to the pile head with 
𝑝𝑝𝑝𝑝 = 0 

𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 24.01 48.13 70.94 kN/pile (4.8)* 

total force on the GR with 𝑝𝑝𝑝𝑝 
> 0 

(𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶)𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 13.63 74.19 186.2 kN/pile (4.9)* 

average load on the GR strips 
with 𝑝𝑝𝑝𝑝 > 0 

𝑞𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 61.76 171.2 288.2 kPa (4.28)* 

force that goes directly via 
arching to the pile head with 
𝑝𝑝𝑝𝑝 > 0 

𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 30.65 61.45 90.58 kN/pile (4.9)* 

load that goes directly via 
arching to the pile head with 
𝑝𝑝𝑝𝑝 > 0 

𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 975.7 1956 2883 kPa 𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 

percentage of total force 
transferred to the pile head 
directly 

𝐴𝐴𝐴𝐴% 69.2 45.3 32.7 % 
𝐴𝐴𝐴𝐴% = 100 ∙  

𝐴𝐴𝐴𝐴
(𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑝𝑝𝑝𝑝) ∙ 𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦
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Step 2: Determine GR stiffness, calculation of GR strain and GR tensile force 
GR axial stiffness 𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘 2200 2200 2200 kN/m  
GR area associated with GR 
strips 

𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚 = 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑦𝑦𝑦𝑦 0.30 0.96 1.98 m2 (4.25)* & (4.26)* 

length of GR strips 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑚𝑚𝑚𝑚 = 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊y 0.62 1.22 1.82  (4.27)* 

subgrade reaction modulus 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 933 933 933 kN/m3 
(9.27)** based on the 
oedometer modulus 

modified subgrade reaction 
modulus 

𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠 2572 4151 5730 kN/m3 (4.29)* 

term for Fig. 4.11 & 4.12* 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤/𝐽𝐽𝐽𝐽  0.018 0.095 0.239 -  

term for Fig. 4.11 & 4.12* 
𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿 ∙ 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤

𝐽𝐽𝐽𝐽 ∙ 𝑠𝑠𝑠𝑠  0.453 2.821 8.654 -  

max strain (at edge of pile 
head) 

ε𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 0.66 1.09 1.31 % Fig. 4.11 & 4.12* 

max tensile load (at edge of 
pile head, excluding lateral 
thrust) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚  14.43 23.98 25.96 kN/m (4.38)* 

horizontal component of 
max. GR tensile load  

𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 13.70 20.69 22.47 kN/m (4.37)* 

solver to determine 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 
𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻)
= 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝜀𝜀𝜀𝜀max) 14.43 23.98 28.84 kN/m (4.38)* 

calculation factor α 13.70 14.16 15.97 - (4.33)* 

calculation parameter 𝑀𝑀𝑀𝑀 1.2 
·10-1 

3.0 
·10-3 

1.4 
·10-5 

- (4.32)* 

GR deflection rate at edge of 
pile head (uniform triangular 
load dis.) 

𝑧𝑧𝑧𝑧𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚′  
(𝑚𝑚𝑚𝑚 = 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤 2⁄ ) 0.33 0.58 0.80 m/m (4.31)* 

max GR deflection (uniform 
triangular load distribution) 

𝑧𝑧𝑧𝑧𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑚𝑚𝑚𝑚 = 0) 0.023 0.041 0.050 m (4.31)* 

vertical component of max 
GR tensile load 

𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 4.5 12.1 18.1 kN/m �𝑇𝑇𝑇𝑇2 − 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻2  
(Table 5.5*) 

level of GR above pile heads 𝑧𝑧𝑧𝑧 0.45 0.45 0.45 m Fig. 4.14* 

coeff. of passive earth pressure 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 0.17 0.17 0.17 - (4.44)* 
lateral thrust due to active 
earth pressure 

𝑇𝑇𝑇𝑇ℎ,𝑦𝑦𝑦𝑦 13.09 13.09 13.09 kN/m (4.44)* 

total GR tensile load 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠,𝑦𝑦𝑦𝑦 27.52 37.07 41.93 kN/m (4.45)* 
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Step 3: Total load on pile head and subsoil support 
force that goes directly via 
arching to the pile head 

𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 30.65 61.45 90.58 kN/pile (4.9)* 

load on pile head from 
membrane effect 

𝐵𝐵𝐵𝐵 3.2 8.6 12.8 kN/pile 𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 ∙ 4𝑠𝑠𝑠𝑠 (Table 5.5*) 

subsoil support 𝐶𝐶𝐶𝐶 10.4 65.6 173.4 kN/pile 
(𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑝𝑝𝑝𝑝) ∙ 𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦
− (𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵) 

load on pile head 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 33.9 70.0 103.4 kN/pile  

pile head efficacy (𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵)% 76.5 51.6 37.4 % 
100(𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵)

(𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑝𝑝𝑝𝑝) ∙ 𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦
 

*see SBRCURnet (2016) 
**see DGGT (2011) 
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B. Analytical calculations Paper IV 

B.1 Extended Carlsson model 

Table B 1. Analytical calculations using the Extended Carlsson model (Rogbeck et al., 
1998), following TR Geo 13 (Trafikverket, 2016b) and the Nordic guidelines for reinforced 
soils and fills (Rogbeck et al., 2005). 
Parameter    Unit Equation/Comment 

design surcharge load 𝑞𝑞𝑞𝑞 21.7 0 kN/m2  

Input parameters     
 

pile diameter 𝐷𝐷𝐷𝐷 0.25 0.25 m  

equivalent square pile width 𝑒𝑒𝑒𝑒 0.222 0.222 m �𝜋𝜋𝜋𝜋 · 𝐷𝐷𝐷𝐷2/4 

centre-to-centre pile spacing 𝑠𝑠𝑠𝑠 1.1 1.1 m  

height embankment 𝐻𝐻𝐻𝐻 1.8 1.8 m  

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 18 18 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 21 21 kN/m3  

unit weight (weighted average) 𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 18.4 18.4 kN/m3  

GW level above pile heads  0.25 0.25   

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 °  

tributary load per metre 𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚 60.3 36.5 kN/m (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 +  𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠  
tributary load per pile area 𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠,𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 66.4 40.1 kN/pile (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠2  

GR tensile load      
weight of soil wedge (2D) 𝑊𝑊𝑊𝑊2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 13.3 13.3 kN/m (6.3)* 

weight of soil wedge (3D) 𝑊𝑊𝑊𝑊3𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 39.55 39.55 kN/pile (6.4)* 

reinforcement strain (chosen) 𝜀𝜀𝜀𝜀 0.06 0.06  max 6% strain 

reinforcement displacement 𝑒𝑒𝑒𝑒 0.132 0.132 m (6.6)* 
reinforcement tensile force 
per metre (2D) 

𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝2𝐷𝐷𝐷𝐷 12.89 12.89 kN/m (6.7)* 

reinforcement tensile force 
per metre (3D) 

𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝3𝐷𝐷𝐷𝐷 38.43 38.43 kN/m (6.7)* 

coefficient of active earth pressure 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 0.17 0.17 - (5.3)* 
horizontal load due to active earth 
pressure 

𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 11.82 5.12 kN/m (5.2)* 

total reinforcement tensile force per 
metre (3D) 

𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 39.1 43.55 kN/m (6.8)* 
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Load on pile head (unofficial calculations based on the geometry of the model) 

wedge height ℎ 1.639 1.639 m (𝑠𝑠𝑠𝑠 𝑠 𝑒𝑒𝑒𝑒)/(2𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒15°)  

embankment height above wedge 𝛥𝛥𝛥𝛥ℎ 0.161 0.161 m 𝐻𝐻𝐻𝐻 𝑠 ℎ >  0  

height of inverted wedge 𝐻𝐻𝐻𝐻- 𝛥𝛥𝛥𝛥ℎ 1.639 1.639 m  

weight of soil above pile head 𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 23.21 23.21 kN/m 

𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑 · [½(𝑒𝑒𝑒𝑒 + (𝑒𝑒𝑒𝑒 +
2(𝐻𝐻𝐻𝐻 𝑠 𝛥𝛥𝛥𝛥ℎ) ·
𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒15°) · (𝐻𝐻𝐻𝐻 𝑠 𝛥𝛥𝛥𝛥ℎ) +
𝑠𝑠𝑠𝑠 · 𝛥𝛥𝛥𝛥ℎ]   

surcharge load on pile head 𝑞𝑞𝑞𝑞2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒 23.87 0.00 kN/m 
𝑞𝑞𝑞𝑞 · [𝑒𝑒𝑒𝑒 + 2(𝐻𝐻𝐻𝐻 𝑠 𝛥𝛥𝛥𝛥ℎ) ·
𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒15°]  

arched load on pile head per metre 𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 47.08 23.21 kN/m 𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑 + 𝑞𝑞𝑞𝑞2𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑  

arched load on pile head per pile 𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 51.78 25.53 kN/pile 𝑄𝑄𝑄𝑄2𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 · 𝑠𝑠𝑠𝑠  

pile efficacy 𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐% 78.0 63.6 % 
𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡/𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ·
100  

design total load on pile head 
(tributary load) 

𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 66.4 40.1 kN/pile 
𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
= (𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑞𝑞𝑞𝑞) · 𝑠𝑠𝑠𝑠2 

design pile efficacy 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒% 100 100 % 𝑄𝑄𝑄𝑄ℎ𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑/𝑊𝑊𝑊𝑊 · 100  

*see Rogbeck et al. (2005) 
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B.2 Concentric Arches model 

Table B 2. Analytical calculations using the Concentric Arches model (Van Eekelen, 2015), 
following the Dutch standards CUR226 (SBRCURnet, 2016). 

Parameter    Unit 
Equation 
/Comment 

design surcharge load 𝑝𝑝𝑝𝑝 21.7 0 kN/m2  

Input parameters 
pile diameter 𝑒𝑒𝑒𝑒 0.25 0.25 m  

height embankment 𝐻𝐻𝐻𝐻 1.8 2.5 m  

pile spacing x-axis (transversal) 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 1.1 1.4 m  

pile spacing y-axis (longitudinal) 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 1.1 1.4 m  

pile diagonal spacing 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 1.56 1.98 m (4.4)* 

unsaturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 18 21 kN/m3  

saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 21 23 kN/m3  

GW level above pile heads  0.25 0.85 m  

unit weight (weighted average) 𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒 18.4 21.7 kN/m3  

effective friction angle 𝜑𝜑𝜑𝜑' 45 45 °  

Step 1: Load distribution 
equivalent square pile head width 𝑠𝑠𝑠𝑠 = 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞 0.222 0.222 m (4.5)* 

area of GR strips 
𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝 = 
𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝 

0.195 0.195 m2 
𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 ∙ 𝐿𝐿𝐿𝐿𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
= 𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 ∙ 𝐿𝐿𝐿𝐿𝑦𝑦𝑦𝑦𝑥𝑥𝑥𝑥𝑥 

area of influence for each GR strip 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚 = 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑦𝑦𝑦𝑦 0.58 0.58  (4.25)* & (4.26)* 

coeff. of passive earth pressure 𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 5.83 5.83 - (4.15)* 

height of 3D hemisphere 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡3𝐷𝐷𝐷𝐷 0.78 0.78 m (4.13)* 

height of 2D arches 
𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡2𝐷𝐷𝐷𝐷 

= 𝐻𝐻𝐻𝐻y𝑡𝑡𝑡𝑡2𝐷𝐷𝐷𝐷 0.55 0.70 m (4.19)* 

width of GR square under 3D 
hemisphere 

𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷  0.88 0.88 m (4.14)* 

length of GR strip under 2D 
arches 

𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚2𝐷𝐷𝐷𝐷 = 𝐿𝐿𝐿𝐿y2𝐷𝐷𝐷𝐷 0.88 0.88 m (4.18)* 

calculated parameters 

𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚2𝐷𝐷𝐷𝐷 = 𝑃𝑃𝑃𝑃y2𝐷𝐷𝐷𝐷 7390 7390 
kPa/ 
mKp-1 

(4.21)* 

𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚2𝐷𝐷𝐷𝐷 = 𝑄𝑄𝑄𝑄y2𝐷𝐷𝐷𝐷 28.04 28.04 kN/m3 (4.21)* 

𝑃𝑃𝑃𝑃3𝐷𝐷𝐷𝐷 1133 1133 
kPa/ 
m2Kp-2 (4.12)* 

𝑄𝑄𝑄𝑄3𝐷𝐷𝐷𝐷 12.40 12.40 kN/m3 (4.12)* 
force inside circle in the GR 
square 

𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞1;𝑝𝑝𝑝𝑝=0 2.24 2.24 kN/pile (4.11)* 
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part 1 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside the 
circle 

1𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 2.33 2.33 kN/pile -“- 

part 2 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside the 
circle 

2𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 4.02 4.02 kN/pile -“- 

part 3 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside the 
circle 

3𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 −2.07 −2.07 kN/pile -“- 

part 4 of the force within the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but outside the 
circle 

4𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 −3.01 −3.01 kN/pile -“- 

total force within the 𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 
square, but outside the circle 

𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2;𝑝𝑝𝑝𝑝=0 1.28 1.28 kN/pile -“- 

force on the area outside the 
𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷·𝐿𝐿𝐿𝐿3𝐷𝐷𝐷𝐷 square, but within the 
GR square 

𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞3;𝑝𝑝𝑝𝑝=0 0 0 kN/pile (4.16)* 

total force on the GR square 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠;𝑝𝑝𝑝𝑝=0 3.52 3.52 kN/pile (4.11)* 

transferred force (calc. with 𝑝𝑝𝑝𝑝 = 0) 𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 22.06 22.06 kN/pile (4.17)* 
resulting surcharge load on the 2D 
arches (calculated with 𝑝𝑝𝑝𝑝 = 0) 

𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 50.33 50.33 kPa (4.17)* 

total force on the GR strips 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝;𝑝𝑝𝑝𝑝=0 11.69 11.69 kN/pile (4.20)* 

total force on the GR with 𝑝𝑝𝑝𝑝 = 0 (𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶)𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 15.21 15.21 kN/pile (4.8)* 
force that goes directly via arching 
to the pile head with 𝑝𝑝𝑝𝑝 = 0 

𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 24.91 24.91 kN/pile (4.8)* 

total force on the GR with 𝑝𝑝𝑝𝑝 > 0 (𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶)𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 25.16 15.21 kN/pile (4.9)* 
average load on the GR strips 
with 𝑝𝑝𝑝𝑝 > 0 

𝑞𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 64.64 39.07 kPa (4.28)* 

force that goes directly via arching 
to the pile head with 𝑝𝑝𝑝𝑝 > 0 

𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 41.21 24.91 kN/pile (4.9)* 

load that goes directly via arching 
to the pile head with 𝑝𝑝𝑝𝑝 > 0 

𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 839.5 507.4 kPa 𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 

percentage of total force 
transferred to the pile head 
directly 

𝐴𝐴𝐴𝐴% 62.1 62.1 % 
𝐴𝐴𝐴𝐴% = 100 ∙  

𝐴𝐴𝐴𝐴
(𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑝𝑝𝑝𝑝) ∙ 𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦

 

Step 2: Determine GR stiffness, calculation of GR strain and GR tensile force 
GR axial stiffness 𝐽𝐽𝐽𝐽𝑘𝑘𝑘𝑘 1926 1926 kN/m  

GR area associated with GR strips 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚 = 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑦𝑦𝑦𝑦 0.58 0.58 m2 (4.25)* & (4.26)* 

length of GR strips 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑚𝑚𝑚𝑚 = 𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊y 0.88 0.88  (4.27)* 

subgrade reaction modulus 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 1926 1926 kN/m3 
(9.27)** based on 
the oedometer 
modulus 

modified subgrade reaction 
modulus 

𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠 5745 5745 kN/m3 (4.29)* 
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term for Fig. 4.11 & 4.12* 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤/𝐽𝐽𝐽𝐽  0.053 0.032 -  

term for Fig. 4.11 & 4.12* 
𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿 ∙ 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤

𝐽𝐽𝐽𝐽 ∙ 𝑠𝑠𝑠𝑠  4.156 4.156 -  

max strain (at edge of pile head) ε𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚 0.328 0.168 % Fig. 4.11 & 4.12* 
max tensile load (at edge of pile 
head, excluding lateral thrust) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚  3.50 1.61 kN/m (4.38)* 

horizontal component of max. 
GR tensile load  

𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 3.15 1.66 kN/m (4.37)* 

solver to determine 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻 
𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻)
= 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝜀𝜀𝜀𝜀max) 3.50 1.79 kN/m (4.38)* 

calculation factor α 42.64 58.83 - (4.33)* 

calculation parameter 𝑀𝑀𝑀𝑀 2.76 
·10-7 

1.10 
·10-10 

- (4.32)* 

GR deflection rate at edge of pile 
head (uniform triangular load dis.) 

𝑧𝑧𝑧𝑧𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚′ (𝑚𝑚𝑚𝑚 = 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤 2⁄ ) 0.481 0.406 m/m (4.31)* 

max GR deflection (uniform load 
distribution) 

𝑧𝑧𝑧𝑧𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑚𝑚𝑚𝑚 = 0) 0.011 0.007 m (4.31)* 

vertical component of max GR 
tensile load 

𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 1.5 0.7 kN/m �𝑇𝑇𝑇𝑇2 − 𝑇𝑇𝑇𝑇𝐻𝐻𝐻𝐻2  
(Table 5.5*) 

level of GR above pile heads 𝑧𝑧𝑧𝑧 0.40 0.40 m Fig. 4.14* 

coeff. of passive earth pressure 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 0.17 0.17 - (4.44)* 
lateral thrust due to active earth 
pressure 

𝑇𝑇𝑇𝑇ℎ,𝑦𝑦𝑦𝑦 8.31 3.10 kN/m (4.44)* 

total GR tensile load 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠,𝑦𝑦𝑦𝑦 11.81 4.84 kN/m (4.45)* 

Step 3: Total load on pile head and subsoil support 
force that goes directly via arching 
to the pile head 

𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 42.6 25.5 kN/pile (4.9)* 

load on pile head from membrane 
effect 

𝐵𝐵𝐵𝐵 1.3 0.6 kN/pile 
𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉 ∙ 4𝑠𝑠𝑠𝑠  
(Table 5.5*) 

subsoil support 𝐶𝐶𝐶𝐶 23.8 14.6 kN/pile 
(𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑝𝑝𝑝𝑝) ∙ 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦
− (𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵) 

load on pile head 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 42.6 25.5 kN/pile  

pile head efficacy (𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵)% 64.1 63.5 % 
100(𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵)

(𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻 + 𝑝𝑝𝑝𝑝) ∙ 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 ∙ 𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦
 

*see SBRCURnet (2016) 
**see DGGT (2011) 
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Evaluation of triangular pile arrangement through a numerical study of the light 
embankment piling method 

Evaluation d’agencements triangulaires de pieux par une étude numérique de la méthode légère 
de fondation par remblai sur pieux 
 
Per Gunnvard, Hans Mattsson & Jan Laue 
Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology 
[LTU], Sweden, per.gunnvard@ltu.se 
 
ABSTRACT: Embankment piling is a widely used foundation method in geotechnical engineering and the design is mostly based on 
empirical studies found on experimental or field evidents. Several studies have been conducted to capture the behaviour of 
embankment piles by means of numerical models. One of the issues is to simulate the arching effect between the piles. This has raised 
the question of the optimum pile arrangement. Along the northern coast of Sweden, where soft soil types and dense woodlands are 
common, timber piles have often been used in piled road and railway embankments. The pile group is designed as a semi-floating 
deep foundation in soft soil, where the piles are resting on top of the locally common firm glacial till bottom layer, naming the method 
light embankment piling. The Swedish design guidelines recently changed from a square to a triangular pile arrangement. However, 
the motivation of the changed lacked research which raised the question of optimal pile arrangement and centre-to-centre pile 
distance. This project aims to optimise the light embankment piling method through numerical analysis, verified by field and 
laboratory experiments. The optimisation will mainly focus on pile arrangement and centre-to-centre pile distance. 

 

1  INTRODUCTION 

Piled embankments with a basal reinforcement are widely used 
as a foundation method for road and railways on soft soils. The 
foundation method, known as geogrid-reinforced pile-supported 
embankments (GRPS), has a short construction time and creates 
efficient reduction of both vertical and horizontal 
displacements. The load transformation onto the piles (through 
arching in between the piles) and subsoil is complex and many 
studies have discussed the load transfer mechanism and how it 
could be optimised in design. 

Currently there is an uncertainty in the Swedish industry 
concerning the optimum design of GRPS with timber piles, also 
called the light embankment piling method. The method is 
currently used for mainly sulphide soils with timber piles as its 
key feature and is classified purely in reducing settlement while 
stability increase is not taken into account. 

The light embankment pile group considered here contain 
appr. 9000 piles per kilometre road for a two-lane road (13m 
wide), with the interest in the possibility of reducing the amount 
of piles. Main concern is whether the piles should be installed 
in a square or a triangular arrangement. The current Swedish 
design guideline for light embankment piling, TK Geo 13 
(Trafikverket 2014), states that a triangular pile arrangement 
should be used as shorter diagonal distance between the piles 
yields more stable arches. There is however a lack of research 
supporting this statement, and the question also involves the 
optimum centre-to-centre distance (ctc-distance) of the piles. 
The maximum allowed ctc-distance of 1.2m is thought to be too 
narrow for the geogrid reinforcement (GR) to have any cost 
efficiency. 

2  THE LIGHT EMBANKMENT PILING METHOD 

Sulphide soil, more commonly known as acid sulphate soil, is 
an alluvial soil type formed during the last 10 000 years through 
sedimentation in anaerobe environments and a supply of 
sulphates. The soil type most ranges from clay to silt and can be 
found worldwide in coastal floodplains and inter-tidal swamps 
(Dent 1986). Sulphide soil can be found all along the Swedish 
northern coast as a result of the land rise following the 
withdrawal of the ice cap after the last ice age. The soil is 
characterised by its high content of pyrite and iron sulphides, 

which results in a black colour. When oxidised, iron ion 
solutions and sulphuric acid are leached, lowering the pH of 
nearby water bodies and makes the use of cement or steel based 
piles in the soil problematic. 

In the early 1990’s the long used method of timber piled 
embankments had an upswing as a competitive measure of 
reducing settlements along the northern coast of Sweden. A 
simple and cheap foundation method was needed to counter the 
high compressibility of the sulphide soil. Timber piled 
embankments proved to be the most sustainable foundation 
method for roads and railways in the area; the sulphide soil is 
environmentally hazardous to excavate and the large coastal 
woodlands provides a renewable resource of timber. 

2.1  Development of a standardised method 

The two main actors that have been involved in the 
development of the design criteria for the light embankment 
method are the Swedish Transport Administration 
(Trafikverket) and the Swedish Geotechnical Institute (SGI). 

Trafikverket is responsible for the overall long-term 
infrastructure planning of road, rail, sea and air transport in 
Sweden. The administrations assignment also includes the 
construction, operation and maintenance of state roads and 
railways. Previous experience at Trafikverket has shown that 
the method of timber piled road and railway embankments has 
been carried out successfully throughout the years. With the 
thin end installed downwards, the natural conical shape of 
timber piles creates an additional upwards component of the 
normal force acting on the shaft in opposite to standard piles in 
concrete or steel. 

Trafikverket implemented the light embankment piling 
method into TK Geo 13 (Trafikverket 2014) in 2014 with the 
intention of making it an accepted reinforcement method in 
Sweden. Earlier designs of the light embankment method were 
based on a combination of empirics and experience as well as 
criteria for related foundation methods. The implementation 
was performed through an assessment of the previous 
experience together with supplementary numerical simulations. 
The numerical simulations were at this stage restricted to 2D 
and rather simplified and used to raise knowledge and verify the 
experience and follow-up monitoring of projects carried out 
since the 1990’s. 
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SGI, a governmentally directed expert authority with 
research on safe, efficient and sustainable foundation 
engineering, developed in the 1990’s the analytical model used 
when designing GRPS for Swedish roads and railways. An 
updated version of the simplified method can be found in 
Rogbeck et al. (2005). The model is based on arching in 
between the piles, assuming the cross section area of the soil 
beneath the arch as a wedge with 30° top angle. The weight of 
the wedge is transferred onto the piles through the GR, 
assuming no load on the subsoil.  

2.2  The non-traditional design criteria 

Timber need to be kept in an anaerobe environment to avoid 
rotting. An anaerobe zone is created around the pile group by 
the saturated subsoil and a 10 cm layer of high capillarity soil 
placed on top of the pile heads, following TK Geo 13 
(Trafikverket 2014). Further, the embankment is reinforced 
with two layers of GR spaced 20cm apart, with the lower layer 
20cm above the fine grained soil. It is assumed that the two 
layers of GR interlock the soil particles. Horizontal stresses are 
thought to be built-in during compaction of the embankment, 
causing the lower part of the embankment to act like a beam 
resting on top of the timber piles. This beam effect maintains 
the arches in between the piles without the need of pile caps, 
whilst keeping the risk of punching failure low. 

To avoid breaking the timber piles during installation, the 
piles are either driven with a low practical refusal blow count 
limit or pushed down if possible to a known firmer soil layer 
(most often glacial till, SGI 2015). The firm soil layer should 
allow for some settlements to mobilise skin friction and to yield 
relatively low toe resistance. In Swedish design guidelines this 
construction technique is called light embankment piling. 

3  STATE OF THE ART 

The model by Hewlett and Randolph (1988), the Zaeske (2001) 
model and the Concentric Arches (CA) model by Van Eekelen 
(2015) are analytical methods for determining the 3D arching in 
a piled embankment, focusing on a square pile arrangement. 
Zhang et al. (2016) developed a 3D arch model for equilateral 
triangular arrangements on the basis of the Hewlett and 
Randolph (1988) model. In the thesis by Van Eekelen (2015) 
the load components are divided into the load transferred 
directly onto the piles through the arches, and the load beneath 
the arches acting on the GR and subsoil. The load carried by the 
GR is transferred onto the piles at each end of the span, and the 
rest is carried by the subsoil. Through arching the load onto the 
subsoil is reduced in comparison to no arches forming. 

Numerical analyses of GRPS have been performed 
increasingly in last years. Van Eekelen (2015) used finite 
element (FE) simulations to verify the shape of the arches 
assumed in the CA model. Lai et al. (2014) evaluated the effects 
of geosynthetic reinforcement in pile-supported embankments 
through discrete element simulations. Both studies proved that 
it is possible to clearly visualise the formation of the arches 
with numerical simulations. Lai et al. (2014) also found that the 
GR greatly improves the efficiency of load transfer and 
enhances the stability of soil arching. 

Bhasi and Rajagopal (2015) observed in their numerical 
study that the arching effect is not instantaneous and that the 
arches are fully developed during the consolidation process 
after final construction. The arches formed were distinctly 
visible by analysing the vectors of the major principal stresses; 
as was also noticed in the work by Van Eekelen (2015). 

Esmaeili and Khajehei (2016) evaluated the use of triangular 
pile arrangements as a viable option to square pile 
arrangements, studying deep mixed columns in loose subsoils. 
The results from their small-scale experiment indicate that the 

two arrangements give similar embankment support in terms of 
tolerated vertical load and settlement reduction. 

4  AIM OF THE RESEARCH PROJECT 

The current knowledge of the light embankment piling method, 
and GRPS in general, lacks extensive comparisons of square 
and triangular pile arrangements. The mentioned study by 
Esmaeili and Khajehei (2016) is to the authors’ knowledge the 
only study which compares square and triangular pile 
arrangements. However, no study was found with focus on the 
use of timber piles with their particular natural conical shape in 
soft soils and the influence of the shape on the optimal pile 
spacing. 

The aim of the project is to raise more knowledge about 
lightly piled embankments and create a Swedish national guide 
for an optimal design for different conditions that involves road 
or railway embankments on soft subsoil. The main focus is on 
Swedish conditions with soft clay or silt layers on glacial till. A 
theoretical analysis of the construction based on 2D and 3D FE 
modelling, verified by field and laboratory experiments, is to be 
performed, in order to optimise the light embankment piling 
method. The optimisation will focus on pile arrangement and 
ctc-distance by studying formation of arches, development of 
settlements and resource efficiency. 
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Numerical Analysis of the Mechanical Behaviour of Light Embankment Piling 

Analyse numérique du comportement mécanique des remblais sur pieux 
 
Per Gunnvard, Hans Mattsson, Jan Laue 
Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology, Sweden, 
per.gunnvard@ltu.se 
 

ABSTRACT: 2D and 3D Finite element simulations were performed to investigate the mechanical behaviour of the light embankment 
piling method as a pre-study to further develop a new Swedish design guideline. The light embankment piling method is used for 
sulphide soils and utilises timber piles as its key feature. The Swedish Transport Administration (Trafikverket) recently changed the 
national standard of the light embankment piling method from the use of a square to a triangular pile arrangement, based on a theory that 
a triangular arrangement creates more stable arches in between the piles. The objective with the present study is to evaluate the current 
standard by modelling setups with square and triangular pile arrangements with varying centre-to-centre distance. Both, completely 
floating and semi-floating pile groups were modelled here. The evaluation mainly focused on comparing embankment settlements as well 
as axial forces in the piles. No evident difference in the mechanical behaviour between the triangular and the square piling pattern was 
found. The maximum allowed centre-to-centre distance can potentially be increased from 1.2 to 1.5m; resulting in approximately 30% 
fewer piles used. 

RESUMÉ: Des simulations 2D et 3D aux éléments finis ont été réalisées pour étudier le comportement mécanique des fondations sur 
pieux pour remblais routiers ou ferroviaires, en vue d’améliorer les recommandations suédoises de dimensionnement. La méthode est 
employée dans les sols sulphidiques et consiste à utiliser des pieux en bois. L’administration suédoise des transports a récemment changé 
la norme concernant cette méthode de fondation en passant d’un agencement en carré à un agencement en triangle des pieux. Cette 
modification est basée sur l’hypothèse qu’un agencement en triangle génère des arches plus stables entre les pieux. L’objectif de cette 
étude est d’évaluer la norme actuelle en modélisant des cas d’agencement en triangles et en carrés tout en variant l’espacement des pieux. 
Les cas de pieux flottants et travaillants en pointe ont été modélisés. Les différents cas étaient principalement comparés en termes de 
tassements et de forces axiales dans les pieux. L’étude n’a pas mis en évidence de différences évidentes de comportement mécanique 
entre les agencements en carrés et en triangles des pieux.  La distance maximum autorisée entre centres de pieux peut potentiellement 
être augmentée de 1.2 à 1.5m, ce qui se traduirait par une réduction de 30% du nombre de pieux à utiliser. 

KEYWORDS: piled embankment, timber piles, triangular arrangement, sulphide soil, finite element method, PLAXIS 3D. 

 
1  INTRODUCTION 

Piled embankments with a basal reinforcement are widely used 
as a foundation method for road and railways on soft soils. The 
foundation method, known as geogrid-reinforced pile-supported 
embankments (GRPS), has a short construction time and creates 
efficient reduction of both vertical and horizontal displacements. 
The load transformation onto the piles (through arching in 
between the piles) and subsoil is complex and many studies 
have discussed the load transfer mechanism and how it could be 
optimised in design. 
 Currently there is an uncertainty in the Swedish industry 
concerning the optimum design of GRPS with timber piles, also 
called the light embankment piling method. The method is 
currently used for mainly sulphide soils with timber piles as its 
key feature and is classified purely in reducing settlement while 
stability increase is not taken into account. Theoretically any 
foundation can be constructed in such a way that the settlements 
are reduced to zero. The question is how the foundation should 
be constructed to yield the highest resource efficiency, whilst 
maintaining serviceability. The pile groups contain numerous 
piles and a main concern is whether they should be installed in 
a square or a triangular arrangement. The current Swedish 
standard for light embankment piling (Trafikverket 2014) states 
that a triangular pattern should be used due to higher efficiency. 
There is however a lack of research supporting this claim, and 
the question also involves the optimum centre-to-centre 
distance ( ) of the piles. The maximum allowed  of 1.2m is 
by the Swedish Transport Adminstration thought to be too 
narrow for the geogrid reinforcement (GR) to have any cost 
efficiency. 

The model by Hewlett and Randolph (1988), the Zaeske 
(2001) model and the Concentric Arches (CA) model by Van 

Eekelen (2015) are analytical methods for determining the 3D 
arching in a piled embankment, focusing on a square pile 
arrangement. Zhang et al. (2016) developed a 3D arch model 
for equilateral triangular arrangements on the basis of the 
Hewlett and Randolph (1988) model. In the thesis by Van 
Eekelen (2015) the load components are divided into the load 
transferred directly onto the piles through the arches (A), and 
the load beneath the arches acting on the GR and subsoil (B+C). 
B is transferred through the GR onto the piles, whilst C is 
transferred onto the subsoil. 

Numerical analyses of GRPS have been performed 
increasingly in last years. Van Eekelen (2015) used finite 
element (FE) simulations to verify the shape of the arches 
assumed in the CA model. Lai et al. (2014) evaluated the effects 
of geosynthetic reinforcement in pile-supported embankments 
through discrete element simulations. Both studies proved that 
it is possible to clearly visualise the formation of the arches 
with numerical simulations. Lai et al. (2014) also found that the 
GR greatly improves the efficiency of load transfer and 
enhances the stability of soil arching. 

Bhasi and Rajagopal (2015) observed that the arching effect 
is not instantaneous and that the arches are fully developed 
during the consolidation process after final construction. The 
arches formed were distinctly visible by analysing the vectors 
of the major principal stresses; as was also noticed in the work 
by Van Eekelen (2015). 

Esmaeili and Khajehei (2016) evaluated the use of triangular 
pile arrangements as a viable option to square pile arrangements, 
studying deep mixed columns in loose subsoils. The results 
from their small-scale experiment indicate that the two patterns 
give similar embankment support in terms of tolerated vertical 
load and settlement reduction. However, this study is to the 
authors’ knowledge the only study in which square and 
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triangular pile arrangements are studied in comparison and no 
studies had been found with focus on the use of wooden piles 
with their particular natural conical shape in soft soils. 
 The aim of the main project following this pre study is to 
clarify the behaviour of lightly piled embankments, and create a 
guide for optimal design for different conditions that involves 
road or railway embankments on soft subsoil. The main focus is 
on Swedish conditions with soft clay or silt layers on glacial till. 
A theoretical analysis of the construction based on 2D and 3D 
FE modelling, verified by field and laboratory experiments, is 
to be performed. The optimisation is based on the formation of 
the arches, load transfer onto the piles, differential and total 
settlements, but also resource efficiency. The number of timber 
piles can range between 9 000 and 20 000 per kilometre two-
lane road for  according to the current standard of 0.8-1.2m 
(Trafikverket 2014), so there is an interest in reducing the 
material usage. 
 The aim in this paper is to (1) find the key mechanisms of 
the load transfer in GRPS and (2) make a first evaluation of the 
efficiency of a triangular pile arrangement in comparison to a 
square pile arrangement and (3) evaluate which  in the x and 
y plane the piles should be placed in. FE simulation with the FE 
Code PLAXIS was used in this study while the results were 
compared with analytical analysis. 

2  LIGHT EMBANKMENT PILING 

Sulphide soil, more commonly known as acid sulphate soil, is 
an alluvial soil type formed during the last 10 000 years through 
sedimentation in anaerobe environments and a supply of 
sulphates. The soil type most ranges from clay to silt and can be 
found worldwide in coastal floodplains and inter-tidal swamps 
(Dent 1986). It is characterised by its high content of pyrite and 
iron sulphides, which results in a black colour. When oxidised, 
iron ion solutions and sulphuric acid are leached, lowering the 
pH of nearby water bodies. 
 In Sweden, sulphide soil can be found all along the northern 
coastal area as a result of the land rise following the withdrawal 
of the ice cap formed during the last ice age. Embankment 
piling with timber piles has proven to be the most sustainable 
foundation method for roads and railways in the area; the 
sulphide soil is environmentally hazardous to excavate and the 
large coastal woodlands provides a renewable resource of 
timber. 
 Timber need to be kept in an anaerobe environment to avoid 
rotting. An anaerobe zone is created around the pile group by 
the saturated subsoil and a 10 cm layer of high capillarity soil 
placed on top of the pile heads, following the Swedish design 
criteria (Trafikverket 2014). Further, the embankment is 
reinforced with two layers of GR spaced 20cm apart, with the 
lower layer 20cm above the fine grained soil. The layers of GR 
cause the lower part of the embankment to act like a beam, 
resting on top of the timber piles. This beam effect is thought to 
maintain the arches in between the piles without the need of pile 
caps, whilst keeping the risk of punching failure low. 
 To avoid breaking the timber piles during installation, they 
are either driven with a low practical refusal blow count limit or 
simply pushed down to a known firmer soil layer (most often 
glacial till), as stated by SGI (2015). Thus the pile toe more or 
less rests on top of the firm soil layer, yielding relatively low 
toe resistance. 
 The case studied in this paper is a newly constructed lightly 
piled embankment northwest of Luleå in northern Sweden. The 
road was reinforced with timber piles and GR after it suffered 
from large settlements without reinforcement. The subsoil 
consists of 13m of soft sulphide soil on top of a silty till. The 
groundwater is situated at a level of 0.5m below the surface. 
 

 
Figure 1. Cross section of the modelled road embankment. 

3  NUMERICAL MODELLING 

The numerical analysis was performed using the FE program 
PLAXIS. Figure 1 shows a cross section of the modelled piled 
embankment and is based on the blueprints of the constructed 
embankment. The simulation of the piled embankment was 
divided into several stages of construction, followed by a final 
consolidation simulation until the excess pore pressures reached 
1kPa (assumed as full consolidation). The traffic load of 
15kN/m2 was added as a static load after 45 days of 
consolidation. 
 A road embankment resting on a pile group with square 
arrangement can be modelled with plane strain condition and 
the out-of-plane pile columns as a wall with equivalent 
thickness. In the case of a triangular arrangement the in-plane 
arrangement is repeated, but in cycles, in the out-of-plane 
direction as shown in Figure 2. Triangular arrangements are 
therefore a 3D problem. The square arrangement was primarily 
modelled in 3D, with verification in 2D, in order to compare the 
two arrangements under the same conditions. 
 

 
Figure 2. Square (previous standard) and triangular (current standard) 
pile arrangements. Pile row marked with dashed line. 
 
 The modelled square and triangular pile arrangements in 
Figure 2 were based on the previous (Trafikverket 2011) 
respectively the current Swedish standard (Trafikverket 2014). 
The pile groups were modelled as both end bearing (semi-
floating with a small toe resistance) and frictional (floating pile 
group) to model a normal and the worst case scenario, 
respectively. In order to allow formation of arches in between a 
centred pile and any adjacent pile, creating a group of domes in 
two directions, three pile rows were chosen as the minimum 
required pile group length. The embankment width was 
constant, leading to a decreasing number of piles in each row as 
 increases, as shown in Table 1. The number of piles per 

meter road will thus decrease with increasing . 
 
Table 1. Number of piles per row for each . 

 (m) 1.2 1.3 1.4 1.5 1.6 1.8 2.0

Number of piles 11 10 9 9 8 7 7
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 Field and laboratory results from the site showed three main 
soil layers: a top layer of sulphide-bearing silt (Sutop) at 0-5m 
depth, a middle layer of silty sulphide clay (Subottom) at 5-13m 
depth and a bottom layer of silty glacial till (siTi) from 13m 
depth downwards. The end bearing pile group was driven 30cm 
into the siTi. For the friction pile group, the same pile length 
was used whilst the layer of Subottom was extended to 25m depth. 

The sulphide soil was modelled using the Soft Soil (SS) 
model (Brinkgreve et al. 2015) since the model is developed for 
soft soils under large compression. The majority of the 
deformations were expected to take place within the soft soil 
layers, thus both the siTi and the granular embankment material 
(Granular) were modelled with the simpler Mohr-Coulomb (M-
C) model. The soil material parameter values, evaluated from 
soil tests from the site and experience, are shown in Table 2. 
Sutop, Subottom and siTi were modelled as Undrained A and 
Granular as Drained. For the definitions of each symbol, see 
the PLAXIS 3D AE manual (Plaxis 2015). 
 
Table 2. Soil material parameter values. 

Parameter Sutop Subottom siTi Granular
Material model SS SS M-C M-C

������	 (kN/m3) 15 13.4 20 20

����	 (kN/m3) 15 13.4 20 23

�∗  0.117 0.136 - -

�∗  0.035 0.05 - -

� (MPa) - - 10 50

�  - - 0.25 0.25

���  0.15 0.15 - -

� (°) 36 35 40 45

��	 (kPa) 3 3 0 0

��  2.18 2.18 0.5 0.5

��� (kPa) 38 41 0 0

� (m/day) 2.16·10-4 3.12·10-4 2.27·10-4 0.6
 

 The embankment in the case study was reinforced with two 
layers of biaxial geogrids, with the lower being stronger in the 
transversal direction and the upper being stronger in the 
longitudinal direction. The two geogrids were combined in the 
numerical model to a single layer of geogrid and placed in 
between the existing layers, with an equivalent stiffness of 2200 
kN/m based on the values used for design. 

The timber piles were modelled with a stiffness of 2200MPa, 
a unit weight of 12kN/m3, a length of 13m and a diameter of 
20cm. They were modelled as embedded beams, which consist 
of line elements with a stiffness equivalent to the timber piles. 
The line element interacts with the surrounding soil with a 
linear elastic interface. The toe resistance is modelled in the 
same manner, but with a linear elastic perfectly plastic interface 
element. The maximum geotechnical bearing capacity, 
���������, in PLAXIS (Plaxis 2015) is calculated as 
 
��������� � ���� � �

� ��������������� � ��������� (1) 
 
where ���� is the toe resistance of 14kN,  ��������� is the 
shaft resistance at the pile head set to 14.4kN/m and �������� 
is the shaft resistance in level with the pile toe set to 15.6kN/m, 
calculated using Pålkommissionen (2004). �����  is the pile 
length of 13m. Based on the values used for design each pile 
was given a maximum structural bearing capacity of 106kN. 
 The model size was 100m wide, 40m deep and three pile 
rows long (Figure 2). The groundwater was allowed to flow 
through the upper horizontal boundary of the model as well as 
through the vertical outer model boundaries on either side of the 

road. All vertical boundaries were normally fixed, with the 
ground surface boundary fully free and bottom horizontal 
boundary fully fixed. A 10-noded tetrahedral element mesh was 
refined in steps until there were no significant differences in the 
results. The final general mesh size was 5.2m with 0.3 and 0.5m 
large elements in the embankment and pile group, respectively. 

4  RESULTS 

4 .1  Settlements 

The settlements were extracted at the top of the embankment, 
on the roadside and in the embankment toe (see measure points 
in Figure 1). No increase in differential settlements was 
observed when increasing �. The plot in Figure 3 shows the 
reduced settlements in percentage, comparing the average 
measured settlements with a control embankment without piles. 
The average settlement for an embankment with no pile group 
support was 18cm for Subottom reaching down to 25m (case of 
friction piles) and 14cm for the case of Subottom reaching down 
to 13m (end bearing piles). In both the friction and end bearing 
pile group, the settlement reduction is more or less maintained 
when increasing � from 1.4 to 1.5m. 
 

 
Figure 3. Percentage of the displacement reduction compared to an 
embankment without a piled foundation. 

4 .2  Pile load 

The distribution of the mobilized total axial load, ���������,  
along a pile row for the friction and end bearing pile groups 
were summarised to evaluate the load transfer along the pile 
row (see Figure 4). The results were the same for square and 
triangular pile arrangements. The distribution was irregular with 
larger force acting on the outer most piles, up to � equal to 1.4 
for friction pile groups and 1.5m for end bearing pile groups. 
Friction pile groups with � equal to 1.5 and 1.6m showed an 
almost uniform distribution of the pile load. The difference in 
axial load between the friction and end bearing pile groups was 
interpreted as the difference in toe resistance. The maximum 
structural capacity was not exceeded. 
 

 
Figure 4. Load distribution across the middle pile row in the friction 
and end bearing pile groups. 
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4 .3  Comparison with analytical methods 

For the case studied in the pre-study, no field measurements 
were available to verify the numerical results. Instead the 
results were compared using the CA model proposed by Van 
Eekelen (2015), applicable for square arrangement of piles. The 
model assumes the formation of concentric arches and an 
inversed triangular load distribution in between the piles. Van 
Eekelen (2015) found that the CA model was more suited for 
load distribution calculations in GRPS in the case of low 
subsoil support than the commonly used methods by Hewlett 
and Randolph (1988) and Zaeske (2001). 
 Figure 5 shows a comparison of the average load per pile, , 
for the numerical simulations and the CA model. The increases 
in load are similar for the two calculation methods, but with the 
analytical results being consistently lower. The CA calculations 
of  only included the axial pile load that was transferred 
directly through the arches (load part A) giving a lower value 
than . The GR in the CA model is assumed to be 
directly on the pile heads for the calculation of load part A, 
whilst the geogrid was above the pile heads in the numerical 
model, which gives different results. 
 In Figure 6 the percentage of load transferred to the piles is 
shown, calculated as 
 

    (2) 
 
where  is the unit weight of the embankment,  is the 
height of the embankment and  is the surcharge (traffic load). 
Consequently with  being lower for CA,  is also lower 
but follows the same overall trend. 
 

 
Figure 5. Average load per pile. 
 

 
Figure 6. Percentage of total load transferred to the piles. 

5  CONCLUDING REMARKS 

Based on the methodology used in this paper, there is no 
evident difference in settlement distribution and magnitude or 
pile axial load distribution between square and triangular 
arrangements of piles for the light embankment piling method. 
 Based on the results in the present study, the maximum 
value of  according to the Swedish standard (Trafikverket 
2014) could potentially be increased from 1.2 to 1.5m. The 
axial load is increased by approximately 20%, whilst in 

remarkable distance to capacity. An increase of 30cm in  
results in approximately 35% less piles used in total (6000 
instead of 9200 piles per kilometre), 7-8% less load directly 
transferred through the arches onto the piles and a decreased 
settlement reduction of 11% (1.5cm) for end bearing piles and 6% 
(1.1cm) for friction piles. 
 In this study the presumed arch formation between the piles 
were not measured. The line element and interface of the 
embedded beams did not generate a visible arching effect, 
possibly due to the line elements not having an actual cross 
section for the arch bases to rest on. In the PLAXIS 3D 
simulations by Van Eekelen (2015), where the arching effect 
was observed, volume piles were used. 
 Key mechanisms of the light embankment piling method 
lays within the load transfer onto the piles through arching, but 
also indirectly through the GR. The effect of the pile shape and 
the effects on the load transfer for different embankment 
heights and locations of the geogrid are to be evaluated. Creep 
deformation is planned to be simulated in the FE model to see 
its effect on the load transfer. Field tests or scale model 
experiments will be used for verification. 
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Errata Paper III 
 

There were errors in the original publication. 
 
The pile diameter was in several places denoted as 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 instead of 𝑒𝑒𝑒𝑒, due to a formatting 
error. 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 denotes diagonal centre-to-centre pile spacing. The denotation for pile 
diameter was changed to 𝑒𝑒𝑒𝑒 to avoid confusion. 
 
A correction should be made in Section 5.1.2. 
The dry unit weight 𝛾𝛾𝛾𝛾0,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 was incorrectly written as 400 kN/m3. The written value 
was corrected to 4 kN/m3. 
 
A correction should be made in Section 6.4. 
The value of the subgrade reaction modulus 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 used in the Zaeske model [1] and the 
Concentric Arches (CA) model [2] was incorrectly reported in the paper. It was 
incorrectly stated that the value of 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 was less for the CA model, referring to the 
difference in how the Zaeske model and the CA model implements the GR elevation. 
The incorrect text reads as follows: “Based on oedometer tests with a constant rate of 
strain, 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 was set to 304 kN/m3 for the Zaeske model and 151 kN/m3 for the CA 
model. 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 was greater for the Zaeske model, as the model considers the stiffness and 
thickness of the embankment fill under the elevated GR.” The used value of 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 was 
933 kN/m3 for both models, considering the stiffness and thickness of the 
embankment fill under the elevated GR. The text should correctly be read as follows: 
“Based on oedometer tests with a constant rate of strain, 𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠 was set to 933 kN/m3 for 
both the Zaeske model and the CA model, also taking into consideration the stiffness 
and thickness of the embankment fill under the elevated GR.” 
 
The authors apologize for any inconvenience caused and state that the scientific 
conclusions are unaffected. 
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Abstract: Three-dimensional finite element (FE) simulations were performed to further develop the
Swedish design guidelines for geogrid-reinforced timber pile-supported embankments, also known
as lightly piled embankments. Lightly piled embankments are constructed mainly in areas which
typically have highly compressible soils, and the method utilises untreated timber piles as its key
feature. The timber piles are installed in a triangular arrangement instead of the more common square
arrangement, with a centre-to-centre distance of 0.8–1.2 m. The aim of this study was to evaluate
the current standard using FE modelling setups with square and triangular pile arrangements with
varying centre-to-centre distances, based on a typical road foundation case. The evaluation mainly
focused on comparing the embankment settlements, as well as the load and stress distribution in
the embankment, the piles and the geosynthetic reinforcement. As part of the evaluation, a state-
of-the-art study was done on international design guidelines and analytical models. From the FE
simulations, no evident difference in mechanical behaviour was found between the triangular and
square piling patterns. The maximum allowed centre-to-centre distance between piles can potentially
be increased to 1.4 m, decreasing the number of piles by as much as one third.

Keywords: geosynthetic-reinforced pile-supported embankments; timber piles; square grid; triangular
grid; arching; FEM

1. Introduction

Piled embankments with basal reinforcement are widely used as a foundation method
for roads and railways on soft soils. This foundation method, known as geosynthetic-
reinforced pile-supported embankment (GRPSE), has a short construction time and creates
an efficient reduction of both the vertical and the horizontal displacements. The geosyn-
thetic reinforcement used in GRPSE consists of one or more layers of woven textiles or
synthetic polymeric textiles or grids. Currently there is some uncertainty in the Swedish
industry concerning the optimum design of GRPSE with untreated timber piles, also called
the lightly piled embankment method. The uncertainty lies in the optimal centre-to-centre
pile spacing and pile arrangement, as well as the need for geosynthetic reinforcement to
fulfil the serviceability state of the road or railway construction. The lightly piled embank-
ment method is currently used in Sweden mainly for loose clays and silts, with untreated
timber piles as its key feature. The method is used solely for settlement reduction, as the
increase in stability is not considered in current Swedish practice. The goal of the Swedish
Transport Administration is to make the method an accepted and widely used road and
railway foundation option for soft soils, as timber piles are more sustainable than steel and
concrete piles.

Aside from Sweden, timber piles are also widely used in the US, Canada, Australia,
and the Netherlands [1]. Notable GRPSE projects with timber piles include the Kyoto Road
in Giessenburg, the Netherlands [2] and the Port Mann Highway 1 Improvement Project in
Vancouver, British Columbia, Canada [3]. However, Sweden is the only country with an
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explicit standard or recommendation for GRPSE with untreated timber piles. In Indonesia,
there exist guidelines for thinner timber piles (8–10 cm in diameter) or bamboo piles [4].

The aims of the main project, of which the present study is part, are to clarify the
mechanical behaviour of lightly piled embankments and to create a guide for optimal
design for different conditions that involve road or railway embankments on soft subsoil.
The focus of this project is on Swedish conditions with soft clay or silt layers on glacial
till. However, similar conditions are frequently found globally, making the results of the
project applicable outside of Sweden as well. A theoretical analysis of the construction was
performed based on three-dimensional (3D) finite element (FE) modelling, verified by field
and laboratory experiments.

The aims of the present study in this paper are: (1) to find the key mechanisms of
load transfer in GRPSE; (2) to make a first evaluation of the efficiency of a triangular pile
arrangement in comparison with a square pile arrangement; and (3) to evaluate appropriate
centre-to-centre pile spacing. To accomplish these aims, 3D FE simulations were primarily
used. The numerical results from FE simulations were compared and validated against
results from analytical models. A state-of-the-art study was carried out on the mechanisms
of the load transfer in GRPSE, as well as the GRPSE standards and analytical models used
in practice. The FE simulations done in this study were based on a lightly piled road
embankment northwest of Luleå in northern Sweden, 110 km south of the Arctic Circle.
The road was initially constructed in 1993 as an unreinforced embankment and was later
reinforced in 2013–2014 with timber piles and GR after it suffered from large settlements
(2 m at the most). The subsoil consists of, on average, 13 m of loose sulphide soil on top of a
silty glacial till. The groundwater is situated at a level of 0.5 m below the ground. Figure 1
shows a cross section of the modelled piled embankment, based on the blueprints of the
constructed embankment.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 2 of 33 
 

Road in Giessenburg, the Netherlands [2] and the Port Mann Highway 1 Improvement 
Project in Vancouver, British Columbia, Canada [3]. However, Sweden is the only country 
with an explicit standard or recommendation for GRPSE with untreated timber piles. In 
Indonesia, there exist guidelines for thinner timber piles (8–10 cm in diameter) or bamboo 
piles [4]. 

The aims of the main project, of which the present study is part, are to clarify the 
mechanical behaviour of lightly piled embankments and to create a guide for optimal 
design for different conditions that involve road or railway embankments on soft subsoil. 
The focus of this project is on Swedish conditions with soft clay or silt layers on glacial till. 
However, similar conditions are frequently found globally, making the results of the 
project applicable outside of Sweden as well. A theoretical analysis of the construction 
was performed based on three-dimensional (3D) finite element (FE) modelling, verified 
by field and laboratory experiments. 

The aims of the present study in this paper are: (1) to find the key mechanisms of 
load transfer in GRPSE; (2) to make a first evaluation of the efficiency of a triangular pile 
arrangement in comparison with a square pile arrangement; and (3) to evaluate 
appropriate centre-to-centre pile spacing. To accomplish these aims, 3D FE simulations 
were primarily used. The numerical results from FE simulations were compared and 
validated against results from analytical models. A state-of-the-art study was carried out 
on the mechanisms of the load transfer in GRPSE, as well as the GRPSE standards and 
analytical models used in practice. The FE simulations done in this study were based on 
a lightly piled road embankment northwest of Luleå in northern Sweden, 110 km south 
of the Arctic Circle. The road was initially constructed in 1993 as an unreinforced 
embankment and was later reinforced in 2013–2014 with timber piles and GR after it 
suffered from large settlements (2 m at the most). The subsoil consists of, on average, 13 
m of loose sulphide soil on top of a silty glacial till. The groundwater is situated at a level 
of 0.5 m below the ground. Figure 1 shows a cross section of the modelled piled 
embankment, based on the blueprints of the constructed embankment. 

 
Figure 1. Cross section of the modelled road embankment. Displacement evaluated in points A, B 
and C. 

2. Geosynthetic-Reinforced Pile-Supported Embankments 
The key concept of GRPSE and piled embankments in general is the “arching effect”, 

defined by Terzaghi [5] as the “transfer of pressure from a yielding mass of soil onto 
adjoining stationary parts”. This implies that the stress on the soil beneath the arch is 
reduced. The load is instead concentrated on the stationary parts (the piles), leading to the 
load being distributed on the shaft and toe of the pile instead of the soft subsoil. 

The current common view on load distribution in GRPSE, according to the works by, 
e.g., Le Hello and Villard [6], Satibi [7], Van Eekelen [8], Zhang et al. [9] and Van Eekelen 
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support (or absorb) forces that act perpendicular to its surface through tension from 
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Figure 1. Cross section of the modelled road embankment. Displacement evaluated in points A, B
and C.

2. Geosynthetic-Reinforced Pile-Supported Embankments

The key concept of GRPSE and piled embankments in general is the “arching effect”,
defined by Terzaghi [5] as the “transfer of pressure from a yielding mass of soil onto
adjoining stationary parts”. This implies that the stress on the soil beneath the arch is
reduced. The load is instead concentrated on the stationary parts (the piles), leading to the
load being distributed on the shaft and toe of the pile instead of the soft subsoil.

The current common view on load distribution in GRPSE, according to the works by,
e.g., Le Hello and Villard [6], Satibi [7], Van Eekelen [8], Zhang et al. [9] and Van Eekelen
and Han [10], is illustrated in Figure 2. The resulting load on the pile heads (Qhead) is the
sum of the arching and membrane effects. The membrane effect is the ability of the GR
to support (or absorb) forces that act perpendicular to its surface through tension from
deformation [11]. The load distribution in Figure 2 is a simplification, e.g., the soil beneath
the arches interacts with the upper structure and the actual shape of the arches is debated,
as discussed later in this paper.
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Figure 2. Illustration of the load distribution in a geosynthetic-reinforced pile-supported embankment
(GRPSE).

The current knowledge on GRPSE lacks extensive comparisons of square and triangu-
lar pile arrangements. To the best of the authors’ knowledge, the small-scale experiment by
Esmaeili and Khajehei [12] and the FE analysis by Wijerathna and Liyanapathirana [13] are
the only studies which compare square and triangular arrangements of piles or columns.
Esmaeili and Khajehei [12] observed similar embankment support in terms of tolerated
vertical load and settlement reduction between the two arrangements of deep mixing
columns. The experiment was performed with an unreinforced embankment, i.e., no GR
was used. For a geosynthetic-reinforced embankment on concrete columns, Wijerathna
and Liyanapathirana [13] showed lower settlements in the case of triangular arrangement.
It should be noted that the tributary area in both studies was smaller for the triangular
arrangement than for the square arrangement, resulting in a larger column-to-soil ratio in
the triangular case.

3. Light Embankment Piling

Light embankment piling is often used along the northern coast of Sweden as a
foundation method for roads and railways on sulphide soil. The sulphide soil types range
mostly from clay to silt and can be found worldwide in coastal floodplains and intertidal
swamps [14]. Sulphide silts and clays pose a geotechnical problem, as they are loose to very
loose and highly compressible, with a low shear strength of 10–20 kPa [15]. The organic
material binds water, typically increasing the water content above 100%.

In the early 1990s, the method of timber piled embankments had an upswing as
a competitive measure for reducing settlements along the northern coast of Sweden. A
simple and cost-effective foundation method was needed to counter the sulphide soil’s high
compressibility and its impracticality to handle, considering that the soil oxidises if it is
excavated and placed above the groundwater table. Since sulphide soil is environmentally
hazardous to excavate and the large coastal forests provide a renewable source of the
softwoods Scots pine (Pinus sylvetris) and Norway spruce (Pinus resinosa), timber pile
embankments proved to be one of the most sustainable foundation methods for roads and
railways in the area.
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The light embankment pile groups contain numerous piles. According to the current
Swedish design criteria for road and railway construction, TK Geo 13 [16], centre-to-
centre pile spacing (s) should be 0.8–1.2 m for lightly piled embankments. For a two-lane
road (16 m wide embankment at the ground) this would amount to 9000–20,000 piles
per kilometre. There is an interest in the possibility of reducing the number of piles to
save natural and economical resources. A main concern, however, is whether the piles
should be installed in a square or a triangular arrangement (Figure 3). TK Geo 13 states
that a triangular pile arrangement should be used, instead of the square pile arrangement
prescribed in the previous standard TK Geo 11 [17], as the shorter diagonal distance
between the piles results in more stable arches. The diagonal distance between the piles
(sd) in the square pile arrangement, sd =

√
2·s, is longer than the longest distance between

two piles in the triangular pile arrangement, sd =
√

s2 + (s/2 )2 =
√

1.25·s. There is,
however, a lack of research supporting this statement, and the question also involves the
optimum value of s. However, the tributary area As is equal to s2 for both the studied square
and triangular pile arrangement, as the triangular arrangement is comprised of isosceles
triangles. Esmaeili and Khajehei [12] and Wijerathna and Liyanapathirana [13] studied
triangular arrangements comprised of equilateral triangles, for which As =

√
3/2·s2. A

geotextile filter fabric can be fitted along the timber piles to increase the vertical drainage of
the less permeable subsoil [18]. For this purpose, a triangular arrangement is preferrable as
it provides a more uniform consolidation between drains than a square arrangement [19].
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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. In comparison with
steel and concrete, however, a timber pile risks fracturing or brooming (splitting at the toe)
due its low strength if driven in too hard during installation. To avoid this, the piles are
either driven with a low practical refusal blow count limit or, if possible, pushed down
to a known firmer soil layer, which is most often a glacial till. The firm soil layer should
allow the pile group to settle to some extent, so that there is enough mobilised shaft friction
to maintain a lower resulting force at the toe. This keeps the timber from fracturing or
brooming.

With the thin end installed downwards, an active axial load on the naturally tapered
timber pile creates an upward component of the normal force (reaction force) acting on the
shaft. This upward component yields a greater bearing capacity with a timber pile than
with a regular steel or concrete pile with a constant cross section. The taper also reduces the
drag load on the timber pile [20]. The tapering of Norway spruce and Scots pine is 7–8 mm
in diameter per metre [21].

The installed untreated timber piles need to be kept in an anaerobic environment to
avoid rotting. Following TK Geo 13 [16], an anaerobic zone is created around the pile group
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by the saturated subsoil and a 10 cm layer of dense soil with high capillarity placed on
top of the pile heads. The life expectancy of an untreated timber pile encased within a
permanently fully saturated soil can be almost indefinite. As per common international
practice, if the groundwater level is too deep, the timber piles are extended by a precast
concrete upper section such that the concrete section reaches below the lowest predicted
ground water level after driving.

What sets the Swedish design criteria for timber piling apart from other GRPSE
national standards, e.g., the British BS8006 [22], is the exclusion of pile caps in favor of
reliance on the GR. Figure 4 shows a vertical cross section of an embankment according
to the TK Geo 13 design criteria. The embankment is reinforced with two layers of GR
spaced 20 cm apart, with the lower layer 20 cm above the dense soil. A layer of geotextile
(e.g., woven geotextile) is added between the dense soil and the load distribution layer (the
reinforced lower part and the upper part of the embankment) to separate the dense and
granular soil. It is assumed that the two layers of GR interlock the soil particles. Horizontal
stresses are built in during the compaction of the embankment, causing the lower part of
the embankment to act like a beam resting on top of the timber piles. This maintains the
arches between the piles without the need for pile caps, while reducing the risk of punching
failure through the embankment. Although two layers of GR are required by TK Geo 13,
the Swedish Transport Administration believes that the maximum allowed s of 1.2 m is too
narrow for the GR to be cost-efficient.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 5 of 33 
 

reduces the drag load on the timber pile [20]. The tapering of Norway spruce and Scots 
pine is 7–8 mm in diameter per metre [21]. 

The installed untreated timber piles need to be kept in an anaerobic environment to 
avoid rotting. Following TK Geo 13 [16], an anaerobic zone is created around the pile 
group by the saturated subsoil and a 10 cm layer of dense soil with high capillarity placed 
on top of the pile heads. The life expectancy of an untreated timber pile encased within a 
permanently fully saturated soil can be almost indefinite. As per common international 
practice, if the groundwater level is too deep, the timber piles are extended by a precast 
concrete upper section such that the concrete section reaches below the lowest predicted 
ground water level after driving. 

What sets the Swedish design criteria for timber piling apart from other GRPSE 
national standards, e.g., the British BS8006 [22], is the exclusion of pile caps in favor of 
reliance on the GR. Figure 4 shows a vertical cross section of an embankment according 
to the TK Geo 13 design criteria. The embankment is reinforced with two layers of GR 
spaced 20 cm apart, with the lower layer 20 cm above the dense soil. A layer of geotextile 
(e.g., woven geotextile) is added between the dense soil and the load distribution layer 
(the reinforced lower part and the upper part of the embankment) to separate the dense 
and granular soil. It is assumed that the two layers of GR interlock the soil particles. 
Horizontal stresses are built in during the compaction of the embankment, causing the 
lower part of the embankment to act like a beam resting on top of the timber piles. This 
maintains the arches between the piles without the need for pile caps, while reducing the 
risk of punching failure through the embankment. Although two layers of GR are required 
by TK Geo 13, the Swedish Transport Administration believes that the maximum allowed 
𝑠𝑠 of 1.2 m is too narrow for the GR to be cost-efficient. 

 
Figure 4. Embankment design criteria (vertical cross section) when using timber piles according to 
TK Geo 13 [16]. 

4. Related International Guidelines and Research 
As part of evaluating the design criteria for lightly piled embankments, an 

assessment of related international guidelines and research is provided in this chapter. 
The load transfer onto the piles and subsoil is complex, as the yielding soil creates a 
reorganisation of weight distribution and stresses. Many studies have discussed the load 
transfer mechanism and optimal GRPSE design. Several analytical models on this issue 
have been developed and adopted in national standards for design purposes. By studying 
the lessons learned from the research field of GRPSE and timber piling, improvements can 
be made further down the line to the Swedish design criteria for lightly piled 
embankments. 

The use of GRPSE is increasing worldwide, with Europe as the leading field of 
practice. GRPSE is a common method in the Nordic countries. The Nordic geotechnical 
societies joined together to create the Nordic guidelines for reinforced soils and fills, as 
presented by Rogbeck et al. [23]. The analytical model recommended by the Swedish 
guidelines for designing lightly piled embankments and GRPSE in general, TR Geo 13 
[24], are based on the model developed by Carlsson [25]. The Carlsson model is a two-

Figure 4. Embankment design criteria (vertical cross section) when using timber piles according to
TK Geo 13 [16].

4. Related International Guidelines and Research

As part of evaluating the design criteria for lightly piled embankments, an assessment
of related international guidelines and research is provided in this chapter. The load transfer
onto the piles and subsoil is complex, as the yielding soil creates a reorganisation of weight
distribution and stresses. Many studies have discussed the load transfer mechanism and
optimal GRPSE design. Several analytical models on this issue have been developed and
adopted in national standards for design purposes. By studying the lessons learned from
the research field of GRPSE and timber piling, improvements can be made further down
the line to the Swedish design criteria for lightly piled embankments.

The use of GRPSE is increasing worldwide, with Europe as the leading field of practice.
GRPSE is a common method in the Nordic countries. The Nordic geotechnical societies
joined together to create the Nordic guidelines for reinforced soils and fills, as presented
by Rogbeck et al. [23]. The analytical model recommended by the Swedish guidelines for
designing lightly piled embankments and GRPSE in general, TR Geo 13 [24], are based on
the model developed by Carlsson [25]. The Carlsson model is a two-dimensional rigid arch
model used to determine the tensile load (TGR) in the GR (see Figure 2). The model assumes
a wedge (equilateral triangle with 30◦ apex angle) of soil in movement between the piles,
with the rest of the embankment being stationary. This applies even if the embankment
height is lower than the wedge height [23]. The load directly transferred onto the piles
corresponds to the weight of the stationary soil. The GR supports the entire weight of the
soil wedge, assuming no subsoil support and Qsub = 0. The weight is indirectly transferred
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onto the pile heads as the GR is suspended between the piles. Thus, the piles are assumed
to carry the sum of the embankment and traffic load. The model focuses primarily on
the membrane effect, and secondarily on the arching effect. Rogbeck et al. [26] added a
multiplier to the Carlsson model for the calculation of TGR in three dimensions, i.e., TGR
per pile instead of per metre. This Extended Carlsson model is the recommended analytical
model in Sweden for the design of GRPSE and lightly piled embankments [24].

As an alternative to the Extended Carlsson model, the Nordic guidelines mention a
model developed by the Foundation for Scientific and Industrial Research (SINTEF) in
Norway and published in Svanø et al. [27]. As in the Extended Carlsson model, the SINTEF
model assumes a rigid wedge-shaped arch of soil in movement between the piles and
no subsoil support. The main difference between the Extended Carlsson model and the
SINTEF model is that the SINTEF model focuses primarily on the arching effect and only
secondarily on the membrane effect, while the Extended Carlsson model focuses on them
in the reverse order. In the SINTEF model, the arched soil acting directly on a pile cap is
assumed to form as an upside-down truncated square pyramid. To calculate the weight of
the soil wedge between the piles, the wedge apex angle can be varied between roughly 30◦

and 45◦. Svanø et al. [27] recommends an apex angle closer to 30◦ for small pile caps, the
same as the fixed apex angle for the Extended Carlsson model. The Extended Carlsson and
SINTEF models agree well when the embankment height is higher than the wedge height,
i.e., when both models assume full arching [27]. In case of partial arching, i.e., when the
arch (wedge) height is higher than the embankment height, the SINTEF model excludes
the top part of the wedge that is higher than the embankment height, and an eventual
surcharge load is instead added over this area. The SINTEF model is not implemented
as a national standard. In accordance with the Nordic guidelines, the Norwegian Public
Roads Administration (NPRA) prescribes the Extended Carlsson model in the Norwegian
guidelines, Håndbok V221 [28].

Among the other European national standards and recommendations for geotechnical
engineering, there exist several limit equilibrium (LE) models for the design of GRPSE.
To the best of the authors’ knowledge, aside from the Extended Carlsson model the three
most commonly used models for GRPSE design are: (1) The H&R model by Hewlett and
Randolph [29], used in the British BS8006 [22] and the French ASIRI [30]; (2) the Zaeske [31]
model, used in the German EBGEO [32]; and (3) the Concentric Arches (CA) model by
Van Eekelen [8], implemented in the Dutch CUR226 [33,34]. All three models consider the
transfer of the load through the arch in limit equilibrium, with the difference being the
formation of the arch. The H&R model assumes a single semi-circular arch between the
piles, the Zaeske model assumes nonconcentric semielliptical arches, and the CA model
assumes concentric semicircular arches. The H&R model considers no subsoil support,
whereas the Zaeske and CA models take subsoil support into consideration.

Numerical analyses of GRPSE have been performed more often in recent years, both
in the design of single cases and in the verification of new analytical models. Le Hello
and Villard [6] coupled discrete element (DE) and FE (DE modelled soil particles and FE
modelled GR), with an emphasis on the membrane effect. Zaeske [31] and Van Eekelen [8]
used the FE method to verify the shape of the arches assumed in the Zaeske and CA
models. Lai et al. [35] studied the formation of soil arching in GRPSE using DE method
simulations. Bhasi and Rajagopal [36] observed in their FE analysis that the arching effect
is not instantaneous, and that the arches fully develop during the consolidation process
after final construction. All of these studies show that it is possible to clearly visualise
the formation of arches with numerical simulations. The effective major principal stress
(σ′

1) vectors will align tangentially to the arch [8,31,36] and the effective vertical stress (σ′
v)

will reduce underneath the arches and concentrate around the piles [37], as illustrated in
Figure 5.
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Rui et al. [38] observed a triangular arch in an unreinforced piled embankment, i.e.,
no GR, by geotechnical centrifuge trapdoor tests and DE analysis and assuming uniform
displacement between the piles. Under similar conditions, da Silva et al. [39] also observed
triangular arch formation. Iglesia et al. [40] also used centrifuge trapdoor tests, and showed
that the arch in an unreinforced piled embankment changes from curved to triangular, with
increasing settlement of the soil beneath the arch.

With one layer of GR lying directly on the pile heads, Van der Peet and Van Eekelen [41]
observed the formation of arches in relation to the shear stresses in the load distribution
layer in their FE analysis. They observed formation of triangular arches prior to reaching
the maximum shear strength, i.e., at ultimate limit state (ULS). Concentric semi-elliptical
arches were observed when the subsoil support was removed and the mobilised shear
stress reached the maximum shear strength (ULS was reached). In practice, road and
railway construction design aims to not reach ULS in order to avoid differential settlements
at the surface of the embankment. Semi-elliptical concentric arches were also observed by
da Silva et al. [39] in their geotechnical centrifuge trapdoor tests when placing one layer
of GR at the base of the embankment and removing the subsoil support (by lowering the
trapdoor). Nevertheless, no differential settlement developed at the surface. Rui et al. [37]
concluded that the height of a geosynthetic-reinforced embankment needs to be at least
1.5 times the clear spacing between pile caps to avoid differential settlements at the surface.
From the combined results of Van der Peet and Van Eekelen [41] and da Silva et al. [39],
either triangular or semi-elliptical arches can form in a GRPSE without reaching ULS.
The shape of the arch in a GRPSE depends on the displacement of the GR, which in turn
is dependent on the subsoil support (and GR stiffness). Subsequently, both the arching
and membrane effects depend on subsoil support. In both the FE analysis by Bhasi and
Rajagopal [36] and the medium-scale experiment by Van Eekelen [8], the arching effect
increased because of the increased GR displacement as the subsoil consolidated. In the
tests by Van Eekelen [8], the membrane effect increased as a result of subsoil settlement.
The results of the geotechnical centrifuge trapdoor tests by King et al. [42] showed that
the maximum arching effect occurs between 2 and 4% GR deflection in relation to the
pile spacing. Thus, the amount of required subsoil support depends on the stiffness and
strength of the GR, and vice versa.

5. Numerical Modelling of Light Embankment Piling

A road embankment resting on a pile group with a square arrangement can be ap-
proximately modelled in a plane strain condition with out-of-plane pile columns as walls
with equivalent rigidity. In the case of a triangular arrangement, the in-plane arrangement
is repeated, but in cycles and in the out-of-plane direction, as shown in Figure 3. Trian-
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gular arrangements are therefore modelled as a three-dimensional problem. The square
arrangement was primarily modelled in three dimensions in order to compare the two
arrangements under the same conditions. The effects of freezing/thawing were not taken
into consideration in the model.

The modelled square pile arrangement was based on the previous Swedish standard,
TK Geo 11 [17], and the modelled triangular pile arrangement was based on the current
Swedish standard, TK Geo 13 [16]. For both the floating and semi-floating pile group,
a total of nine values for s were modelled (see Table 1). The embankment width was
constant, leading to a decreasing number of piles in each row (npiles/m) as s increases. The
number of piles per metre of road (npiles/m) will accordingly decrease with increasing s.
The allowable range of s prescribed in TK Geo 13, i.e., 0.8 to 1.2 m, would, for the modelled
road embankment, result in a npiles/m ranging from 20 to 9.2, or 20,000 to 9200 piles per
km road. Increasing the maximum allowable s from 1.2 m to 1.5 m, for example, would
decrease npiles/m from 9.2 to 6.0, reducing the number of timber piles by 3200 piles per km
road, or roughly one third.

Table 1. Number of piles, npiles, for each s.

s (m) 0.8 1.0 1.2 1.3 1.4 1.5 1.6 1.8 2.0

npiles per row (npiles/row) 16 13 11 10 9 9 8 7 7
npiles per metre road (npiles/m) 20 13 9.2 7.7 6.4 6.0 5.0 3.9 3.5

The pile groups were modelled as purely floating (zero toe resistance) and as floating
with a small toe resistance (semi-floating) to model the worst-case and the normal scenarios,
respectively. The modelled square and triangular pile arrangements (Figure 3), with the
range of s presented in Table 1 as floating and semi-floating groups, resulted in 36 modelled
combinations. Two additional models were simulated without piles, each with the same
soil profile as for the floating and semi-floating pile group cases. In total, 38 combinations
were modelled.

5.1. The Finite Element Model

The numerical analysis was performed using the FE code PLAXIS 3D 2017 [43].
Figure 6 shows a cross section of half of the FE model. Note that the cross section shown in
the figure is cut along the symmetrical vertical axis (left-hand side in the figure). The model
width (transversal direction of the road) and depth were set to 100 and 31.7 m, respectively,
in order to obtain realistic boundary conditions. The model length (longitudinal direction
of the road) was equal to three pile rows (Figure 3), i.e., 2s with an additional 1/2s at
each end for the square arrangement, and 2.5s with an additional 1/4s at each end for the
triangular arrangement. The model length of three pile rows was chosen to model the
stress distribution between the piles in both transversal and longitudinal road directions.
The groundwater was allowed to flow due to consolidation through the upper horizontal
boundary of the model as well as through the vertical outer model boundaries on either
side of the road. All vertical boundaries were normally fixed. The ground surface boundary
was fully free, and the bottom horizontal boundary fully fixed. A 10-node tetrahedral
element mesh was refined in steps until there was no significant difference in the results.
The final mesh, with soil layers, is shown in Figure 6. The final general target element
dimension was 5.2 m, with 0.3 m and 0.5 m large elements in the embankment and in the
pile group, respectively. The simulation of the piled embankment was divided into several
stages of construction, in-situ conditions, excavation, pile installation, embankment and
traffic load, and followed by a final consolidation simulation phase until the excess pore
pressures reached 1 kPa (assumed as full consolidation). Note that no installation effect
of the piles was simulated. The traffic load of 15 kN/m2, required by TK Geo 13 [16], was
added as a static load after 45 days of consolidation. The settlements were reset to zero at
the start of the consolidation.
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5.1.1. The Piles

In FE modelling, piles are typically modelled as mesh element clusters with the
actual geometry and properties of the real pile, referred to in this paper as “volume piles”
(Figure 7d). Pile–soil interaction (toe resistance and shaft friction) is manually applied with
an interface, permitting soil arching to be modelled locally along the pile. The interface
simulates the thin zone of intensely shearing soil at the contact between the pile outer
surface and the soil, as the pile is expected to settle relative to the soil during loading of the
pile group. The use of volume piles is limited by the size of a pile in relation to the overall
model size. The common practice in FE modelling is to use larger and fewer mesh elements
when possible in order to keep the computation time shorter, since every mesh element
requires computation. Volume piles require a small ratio between the mesh element size
and the pile diameter to maintain sufficient simulation accuracy. The mesh element size is
dependent on the model size.
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Figure 7. Illustration of ways of modelling piles: (a) embedded beam with pile head in level with the
transition between embankment and subsoil; (b) embedded beam with an extension, length Lext, into
the embankment with shaft resistance τext; (c) embedded beam with a plate fixed to the node at the
pile head; and (d) volume pile. Lpile is the pile length.

In the work presented in this paper, the pile diameter was too small in relation to
the model size to generate a time-efficient mesh for volume piles. Instead, each pile was
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modelled as an embedded beam (EB) (Figure 7a–c). An EB consists of a line element (beam)
with a stiffness equivalent to, in this case, a timber pile. The pile–soil interface is modelled
with a node-to-node interaction in the form of two linear elastic-perfectly plastic springs
for each pair of nodes; one elastic-perfectly plastic spring models the gap displacement and
the other models slip displacement. In addition, a region of the soil surrounding the EB is
given elastic properties, to give an overall behaviour similar to that of a volume pile. This
elastic region is divided into two parts: a cylindrical region around the pile shaft and a
hemispherical region encasing the pile toe. Both geometrical parts have a diameter equal to
that of the modelled pile. In contrast to volume piles, EBs go through the generated mesh,
allowing a continuous mesh. Thus, EBs can be used for cases where the pile diameter is
small in relation to the model size, saving computation time. The mesh size controls the
resolution of springs in the pile–soil interface, not the line element itself. More information
about EBs can be found in the study by Tschuchnigg and Schweiger [44].

Modelling a GRPSE and piled embankments in general requires realistic modelling of
the load transferred directly onto the piles through the arches (Qhead). With no pile caps
prescribed for lightly piled embankments [16], Qhead is carried directly by the pile head. As
an EB has no true volume, and thus no pile head surface, the axial load is subsequently
zero at the pile head (Qhead = 0) when modelling in Figure 7a. In addition, any expected
moment at the pile head is zero. Transferring a load onto the top node of an embedded
beam (in this case the pile head) is done either by applying a point load on the top node or
by attaching the top node to a structure, e.g., a plate element. A third option is to extend
the pile into the embankment (Figure 7b) according to

Qhead = τext·θext·Lext (1)

where τext is the shaft resistance of the extension, θext is the circumference of the extension,
and Lext is the extension length. Each variable of Equation (1) is set to result in a pre-
known value of Qhead, giving the correct load onto the pile heads in the FE model. This
also allows moment forces in level with the pile head. However, neither the case shown
in Figure 7a nor that in Figure 7b generates arching. The lack of arching in the case of
Figure 7a was observed by Gunnvard et al. [45] in the FE simulations presented in the
same road embankment case as simulated in this paper. For the simulations presented in
this paper, the pile head was added as a rigid plate (Figure 7c) to generate arching. The
rigid plate is defined as a completely rigid surface element that can move but cannot be
deformed. Displacement and rotation of the rigid plate is based on the stiffness of the
media connected to it (in this case the EB in the soft subsoil) and its moment of inertia,
respectively. The connection between the top and the rigid plate is fully rigid. Thus, by
modelling the embedded beams as in Figure 7c, the load is transferred through the pile
head onto the pile in a similar fashion as for a volume pile, while also allowing arches to
form. The rigid plate was modelled as an octagon to keep the contour as simple as possible
for the meshing algorithm. The long diagonal of the octagonal rigid plate was equal to the
pile diameter. An interface was added to the top of the rigid plate, with its thickness set
equal to the height of an equilateral triangle of stationary soil on top of the pile head, with
the apex angle equal to the friction angle of the embankment soil material [46].

To test the method of modelling each pile as an EB with a rigid plate, comparisons of
the axial pile load as well as Qhead and the effective major principal stress (σ′

1) vectors were
made for the methods of modelling in Figure 7. A separate simplified model of a single pile
in a square pile group with s = 1.4 m was simulated. The embankment height (H) was set to
2.0 m, the average height of the embankment in Figure 1, with a unit weight of 20 kN/m3.
For the comparison, the maximum shaft and toe resistance of each EB was set equal to the
shear strength of the modelled adjacent soil to equal the maximum shaft and toe resistances
of the volume pile. The extension of the embedded beam with extension (Figure 7c) had
a length (Lext) of 0.4 m and the shaft resistance (τext) was set according to Equation (1)
to give a load at the pile head (Qhead) equal to the simulated Qhead of the volume pile.
The embedded beam with extension (Figure 7b) and plate (Figure 7c) resulted in similar
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axial pile load over depth. Both techniques gave lower normal force at the toe compared
to the volume pile (Figure 7d), while the total axial pile load was approximately equal.
Figure 8 shows the direction of the σ′

1-vectors and the value of Qhead for the four modelling
techniques. The simulated Qhead was close to zero for the modelled EB (Figure 8a). For an
EB with extension Qhead = 62.2 kN (Figure 8b) and an EB with rigid octagonal plate resulted
in Qhead = 61.1 kN (Figure 8c), 2% lower than for the volume pile for which Qhead = 62.3 kN
(Figure 8d). The arch formation for an EB came closest to that of a volume pile when adding
a rigid plate, as shown by the direction of the σ′

1-vectors in Figure 8. Based on the total
axial load, Qhead and arch formation, an EB with a rigid plate as pile head can be seen as a
valid approximation of a volume pile.
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Figure 8. Resulting pile head load (Qhead) and σ′
1 -vectors (red lines) in the embankment above the

pile head for a pile modelled as (a) an embedded beam (EB), (b) an EB with extension, (c) an EB
with plate, and (d) a volume pile. Vertical cross-section halfway between two adjacent piles in a
corresponding square pile arrangement (s = 1.4 m). The direction of the σ′

1-vectors is outlined with
dashed lines.

5.1.2. The Material Parameters

Field and laboratory test results from the site showed three main soil layers, as seen in
Figure 6: a top layer of sulphide-bearing silt (Sutop) at a depth of 0 to 5 m, a middle layer of
silty sulphide clay (Subottom) from 5 m, and a bottom layer of silty glacial till (siTi), typically
from 13 m downwards. The semi-floating pile group was assumed to be driven 30 cm into
the siTi-layer, resulting in a modelled pile length (siTi) of 13 m. For the floating pile group
the same pile length was used, while the layer of Subottom was extended to a depth of 26 m.

The sulphide soil (Sutop and Subottom) was modelled using the Soft Soil (SS) model, as
this model was developed for soft soils under large compression. Most of the deformations
were expected to take place within the soft soil layers; thus, both the siTi and the granular
embankment material (Granular) were modelled with the simpler Mohr–Coulomb (M-C)
model. The values of the soil material parameters are shown in Table 2. Soil materials
Sutop, Subottom and siTi were modelled taking excess pore pressure into account (“Undrained
(A)”). For soil material Granular the excess pore pressure was assumed as zero (“Drained”).
The shear strength of all soil materials was based on effective strength parameters. How
each parameter value was evaluated is denoted in Table 2. The layers of Sutop, Subottom
and siTi were assumed to be fully saturated due to the shallow groundwater level. Thus,
the unsaturated unit weight was set to equal the saturated unit weight for the three soil
materials. The preconsolidation pressure of the sulphide soil layers was almost constant
over the examined depth. Thus, pre-overburden pressures were assigned to the sulphide
soils instead of overconsolidation ratios.

5847347_Inlaga_NY.indd   1295847347_Inlaga_NY.indd   129 2023-01-25   07:252023-01-25   07:25



Appl. Sci. 2022, 12, 166 12 of 32

Table 2. Values of soil material parameter.

Parameter Unit Sutop Subottom siTi Granular

Material model - SS SS M-C M-C
Drainage type Undrained (A) Undrained (A) Undrained (A) Drained

Unsaturated unit weight kN/m3 15 a 13.4 a 20 d 20 d

Saturated unit weight kN/m3 15 a 13.4 a 20 d 23 d

Modified compression index - 0.117 c 0.136 c - -
Modified swelling index - 0.035 c 0.05 c - -

Young’s modulus MPa - - 10 d 50 d

Poisson’s ratio - - - 0.25 d 0.25 d

Poisson’s ratio, unload-reload - 0.15 d 0.15 d - -
Effective friction angle ◦ 36 b 35 b 40 d 45 d

Effective cohesion kPa 3 b 3 b 0 d 0 d

Initial void ratio - 2.18 a 2.18 a 0.5 e 0.5 e

Overconsolidation ratio, OCR - 1.0 1.0 1.0 1.0
Pre-overburden pressure, POP kPa 38 c 41 c 0 0

Isotropic permeability m/day 2.16 × 10−4 c 3.12 × 10−4 c 2.27 × 10−2 e 0.6 e

Note: a represents results from undisturbed piston sample tests according to Larsson [47]; b represents results from
CPT tests; c represents results from CRS; d represents values of parameter suggested by Larsson [47]; e represents
values of parameter suggested by Brinkgreve et al. [43].

The embankment in the case study was reinforced with two biaxial geotextiles as GR,
the bottom layer being stiffer in the transversal direction, and the upper one being stiffer in
the longitudinal direction. The vertical distance between the two layers was too narrow
in relation to the overall model size to maintain sufficient mesh quality. Thus, the two
layers of GRs were combined in the numerical model to a single layer of linearly elastic GR
and placed in the middle between the existing layers (0.45 m above the pile heads), with
an equivalent stiffness of 2200 kN/m and 112 kN/m tensile strength. The stiffness and
strength of the GR matched the material properties of the geotextile used in the case study.
A 0.15 m thick interface was added to both sides of the modelled GR.

Timber piles have a naturally tapered shape; however, because the tool of embedded
beams is limited to constant cross sections, the simulated timber piles were modelled with
a constant diameter (sd). sd was set to 200 mm based on the minimum allowed toe diameter
of 150 mm [16] and on the natural tapering of the Swedish timber piles. According to the
survey in Björklund et al. [21], the natural tapering of Swedish spruce and pine is equal to
8 mm difference in diameter per metre.

The ultimate bearing capacity of the modelled piles was chosen as the smallest value
of the geotechnical bearing capacity and the structural bearing capacity. The geotechnical
bearing capacity of a pile is defined as the load that can be transferred from the pile onto
the adjacent soil, i.e., the sum of the shaft and toe bearing capacity. The structural bearing
capacity is the load at which the pile itself goes to failure. Failure of the pile in compression
was taken into consideration in this paper.

The interaction of an embedded beam and the surrounding soil is described by a
linear elastic behaviour with a finite strength (geotechnical bearing capacity). During
elastic loading, the mobilised shaft and toe resistance are based on the shear modulus
of the pile–soil-interface; in the simulated case, they are set equal to the shear modulus
of the surrounding soil. At elastic loading the total axial load (Npile) equals the sum of
the mobilised shaft and toe resistance. At plastic loading of the pile, i.e., the geotechnical
bearing capacity, the shaft bearing capacity is either a direct input value or a computed
value based on the shear strength of the surrounding soil. In this study, the shaft bearing
capacity (Rs) of each pile was calculated based on the undrained shear strength according to
Eriksson et al. [48] from CPT results. The value of (Rs) was assumed as linearly increasing
over the pile length. The toe bearing capacity (Rt) was calculated based on the friction
angle of the embankment material, according to Eriksson et al. [48]. The geotechnical
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bearing capacity (Rpile) of an embedded beam with linearly increasing shaft resistance is
calculated as

Rpile = Rt +
1
2

Lpile(Rs,head + Rs,toe) (2)

with Rt set to 14.0 kN for the semi-floating pile group and set to zero for the floating pile
group. Rs,head is the shaft bearing capacity at the pile head, set to 14.4 kN/m, and Rs,toe is
the shaft bearing capacity in level with the pile toe, set to 15.6 kN/m. Thus, the resulting
Rpile becomes 209 kN for the semi-floating pile group and 195 kN for the floating pile
group. For Npile < Rpile the load response is elastic; with Rpile as a function of the currently
mobilised Rt, Rs,head, and Rs,toe. When Npile = Rpile, the load response is perfectly plastic.

The embedded beams are modelled as linear elastic or linear elastic-perfectly plastic.
Elastic behaviour is described by Young’s modulus and perfectly plastic behaviour is
initiated at a predefined yield stress. The embedded beam carries no additional load after
reaching the yield stress. According to STA [16], the timber piles should, meet the criteria
for the European strength class C14 [49], corresponding to a 5th percentile Yong’s modulus
of 4700 MPa and a yield stress of 16 MPa (parallel to the fibres) at 12% moisture content.
The moisture content (u) of wood is defined as the ratio of the mass of water in the wood
to the mass of the wood itself. The strength class C14 is developed for sawn construction
timber, e.g., wood beams. The classification of timber piles is, in practice, less accurate
than the classification of sawn timber, since only the loose bark is removed from timber
piles. In addition, the strength and stiffness of timber decrease with increasing moisture
content until the fibre saturation point is reached [50]. For fully submerged timber, u varies
between 150% and 200% [51]. Thus, timber piles in the modelling were given a reduced
stiffness of 2200 MPa. The unit weight of the timber γtimber was calculated as 12 kN/m3 by

γtimber = γ0,timber

(
1 +

u
100

)
(3)

where the dry unit weight γ0,timber was set to 400 kN/m3 [50] and u was set to 200%.
The structural bearing capacity was set as 106 kN based on a characteristic compressive
strength of 6 MPa and a toe diameter of 150 mm. The geotechnical bearing capacity was
209 kN for the semi-floating pile group and 195 kN for the floating pile group. Thus, the
structural bearing capacity was the ultimate bearing capacity. Modelling the piles as linear
elastic-perfectly plastic would set a constant upper limit of Npile equal to the structural
bearing capacity, independent of the actual load on the pile. In this study, it was considered
of interest to evaluate if and by how much the resulting Npile would exceed the structural
bearing capacity when modelling pile groups with centre-to-centre pile spacing from 0.8 m
up to 2.0 m. Thus, the piles were modelled as linearly elastic, and the simulated value of
Npile was compared with the structural bearing capacity of 106 kN.

6. Results

A total of 38 simulations with the FE method were done to evaluate the efficiency of a
triangular pile arrangement compared to a square pile arrangement, and to evaluate the
most appropriate centre-to-centre pile spacing (s). The evaluations were done on floating
(the soft Subottom soil layer reaching down to 25 m) and semi-floating (the soft Subottom soil
layer reaching down to 13 m) pile groups in both triangular and square pile arrangements,
using the range of s summarised in Table 1, which corresponds to 36 of the 38 simulations.
The remaining two simulations were performed without piles, with the respective soil
profiles of the semi-floating and floating pile groups, in order to assess the relative reduction
of embankment settlement when reinforcing the embankment with a triangular and square
pile arrangement. The results below are divided into total and differential settlements, the
visualisation of arches, the load transfer in terms of axial pile load, and axial load in the
geosynthetic reinforcement.
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6.1. Settlements

The main reason for reinforcing a road or railway with piles, apart from stabilising the
embankment, is to avoid excessive settlements (downward vertical displacements). The
numerically simulated settlements on the road in this study were analysed and compared
with the criteria for serviceability limit states set by the Swedish Transport Administration
in TK Geo 13 [16]. The criteria of interest are the total settlements and the drainage gradient
of the road pavement. The total settlement of the pavement is limited to 35 cm for the type
of road studied in order to avoid seasonal flooding. The drainage gradient is defined as
the inclination of the pavement between the crest and the side of the road. For the studied
road, the design drainage gradient is 3.6%. The decrease in design drainage gradient due
to settlements is limited to 1.1%, i.e., the final drainage gradient must be at least 2.5% to
maintain sufficient water drainage of the pavement surface.

The settlements analysed were numerically computed on the crest of the road (point
A), at the side of the road (point B), and at the embankment toe (point C), as shown in
Figure 1. The differential settlement between points A and B gives a measurement of the
change in drainage gradient. Heaving at point C could indicate a potential problem with
the stability of the embankment. Differential settlements between point C and points A
and B might lead to damage to the geosynthetic reinforcement due to large strains.

In Figure 9, the settlements uv at points A, B and C were plotted against increasing
centre-to-centre pile spacing (s) from 0.8 to 2.0 m for floating and semi-floating pile groups
with square and triangular pile arrangements. No significant difference in uv was found
between the modelled square and triangular pile arrangements. Furthermore, uv in the
pavement (points A and B) remained within the serviceability limit state of 35 cm. The
maximum values of uv for floating and semi-floating pile groups were obtained on the crest
(point A) of the embankment. As expected, the floating pile groups settled more than the
semi-floating pile groups.
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Figure 9. Settlement (uv) computed in points A, B and C (Figure 1) with increasing centre-to-centre
spacing (s) for a square (Sq) and triangular (Tri) pile arrangements. Both floating and semi-floating
pile groups.

The magnitude of the differential settlements in Figure 9 between the three points A,
B and C did not vary much with the pile spacing s. The largest changes in the differential
settlements were observed when increasing the value of s from 1.4 to 1.5 m and from
1.8 to 2.0 m. In both cases, uv increased less at point C than at points A and B. The
reason is an unchanged number of piles in the two cases at the same time as s increased
(see Table 1), bringing the outermost pile closer to the embankment toe. The differential
settlement between points A and B was approximately the same (about 1.5 cm) for both
types of pile group and for all values of s. The decrease in drainage gradient was thus
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approximately 0.3% for all models, which is within the serviceability limit state of 1.1%.
No local differential settlements (depressions) between the piles were observed in the
pavement in the simulations. For the semi-floating pile group, the differential settlements
between points B and C increased from 1.3 cm when s = 0.8 m to 2.0 cm when s = 2.0 m.
For the floating pile group, it remained almost constant at 1.9 cm for the full range of s. The
differential settlements observed in Figure 9 are not of a magnitude that could damage the
GR by plastic strains. No heaving was observed at point C, which is good from a stability
point of view.

The results for uν shown in Figure 9 were compared with uv for the case of no piles in
order to quantify the reduction in uv from pile-reinforcing the embankment. Two reference
simulations were done without piles for the corresponding soil profiles of a floating and a
semi-floating pile group; uv,red% is the average value of the settlement reduction in points
A, B and C defined as a percentage

uv,red% =
1
3

((
1 − uv(A)

uv(A0)

)
+

(
1 − uv(B)

uv(B0)

)
+

(
1 − uv(C)

uv(C0)

))
·100 (4)

where uv(A) is uv at point A on the crest of a piled embankment, and uv(A0) is uv at point
A on the crest of an embankment without pile reinforcement. The quantities uv(B), uv(B0),
uv(C), and uv(C0) follow the same notation for points B and C. For an embankment with no
pile group support, uv at points A, B and C was 19, 18 and 12 cm, respectively, for the case
of floating piles. The respective values were 17, 15 and 9 cm for the case of semi-floating
piles. In Figure 10a, uv,red% was plotted against s for floating and semi-floating pile groups
with square and triangular pile arrangements. As expected, a semi-floating pile group
reduced settlements more than a floating pile group did. However, increasing the value
of s from 0.8 to 2.0 m had twice as large an influence on uv,red% for semi-floating piles as
compared to floating piles. For s = 0.8 to 1.2 m, uv,red% remained nearly constant at 43%
for the floating piles. Furthermore, for the floating piles, an increase in s from 1.2 to 2.0 m
reduced uv,red% almost linearly from 43% to 28%. For the semi-floating pile groups, uv,red%
changed almost linearly over the range of modelled values of s, decreasing from 79% at
s = 0.8 m to 45% at s = 2.0 m.
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Figure 10. (a) average settlement reduction as percentage (uv,red%) with increasing s and (b) ratio of
uv,red% to the number of piles per metre of road (npiles,m) with increasing s, as well as npiles,m with
increasing s. Square (Sq) and triangular (Tri) pile arrangements.

The resource efficiency of each installed pile can be quantified by dividing uv,red%
with the number of piles per metre of road npiles,m (see Table 1). The resulting ratio,
uv,red%/npiles,m, gives an indication of how much each installed pile contributes to the
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settlement reduction for a given value of s. In Figure 10b, npiles,m and uv,red%/npiles,m were
plotted on separate vertical axes against s for floating and semi-floating pile groups with
square and triangular pile arrangements. uv,red%/npiles,m increased with the increasing
value of s, meaning that each individual pile contributed more to reducing the settlements as
npiles,m was reduced. For both the floating and semi-floating piles, uv,red%/npiles,m increased
almost linearly from s = 0.8 to 1.4 m. For s > 1.4 m, uv,red%/npiles,m still increased, although
more slowly than between the simulated values of s. The gain in resource efficiency when
increasing the value of s was less for s > 1.4 m compared to what was achieved in the interval
0.8 ≤ s ≤ 1.4 m. Thus, the pile spacing where s = 1.4 m is interesting as a design value.
As previously mentioned, the pile spacing criterion in TK Geo 13 [16] is 0.8 ≤ s ≤ 1.2 m.
By increasing s above the maximum value, from 1.2 to 1.4 m, the simulated value of
uv,red%/npiles,m increased by almost 1.3 times for both the floating and semi-floating piles.
The value of npiles,m decreased from 9.2 to 6.4 when increasing s from 1.2 to 1.4 m, reducing
the number of piles by almost one third.

Based on these results, it can be concluded that the pile arrangement, square or trian-
gular, has no significant influence on the settlements in the road pavement or embankment
toe of a lightly piled embankment. Furthermore, the serviceability limit state criteria in
TK Geo 13 [16] regarding total settlements and drainage gradient were not exceeded for
the modelled range of s. It was also found that changes in s had greater influence on the
magnitude of the settlements if the pile group is semi-floating instead of floating. The
settlements with a floating pile group were approximately the same for any s within the
pile spacing criterion 0.8 ≤ s ≤ 1.2 m in TK Geo 13, as seen in Figure 9. Thus, it might only
be beneficial to install the piles with s < 1.2 m if the piles can be driven down to a firm soil
layer or bedrock.

6.2. Arching

In order to evaluate the arch formation in the modelled lightly piled embankment,
the direction of the major principal effective stress (σ′

1) and the distribution of the vertical
effective stress (σ′

v) were both analysed. The analysis specifically focused on comparing
the arches formed for the square and triangular pile arrangements. As discussed in the
literature study and shown in Figure 5, the σ′

1-vectors align tangentially to the formed arch,
and the value of σ′

v is lower underneath the arches and higher around the piles.
Figure 11 shows the distribution of σ′

v in the lower part of the embankment for a
semi-floating pile group with s = 1.4 m. A detailed view of the distribution of σ′

v and the
σ′

1-vectors, projected on a horizontal plane, are shown as red lines in Figure 12. The length
of a line corresponds to the relative magnitude of a σ′

1-vector projection. The greater the
magnitude (i.e., the longer the line), the greater the stress rotation and arching. Figure 11a,c,
and Figure 12a,c show the arch formation of the modelled piled road embankment, from
now on referred to as the sloped embankment, for square and triangular pile arrangements,
respectively. Figure 11b,d, and Figure 12b,d show the arch formation of an embankment
with uniform embankment height for square and triangular pile arrangements, respectively.
For all four cases, three horizontal planes were chosen at levels 1–3 marked in Figure 11:
plane 1 just above the pile heads, plane 3 near the top of the formed arches, and plane 2
in the middle of planes 1 and 3. The values of σ′

v presented in Figure 11 are the average
of the values of σ′

v on the three planes. Note that the legend in Figure 11 has a scale of
0 ≤ σ′

v ≤ 150 kPa. The maximum value of σ′
v was approximately 1500 kPa on top of the

pile heads below the embankment crest. Increasing the value of s above 1.4 m increased
the value of σ′

v on top of and near the piles, and vice versa when decreasing the value of s
below 1.4 m.

The two uniform embankments (Figure 11b,d) were modelled to compare the nu-
merical results of a sloped embankment with what is generally assumed in analytical
calculations. When analytically calculating the ratio of load carried by the piles to the total
load analytically, the combined load of the embankment fill weight and the traffic load is,
in general, assumed to act vertically on the pile group as a uniform load. The height of

5847347_Inlaga_NY.indd   1345847347_Inlaga_NY.indd   134 2023-01-25   07:252023-01-25   07:25



Appl. Sci. 2022, 12, 166 17 of 32

the embankment is usually set equal to the height between the pile heads (or pile caps)
and the embankment crest. Thus, the GRPSE design is on the safe side by assuming the
largest possible load on the pile group and GR. The height of the two modelled uniform
embankments was set to 2.50 m, equal to the average height of the embankment subjected
to the traffic load q (see Figure 11). The uniform embankment was modelled on top of seven
pile rows (each row was seven piles wide) to simulate an infinitely vast piled embankment.
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Figure 12. Detailed view of the areas marked with dashed lines in Figure 11, showing the distribution
of σ′

v and σ′
1 -vectors, projected on a horizontal plane, as red lines for a pile group with square

(a,b) and triangular (c,d) pile arrangements, with s = 1.4 m for a sloped embankment (a,c) and an
embankment with a uniform height of 2.50 m (b,d).

Figure 11a,b and Figure 12a,b show the arch formation for the square pile arrange-
ments. As expected, the arches formed symmetrically for the uniform embankment
(Figures 11b and 12b), with equal stresses in the transversal and the longitudinal road
directions. The direction and magnitude of the σ′

1-vector projections show significant stress
rotation between the piles in the uniform embankment. Zones with reduced value of
σ′

v (destressed zones) formed between two adjacent piles, and a greater destressed zone
formed between four piles, resulting in a square arch base (area under the arch). As seen
in Figures 11a and 12a, the resulting stress rotation between the piles in the longitudinal
road direction for the sloped embankment was similar to the results for the uniform em-
bankment. There was, however, a lack of stress rotation in the transversal road direction
under the crest of the sloped embankment. Subsequently, the values of σ′

v were significantly
greater along each pile row than between pile rows, especially below the embankment
crest. Thus, the arches formed asymmetrically for the sloped embankment with square pile
arrangement, with arches forming primarily in the longitudinal road direction.

Figure 11c,d and Figure 12c,d show the arch formation for the triangular pile arrange-
ments. As mentioned, the main reason the triangular pile arrangement was set as the
design criterion for lightly piled embankments in TK Geo 13 [16] was that a triangular pile
arrangement would, in theory, create more stable arches than a square pile arrangement, in
particular due to a shorter longest diagonal between the piles as the arch base is assumed to
be triangular. As shown in Figures 11d and 12d, the uniform embankment height resulted
in near equal arch formation between three piles and equilateral triangular arch base. The
slightly rhombus-shaped arch formation was due to an isosceles triangular pile arrange-
ment. For the sloped embankment (Figures 11c and 12c), the base of the arch was distinctly
rhombus-shaped instead. The destressed zone was concentrated in the middle of the four
piles. Thus, the longest span of the arch formed between four piles in a triangular pile
arrangement was the long diagonal of the resulting rhombus arch base (2s). This diagonal
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is longer than both the side of the expected triangular arch base (
√

1.25·s) and the diagonal
of the square arch base (

√
1.5·s). Similar to the results of the square pile arrangement,

the arching was asymmetrical with the arches forming primarily in the longitudinal road
direction, as seen in Figure 12c. Comparing Figure 12a,c, the arching along the diagonal
between two piles in the square pile arrangement is greater or equal to the longest diagonal
between two piles in the triangular pile arrangements.

In order to compare the stability and shape of the arch for the square and triangular
pile arrangement, cross-sections were chosen along the diagonal between two adjacent
piles (marked A-A and B-B in Figure 12). Figures 13 and 14 show the distribution of σ′

v
and σ′

1-vectors in the cross sections marked for the sloped and uniform embankments. As
shown in Figures 13 and 14, the shape of the arch was triangular for both the square and
triangular pile arrangement, as well as for both sloped and uniform embankment. The
shape of the arch in the uniform embankment was, for every modelled value of s, similar
to the geotechnical centrifuge trapdoor test results by Rui et al. [52] of an unreinforced
embankment with H/(s − a) = 3.0. The σ′

1-vectors formed an enclosed triangular arch only
for the triangular arrangement (Figures 13b and 14b), translating to a more stable arch.
However, the arching was similar for square and triangular pile arrangements in terms of
the σ′

v distribution near the subsoil. The distribution of σ′
v in the embankment was more

similar between the square and triangular pile arrangement for the uniform embankment
(Figure 14) than for the sloped embankment (Figure 13). Furthermore, the results show that
there was less overall arching in the sloped embankments than the uniform embankments.
The value of σ′

v was greater between the piles on top of the GR and the subsoil for the sloped
embankment (Figure 13) than for the uniform embankment (Figure 14). The direction of
the σ′

1-vectors in Figures 13 and 14 show that semi-circular arches formed underneath the
GR in the uniform embankment, unlike in the sloped embankment.
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1-vectors. The σ′

1
-vectors, projected on a vertical plane, are marked as red lines and their directions are outlined with
dashed lines.

To determine the effects of embankment model size on arch formation, the modelled
piled road embankment was lengthened by seven pile rows and the road was widened from
two to four lanes (adding six piles to each row). Lengthening the embankment made no
difference to the arch formation. Widening the embankment still resulted in asymmetrical
arch formation. The arches formed asymmetrically for all simulated values of s (Table 1).
Modelling the pile group as floating gave similar stress distribution and arch formation as
modelling the pile group as semi-floating.

The main contributing factor to the asymmetrical arch formation in the sloped em-
bankment is believed to be the spreading effect of the slopes. The effect is caused by the
horizontal component of the earth pressure and the horizontal spreading of the traffic
load over depth. This creates a horizontal load component acting on the slope as well.
Fahmi Farag [53] is one of many, and in particular one of the more detailed, studies of the
spreading effect in geosynthetic-reinforced piled embankments (GRPSE). In the GRPSE
design, the spreading effect is often taken into account when calculating the tensile force in
the GR, but not when estimating the arch formation. This is also the case of the analytical
methods presented in this paper. Thus, by assuming a uniform embankment, the spreading
effect of the embankment slopes and subsequent asymmetrical arch formation is excluded
in the GRPSE design.

6.3. Load Transfer

The piles in a GRPSE construction need to be able to carry the load that is transferred
onto the piled heads by the arching and membrane effects (Qhead), as well as any load from
negative shaft friction along the pile shaft. Thus, it is important to analyse at which value of
s the total axial pile load (Npile) exceeds the structural bearing capacity of the timber piles;
it is also of interest to analyse Qhead in order to quantify the arching and membrane effect.

The average distribution of Npile in the three modelled pile rows (Figure 3) is sum-
marised in Figure 15 for both the floating and semi-floating pile groups, with 0.8 ≤ s ≤
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2.0 m. The difference in Npile between the square and triangular pile arrangements was
insignificant (<3%) for the range of s. Thus, the values of Npile shown in Figure 15 are the
average results of the square and triangular pile arrangements. The difference in the value
of Npile between the floating and semi-floating pile groups is mostly due to a difference in
maximum pile toe resistance, set to 0 kN for the floating pile group and 14 kN for the semi-
floating pile group. In addition, due to the slope of the embankment the maximum value
of Npile in a pile row (Npile,max) was observed underneath the crest of the embankment,
with the exception of s = 0.8 m and s = 1.0 m for the floating pile group. The distribution
of Npile along a pile row was irregular, with a larger force acting on the outermost piles
than on the second-outermost piles, s ≤ 1.4 m for the floating pile group and s ≤ 1.0 m
for the semi-floating pile group. As previously shown, the resource efficiency in terms of
settlement reduction (uv,red%/npiles,m) was almost linear (Figure 10b) for s ≤ 1.4 m, both
for the floating and the semi-floating pile groups. Along with the distribution of Npile in
Figure 15, this suggests that the load bearing characteristics of the pile group were those of
a combined unit for s ≤ 1.4 m and those of single piles for s > 1.4 m.
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the structural bearing capacity of 106 kN, is plotted against 𝑠𝑠 in Figure 16. 𝑁𝑁��������% 
changed almost linearly for 0.8 ≤ 𝑠𝑠 ≤ 2.0 m, increasing from approximately 33% at 𝑠𝑠 = 0.8 
m for all pile groups to approximately 114 and 120% at 𝑠𝑠 = 2.0 m for the floating and semi-
floating pile groups, respectively. The structural bearing capacity was reached (𝑁𝑁��������% 
≥ 100%) in one or more piles, for 𝑠𝑠 > 1.6 m in the case of semi-floating piles and for 𝑠𝑠 > 
1.7 m in the case of floating piles. The maximum allowable value of 𝑠𝑠 , in terms of 

Figure 15. Axial pile load (Npile) across a pile row (as an average of the three pile rows modelled) in
the modelled floating and semi-floating pile groups, showing the results of the left and right half of
each respective pile group. The horizontal axis denotes the horizontal distance from the embankment
longitudinal centre line. The structural pile capacity of 106 kN, European strength class C14 [49], is
marked with a dashed horizontal line.

The pile utilisation ratio as percentage (Npile,max%), defined as Npile,max divided by the
structural bearing capacity of 106 kN, is plotted against s in Figure 16. Npile,max% changed
almost linearly for 0.8 ≤ s ≤ 2.0 m, increasing from approximately 33% at s = 0.8 m for all
pile groups to approximately 114 and 120% at s = 2.0 m for the floating and semi-floating
pile groups, respectively. The structural bearing capacity was reached (Npile,max% ≥ 100%)
in one or more piles, for s > 1.6 m in the case of semi-floating piles and for s > 1.7 m
in the case of floating piles. The maximum allowable value of s, in terms of structural
bearing capacity, depends on the chosen factor of safety (FS) defined as the ratio of the
structural bearing capacity to Npile,max. Setting FS equal to 1.2 or 1.3, for example, results in
a maximum allowed Npile of roughly 88 kN or 81 kN (Npile,max% = 83% or 76%), respectively.
This corresponds to an s equal to 1.5 m (FS = 1.2) or 1.4 m (FS = 1.3).
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Figure 16. Utilisation ratio of the piles as percentage (Npile,max%) with increasing s. The structural
bearing capacity of 106 kN, European strength class C14 [49], is marked with a dashed line at
Npile,max% = 100%.

The average load transferred onto the pile heads from arching and membrane effects
(Qhead,av) is plotted against s in Figure 17a. The proportion of embankment weight and
traffic load carried by the piles is often referred to as pile efficacy in the literature (Van
Eekelen and Han, 2020). Pile efficacy can be seen as an efficiency of the GRPSE design. The
average pile efficacy (Qhead,av%) plotted against s is shown in Figure 17b and calculated as

Qhead,av% = Qhead,av/Qpile,av (5)

where Qpile,av is the average load over the tributary area (s2), as seen in Figure 3. The
difference in Qhead,av (Figure 17a) between the square and triangular pile arrangements
was ≤3%, leading to the conclusion that the pile arrangement had no significant effect
on pile head efficacy. For the modelled uniform embankment with a semi-floating pile
group, used for comparison in the previous chapter, the difference in Qhead,av was <2%
between the two pile arrangements. In addition, modelling the pile group as floating
instead of semi-floating resulted in a <3.5% difference in Qhead,av (Figure 17a), and thus
had no significant effect on pile head efficacy. The difference in Qhead,av is due to the larger
relative displacement between the subsoil and pile head in the semi-floating pile group
than in the floating pile group, which lead to a greater arching effect. This partly explains
the observed difference in Npile and Npile,max% between the floating and the semi-floating
pile group in Figures 15 and 16. From the results, it can be concluded that the stress
distributions shown in Figures 11 and 12 are comparable or deemed equal for the square
and the triangular pile arrangements and for both the floating and semi-floating pile groups
for a given value of s.
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Figure 17. (a) The average pile head load (Qhead,av) and (b) the average pile efficacy as percentage
(Qhead,av%) with increasing s.

As seen in Figure 17b, Qhead,av% decreased approximately linearly over the range of s
for all pile groups by almost 25%, from about 60% at s = 0.8 m to above 35% at s = 2.0 m.
When Qhead,av% = 100%, the sum of the embankment weight and traffic load is carried
solely by the piles. When there is no arching or membrane effect, Qhead,av% < 5% for the
present study. It should be noted that the lightly piled embankment design with no pile
caps results in a small pile coverage ratio (α), defined as a percentage

α = a2/s2·100 (6)

where a is the equivalent square side length of a circular pile head with diameter sd, and is
calculated as

a =

√
(πd2)

4
(7)

As previously mentioned, sd was set to 200 mm for the timber piles, resulting in a
range of α from 4.9% at s = 0.8 m to 0.8% at s = 2.0 m. Subsequently, Qhead,av% ranged
from about 60% at α = 4.9% to above 35% at α = 0.8%. Similarly, Lai et al. [35] performed
DE simulations of a piled embankment with and without GR and for different values
of α, and obtained a result of roughly 60% pile efficacy for the simulation with GR and
α = 4.9% (a = 100 mm and s = 0.45 m). Briançon and Simon [54] carried out a full-scale
test on a piled embankment reinforced (α = 2.8%) with two layers of geogrid, similar to
the load distribution layer in Figure 4, and measured 74% pile efficacy. The simulated
Qhead,av% in this study was about 55% at α = 3.1% (s = 1.0 m), which is significantly less in
comparison. However, in the Kyoto Road project by Van Eekelen et al. [2] on a monitored
timber piled embankment (α = 4.4%), the pile efficacy was about 38%. Note that the Kyoto
Road embankment fill material consisted of a sludge mixture with a friction angle lower
than that of the embankment material simulated in this paper.

The results shown in Figure 18 are the maximum and average values of the GR tensile
load (TGR,max and TGR,av) above the pile heads, plotted against the modelled range of s.
Modelling the piles in a triangular arrangement instead of a square arrangement increased
TGR,max by 6% and TGR,av by 7% on average. The main reason for the difference is the
choice of modelling the pile group as three pile rows. The offset in longitudinal road
direction of every other pile (Figure 3) in each pile row resulted in larger GR deflection and
tensile load along the borders of the model for the triangular pile arrangement than for
the square pile arrangements. Subsequently, adding more pile rows would decrease the
influence of the tensile load along the model border on the average tensile load of the entire
model. As seen in Figure 18, TGR , was well below the GR tensile strength of 112 kN/m
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for the modelled cases. The largest resulting value of TGR,max for all modelled cases was
almost 25 kN/m (1.1% strain), in the case of the triangularly arranged semi-floating pile
group with s = 2.0 m. Briançon and Simon [54] observed up to 0.7% strain in both geogrid
layers at α = 2.8%, similar to the maximum simulated strain of roughly 0.6% at α = 3.1%
(s = 1.0 m). The simulation results of TGR,max and TGR,av were larger on average by 20% and
23%, respectively, for the semi-floating pile groups than for the floating pile groups. The
GR deflection and subsequent tensile load was greater for the semi-floating pile group than
for the floating pile group due to the aforementioned difference in relative displacement
between the two types of pile groups. Increased GR deflection leads to greater membrane
effect and more load transferred onto the pile heads, as observed by Le Hello and Villard [6],
adding to the difference in Qhead,av and Qhead,av% in Figure 17 between the floating and
semi-floating pile groups.
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Figure 18. The maximum GR tensile load (TGR,max) and average GR tensile load (TGR,av) plotted
against s.

These results lead to the conclusion that the maximum allowable value of s in TK Geo
13 [16] can be increased from 1.2 to 1.6 m without reaching the characteristic pile bearing
capacity. In addition, the arching and membrane effect in a lightly piled embankment is
not significantly influenced by the pile arrangement (square or triangular).

6.4. Comparison with Analytical Models

The numerical results were compared with results from analytical calculations, as no
field measurements were conducted on the studied lightly piled embankment. Although the
Extended Carlsson model [23] is the analytical model recommended in TR Geo 13 [16] for
the design of lightly piled embankments, more advanced models were also included in the
comparison in order to investigate their suitability for this type of GRPSE. Several analytical
models for the design of GRPSE exist, and several of them represent national standards
or recommendations. The analytical models considered most interesting for the present
study are presented in Table 3. The Swedish guidelines TR Geo 13 [24] in combination
with the Nordic guidelines [23] were used for the calculations with the Extended Carlsson
model [26] and the SINTEF model [27]. The British standards BS8006 [22] were used for
calculations with the H&R model [29]. The French guidelines ASIRI [30] were taken into
consideration as a complement to BS8006, as the H&R model is also incorporated into
ASIRI. The German recommendations EBGEO [32] were used for the calculations with
the Zaeske model [32]. The calculations with the Concentric Arches (CA) model were
done according to the Dutch guidelines CUR226 [34]. The analytical models are ordered in
Table 3 according to their complexity, with the Extended Carlsson model being the simplest
and the CA model the most advanced. The results of the analytical calculations were
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compared to the numerical results on pile head load (Qhead), pile efficacy (Qhead%), and
maximum GR tensile load (TGR,max).

Table 3. Summary of the analytical models used for comparison and the guidelines (or standards)
they are incorporated in.

Model Guideline Type Pile Arrangement Arch Shape Subsoil Support

Extended Carlsson [26] TR Geo 13 [24] Rigid Square Triangular None
SINTEF [27] - Rigid Square Triangular None

Hewlett & Randolph (H&R) [29] BS8006 [22] & ASIRI [30] LE Square Semi-circle None

Zaeske [31] EBGEO [32] LE Square/
liubinTriangular a

Non-concentricliubin
semi-ellipses Subgrade modulus, ks

Concentric Arches (CA) [8] CUR226 [34] LE Square Concentric
semi-circles Subgrade modulus, ks

Note: a represents a 45◦ rotated square grid. LE = Limit equilibrium.

Among the analytical models included in the comparison with the numerical model,
the Zaeske model is the only one that supports a triangular pile arrangement. However, the
only triangular pile arrangement supported in EBGEO is a square pile arrangement rotated
45 degrees. Thus, the formulas in Zaeske [31] for a triangular pile arrangement were used,
as they support the geometry of the TK Geo 13 triangular pile arrangement utilised in this
study. Note that ASIRI presents geometrical recommendations but no analytical models
for triangular pile arrangements. Furthermore, the Zaeske model is the only one of the
included analytical models that takes into consideration an elevated GR, i.e., a vertical
distance z between the pile head and the GR layer, when calculating the vertical stresses
on the GR. The EBGEO [32] contains recommendations for GR elevations; however, no
elevation is included as a variable when calculating the vertical stress on the GR. Thus,
the vertical stresses on the GR were calculated using the formulas derived by Zaeske [31]
for vertical stresses underneath the arch at z metres above the pile heads (where z = 0 m
is in level with the pile heads), which are based on the same mechanical principles as the
formulas prescribed in EBGEO. As previously mentioned, z = 0.45 m for the numerically
modelled lightly piled embankment.

According to the analytical models included in the comparison and the corresponding
guidelines (Table 3), the calculated value of TGR,max is the sum of the tensile load in the
GR due to the membrane effect (TGR,M) and the added tensile load in the GR due to the
spreading effect (TGR,S) in the transversal road direction. The calculation of TGR, M differs
between the included analytical models, and each method is briefly described further below.
TGR, S is calculated similarly for all of the analytical models. In the Extended Carlsson,
SINTEF and H&R model, TGR, S is calculated as

TGR,S = Ka H
(

1
2

γH + q
)

(8)

where Ka is the coefficient of active earth pressure, H is the embankment height of 2.5 m,
γ is the unit weight of the embankment material (calculated as 21.7 kN/m3 for the par-
tially saturated embankment), and q is the surcharge (traffic) load of 15 kPa, resulting in
TGR,S = 18.1 kN/m. In the Zaeske and CA models, z is subtracted from H, which resulted
to TGR,S = 13.1 kN/m.

The Extended Carlsson, SINTEF, and H&R models, and their corresponding standards
or recommendations consider no subsoil support. A void is assumed to form underneath
the GR due to soil consolidation and creep strains. That means that the entire embankment
weight and surcharge load are transferred onto the pile heads, directly through the arching
effect and indirectly through the membrane effect. Thus, Qhead% = 100% for the Extended
Carlsson, SINTEF and H&R models. TGR,M is based on the geometry, load on the GR, GR
stiffness, and maximum GR strain (εGR,max). The value of εGR,max is chosen based on the
allowed short- and long-term strains. εGR,max was set to 6% for the calculations with the
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Extended Carlsson, SINTEF, and H&R model, in accordance with the long-term criteria in
TR Geo 13, the Nordic guidelines, BS8006, and ASIRI. For the H&R model calculations, the
load on the GR was set to the minimum load prescribed in BS8006, which is equivalent to
15% of the embankment weight and the surcharge load.

Both the Zaeske and the CA models take subsoil support into consideration. TGR,M , is
calculated in a fashion similar to the Extended Carlsson, SINTEF, and H&R models, except
that εGR,max is calculated instead of selected. The value of εGR,max is determined at vertical
equilibrium between the loads acting on the GR and the sum of the GR reaction force and
the subsoil support. The subsoil support is based on the modulus of subgrade reaction (ks)
of the subsoil, which can be set to zero if a void is expected to form below the GR. Based
on oedometer tests with a constant rate of strain, ks was set to 304 kN/m3 for the Zaeske
model and 151 kN/m3 for the CA model. ks was greater for the Zaeske model, as the model
considers the stiffness and thickness of the embankment fill under the elevated GR.

Figure 19 shows the analytically and numerically determined values of Qhead plotted
against the pile centre-to-centre distance (s). The numerical results are the average values of
Qhead below the pavement for the square and triangular pile arrangements. The analytical
results of the Zaeske model for the square and triangular pile arrangement are denoted
as “Zaeske(Sq)” and “Zaeske(Tri)”, respectively. As previously mentioned, the analytical
models included in this paper assume a uniform embankment height equal to the embank-
ment crest height. Hence, the analytical models primarily estimate the load distribution
below the pavement of the embankment. Thus, the numerical results shown in Figure 19
are based on the average embankment height below the pavement. The weight of the
soil beneath the arches (Wsub) is excluded from the calculation results shown in Figure 19
for the Extended Carlsson, SINTEF, and H&R models. Note that this underestimates the
values of Qhead for these three models, since Qhead is normally set equal to the tributary
load, defined as (γH + q)·s2, according to the respective guideline in Table 3. For the
Zaeske and CA models, Qhead in Figure 19 is the sum of the arched load (Qarched) and the
vertical component of TGR,max (TV) along the pile head perimeter. Unlike in CUR226, TV is
not explicitly calculated in EBGEO. Thus, the Zaeske model results of TV were calculated
using the methods in CUR226, combined with Zaeske (2001). As shown in Figure 19, the
analytical results of Qhead for the Extended Carlsson, SINTEF, and CA models were larger
than the numerical results for all values of s. The results of the CA model almost followed
the same trend as the numerical results, with an approximately 55% to 30% larger value of
Qhead at s = 0.8 to 2.0 m. The results of the Extended Carlsson and SINTEF models followed
a similar trend as the numerical results, although the difference increased more than the
CA results with increasing value of s. The results of the SINTEF model were constant for
s ≥ 1.6 m due to the calculated arch becoming taller than the embankment. The results
of the H&R and Zaeske(Sq) models showed a similar trend, and were the closest to the
numerical results for the full range of s. The results of the Zaeske(Tri) model of Qhead
were the closest to the numerical results for s ≤ 1.3 m. Contrary to the numerical results,
the results of the Zaeske model showed much smaller values of Qhead in the triangular
pile arrangement than in the square pile arrangement. In general, both of the numerical
results of Qhead were lower than the analytical results for s < 1.6 m. In the simulations,
full arching or fully mobilised soil shear strength was not achieved, as the differential
settlements between the pile heads and the subsoil were too small. In comparison, the
analytical models assume full arching to be on the safe side with regard to the design axial
load per pile. Thus, the numerical results were closer to the analytical results for s ≥ 1.6 m,
as the differential settlements between the pile heads and the subsoil became larger.
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Figure 19. Comparison of the pile head load (Qhead) from the numerical and analytical results, as
well as the tributary load, plotted against s.

Figure 20 shows the resulting values of TGR,max for the modelled range of s. In the
numerical results, TGR,max is taken as the average value of the quantity above those pile
heads that are located below the pavement. As seen in Figure 20, the Extended Carlsson,
SINTEF, and H&R models give a much greater increase in TGR,max than the numerical
results for an increasing value of s, which is due to the exclusion of subsoil support in these
models. The results of the Zaeske(Sq) and CA models show a similar trend to the numerical
results for the range of s, with the results of the CA model being closer in magnitude to the
numerical results. The values of TGR,max were lower for Zaeske(Tri) than for Zaeske(Sq),
since the sum of TGR,M and TGR,S in the transversal direction of the road was lower than
TGR,M in the longitudinal direction with the triangular pile arrangement. The Zaeske(Tri)
results of TGR,max decreased for s > 1.5 m as the long diagonal of the rhombus-shaped arch
base (length of 2s) became too great in relation to the embankment height to support a stable
arch. However, the numerical results showed no arch instability for any value of s with the
triangular pile arrangement. Overall, the numerical results of TGR,max were significantly
lower than the analytical results, with the exception of Zaeske(Tri) for s = 2.0 m. This was
firstly due to the active earth pressure not being fully mobilised in the numerical simula-
tions, giving lower values of TGR,max in the analytical models. Secondly, the magnitudes of
GR deflection were less in the simulation than in the analytical calculations, and resulted in
lower values of TGR,max due to greater simulated subsoil support.

In conclusion, the results of the analytical calculations show that the numerical simu-
lations are reliable in terms of load distribution in the embankment. The numerical and
analytical results of Qhead were in good agreement overall. The numerical results of TGR,max
are deemed reasonable, though low compared with the analytical results. As expected, the
more advanced analytical models (Zaeske and CA) were better at predicting the numerical
results. The results of the Zaeske model came closest to the numerical results of Qhead.
However, the difference in the results between the square and triangular pile arrangements
was larger for the Zaeske model than for the numerical models. The CA model was the most
consistent of the analytical models in the comparison, showing almost the same trend as
the numerical results for not only Qhead but also TGR,max. In contrast, the Extended Carlsson
model greatly overestimated the numerical results, especially the results for TGR,max. Thus,
it would be more suitable to use the CA model instead of the Extended Carlsson model
for the design of lightly piled embankments. However, due to its simplicity, the Extended
Carlsson model could still be used for a first estimation if Qhead is substituted for Qarched.
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The discussed guidelines (Table 3) present geometrical limits for stable arch formation
in terms of s, embankment height H and square pile head width (a) or pile/pile head
diameter (d). These geometrical limits were compared with the hypothesis of an increased
maximum allowable value of s (smax) in TK Geo 13 [16] for lightly piled embankments,
currently at 1.2 m. EBGEO presents geometrical limits for both square and triangular
pile arrangements. Table 4 shows a summary of smax for H = 2.5 m according to each
of the studied guidelines; sd is the diagonal centre-to-centre pile spacing, equal to

√
2·s

for the square pile arrangements and 2s for the triangular pile arrangements (longest
diagonal between four piles). The results show that smax = 1.6 m satisfies all the geometrical
limits in Table 4. For square and triangular pile arrangements, smax equals to 2.2 or 1.6 m,
respectively. This supports the hypothesis that smax could be greater than 1.2 m for lightly
piled embankments.

Table 4. Maximum value of s (smax) for H = 2.5 m, calculated using geometrical limits in the guidelines
studied.

H smax [m]

TR Geo 13 [24] H ≥ 1.2(s − a) 2.26
BS8006 [22] H ≥ 0.7(s − a) 3.75

EBGEO [32] H ≥ 0.8(sd − d) 2.35
1.66 a

CUR226 [34] H ≥ 0.66(sd − d) 2.82
Note: a represents a triangular pile arrangement, for which sd = 2s.

7. Concluding Remarks

The objective of the presented study was to evaluate the current design criteria in the
Swedish national standards, TK Geo 13 [16], in terms of optimal pile arrangement (square
or triangular) and centre-to-centre distance pile spacing (s), in order to reduce the amount
of timber piles used in light embankment piling. The hypothesis was that a triangular pile
arrangement would result in the most stable arches and that the value of s could be greater
than the upper limit of the TK Geo 13 design criteria of 0.8 ≤ s ≤ 1.2 m. The evaluation
of the design criteria was done by three-dimensional FE simulations of a typical lightly
piled road embankment. The parameters used in the evaluation included the differential
and total settlements, axial pile load, GR tensile load, and formation of arches, with a focus
on resource efficiency. The modelled value of s ranged from 0.8 to 2.0 m, including the
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TK Geo 13 design criterion of 0.8 ≤ s ≤ 1.2 m. Both floating and semi-floating pile groups
were modelled, with either square or triangular pile arrangements, resulting in 38 different
cases in total. The limiting states were set as the maximum allowed total and differential
settlements in TK Geo 13 as well as the structural bearing capacity of the piles and GR.

A state-of-the-art study was carried out on the mechanisms of load transfer in GRPSE,
as well as the GRPSE guidelines and analytical models used in practice. The numerical re-
sults from FE simulations were compared and validated against results from five analytical
models implemented in European national standards or recommendations, namely, the
Extended Carlsson model by Rogbeck et al. [26] and the Concentric Arches (CA) model
by Van Eekelen [8], the former being the prescribed analytical model in TR Geo 13 [24]
for the design of lightly piled embankments. The results of the comparison show that the
numerical simulations are reliable in terms of load distribution in the embankment. The
numerical results of the GR tensile load were low in magnitude in comparison with the
analytical results, but deemed reasonable. Overall, the Extended Carlsson model greatly
overestimated the numerical results. Thus, it is recommended to use the CA model primar-
ily instead of the Extended Carlsson model for the design of lightly piled embankments.
However, the simpler Extended Carlsson model could still be used for a first estimation
when designing them.

Mostly triangular arches were observed between the piles, due to lack of differential
settlements between the piles and subsoil for semi-circular arches to form. Stable arches
should in the present study form for s ≤ 1.6 m, following the geometrical limits of the
studied national standards and recommendations. The simulations showed no significant
arch instabilities for the modelled range of s, i.e., 0.8 ≤ s ≤ 2.0 m. However, the slopes
of the embankment had a significant influence on the overall arch formation. Due to the
spreading effect of the embankment slopes arch formation was asymmetrical, with arches
primarily forming in the longitudinal road direction. By modelling an embankment with
uniform height instead, the arch formation was symmetrical in the transversal and the
longitudinal road directions. The overall arching effect was also greater compared with the
sloped embankment. In the GRPSE design, the embankments are in general assumed to
be uniform when calculating the arching and membrane effect, and the spreading effect is
only considered when calculating the tensile force in the GR. Thus, assuming a uniform
embankment in GRPSE design may neglect asymmetrical arch formation caused by the
spreading effect of the embankment slopes.

The simulations show that the pile arrangement, square or triangular, has no significant
influence on the settlements of a lightly piled embankment, nor does the type of pile
arrangement have any significant influence on the arching and the membrane effect. These
results indicate that the maximum allowable value of s in TK Geo 13 can increase from 1.2 to
1.6 m without reaching the characteristic bearing capacity of the timber piles. The structural
bearing capacity of the GR was far from being exceeded for any value of s. Furthermore,
the settlements did not exceed the serviceability limits in TK Geo 13 for the modelled range
of s. The settlements of embankments with a floating pile group remained almost constant
for 0.8 ≤ s ≤ 1.2 m. In contrast, the settlements increased by roughly 30% on average for
the semi-floating pile groups when increasing s from 0.8 to 1.2 m. Thus, it might only
be beneficial in terms of settlement reduction to install piles with s < 1.2 m if the piles
can be driven down to a firm soil layer or bedrock. By increasing s from 1.2 to 1.4 m, the
resource efficiency in terms of settlement reduction per pile increased by 30% for both the
floating and semi-floating piles, and the number of piles was reduced by almost one third.
Increasing s above 1.4 m resulted in significantly less gain in resource efficiency. Based on
the results, it is recommended to consider setting the TK Geo 13 design criterion of s to
0.8 ≤ s ≤ 1.4 m for lightly piled embankments. It should be noted that the geometry of the
FE simulations is exact, which is not the case in reality. There are variations in pile head
diameter, pile position and pile curvature, for example. No probabilistic model was used
to take these variations into account. The piles can be expected to be driven within ±5 cm
accuracy of the suggested design criterion of s.
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In the future, our research group is planning to examine the arching and membrane
effect in lightly piled embankments for different embankment heights and locations of
the GR, as well as to test the hypothesis of increased allowable s to 1.4 m. A newly built
three-lane motorway is currently being monitored. The monitoring results will be used to
calibrate a physical model and an FE model of the motorway embankment.
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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. 

Keywords: Piled embankment, timber piles, monitoring, soft soil, geosynthetic reinforce-
ment, arching 

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). 

DOI: 10.1201/9781003222897-31 
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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 02 MPa range, 0.5 kPa resolution and ±0.6 kPa accuracy. PC2.1–2.4 have 0350 kPa 
range, 0.09 kPa resolution and ±0.18 kPa accuracy. The pore water pressure is measured near 
the pile cutoff 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 crossmachine direction. 

Figure 8. View of the geogrid with extensometer to measure geogrid strain. To the right: extensometer 
covered with a protective metal pipe. 

342 

5847347_Inlaga_NY.indd   1585847347_Inlaga_NY.indd   158 2023-01-25   07:262023-01-25   07:26



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 midSeptember, 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 fullscale test by Briançon and Simon (2012), but inline 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 cutoff 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 *. 
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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 linearelastic 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 oneyear period were observed and analysed for 
a geosyntheticreinforced timber pilesupported embankment outside Luleå, Sweden. 

The embankment was reinforced with two layers of geogrid, placed 0.3 and 0.5 m above the 
pile cutoff 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 suboptimal, 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 cutoff 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. 

ACKNOWLEDGEMENTS 

Setup of the monitoring was done in collaboration with the consultant company AFRY. The 
research has been supported financially by the Swedish Transport Administration (STA) and 
Branschsamverkan i grunden (BIG). 

346 

5847347_Inlaga_NY.indd   1625847347_Inlaga_NY.indd   162 2023-01-25   07:262023-01-25   07:26



REFERENCES 

Briançon, L. and Simon, B., 2012. Performance of Pile-Supported Embankment over Soft Soil: Full-Scale 
Experiment. Journal of Geotechnical and Geoenvironmental Engineering 138(4): 551–561. 

Gourc, J.P. and Villard, P., 2000. Reinforcement by membrane effect: application to embankments on soil 
liable to subsidence. In Proceedings of the 2nd Asian Geosynthetics Conference, Kuala Lumpur, 29–31 
May 2000. International Geosynthetics Society, volume 1, pp. 55–72. 

King, D.J., Bouazza, A., Gniel, J.R., Rowe, R.K. and Bui, H.H., 2017. Load-transfer platform behaviour 
in embankments supported on semi-rigid columns: implications of the ground reaction curve. Canadian 
Geotechnical Journal 54(8): 1158–1175. doi:10.1139/cgj-2016-0406 

Logheed, A., 2017. The Use of Geosynthetic Reinforced Pile-Supported Embankments on Port Mann High-
way 1 Improvement Project. In Proceedings of the 6th International Young Geotechnical Engineers 
Conference, Seoul, Republic of Korea, 16-17 September 2017. International Society for Soil Mechan-
ics and Geotechnical Engineering, London, pp. 92–93. 

Gunnvard, P., 2020. Optimal design av träpålar: Optimal design of timber piles. Department of Civil, 
Environmental and Natural Resources Engineering, Luleå University of Technology, Luleå. 

Gunnvard, P., Laue, J. and Jia, Q., 2020. Geosynthetic reinforcement in lightly piled embankments: 
Laboratory model development. In Proceedings of the 4th European Conference on Physical Modelling 
in Geotechnics, Luleå, Sweden, 7-8 September 2020. pp. 301–302 

Rogbeck, Y., Gustavsson, S., Södergren, I. and Lindquist, D., 1998. Reinforced Piled Embankments in 
Sweden – Design Aspects. In Proceedings of the 6th International Conference on Geosynthetics, 
Atlanta, Georgia, 25-29 March 1998. International Geosynthetics Society, Jupiter, Florida, pp. 
755–762. 

SBRCURnet, 2016. CUR226 Design Guideline Basal Reinforced Piled Embankments. SBRCURnet, Delft. 
Publ. CUR226: 2016. 

SIS, 2016. Structural timber – Strength classes, SS-EN 338:2016. Swedish Standards Institute (SIS), 
Stockholm. 

STA, 2016a. Trafikverkets tekniska krav för geokonstruktioner-TK Geo 13. The Swedish Transport 
Administration (STA), Borlänge. Publ. 2013:0667, version 2.0 (in Swedish). 

STA, 2016b. Trafikverkets tekniska råd för geokonstruktioner-TR Geo 13. The Swedish Transport Admin-
istration (STA), Borlänge. Publ. 2013:0668, version 2.0 (in Swedish). 

Van Eekelen, S.J.M., Bezuijen, A., and Alexiew, D., 2010. The Kyoto road piled embankment: 3.5 years of 
measurements. In Proceedings of the 9th International Conference on Geosynthetics, Guaruja, Brazil, 
23–27 May 2010. pp. 1941–1944. 

Van Eekelen, S.J.M, Bezuijen, A., Lodder, H.J. and Van Tol, A.F., 2012. Model experiments on piled 
embankments. Part I. Geotextiles and Geomembranes 32: 69–81. doi:10.1016/j.geotexmem.2011.11.002 

Van Eekelen, S.J.M., Bezuijen, A. and Van Tol, A.F., 2013. An analytical model for arching in piled 
embankments. Geotextiles and Geomembranes 39. 78–102. doi: 10.1016/j.geotexmem.2013.07.005 

Van Eekelen, S.J.M. and Han, J., 2020. Geosynthetic-reinforced pile-supported embankments: state of the 
art. Geosynthetics International 27(2): 112–141. doi:10.1680/jgein.20.00005 

Zaeske, D. 2001. Zur Wirkungsweise von unbewehrten und bewehrten mineralischen Tragschichten über 
pfahlartigen Gründungselementen. University of Kassel, Kassel, Schriftenreihe Geotechnik Heft 10 (in 
German). 

Zhang, C., Jiang, G., Liu, X. and Buzzi, O., 2016. Arching in geogrid-reinforced pile-supported embank-
ments over silty clay of medium compressibility: Field data and analytical solution. Computers and geo-
technics 72: 11–25. doi:10.1016/j.compgeo.2016.03.007 

Zhang, Z., Wang, M., Ye, G.-B. and Han, J., 2019. A novel 2D-3D conversion method for calculating max-
imum strain of geosynthetic reinforcement in pile-supported embankments. Geotextiles and Geomem-
branes 47: 336–351. doi:10.1016/j.geotexmem.2019.01.011 

347 

5847347_Inlaga_NY.indd   1635847347_Inlaga_NY.indd   163 2023-01-25   07:262023-01-25   07:26



5847347_Inlaga_NY.indd   1645847347_Inlaga_NY.indd   164 2023-01-25   07:262023-01-25   07:26



Appended papers 
 

 
 

 

Paper V 
 
Two-year monitoring of a timber pile-supported road 
embankment 
 
 
 
Per Gunnvard 

Luleå University of Technology 
per.gunnvard@ltu.se 
 
 
Nelson Garcia 

Luleå University of Technology 
nelson.garcia@ltu.se 
 
 
Hans Mattsson 

Luleå University of Technology 
hans.mattsson@ltu.se 
 
 
Qi Jia 

Luleå University of Technology 
qi.jia@ltu.se 
 
 
Jan Laue 

Luleå University of Technology 
jan.laue@ltu.se 
 
 
 
Submitted to Canadian Geotechnical Journal 
Status: Under review 
  

5847347_Inlaga_NY.indd   1655847347_Inlaga_NY.indd   165 2023-01-25   07:262023-01-25   07:26



Timber Pile-Supported Embankments: Arching and Reinforcement 
 

 
 
 

  

5847347_Inlaga_NY.indd   1665847347_Inlaga_NY.indd   166 2023-01-25   07:262023-01-25   07:26



1 
 

Two-year 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: Compared to concrete or steel piling, timber piling offers a solution with a lower carbon 
footprint, but there is a lack of examples of well-documented timber-piled embankment projects. This 
paper presents two years of post-construction data from an instrumented semi-motorway in northern 
Sweden, reconstructed in 2020 as a geosynthetic-reinforced timber pile-supported road embankment. 
Monitoring of the embankment included settlements, pile deflection, pore water pressure, load on piles 
and subsoil, and geogrid strain. Small strains were observed in the geogrids because of minor geogrid 
deflections. Partial arch formation was found from the measured load distribution, as less than half of 
the total load of embankment and traffic was carried by the piles. The pile loads increased in winter as 
the frost front penetrated the embankment. Comparison of the monitoring results with the results of two 
analytical models, the Extended Carlsson model and the Concentric Arches model, showed that both 
models overestimated the load transferred to the piles and subsequently underestimated the subsoil 
support. The latter model was much closer in the estimation. Even though the result of the monitoring 
concludes that today’s design practice is not best-practice, it is evident that geosynthetic-reinforced 
timber pile-supported embankment is a competitive road foundation method.  
 
 
KEY WORDS: Piled embankment, timber piles, monitoring, soft soil, geosynthetic reinforcement, 
arching. 
 
 
1 INTRODUCTION 
 
The purpose of the paper is to gather monitoring data from an instrumented geosynthetic-reinforced 
timber pile-supported embankments, providing knowledge of typical load distribution and 
displacements for the improvement of resource efficiency and sustainability of the foundation method. 
 Geosynthetic-reinforced pile-supported embankment (GRPSE) is a well-established foundation 
method to reduce vertical and horizontal deformations of road and railway embankments on soft 
subgrades. There exist several national design methods implemented in national codes and 
recommendations, e.g. the British BS8006 (BSI, 2010), the German EBGEO (DGGT, 2011), the French 
ASIRI National Project (IREX, 2013) and the Dutch CUR226 (SBRCURnet, 2016). One or more layers 
of geosynthetic reinforcement (GR) are placed at the base of the embankment to improve the tensile 
strength and stiffness of the base material. As the soft subgrade between the piles consolidates, the 
relative vertical movement in the embankment base causes shear resistance between the stationary and 
yielding part of the soil mass, reducing the pressure on the yielding soil and increasing the pressure on 
the piles (Terzaghi, 1943). Thus, a great portion of the embankment weight and traffic load is transferred 
onto the piles. This load redistribution is known as arching effect as the stationary soil arches over the 
yielding part of the support. The more load that is transferred to the piles, the more the overall 
settlements and deformations of the structure are reduced. As the settlement of the subsoil in relation to 
the pile heads increases, the arching effect increases to a maximum value and then decreases to a residual 
value for additional settlements (King et al., 2017; Han et al., 2017; Rui et al., 2019). If a GR is installed 
in or just above the embankment base, the arching is more stable (Rui et al., 2019). Additionally, the 
GR can support forces perpendicular to its surface, which are absorbed and transferred to the piles as 
the GR deflects and generate tensile forces. This mechanism is known as the membrane effect (Gourc 
and Villard, 2000). By this effect, the pressure on the soft subsoil is further reduced. 
 Nowadays, there is a search for solutions using less resources and decreased environmental impact. 
In many situations, reviewing old techniques can be a suitable procedure. A good example is timber 
piling. It is a very old foundation method that has been used all over the world. Cities such as Venice, 
Rotterdam, Louisiana, and Stockholm were originally founded on timber piles. After reinforced concrete 
and steel piles became widely available, there was a decline in the use of timber piles. Over the past 
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decades, timber piles have seen an increase in their use as a viable and sustainable deep foundation 
method. There is a significant reduction in carbon dioxide emission when comparing the production of 
timber piles with concrete or steel ones (Churkina et al., 2020), in addition to timber acting as a carbon 
sink (Zeng, 2008). Churkina et al. (2020) calculated that the mean carbon emission of 1 tonne of cement, 
steel and timber materials is 0.16, 0.54 and 0.12 tonnes, respectively, but also that 1 tonne of timber 
stores on average 0.48 tonnes of carbon. Additionally, timber piling is often cheaper compared to steel 
and precast concrete piling. At 2009 British Pound exchange rate, Reynolds & Bates (2009) estimated 
that the cost for driven timber piles in the UK is £15/m, steel piles is £32/m and precast concrete piles 
is £24/m. For construction in regions with large quantities of forest, e.g. northern Sweden, timber piles 
can cost as little as £9/m along with relatively low transportation emissions. Timber has other advantages 
making it an adequate modern material for piling, such as its large strength-to-weight ratio and the 
possibility to conveniently trim the length to suit specific needs. However, due to the relatively low 
strength the piles must be driven with a low practical refusal blow count to prevent fracturing or 
brooming (splitting at the toe). Hence, timber piles are mainly used in soft soils as floating piles or 
friction piles with some base resistance from a firm stratum. Timber piles can be fitted with a metal boot 
or point to protect from damaging blows when the pile reaches obstructions or end-bearing. 
 Based on the above-mentioned benefits, geosynthetic-reinforced timber pile-supported 
embankments, also known as lightly piled embankments (Gunnvard et al., 2022b), offers a more 
sustainable alternative to conventional GRPSE with concrete and steel piles. Two notable projects of 
GRPSE with timber piles are the Kyoto Road in Giessenburg, the Netherlands (Van Eekelen et al., 2010) 
and the Port Mann Highway 1 Improvement project in Vancouver, British Columbia, Canada (Logheed, 
2017). Beside timber piling being a practice in countries like United States, Canada, Australia and 
Netherlands, a dedicated code for GRPSE using untreated timber piles is only found in Sweden, 
originally introduced in 2014 (STA, 2014). A vertical cross section of an embankment according to the 
Swedish design guidelines found in TRVINFRA-00230 (STA, 2022) is presented in Fig. 1a. Pile caps 
are not used (further reducing the carbon footprint), limiting the allowable pile spacing to 0.9–1.2 m. 
The piles are installed in an isosceles triangular pattern (Fig. 1b), which gives similar load distribution 
as a square pattern installation (Gunnvard et al. 2022b). The piles themselves are untreated as wood 
preservatives have a negative climate affect (Townsend & Solo-Gabriele, 2006). When installed in a 
fully saturated fine-grained soil under the lowest groundwater level, untreated timber piles are likely to 
have a service life of 100 years or longer (Zelada-Tumialan et al., 2013; Zelada-Tumialan et al., 2014). 
In case the pile will be partially located above the groundwater table, the timber pile should be extended 
with a concrete section to keep the timber fully saturated (Reynolds, 2003). The timber piles should 
have a minimum toe diameter of 125 mm, according to TRVINFRA-00230 (STA, 2022). 
 

 
Fig. 1. The design criteria by TRVINFRA-00230 (STA, 2022) for geosynthetic-reinforced timber pile-supported 
embankments. 

 
 The basal reinforcement should according to TRVINFRA (Fig. 1a) consist of a load distribution 
layer with two layers of GR (geogrids) with 20 cm of granular material below, in between, and above. 
The multiple geogrids interlock the soil particles. During compaction, horizontal stresses are then 
induced in the load distribution layer making it behave as a beam lying on top of the piles. The common 
alternative to this beam theory is to place the layer(s) of GR just above the pile support and allow the 
GR to deflect between the piles as a catenary. This type of design relies more on the arching and 
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membrane effects than creation of a composite-reinforced soil mass, as the GR is assumed to deform 
during loading. However, the beam theory is also based on the assumption of full arch development 
within the load distribution layer (Sarsby, 2007). 
 It is considered that the Swedish national code for GRPSE with untreated timber piles (Fig. 1) is too 
conservative in terms of allowable pile spacing and placement of GR (Gunnvard et al., 2022b). 
Therefore, a research project for the monitoring of a timber pile-supported motorway embankment was 
founded. This paper gathers the results of the first two years of measurements. The results of the first 
year of monitoring is presented in Gunnvard et al. (2022a). The aim of the project is to gather data that 
complements the results of physical and numerical modelling, trying to improve the resource efficiency 
and sustainability of geosynthetic-reinforced timber pile-supported embankments. Particularly, the 
required number of piles and placement of GR layers. Since analytical models are used to design this 
type of constructions in practice, the comparison of the measured data with relevant analytical solutions 
is also of great interest. 

 
 
2 SITE CONDITIONS 
 
The studied road embankment is along the European route E4 on the coast North of the city of Luleå, 
150 km from the Arctic Circle in Sweden (Fig. 2). A 400 m stretch of the three lane (2+1) road was 
reconstructed because of too large settlements, which endangered the old road embankment of flooding 
from high sea levels or rapid snowmelt runoff. The old road embankment was 1.8 m high and consisted 
of crushed rock on top of granulated blast furnace slag, reinforced at the base with a brushwood mattress 
(corduroy). The subgrade was a thin layer of peat on top of a 5–12 m thick layer of lightly 
overconsolidated sulphide silt (SuSi) and silty sulphide clay (siSuCl). The sulphide soil is resting on a 
bottom layer of glacial till (Ti). 
 

 
Fig. 2. Site location along European route E4, outside the city of Luleå in northern Sweden. Source: Lantmäteriet. 

 
 The road was reconstructed as a GRPSE with timber piles, over 4700 piles in total. The cross section 
of the reconstructed road embankment is shown in Fig. 3. In the area of the embankment where the 
instruments are located, the combined thickness of the two sulphide soil layers (SuSi and siSuCl) is on 
average 9.5 m. The groundwater level is just below or at the ground surface. The sulphide soil is soft 
with a compression modulus of 1070 kPa and has a low strength with a friction angle of 20° and cohesion 
of 7 kPa. The measured organic content was 5.3–7.3%. As shown in Fig. 4, the average effective unit 
weight of the sulphide soil was only 4.6 kN/m3. The soil had an average water content and liquid limit 
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of 94.7% and 112%, respectively. The average permeability of the sulphide soil from oedometer tests 
was 1.7·10-9 m/s, ranging between 1.3·10-10 and 7.0·10-9 m/s (average value from all the load steps 10–
640 kPa). The particle size of the open-graded furnace slag aggregate ranged from 0–63 mm. 
 

 
Fig. 3. Cross section of the monitored geosynthetic-reinforced timber pile-supported road embankment and soil 
profile. 

 

 
Fig. 4. Soil properties over depth 𝑧𝑧𝑧𝑧 (Fig. 3). 

 
 Static drained triaxial tests were performed at 25, 75 and 100 kPa confining pressure. Due to 
equipment constraints, the samples were saturated and consolidated at 10 kPa deviatoric stress. The 
Cambridge stress paths with the critical state line, derived from the shear stresses at constant volume for 
each test, are gathered in Fig. 5. The sample tested at 25 kPa confining pressure showed a dilatant 
behaviour. At higher stress levels, contractant behaviour was observed. This behaviour agrees with the 
preconsolidation pressure of 49 kPa at 6.3 m depth, derived from oedometer tests. 
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Fig. 5. Triaxial test results of the sulphide subsoil (siSuCl). Each stress path marked with sampling depth 𝑧𝑧𝑧𝑧 (Fig. 
3). 

 
 The embankment reconstruction took place in 2020 from July to September. Since the sulphide soil 
was soft enough, the driving of the untreated timber piles was done using an excavator with a vibrating 
grip claw (Fig. 6). The piles were driven down to the glacial till with a centre-to-centre spacing of 1.1 m 
in a triangular pile arrangement according to Swedish design criteria (STA, 2022), shown in Fig. 1b. 
See Table 1 for the pile material properties. The piles in the studied area of the embankment were 
roughly 8.0 m long with an average head diameter of 240 mm and a minimum toe diameter of 125 mm. 
The foundation level of the old embankment was situated about 60 cm under the cut-off level of the 
newly installed piles. The corduroy layer and the bottom 20–30 cm of the old embankment base were 
left in place and used as a platform for the heavy machinery, e.g. the excavator. The remaining 20–
30 cm up to the pile cut-off level was filled with a mixture of furnace slag and excavated sulphide silt.  
 

 
Fig. 6. 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. 
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Table 1: Timber pile material properties. 

Wood type 
Strength 
class 

Mean 
density 

Characteristic strength, 
axial compression 

Design axial 
bearing capacity 

Mean modulus 
of elasticity 

Norway spruce 
(picea abies) 

C14* 350 kg/m3 16 MPa 90** kN 7.0 MPa 

 *Structural timber - Strength classes EN 338:2016 (SIS, 2016) for 12% moisture content. 
 **Assuming 125 mm toe diameter. 
 
 The embankment was constructed in accordance with the Swedish design criteria (STA, 2022) shown 
in Fig. 1a. A 10 cm thick layer of silty sand (with assumed capillary rise of > 10 cm) was placed on the 
pile cut-off level to ensured that the piles will be fully capillary saturated and in an anaerobic 
environment, in case the ground water level drops below the pile heads. The load distribution layer 
consists of a layer of crushed rock with grain size ranging from 0–90 mm, reinforced with two rigid 
laser-welded geogrids made of extruded polypropylene strips (Enkagrid PRO 60, Fig. 7). The two 
geogrids are both uniaxial, i.e. stronger in the machine direction. The bottom geogrid oriented with its 
machine direction perpendicular to the road direction and the top geogrid oriented with its machine 
direction parallel to the road direction. The final height of the embankment was 1.8 m (above the pile 
cut-off level) in the monitored area. 
 

 
Fig. 7. Dimensions of the installed uniaxial geogrid, Enkagrid PRO 60. 

 
 
2.1  Instrumentation 
 
The instrumented area of the embankment is presented in Fig. 8. A 12 m long section along the two 
northbound lanes (L1 and L2) was selected for instrumentation. The instruments were distributed evenly 
along these two lanes, with a layout inspired by the full-scale tests conducted by Van Eekelen et al. 
(2010), Van Eekelen et al. (2012a), Briançon and Simon (2012), and Zhang et al. (2016). One of the 
four cases tested by Briançon and Simon (2012) included a load distribution layer with two geogrids 
similar as in Fig. 1a. 
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Fig. 8. Plan view of the instrumentation area. 

 
 Embankment settlements were measured using a hydrostatic profiler gauge system and levelling of 
several settlement plates (P1–P6). For the hydrostatic profiler gauge, a profile tube (63 mm diameter 
PEM tube) was placed at the pile cut-off level along the dotted line in Fig. 8, partially on top of and 
partially in between piles to measure differential settlements. The settlement plates P1 and P6 were 
placed in between the piles at the pile cut-off level. P3 and P4 were placed on top of the upper geogrid. 
P2 and P5 were each attached to a pile head. 
 Each pile can be considered as a beam with two hinged ends since the pile toe is resting on top of the 
glacial till layer. The inclination of four piles (Pile 76, 79, 97 and 100), two piles in each lane, have been 
measured with shape accelerometer array (SAA). PVC pipes were fitted with steel brackets onto the 
piles as guides for the SAA. Assuming that the pile toes are fixed in the horizontal plane, the deviation 
from verticality and the deflection of each pile can be derived. 
 Stainless steel drive-point piezometers were installed into boreholes both in and next to the pile group 
to monitor the pore pressure development from the time of the piling and onwards. A total of seven pore 
pressure meters were installed. PP164 is 0.5 m below the pile cut-off level to monitor the groundwater 
table. PP170, PP171 and PP172 were installed in the pile group (after the timber pile driving) at 7.2, 4.7 
and 2.2 m depth below the pile cut-off level, respectively. PP2, PP5 and PP7 are at the roadside, installed 
before the timber pile driving at 7.1, 5.1 and 2.1 m depth below the pile cut-off level, respectively, 
outside of the pile group’s zone of influence to measure the in-situ pore water pressure. Thus, the 
difference in the pore pressure readings from the piezometers in and outside of the pile group gives the 
excess pore pressure in the subsoil under the road. 
 Eight earth pressure cells were used to monitor the load distribution in the embankment. Four of 
them were located at the pile cut-off level in between the piles; two (PC2.2 and PC2.4) were installed 
in the middle of two adjacent piles; and the other two (PC2.1 and PC2.3) placed in the middle of four 
adjacent piles. The other four pressure cells (PC1.1 to 1.4) were placed in the piles, 20 cm below the 
pile head, as shown in Fig. 9. Installing the pressure cell in the pile instead of on top of the pile avoided 
under- or overestimating of the soil-pile load transfer due to the differences in diameter between the 
cells and the pile heads, as discussed by Van Eekelen et al. (2012a). On average, the diameter of the pile 
heads was 240 mm, the pressure cells had a diameter of 230 mm. All the 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 
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±0.18 kPa accuracy. The effective earth pressure in every total earth pressure cell is derived from the 
pore water pressure measurements near the pile cut-off level with the PP164 gauge. 
 

 
Fig. 9. 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. 

 
 Tensile forces in the geogrid are derived from the strain measured by extensometers in the two 
geogrid layers. Four extensometers were installed in each geogrid layer, Ex1.1–1.4 in the lower geogrid 
and Ex2.1–2.4 in the upper one (the installation method is shown in Fig. 10). In each layer, half of the 
extensometers were oriented in the same direction as the geogrid machine direction and the other half 
in the same direction as the cross-machine direction. 
 

 
Fig. 10. To the left: view of a geogrid with an extensometer. To the right: extensometer covered with a protective 
metal pipe. 

 
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 of the eight extensometers 
ranged between 340 and 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 (Briançon and Simon, 2012; Van 
Eekelen et al., 2012b; Zhang et al., 2019). 
 Temperature correction was applied to the measurements of all pressure cells and extensometers. All 
the instruments have a built-in temperature thermistor with a range from −80 to +200 °C and a accuracy 
of ±0.5 °C. 
 

5847347_Inlaga_NY.indd   1745847347_Inlaga_NY.indd   174 2023-01-25   07:262023-01-25   07:26



9 
 

3 MONITORING DATA ANALYSIS 
 
The presented results were gathered from the time of the road reconstruction until almost two years after 
the new road embankment was finished on 16 September 2020. The road opened to traffic on 28 
September. From 3 September, data collecting of load distribution, GR strain and pore pressures were 
done automatically every 15 minutes during the first two months and hourly after that. Settlement and 
pile deflection measurements were performed manually once or twice per year. The pore pressure was 
measured six times during the reconstruction. 
 
 
3.1  Settlements 
 
The total embankment settlements together with the differential settlements at the pile-cut off level 
between the subsoil and piles are of interest: the embankment is expected to settle significantly over 
time as the timber piles are semi-floating; the geogrid strain and arching effect are proportional to the 
differential settlements. The settlement analysis was based mainly on the hydrostatic profiler 
measurements, with accurate levelling of the settlement plate as comparison for points under each traffic 
lane. The zero (initial) measurement with the hydrostatic profiler was done after compaction of the first 
0.3 m of the embankment material, i.e. at the time of the bottom geogrid installation. The zero (initial) 
levelling of the settlement plates was performed just before the asphalt concrete was added. 
 The embankment settlements measured 36, 380 and 660 days after the zero measurement with 
hydrostatic profiler is summarised in Fig. 11. The road was completed 15 days after the zero 
measurement. The initial level of the profiler tube was measured at every metre along the tube and 
assumed linear between the points of measurement, to be able to compare the zero measurement with 
the subsequent measurements, for which the level was measured at every 25 cm along the tube. As seen 
in Fig. 11, the embankment settled on average 8.7 cm over the first 660 days. The subsoil under the 
middle of the embankment (10–17 m along the profile tube, Fig. 8) settled on average 8.9 cm. Given 
the measuring error of the hydrostatic profiler system (±0.5 cm), the subsoil settlements in Fig. 11 can 
be considered relatively uniform. The settlement of the piles varied more than the subsoil (roughly 4 
cm), because of varied toe resistance between the piles. 
 

 
Fig. 11. Settlements at the pile cut-off level measured with hydrostatic profiler gauge at points along the profile 
tube. Distances are marked in Fig. 8. Each curve is marked with date of measurement and time in days since the 
zero measurement. 

 
 The location of each pile head underneath the tube is distinctly visible in Fig. 11. Most of the 
differential settlements between the piles and subsoil formed during the first 36 days, after which the 
settlements at the pile cut-off level increased somewhat evenly. The hydrostatic profiler measurements 
show on average 3.8 cm differential settlements over the 660 days, comparing the settlement of the pile 
heads and the adjacent subsoil. King et al. (2017) and Rui et al. (2019) observed maximum arching 
effect for approximately the same ratio of differential settlements and distance between piles.  
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 A substantial portion of the differential settlements formed during the first 36 days could be due to 
the relatively stiff 63 mm diameter PEM profiler tube being pushed into the subsoil during embankment 
fill compaction rather than laying on top of the subsoil as it settled. Levelling of the settlement plates 
P1-P6 on 25-09-2020, 03-11-2020 and 16-11-2021 confirms the magnitude of the total and differential 
settlements in Fig. 11 after the first 36 days. The total settlements are reasonable for a GRPSE with 
timber piles, since the piles were not driven as hard as e.g. a concrete pile. Though the embankment 
settlements are significant, no noticeable differential settlements have been observed in the asphalt 
concrete for the duration of the presented monitoring results. 
 
 
3.2  Pile deviation and deflection 
 
Deviation from verticality (inclination) and lateral deflection of each pile were evaluated from shape 
accelerometer array (SAA) measurements, performed at the time of the lower geogrid placement (25-
08-2020), two days before the road was opened for traffic (25-09-2020) and 14 months after completion 
of the road (26-11-2021). Fig. 12 shows plots of the deviation from verticality of four piles over the pile 
length. The vertical deviation shown is the absolute value of the deviation in the longitudinal and 
transversal road direction. Fig. 13 shows plots of the deflection away from the axial line between the 
top and toe of the each of the piles, in the same plane as the plots in Fig. 12 The vertical axes in Fig. 13 
are the axial line for each respective pile. 
 

  
Fig. 12. Deviation from vertical of pile, measured 
with shape accelerometer array (SAA). 

Fig. 13. Pile deflection derived from shape 
accelerometer array (SAA) measurements. 

 
 
 Timber piles have a natural curvature, as most visible from the initial deflection of Pile 76 (Fig. 13). 
As seen in Fig. 12, Pile 76 was significantly more inclined at installation than the other three piles, 
62 cm deviation (3.7° inclination) in contrast to 22–29 cm deviation (1.4–1.8° inclination), respectively. 
Pile 76 had initially a convex shape and an initial deflection of 9.5 cm versus 1.8–3.2 cm of the other 
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three piles. During the embankment construction, the lower half of the pile deflected 7 cm, forming a 
two-node curved beam shape. During the subsequent months, the whole pile deflected in the opposite 
direction by 13 cm to a final concave shape with 7.6 cm deflection, whilst the other three piles showed 
deflections of 1.4–2.6 cm. 
 During embankment construction, the deviation and deflection of Pile 79 increased. Counter-
intuitively, Pile 79 both straightened up and straightened out during the following 14 months, as both 
the deviation and deflection decreased, as seen in Fig. 12 and Fig. 13. The transversal load on the pile, 
resulting from the initial deviation, should have caused an increased deviation and/or deflection. The 
pile toe has likely moved, suggested by the straightened-out bend in the pile at roughly 6.0 m pile length 
when comparing the deflection from 25-09-2020 and 26-11-2021. 
 The entire length of Pile 97 could only be accessed with the SAA at the last occasion of measuring 
(26-11-2021), as the tube along the pile was previously too crooked around 4.4 m length to pass the 
instrument through the tube. Thus, an approximate deviation and deflection at 4.4 m length for the 25-
08-2020 and 25-09-2020 results were based on the 26-11-2021 results. Based on the results in Fig. 12 
and Fig. 13, Pile 97 experienced small changes in deviation and deflection over time. 
 Pile 100 straightened out by 0.8 cm over time (Fig. 13), while its inclination increased slightly by 
0.2° (Fig. 12). The changing shape of the lower most 2.0 m between the time of the initial and two 
subsequent measurements, shown in Fig. 13, suggests a near-fixed end as the pile straightened out from 
the transversal loads. 
 
 
3.3  Consolidation 
 
Subsoil pore pressure measurements from July 2020 to July 2021 are summarised in Fig. 14. Manual 
measurements were performed in July and August 2020. The piling in and near the instrumented area 
was performed between approximately 03-08-2020 and 20-08-2020. There were power cut-outs from 
09-10-2020 to 23-10-2020 and from 13-01-2021 to 25-03-2021, over which time spans the pore pressure 
changes are assumed linear. The low pore pressure reading by piezometer PP171 in late 2020 is a data 
sampling error, possibly due to a faulty cable connection. Measurements with piezometer PP164 near 
the pile cut-off level was delayed and began on 04-10-2020. The groundwater level monitored with 
PP164 was on average 26 cm (max. 43 cm; min. 14 cm) above the pile cut-off level between 04-10-
2020 and 01-09-2022, suggesting that the timber piles remained fully saturated for the monitored time 
period. 
 
 

 
Fig. 14. One year monitoring of the pore water pressure development. Manual measurements are marked with 
points and the solid lines mark automatic measurement. Approximate time span added for the piling and 
embankment construction (including paving). 
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 The excess pore pressure after piling was largest near the pile toe, 2.45 mH20 (24.0 kPa) at most, 
comparing the results of PP170 and PP7 in Fig. 14. The consolidation of the subsoil was rapid. The 
excess pore pressure in the soil profile dissipated by around 26-10-2020, 68 days after the piling finished 
and 10 days after the road opened for traffic. Piezometer PP172 showed a slight restoration of the 
groundwater head, after the groundwater was temporarily lowered during piling and initial embankment 
construction. Readings of the piezometers close to each other at the side of the road (PP2, PP5 and PP7) 
approximates a hydrostatic pressure gradient over the soil profile, suggesting no drainage through the 
glacial till. As most of the bark was left on the timber piles, it is possible that the rough pile shaft surface 
helped the piles act as vertical drains. After consolidation, the pore pressures in the pile group remained 
stable for the duration of the monitoring. The rapid consolidation affirms the small observed increase in 
differential settlement between the subsoil and piles after the completion of the road. 
 
 
3.4  Load Transfer 
 
The total vertical load 𝑊𝑊𝑊𝑊 of embankment self-weight and surcharge load on a unit cell (tributary area, 
Fig. 1b) is the sum of load parts 𝐴𝐴𝐴𝐴, 𝐵𝐵𝐵𝐵 and 𝐶𝐶𝐶𝐶 (Van Eekelen and Han, 2020): 
 
𝑊𝑊𝑊𝑊 = 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 · 𝑠𝑠𝑠𝑠2 = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶 (1) 
 
where 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 is the initial effective overburden pressure at the pile cut-off level, 𝑠𝑠𝑠𝑠 is the centre-to-centre 
pile spacing, 𝐴𝐴𝐴𝐴 is the part of 𝑊𝑊𝑊𝑊 that is transferred directly onto the piles via the arching effect, 𝐵𝐵𝐵𝐵 is the 
part of 𝑊𝑊𝑊𝑊 that is transferred onto the piles through the GR, and 𝐶𝐶𝐶𝐶 is the part of 𝑊𝑊𝑊𝑊 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 𝐸𝐸𝐸𝐸 and stress-reduction ratio SRR (sometimes referred to as 
soil arching ratio). Pile efficacy is the ratio of load part 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵 and 𝑊𝑊𝑊𝑊: 
 
𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵

𝑊𝑊𝑊𝑊
= 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝·𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝

𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0·𝑠𝑠𝑠𝑠2
 (2) 

 
where 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝 is the measured effective earth pressure on an earth pressure cell installed in a pile 20 cm 
below the head (PC1.1–1.4) and 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 is the pile head cross-section area. The results of 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝 are compensated 
for the pressure cells’ location below the pile cut-off level, except for any negative shaft friction along 
the top 20 cm of the pile. When there is no arching 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝 = 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 and 𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝/𝑠𝑠𝑠𝑠2 = 0.037, in this case. Stress-
reduction ratio is the pressure on the subsoil of load part 𝐶𝐶𝐶𝐶 in relation to 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0: 
 
SRR = 𝐶𝐶𝐶𝐶 

𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0·�𝑠𝑠𝑠𝑠2−𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝�
= 𝜎𝜎𝜎𝜎′𝑠𝑠𝑠𝑠

𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0
  (3) 

 
where 𝜎𝜎𝜎𝜎′𝑠𝑠𝑠𝑠 is the measured effective earth pressure on an earth pressure cell placed between the piles on 
the subsoil at the pile cut-off level (PC2.1–2.4), assuming uniform stress distribution on the subsoil. If 
there is no arching, SRR = 1.0. 
 The value of 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 for each load cell was determined from finite element modelling of the road 
embankment, using Plaxis 3D version 21, to more accurately assess the specific overburden pressures 
than using e.g. Boussinesq approximation. The unit weight of the embankment was assumed as 
22 kN/m3. Based on the method proposed by Topolnicki (2020), the primary traffic load was set to an 
equivalent static uniform surcharge load of 29.6 kPa in lane L1 and 18.7 kPa in lane L2. The 
supplementary traffic loads were uniform static loads set to 11.5 kPa in L1 and 3.2 kPa in L2. For the 
pressure cells under L1, the results were 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 = 51.5 kPa and 𝑊𝑊𝑊𝑊 = 62.3 kN. The equivalent results for 
the pressure cells under L2 were 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 = 44.6 kPa and 𝑊𝑊𝑊𝑊 = 53.9 kN. For comparison, this equates to 69 
and 59% of the piles structural bearing capacity in L1 and L2, respectively. 
 𝐸𝐸𝐸𝐸 and SRR are gathered in Fig. 15 and Fig. 16 over the monitored time span, along with the 
temperature in the lower geogrid and earth pressure cells at the pile cut-off level. These two figures 
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present three gaps in the curves, result of battery power supply loss to the instruments. The spikes along 
the curves (most notable for PC1.3 and PC1.4 in Fig. 15) come from the passing of heavy vehicles on 
top of the instruments at the exact data logging time, similar results was also observed by Van Eekelen 
et al. (2012a). 
 In general, it was observed a higher load on and in between the piles located under lane L1 compared 
to L2, averaging 27% higher load part 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵 (Fig. 15) and 62% higher load part 𝐶𝐶𝐶𝐶 (Fig. 16). L1 undergoes 
more traffic than L2, as L1 is the most used lane for trucks, which would also be the reason why there 
are considerably more spikes in the results from the pressure cells located under L1. 
 As seen in Fig. 15, the value of 𝐸𝐸𝐸𝐸 varied over the two years, especially during the winters. The arrival 
of winter is defined as when the mean daily temperature is below 0 °C for 5 consecutive autumn days. 
The arrival of spring is defined as when the mean daily temperature is above 0 °C for 7 consecutive 
winter days. After the completion of the road, 𝐸𝐸𝐸𝐸 remained almost constant when the temperature in the 
embankment base was above 1.5 °C, ranging from 0.35 to 0.65 (on average 0.47) between the four 
pressure cells. This is equivalent to 18–43% of the piles structural bearing capacity. The results of 𝐸𝐸𝐸𝐸 are 
in the same magnitude as 𝐸𝐸𝐸𝐸 = 0.36 and 𝐸𝐸𝐸𝐸 = 0.32 obtained from the field test by Van Eekelen et al. (2010) 
and King et al. (2017), respectively, but lower in magnitude compared to the full-scale tests by Briançon 
and Simon (2012) where 𝐸𝐸𝐸𝐸 = 0.74. 
 

 
Fig. 15. 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 measured values of SRR shown in Fig. 16 fluctuated more over time than 𝐸𝐸𝐸𝐸, with SRR ranging 
from 0.33 to 0.61 (on average 0.48) when the temperature in the embankment base was above 1.5 °C, 
excluding PC2.1. The low measured pressure on PC2.1 suggests poor soil compaction. The obtained 
stress-reduction ratio is comparable to SRR = 0.55–0.72 observed by Van Eekelen et al. (2010) and 
SRR = 0.47–0.60 observed by Briançon and Simon (2012). As shown in Fig. 16, the values of SRR 
peaked as the road was completed and afterwards decreased as the subsoil consolidated. The results 
from Van Eekelen et al. (2010), Briançon and Simon (2012), and King et al. (2017) is similar, with an 
initial peak followed by a decrease then a recovery of SRR. King et al. (2017) and Rui et al. (2019) 
observed a minimum value of SRR for approximately the same ratio of differential settlements and 
distance between piles as presented in this paper, suggesting that the arching effect is at or near its 
maximum for the present case study. 
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Fig. 16. Stress-reduction ratio (SRR) over time and temperature in the lower geogrid (TempGR) and pile cut-off 
level (TempPCL). Measured SRR and derived SRR with the CA model and the EC model. 

 
 Fig. 15 and Fig. 16 show that the pressure on all eight pressure cells except for PC1.4 increased 
during winter, when the temperature in the embankment base reached below 1.5 °C. Subsequently, both 
the values of 𝐸𝐸𝐸𝐸 and SRR increased by at most 0.23 for 𝐸𝐸𝐸𝐸 (PC1.3) and 0.53 for SRR (PC2.2), to peak 
values of 0.76 and 1.00, respectively. The maximum value of 𝐸𝐸𝐸𝐸 is equal to 53% of the piles structural 
bearing capacity, compared to an average pile load equal to 29% of the piles structural bearing capacity 
during the non-winter period. The temperature in the pile cut-off level reached ≥ +0.8 °C while the 
temperature at the lower geogrid reached 0 °C, suggesting that the frost line reached down below both 
geogrids. Ishikawa et al. (2019) performed fall weight deflectometer (FWD) tests on a road embankment 
in cold climate. They observed greatly increased elastic moduli as the average temperature in the subbase 
course dropped to 0 °C or below. Assuming that the frozen part of the load distribution layer acts like a 
raft foundation, a greater part of the vertical load 𝑊𝑊𝑊𝑊 would be distributed onto the stiffer elements of the 
structure underneath the raft, i.e. the timber piles and the earth pressure cells. This is the reason for the 
increase of both 𝐸𝐸𝐸𝐸 and SRR in Fig. 15 and Fig. 16 wintertime. The actual pressure on the subsoil 
decreases when 𝐸𝐸𝐸𝐸 increases, and vice versa, as was the case for the non-winter periods. Frost penetration 
is expected to be non-uniform in the embankment, leading to uneven formation of the “raft”. Thus, the 
increased load is unevenly distributed across the pressure cells. During thawing, both the pile efficacy 
and stress-reduction ratio dropped suddenly below their respective values prior to freezing. 
Equivalently, Ishikawa et al. (2019) observed during thawing a sudden loss in stiffness even below the 
value before freezing, mainly due to an equally sudden increase in soil water content in the subbase 
course. Based on the presented results, it is expected that the pile load will temporarily increase if most 
of the load distribution layer (Fig. 1a) freezes. 
 Results of two analytical models were compared with the obtained results of 𝐸𝐸𝐸𝐸 and SRR. The 
Extended Carlsson (EC) model by Rogbeck et al. (1998) in the Swedish national code TRVINFRA 
(STA, 2022) is the model used for timber piled embankment design in the country. The Concentric 
Arches (CA) model by Van Eekelen et al. (2013) in the Dutch national code CUR226 (SBRCURnet, 
2016) is a well-established analytical model for GRPSE design. Simple, rigid triangular arches are used 
by the EC model, together with the assumption that all loads are being transferred to the piles 
(𝐶𝐶𝐶𝐶 = 0 kN/pile). The CA model is a more advanced limit equilibrium model which has received a lot of 
attention. In contrast to the EC model, the CA model considers potential subsoil support (𝐶𝐶𝐶𝐶 ≥ 0 kN/pile). 
A linear modulus of subgrade reaction, estimated as 1900 kN/m3 for the studied case, is used to include 
the subsoil support. Fig. 15 and Fig. 16 shows that both models overestimated the value of 𝐸𝐸𝐸𝐸 when 
compared to the measured average of 0.44. However, the EC model gave similar value of 𝐸𝐸𝐸𝐸 as the 
maximum one measured (PC1.3 in February 2022). Since the EC model assumes 𝐶𝐶𝐶𝐶 as zero, the stress-
reduction ratio is clearly underestimated using the model. The average measured stress-reduction ratio 
of 0.51 was much better estimated by the CA model. The obtained results agree with the comparison 
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made in Gunnvard (2020) between numerical results and the predictions with the EC and CA model of 
a timber pile-supported road embankment. 
 
 
3.5  Geosynthetic-reinforcement strain 
 
The measured strain and temperature over the monitoring period in the upper and lower geogrid are 
summarised in Fig. 17 and Fig. 18. The measured displacement between the anchor points of each 
extensometer was used to derive the strains. Around 3.4 mm of displacement is equivalent to 1% 
absolute strain. The results in the two mentioned figures correspond to the strains in the geogrids after 
completion of the road (16-09-2020). 
 

 
Fig. 17. Strain and average temperature in the lower geogrid over time measured with extensometers (Ex). Geogrid 
machine direction marked with *. 

 

 
Fig. 18. Strain and average temperature in the upper geogrid over time measured with extensometers (Ex). Geogrid 
machine direction marked with *. 

 
 The obtained tensile strain from the lower (Fig. 17) and upper geogrid (Fig. 18) were < 0.1%, 
corresponding to < 1.1 kN/m tensile force in the machine direction and < 0.33 kN/m tensile force in the 
cross-machine direction. The measured tensile strains are considered as minor but reasonable 
considering the small differential settlements mentioned earlier in the results. The high frequent strain 
oscillation measured in the upper geogrid is a result of the traffic. Similar oscillation occurred in the 
lower geogrid, but restricted to the stiffer direction of the geogrid. The tensile strains increased during 
the second winter by as much as 0.04 and 0.10% in the lower and upper geogrid, respectively. The 
increased tension in the upper geogrid was temporary, as with the pile efficacy and stress-reduction 
ratio, and likely a result of pore water expansion during freezing. The magnitude of the increased tensile 
strains in the lower geogrid is too small to draw any conclusions about at this point. 
 The GRPSE field tests conducted by King et al. (2017), resulted in small tensile strains of ≤ 0.15%, 
which was explained by small subsoil settlements. On the other hand, Briançon and Simon (2012) 
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observed tensile strains of ≤ 0.7% at nearly 4 cm of differential settlement between subsoil and piles 
after their test embankment was constructed. The comparative calculation in the present study with the 
CA model resulted in 0.3% geogrid strain (1.1 cm deflection), corresponding very well to the monitored 
results considering the simplification of a linear-elastic subgrade stiffness. In the EC model, the GR 
strain is not computed, it is instead assumed based on the maximum permitted strain or deflection. 
 
 
4 CONCLUDING REMARKS 
 
Two years of post-construction monitoring of a geosynthetic-reinforced timber pile-supported road 
embankment was carried out in Northern Sweden. The monitoring covered measurements of the 
settlements, pile deflection, pore water pressure, pile load, subsoil load and geogrid strain. The measured 
data have shown arch formation in the embankment as a results of subsoil settlements. 
 Due to the relatively light pile driving compared to concrete piles, the middle of the embankment 
settled on average 8.9 cm. Most of the differential settlements between the piles and subsoil formed 
during and just after the road construction. The settlements developed somewhat evenly after completion 
of the road, and no noticeable differential settlements in the asphalt concrete have been observed. The 
subsoil experienced rapid consolidation, most likely because the timber piles act as vertical drains due 
to the rough bark surface of the timber. The timber piles were not driven perfectly vertically, they had 
an initial inclination between roughly 1.4 and 3.7°. The piles with an initial inclination of ≤ 1.8° showed 
little to no deflection. An increased deflection was observed for the pile with 3.7° initial inclination, 
caused by the increased transversal load on the pile. 
 The load distribution layer consisted of two geogrid layers, placed in the upper half of the theoretical 
arch formation area, following the design guidelines found in the Swedish national code TRVINFRA 
(STA, 2022). Small strains were observed in the geogrids (≤ 0.1%) because of minor geogrid 
deflections. Partial arch formation was found from the measured load distribution, as less than half of 
the total load of embankment and traffic was carried by the piles. This contradicts the beam theory’s 
assumption of full arch development in the load distribution layer, which would result in significantly 
more load transferred onto the piles. The placement of the geogrids resulted in support from not only 
the subsoil, but also embankment fill and the mixture of sulphide soil and granulated furnace slag. 
Presumably, the geogrids could have interlocked the crushed rock to a point where the geogrid will not 
undergo additional deflection. The observations made in the present work led to the conclusion that the 
geogrid installation guidelines from TRVINFRA are not efficient for timber piled embankments, as 
discussed in Gunnvard et al. (2020). 
 The monitoring showed a temperature-dependent development of the load transfer in the 
embankment. During winter, the frost front reached close to the pile cut-off level, resulting in increased 
pile loads as the stiffness of the embankment base increased. The maximum measured pile load during 
winter was equal to 53% of the piles structural bearing capacity, compared to an average pile load equal 
to 29% of the piles structural bearing capacity during the non-winter period. To avoid the deep frost 
penetration, the height of the embankment could be increased. 
 Comparing the two analytical models, the Extended Carlsson model erroneously neglects the subsoil 
support whilst the subsoil stress was slightly underpredicted using the Concentric Arches model. Both 
models overestimated the load transferred to the piles, due to partial arch formation. The increased pile 
load in wintertime was well predicted by the Extended Carlsson model, as the increased stiffness of the 
frozen embankment reduced the pressure on the subsoil. However, there is no temperature dependency 
of the Extended Carlsson model to suggest reliability. 
 The results of the two years of monitoring concludes that geosynthetic-reinforced timber pile-
supported embankment is a competitive road foundation method. The method is most sustainable in 
regions with access to forests, where it can offer low costs and CO2 emissions. Though the settlements 
were almost 9 cm over the monitored period, the settlements were uniform and did not affect the 
serviceability of the road. Note that improving the arching effect would increase the pile loads and 
subsequently the settlements unless a metal boot or point is attached to the pile toe to allow harder 
driving. 
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Effectiveness of geosynthetic reinforcement in a timber-piled 
embankment: Numerical modelling 
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Abstract 
 
A numerical study was performed on the effectiveness of geosynthetic reinforcement 
(GR) in timber-piled embankments. Geosynthetic reinforced pile-supported 
embankments (GRPSE) is an effective foundation method, which utilises the soil 
arching effect and membrane effect. Although timber piling is used worldwide, Sweden 
is the only country with a national code or recommendation for GRPSE with untreated 
timber piles. However, the Swedish code is conservative in terms of required pile 
spacing and GR layout, resulting in resource inefficient designs in terms of the number 
of timber piles and amount of GR. A parametric study of the effect of pile spacing, 
embankment height, and subsoil characteristics on soil arch stability and load transfer 
was performed to improve upon the design code, using three-dimensional finite element 
(FE) modelling. Three different cases were of interest: unreinforced, one layer of GR 
(catenary load transfer), and two layers of GR (beam theory load transfer). The 
hypothesis is that there exists a range of embankment heights and centre-to-centre pile 
spacings for each case for which that case is preferrable to the other two in terms of 
resource efficiency. FE simulations, validated against monitoring results of a field site, 
were performed of the three GR cases, where the quantities: pile spacing, embankment 
height, as well as stiffness of the upper-most subsoil layer were varied. Based on the 
results of the FE simulations and literature on arch formation, limits of centre-to-centre 
pile spacing and embankment height for each of the three cases are suggested for stable 
arch formation in timber-piled embankments. Since limits were found for all the three 
cases, it can be concluded that it is not always effective to put a lot of GR in a timber-
piled embankment. The limits allow for a more object-specific design than the current 
Swedish code, improving the resource efficiency both in terms of required number of 
timber piles and amount of GR. 
 
 
1. Introduction 
 
This paper presents a numerical study of the effectiveness of geosynthetic reinforcement 
(GR) in timber pile-supported embankments. Geosynthetic reinforced pile-supported 
embankments (GRPSE) is an effective foundation method, which utilises soil arching 
effect (Terzaghi, 1943) and membrane effect (Gourc and Villard, 2000) to transfer the 
embankment weight and traffic load onto the piles instead of the soft subsoil, thus 
reducing both the total and differential settlement of the embankments. As the soft 
subgrade between the piles consolidates, the relative vertical movement in the 
embankment base causes shear resistance between the stationary and yielding part of the 
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soil mass, which causes the soil arching effect to occur (Terzaghi, 1943). Terzaghi 
(1936) pioneered the study of the soil arching effect using trapdoor tests on sand fill. 
Since then, many studies about the soil arching effect have been conducted using model 
tests (e.g. Hewlett and Randolph, 1988; Low et al., 1994; Kempfert et al., 1999; Jenck 
et al., 2007; Chen et al., 2008; Van Eekelen et al., 2012b; Van Eekelen et al., 2012c; Rui 
et al., 2016; Al-Naddaf et al., 2019; Girout et al., 2018; Rui et al., 2019; Zhang et al., 
2021), field tests (e.g. Rogbeck et al., 1998; Almeida et al., 2007; Van Eekelen et al., 
2010; Briançon and Simon, 2012; Van Eekelen et al., 2012a; Zhang et al., 2016; King et 
al., 2017; Gunnvard et al., 2022a), and numerical analyses (e.g. Rogbeck et al., 2000; 
Jenck et al., 2009a; Jenck et al., 2009b; Almeida et al., 2013; Girout et al., 2014; 
Zhuang and Ellis, 2014; Lai et al., 2016; Rui et al., 2016; Pham et al., 2020; Wijerathna 
and Liyanapathirana, 2020; Gunnvard et al., 2022b; Rui et al. 2022). Van Eekelen and 
Han (2020) provided a state-of-the-art review of GRPSE. There exist several national 
design methods for GRPSE implemented in national codes and recommendations, e.g. 
the British BS8006 (BSI, 2010), the German EBGEO (DGGT, 2011), the French ASIRI 
National Project (IREX, 2013) and the Dutch CUR226 (SBRCURnet, 2016). 
 If a layer of GR is installed in or just above the embankment base, the arching is 
more stable (Rui et al., 2019). The GR can by the membrane effect support forces 
perpendicular to its surface. Forces are absorbed and transferred to the piles as the GR 
deflects and generate tensile forces (Gourc and Villard, 2000). The pressure on the soft 
subsoil is reduced with the membrane effect, as demonstrated by e.g. Girout et al. 
(2018). Since soil arching is mobilized due to the deflection of the GR, soil arching and 
tensioned membrane effects are related and occur at the same time in the GRPSE. Chen 
et al. (2008), McGuire (2011), Lai et al. (2016), Rui et al. (2016) and Rui et al. (2019) 
found conditions with and without GR for stable arch formations as ratios between 
embankment height and spacing between the piles. 
 Timber piles are a low-cost alternative to steel or concrete piles, as the material and 
transport cost of timber often is far less. More importantly, the use of timber piles 
results in a reduced carbon footprint in comparison to concrete or steel piling. Although 
timber piles are widely used for infrastructure 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. Swedish design criteria found 
in TRVINFRA-00230 (STA, 2022) are presented in Fig. 1. The basal reinforcement 
consists of a load distribution layer with two layers of GR (geogrids), as seen in Fig. 1a. 
Pile caps are not used (further reducing the carbon footprint), limiting the allowable pile 
spacing to 0.9–1.2 m. The piles are installed in an isosceles triangular pattern (Fig. 1b). 
Untreated piles are used since treating the timber with wood preservatives have a 
negative climate effect (Townsend and Solo-Gabriele, 2006).  
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Fig. 1. Design criteria according to the Swedish code TRVINFRA-00230 (STA, 2022). 
 
 Designing according to the Swedish code TRVINFRA-00230 (STA, 2022) results in 
many timber piles due to the narrow pile spacing (Fig. 1). Gunnvard et al. (2022b) 
showed a potential of reducing the number of piles by 1/3. Additionally, it is common in 
many national codes and recommendations to design the load distribution layer with 
less vertical spacing between the top of the pile head and the GR (e.g. BSI, 2010; 
DGGT, 2011; IREX, 2013; SBRCURnet, 2016) to allow more GR deflection and fully 
develop the arching effect. Girout et al. (2018) clearly showed through geotechnical 
centrifuge tests that increasing elevation of GR layers within the embankment reduces 
the overall soil arching effect. 
 The purpose of this study is to evaluate the effectiveness of GR in timber-piled 
embankments, and to propose a more flexible basis for design than the criteria in the 
Swedish code TRVINFRA-00230 (STA, 2022). The focus of the study is on the 
influence of GR on soil arch stability and soil arching effect for timber pile-supported 
embankments. First, a finite element (FE) model was created of an instrumented 
geosynthetic-reinforce timber pile-supported road embankment. This base model was 
validated against the measured settlements, load distribution and GR tensile strains from 
the monitoring program of the selected field test site. Then the effectiveness of GR was 
numerically evaluated based on soil arch stability, soil arching effect, and GR tensile 
strain, by modelling versions of the base model with different GR layouts, embankment 
heights, centre-to-centre pile spacings and subsoil materials. Based on the results of the 
FE simulations and the conditions for soil arch stability by McGuire (2011) and Rui et 
al. (2019), limits of centre-to-centre pile spacing and embankment height for each of the 
GR layouts are suggested for stable arch formation in timber-piled embankments.  
 
 
2. Selected field test site 
 
The timber pile-supported road embankment the FE modelling is based on is an 
instrumented timber-piled road embankment described in Gunnvard et al. (2022a). The 
field test site is located along the European route E4 on the coast, north of the city of 
Luleå and 150 km from the Arctic Circle in Sweden. A 400 m stretch of the three-lane 
(2+1) road was reconstructed because of too large settlements which endangered the old 
road embankment by flooding caused by high sea levels or rapid snowmelt runoff. The 
old road embankment was 1.8 m high and consisted of crushed rock on top of 
granulated blast furnace slag aggregate (0–63 mm grain size), reinforced at the base 
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with a brushwood mattress (corduroy). The subsoil is a thin compressed layer of peat on 
top of a 5–12 m thick layer of lightly over-consolidated sulphide silt (SuSi) and silty 
sulphide clay (siSuCl). The sulphide soil is resting on a bottom layer of glacial till. The 
groundwater level is just below or at the ground surface at the sides of the road.  
 The road was reconstructed in the summer of 2020 as a GRPSE with over 4700 
timber piles (200 mm diameter and 90 kN design structural bearing capacity) and two 
uniaxial geogrid layers (Enkagrid PRO 60, 64 kN/m tensile strength). The cross section 
of the reconstructed road embankment is shown in Fig. 2, designed according to the 
Swedish code TRVINFRA-00230 (STA, 2022). The embankment height was 1.8 m 
high, and the piles were installed in an isosceles triangular pile arrangement with 1.1 m 
centre-to-centre pile spacing. The combined thickness of the two sulphide soil layers 
(SuSi and siSuCl) is on average 9.5 m. The sulphide soil is lightly over-consolidated 
with low stiffness, low strength, and high water content, i.e. highly compressibility. The 
foundation level of the old embankment was situated about 60 cm under the cut-off 
level of the newly installed piles. The corduroy layer and the bottom 20–30 cm of the 
old embankment base was left in place and used as a platform for the heavy machinery, 
e.g. the excavator. The remaining 20–30 cm up to the pile cut-off level was filled with a 
mixture of furnace slag and excavated sulphide silt. A layer of dense fine-grained soil 
with high capillarity was added on top of the pile heads to keep the soil around the 
timber piles fully capillary saturated, preventing the untreated timber from rotting. 
Timber has a large strength-to-weight ratio and is easily trimmable, making it an 
adequate modern material for piling. However, due to their relatively low strength, 
timber piles must be driven with a low practical refusal blow count to prevent fracturing 
or brooming (splitting at the toe). Thus, timber piles are used mainly in soft soils as 
floating piles or friction piles with some base resistance from a firm stratum. Timber 
piles can be fitted with a metal boot or point to protect from damaging blows when the 
pile reaches obstructions or end-bearing. In the case study, the piles were driven without 
toe protection, as per Swedish practice. 
 

 
Fig. 2. Cross section of the road embankment (Gunnvard et al. 2022a). 
 
 A 12 m long section along the two northbound lanes (L1 and L2) was instrumented 
and monitored from September 2020. Monitoring of the embankment included 
settlements, pile deflection, pore water pressure, load on piles and subsoil, and geogrid 
strain. The instruments were distributed evenly along the two traffic lanes, with a layout 

5847347_Inlaga_NY.indd   1905847347_Inlaga_NY.indd   190 2023-01-25   07:262023-01-25   07:26



5 
 

inspired by the full-scale tests by Van Eekelen et al. (2010), Van Eekelen et al. (2012a), 
Briançon and Simon (2012), and Zhang et al. (2016). 
 
 
3. Numerical modelling 
 
Three-dimensional (3D) finite element (FE) simulations were performed using the 
numerical software PLAXIS 3D V21 (PLAXIS, 2021). A base FE model was created of 
the instrumented geosynthetic-reinforce timber pile-supported road embankment 
described in Gunnvard et al. (2022a). This base model was validated against results of 
the monitoring program by Gunnvard et al. (2022a) to ensure that the results of the FE 
simulation are realistic. Then another 53 simulations were performed as a parametric 
study to investigate the influences of different GR layouts. The PLAXIS software has 
been widely used in numerical analysis of granular soil, GR, and GR–soil interactions 
(e.g. Ambily and Ghandi, 2007; Almeida et al., 2013; Girout et al., 2014; Ardah et al., 
2017; Nagula et al., 2018; Aria et al., 2020; Ari and Misir, 2021). Different pile 
modelling techniques with PLAXIS 3D were discussed and tested in Gunnvard et al. 
(2022b).  
 A common approach to numerical analyses of GRPSE is to model as either two 
dimensional or quasi-three dimensional, i.e. only a unit cell (tributary area, Fig. 1b) 
with a single pile being modelled in 3D (e.g., Oh and Shin 2007; Jenck et al. 2009a; 
Jenck et al. 2009b; Almeida et al., 2013; Girout et al., 2014; Pham et al., 2020; Rui et 
al., 2022). In other studies a limited pile group of four piles was modelled (e.g. Le Hello 
and Villard, 2009; Zhang et al., 2019). The methods described above are adequate when 
piles are installed outside the influence of a lateral embankment slope. There are few 
analyses presented in literature that are fully 3D (e.g. Liu et al. 2007; Rowe and Liu, 
2015; Bhasi and Rajagopal, 2015; Wijerathna and Liyanapathirana, 2020). A fully 3D 
analysis is required to consider both the pile arrangement and the lateral slope, as 
concluded by Gunnvard et al. (2022b). The numerical study by Rowe and Liu (2015) is 
one of few in which the effect of one or multiple layers of GR on the behaviour of 
GRPSE was extensively evaluated and validated against field or laboratory experiment 
test data. 
 Though the studied GRPSE is in cold climate, temperature effects are excluded in the 
FE modelling. Gunnvard et al. (2022a) observed an increased pile load when the frost 
penetrated the studied embankment. 
 
 
3.1. Modelled cases 
 
The literature review in Section 1 indicates that soil arching behaviour foremost 
depends on the geometry of the GRPSE, the pile spacing, the GR layout, and the GR 
deflection. The numerical study in this paper was therefore conducted with variations of 
the GR layout, the embankment height 𝐻𝐻𝐻𝐻, the centre-to-centre pile spacing 𝑠𝑠𝑠𝑠, and the 
mechanical properties of the subsoil. The GR layout had three cases illustrated in Fig. 3: 
no GR (Case 1), one geogrid layer (Case 2), and two geogrid layers (Case 3). For each 
of the three cases, 9 combinations of 𝐻𝐻𝐻𝐻 and 𝑠𝑠𝑠𝑠 were modelled, shown in Table 1. 
Additionally, the mechanical properties of the uppermost subsoil layer was varied, in 
such a way that two different subsoils were modelled for all 27 model conditions 
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described above. This result in 54 modelled combinations in total, i.e. 6 different 
models for each Test ID in Table 1. One subsoil setup corresponds to the cross section 
in Fig. 2 with an upper layer of furnace slag mixture (referred to as “stiffer subsoil”), 
and the other setup corresponds to the case with sulphide soil from the pile cut-off level 
and down (referred to as “softer subsoil”). 
 

 
Fig. 3. The three modelled cases of geosynthetic reinforcement (GR). Semi-elliptical arch 
formation illustrated with arching height ℎ = 0.8(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) according to Chen et al. (2008), Lai et al. 
(2016) and Rui et al. (2022). 
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Table 1. Dimensions of each model for the three simulated GR cases (Case 1, 2 and 3) and the 
two subsoils. 
Test ID 𝑠𝑠𝑠𝑠 [m] 𝐻𝐻𝐻𝐻 [m] 𝑎𝑎𝑎𝑎 [m] 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) [-] (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 [-] 𝛼𝛼𝛼𝛼 [%] 
S08/H12 0.80 1.20 0.177 2.07 2.64 4.91 
S11/H12 1.10 1.20 0.177 1.36 4.00 2.60 
S14/H12 1.40 1.20 0.177 1.02 5.36 1.60 
S08/H18 0.80 1.80 0.177 3.10 2.64 4.91 
S11/H18* 1.10 1.80 0.177 2.05 4.00 2.60 
S14/H18 1.40 1.80 0.177 1.53 5.36 1.60 
S08/H25 0.80 2.50 0.177 4.31 2.64 4.91 
S11/H25 1.10 2.50 0.177 2.84 4.00 2.60 
S14/H25 1.40 2.50 0.177 2.12 5.36 1.60 
*base model (Case 3), see Fig. 4. 
 
 In Case 3 (Fig. 3), the multiple geogrids interlock the soil particles. During 
compaction, horizontal stresses are then induced in the load distribution layer making it 
behave as a beam lying on top of the piles. The common alternative to this beam theory 
is to place the layer(s) of GR just above the pile support and allow the GR to deflect 
between the piles as a catenary (Case 2). This type of design relies more on the arching 
and membrane effects than on the creation of a composite-reinforced soil mass since the 
GR is assumed to deform during loading. However, the beam theory is also based on the 
assumption of full arch development within the load distribution layer (Sarsby, 2007). 
 The pile diameter 𝑑𝑑𝑑𝑑 was for all models kept at 0.20 m, approximately the average 
diameter of the studied GRPSE (Fig. 2). Following the design criteria in Fig. 1, no pile 
caps were modelled, resulting in a small pile coverage ratio 𝛼𝛼𝛼𝛼 defined as a percentage 
 
 𝛼𝛼𝛼𝛼 = 𝑎𝑎𝑎𝑎2/𝑠𝑠𝑠𝑠2 ∙ 100 (1) 
 
where 𝑎𝑎𝑎𝑎 is the equivalent square side length of a square pile with the same cross-
sectional area as a circular pile with diameter 𝑑𝑑𝑑𝑑, and is calculated as 
 
𝑎𝑎𝑎𝑎 = �(𝜋𝜋𝜋𝜋𝑑𝑑𝑑𝑑2) 4⁄  (2) 
 
 The minimum modelled value of 𝑠𝑠𝑠𝑠 (0.8 m) was chosen as the minimum 𝑠𝑠𝑠𝑠 in the 
previous Swedish code (STA, 2016). The maximum modelled value of 𝑠𝑠𝑠𝑠 (1.4 m) was 
chosen based on the study by Gunnvard et al. (2022b), which showed a potential of 
increasing the upper limit of 𝑠𝑠𝑠𝑠 in the Swedish code (Fig. 1a; STA, 2022) from 1.2 to 1.4 
m. The combinations of 𝐻𝐻𝐻𝐻 and 𝑠𝑠𝑠𝑠 in Table 1 were chosen to see the effect of the three 
GR layouts in Fig. 3 in relation to the conditions for the deformation patterns by Rui et 
al. (2019), which propose that stable arch formation occur for 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≥ 1.5. In its 
essence, soil arching in an embankment is a stress redistribution phenomenon induced 
by the relative displacement of the embankment fill. Relative displacement ∆/(𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎) is a 
normalisation of the differential settlement, defined as the differential settlement 
between the subsoil surface and two adjacent piles ∆ divided by the free spacing 
between the two piles 𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎. As the relative displacement increases, the arching effect 
increases to a maximum value and then decreases to a residual value for additional 
increase of the relative displacement (King et al., 2017; Rui et al., 2019). 
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 The study was performed as variations of a base model, modelled as the GRPSE at 
the selected field site (Fig. 2) that could be validated against the field data. For the 
GRPSE at the selected field site, 𝑠𝑠𝑠𝑠 = 1.1 m and 𝐻𝐻𝐻𝐻 = 1.8 m (i.e. test ID S11/H18). The 
embankment was reinforced with two geogrids (Case 3). The dimensions of the base 
model are shown in Fig. 4. Pile-supported embankments with triangular pile 
arrangement and lateral slope are fully 3D problems. However, by idealising the 
problem, symmetry conditions can still be used to reduce the number of nodes in the 
final mesh and save computation time. The studied pile-supported embankment was 
idealised by a 3D slice. The embankment was cut along the road’s centreline, and along 
two adjacent pile rows. Thus, half of each pile was modelled and a quarter of the pile on 
the road’s centreline was modelled, as shown in Fig. 4b. 
 

 
Fig. 4. Base model (S11/H18 Case 3) a) cross section and b) top view. 
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 The simulation of the piled embankment was divided into several stages of 
construction according to how the embankment was built—in-situ conditions, 
construction of the old embankment, traffic load on the old embankment, removal of the 
old embankment material down to the new pile cut-off level, pile installation, 
construction of the new embankment, and traffic load on the new embankment—
followed by a 1-year consolidation simulation phase. The settlements were reset to zero 
at the start of the construction of the new embankment. Due to the complexity of 
installation effects in FE analyses, the piles were modelled as “wished in place”, i.e. the 
pile driving itself was not modelled and the piles appear instantly. 
 Based on an analytical method proposed by Topolnicki (2020), the primary traffic 
load was set to an equivalent static uniform surcharge load of 29.6 kPa in Lane 1 and 
18.7 kPa in Lane 2. The supplementary traffic loads were uniform static loads set to 
11.5 kPa in Lane 1 and 3.2 kPa in Lane 2. 
 
 
3.2. Finite element mesh 
 
A 10-node tetrahedral element mesh was refined in steps until there was no significant 
difference in the results. Fig. 5 presents the FE mesh for the base model (S11/H18 
Case 3). The FE discretization had 335762 nodes and 187623 elements. The average, 
the maximum, and the minimum element size of the base model was 0.187, 3.501 and 
0.0127 m, respectively. The target element dimensions were as follows for the different 
mesh element clusters: 

− Embankment (Gr in Fig. 5): 0.150 m 
− Load distribution layer (GrGR in Fig. 5): 0.094 m 
− Furnace slag aggregate mix: 0.150 m 
− Pile volume: 0.150 m 
− Soil adjacent to and inside the pile group: 0.300 m 
− Soil outside the pile group: 3.00 m 

 

 
Fig. 5. Finite element mesh and structures for the base model (S11/H18 Case 3). 
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 Interface elements were used to simulate interactions between the piles and soil and 
between the embankment fill and geogrid (in GrGR). The geogrid reinforcement was 
modelled using 6-noded quadrilateral plate elements. The piles were represented by 
volume elements, i.e. 10-noded tetrahedral elements. Each pile had a length of 9 m and 
a cross-sectional diameter of 0.20 m. Care was taken to assure a mesh quality that was 
good enough within the volume elements, as the modelled piles were slender with a 
very small diameter in relation to the size of the model itself (ratio of 0.0056). The pile 
cross section was modelled as a part of an octagonal instead of as a part of a circle to 
improve the mesh quality. 
 
 
3.3. Boundary conditions 
 
Due to the lines of symmetry, the groundwater was allowed to flow (due to 
consolidation) only through the upper horizontal boundary of the model as well as 
through the vertical model boundary outside of the embankment. As reported in 
Gunnvard et al. (2022a), a hydrostatic pressure gradient was observed over the soil 
profile next to the road, suggesting no drainage through the glacial till. Though the piles 
disturbed the sulphide soil, the excess pore pressure in the soil profile dissipated by 
around 68 days after the piling finished and 10 days after the road opened for traffic 
(Gunnvard et al., 2022a).  Thus, hydrostatic pore water pressures were assumed for the 
soil profile as an input condition. 
 All vertical boundaries were normally fixed. The ground surface boundary was fully 
free, and the bottom horizontal boundary fully fixed. To minimise boundary effects, the 
vertical far field boundary of the FE mesh was extended 36 m horizontally, 
approximately three times the width of embankment base, as seen in Fig. 4. The 
location, in Fig. 4, of the vertical boundary to the right and the horizontal boundary at 
the bottom were determined by finding the least dimension at which the stresses in the 
boundary elements remain constant, i.e. equal to the in-situ stresses. 
 
 
3.4. Selection of model parameter values  
 
The embankment fill was modelled using the Hardening Soil (HS) model (Schanz et al., 
1999) to include stress-dependent stiffness and hardening behaviour of the gravel. The 
HS model adopts a hyperbolic relationship between the vertical strain and the deviatoric 
stress in primary triaxial loading. The secant modulus 𝐸𝐸𝐸𝐸50 is given by 
 

𝐸𝐸𝐸𝐸50 = 𝐸𝐸𝐸𝐸50
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  � 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐′+𝜎𝜎𝜎𝜎3′𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐′

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐′+𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐′
�
𝑚𝑚𝑚𝑚

 (3) 

 
where 𝐸𝐸𝐸𝐸50

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the reference secant modulus corresponding to the reference stress 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 
𝜎𝜎𝜎𝜎3′  is the minor principal effective stress, 𝜑𝜑𝜑𝜑′ is the effective angle of friction, and 𝑐𝑐𝑐𝑐 is the 
cohesion intercept. The power 𝑚𝑚𝑚𝑚 is set to 0.5, as recommended by Schanz et al. (1999) 
for hard soils. 
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 The Soft Soil (SS) model (PLAXIS, 2021) was applied to the sulphide soil. The SS 
model is inspired by the non-linear Modified Cam Clay (MCC) model developed by 
Roscoe and Burland (1968) and is suitable for highly compressible soils, like sulphide 
soil.  
 The glacial till was modelled as linear elastic. The Young’s modulus was adjusted to 
match the pile settlements measured at the field test site, described in Gunnvard et al. 
(2022a). The timber piles were driven with a low practical refusal blow count to prevent 
fracturing or brooming, since no metal boot or point was attached to the pile toe. A low 
stiffness was assigned to the glacial till to capture the initial pile settlement before the 
pile toe rests on the till layer. To avoid extensive element mesh compression and 
computation error, the timber piles were modelled in full contact with the glacial till 
layer instead of leaving a gap with sulphide soil between the till and the pile toe. 
 The soil parameter values were estimated based on laboratory test data and on 
experience when case specific test data was not available. The chosen constitutive 
material models and the soil parameter values are shown in Table 2. The values of the 
parameters for the gravel (Gr) and the values of unit weight for the glacial till (Ti) were 
based on the Swedish code TRVINFRA-00230 (STA, 2022). The sulphide soil 
properties were determined from triaxial and oedometer test data from samples 
extracted between the piles, after pile driving. This partially captures the pile installation 
effect, compensating for the modelled piles being “wished-in-place”. The properties of 
the furnace slag aggregate and sulphide soil mixture (siGr) were estimated based on a 
distribution of 70% furnace slag aggregate and 30% sulphide soil. The parameter values 
for the GrGR soil material in Fig. 5 are described in Section 3.5. All soil materials, 
except for the Gr material, were modelled as “undrained”. In the PLAXIS software 
(PLAXIS, 2021), this implies that the bulk stiffness for water is applied to make the 
saturated soil initially incompressible, and excess pore pressures are computed, even 
above the phreatic surface. 
 
Table 2. Values of the soil material properties used in the finite element simulations. 
Property Notation Unit Gr siGr SuTop SuBot Ti 
Constitutive model   HS HS SS SS LE 
Unsaturated unit weight 𝛾𝛾𝛾𝛾𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢  kN/m3 18 16 14.2 14.3 20 
Saturated unit weight 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢  kN/m3 21 19 14.2 14.3 21 
Initial void ratio 𝑒𝑒𝑒𝑒0  - 0.5 0.8 2.90 2.74 0.5 
Young’s modulus (LE) 𝐸𝐸𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 MPa     5 
Secant modulus (HS) 𝐸𝐸𝐸𝐸50  MPa 50 25    
Oedometer modulus 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜  MPa 45 25    
Unload-reload modulus (HS) 𝐸𝐸𝐸𝐸𝑢𝑢𝑢𝑢𝑟𝑟𝑟𝑟   MPa 150 75    
Power (HS) 𝑚𝑚𝑚𝑚  - 0.5 0.5    
Reference stress for stiffnesses 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟   kPa 100 100    
Modified swelling index (SS) 𝜆𝜆𝜆𝜆∗  -   0.19 0.16  
Modified compression index (SS) 𝜅𝜅𝜅𝜅∗  -   0.054 0.060  
Poisson’s ratio 𝜈𝜈𝜈𝜈  - 0.2 0.3 0.15 0.15 0.25 
Cohesion intercept 𝑐𝑐𝑐𝑐  kPa 5 7 9 7  
Effective angle of friction 𝜑𝜑𝜑𝜑′  ° 35 35 22 20  
Angle of dilatancy 𝜓𝜓𝜓𝜓  ° 5 0 0 0  
Permeability 𝑘𝑘𝑘𝑘  m/s 0.60 0.0864 3.21·10-5 1.25·10-5 0.0227 
Soil-structure interface strength 
reduction factor 

𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟   - 1.0 0.5 0.9 0.9 1.0 

Overconsolidation ratio OCR - 1.0 1.0 1.0 1.0 1.0 
Pre-overburden pressure POP kPa 0 0 54 53  

Notations: HS – Hardening Soil; SS – Soft Soil; LE – Linear elastic 
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 The timber piles were modelled as linear-elastic with a reduced stiffness as the 
timber of stiffness decreases with increasing water content. The timber piles were 
assumed as fully saturated with a unit weight of 12 kN/m3 and a stiffness of 2200 MPa. 
The computed pile loads are in Section 4.2 compared with the design structural bearing 
capacity of 90 kN, European strength class C14 (SIS, 2016). The piles were modelled as 
non-porous to exclude excess pore water pressure development in the timber. 
 The geogrids for Case 2 and 3 were modelled as visco-elastic to account for time-
dependent stiffness. The geogrid parameter values are shown in Table 3. A biaxial 
geogrid was modelled in Case 2. Two uniaxial geogrids were modelled in Case 3. 
Biaxial geogrids have the same strength in both the machine and cross machine 
directions. The primary strength of uniaxial geogrids is in the machine direction and just 
enough strength for the structural integrity in the cross-machine direction. The geogrid 
orientations in Case 3 were modelled following the GRPSE at the field test site (Fig. 2), 
with the machine direction of the lower geogrid in the transversal road direction 
(parallel to the pile rows) and the machine direction of the upper geogrid in the 
longitudinal road direction (perpendicular to the pile rows). 
 
Table 3. Values of the geogrid material properties used in the finite element simulations. 

Material model: Visco-elastic (time-dependent) 

Property Notation Unit Biaxial 
geogrid 

Uniaxial upper 
geogrid 

Uniaxial lower 
geogrid 

Short-term elastic stiffness, 
transversal road direction 

𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴1,𝑐𝑐𝑐𝑐ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  kN/m 1026 275 1026 

Short-term elastic stiffness, 
longitudinal road direction 

𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴2,𝑐𝑐𝑐𝑐ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  kN/m 1026 1026 275 

Long-term elastic stiffness, 
transversal road direction 

𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴1,𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙  kN/m 538 144 538 

Long-term elastic stiffness, 
longitudinal road direction 

𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴2,𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙  kN/m 538 538 144 

Short-term shear stiffness 𝐺𝐺𝐺𝐺𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  kN/m 325 325 325 
Tensile strength, 
transversal road direction 

𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝,1  kN/m 46 14 46 

Tensile strength, 
longitudinal road direction 

𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝,2  kN/m 46 46 14 

Retardation time 𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅  days 5 5 5 
 
 
3.5. Soil–structure interaction details 
 
The pile-soil and GR–soil interfaces are modelled in PLAXIS with a node-to-node 
interaction in the form of two linear elastic-perfectly plastic springs for each pair of 
nodes (PLAXIS, 2021). One elastic-perfectly plastic spring to model the gap 
displacement and one elastic-perfectly plastic spring to model slip displacement. The 
magnitudes of the elastic displacements are formulated as 
 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 =  𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 ∙ 𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠⁄   (4) 
 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 =  𝜏𝜏𝜏𝜏 ∙ 𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐⁄   (5) 
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where 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠 is the normal stress, 𝜏𝜏𝜏𝜏 is the shear stress, 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the oedometer modulus 
of the interface, 𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the shear modulus of the interface, and 𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the virtual 
thickness of the interface. 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 and 𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 are determined by 
  
𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 = 2𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 ∙

1−𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
1−2𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

,   𝜈𝜈𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 = 0.45 (6) 
  
𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠2 𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙 ≤ 𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙 (7) 
 
where 𝜈𝜈𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the Poisson’s ratio of the interface, and 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the soil–structure 
interaction factor. The interface strength is defined by the Coulomb failure criterion, 
distinguishing between elastic behaviour for small displacements and plastic behaviour 
when permanent displacements may occur. 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is integrated into the failure criterion 
as 
 
𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 ∙ 𝑐𝑐𝑐𝑐  (8) 
 
tan(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠) = 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 ∙ tan(𝜑𝜑𝜑𝜑) ≤ tan(𝜑𝜑𝜑𝜑)  (9) 
 
𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 = 0  for 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 < 1 , otherwise 𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 = 𝜓𝜓𝜓𝜓 (10) 
 
 where 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the cohesion intercept of the interface, 𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the angle of friction 
of inter interface, and 𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is the angle of dilatancy of the interface. The pile–soil 
interface stiffness and strength vary in the model, depending on the soil type, as shown 
by the 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 values in Table 2. No reduction was applied to the interface at the pile 
head and toe (𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 = 1.0), where the pile is in contact with the gravel and the glacial 
till. For the pile-soil interface along the pile shaft 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 was set to 0.9 for the sulphide 
soil and to 0.5 for the furnace slag and sulphide soil mixture (siGr). The pile–siGr 
interface was assumed weaker as a majority of the siGr layer in the case study was 
refilled after piling and not fully compacted (Gunnvard et al., 2022a). 
 In PLAXIS, the interlocking effect a geogrid has on an aggregate is not directly 
modelled. The effect must be added separately. When an aggregate is reinforced by a 
geogrid, the geogrid apertures confine the granular soil particles, causing a lateral 
restraint of these soil particles. Additionally, the granular soil particles immediately 
adjacent to the confined particles are themselves restrained by particle-to-particle 
interlock. The soil-geogrid composite exhibits cohesion from the confinement and the 
inter-particle contact force (Vidal, 1969; Schlosser and Long, 1974; Hausmann, 1976). 
The increase in effective confinement in the soil-geogrid composite is commonly 
referred to as apparent confining pressure (Yang, 1972; Hausmann, 1976; Wu and 
Pham, 2013). The zone of influence can be divided into a fully confined zone and a 
(transitional) partially confined zone, and at further distance away from the GR the soil 
particles are unconfined (Tamrakar et al., 2019). 
 The interlocking effect of a geogrid-reinforced aggregate is complex, and several 
studies have been conducted on the topic. Konietzky et al. (2004), McDowell et al. 
(2006), and Tutumleur et al. (2012) investigated the interlocking effect by discrete 
element (DE) modelling. Nair and Latha (2014) found by large-scale triaxial tests that a 
geogrid-reinforced aggregate could sustain almost three times the peak stress sustained 
by an unreinforced aggregate. Konietzky et al. (2004) and McDowell et al. (2006) 
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concluded through pull-out test simulations that the zone of influence in terms of 
increased contact force between the soil particles is approximately 10 cm above and 
below the geogrid but expected to vary depending on the aggregate size and geogrid 
type. In that study, they observed no interlocking effect at vertical distances greater than 
20 cm from the geogrid. On the other hand, Lees and Clausen (2019) obtained from FE 
analysis that the interlocking effect acts up to 35 cm away from a geogrid. Byun et al. 
(2019) showed through triaxial tests on geogrid-reinforced aggregate that the shear 
modulus of the soil in the fully confined zone is significantly greater than that in the 
unconfined zone. Further, the shear moduli of the geosynthetic-reinforced composite are 
dependent on the confining stress acting on the composite. Koerner (1997) found 
through direct shear tests a ratio of 0.72–1.07 between friction of soil-to-geogrid and 
friction of soil-to-soil, using a well-graded angular sand with zero cohesion and 44° 
friction angle. Based on the results of the literature mentioned, the zone of influence on 
both sides of a GR is assumed as 20–30 cm for the modelling in this paper. For GR 
Case 3 with two layers of GR 20 cm apart, full interlocking effect is assumed between 
the two GR layers, since the zones of influence overlap. The material properties within 
the zone of influence are modified in the model as described below. 
 Wu and Pham (2013) developed an analytical model based on a semi-empirical 
equation that calculates the interlocking effect of the GR in a soil–geosynthetic 
composite, based on the theories proposed by Schlosser and Long (1972), Yang (1972), 
and Hausmann (1976). The analytical model assumes that the strength and stiffness of 
the composite is based on the GR tensile strength and GR vertical spacing. Using the 
Mohr-Coloumb failure criterion, the confining pressure 𝜎𝜎𝜎𝜎3′  increases by the apparent 
confining pressure ∆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 and the cohesion intercept 𝑐𝑐𝑐𝑐 is set to an apparent cohesion 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅. 
Hausmann (1976) describes this as combined cohesion and friction effects, or the 
SIGMA-model, which is deemed true if the soil–geogrid composite fails by rupture of 
the reinforcement. Using the model by Wu and Pham (2013), the two parameters ∆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 
and 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅 are calculated as 
 
∆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 = �0.7�𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟⁄ �� 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣
 (11) 

 
𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅 = ∆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐

2 �𝐾𝐾𝐾𝐾𝑃𝑃𝑃𝑃 + 𝑐𝑐𝑐𝑐 = �0.7�𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟⁄ �� 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣

�𝐾𝐾𝐾𝐾𝑃𝑃𝑃𝑃 + 𝑐𝑐𝑐𝑐  (12) 
 
where 𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣 is the vertical spacing of the GR (equal to 0.2 m, Fig. 4), 𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the reference 
GR vertical spacing, and 𝐾𝐾𝐾𝐾𝑃𝑃𝑃𝑃 is the coefficient of passive earth pressure. 𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is equal to 
six times the maximum grain size of the gravel, set to 90 mm (Fig. 1). 
 To implement the model by Wu and Pham (2013) in the FE model, 𝜎𝜎𝜎𝜎3′ + ∆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 should 
ideally be used as the confining stress within the zone of GR confinement. Due to 
limitations of the adopted FE software, the interlocking effect of the GR was in this 
paper instead incorporated into the HS model by modifying Eq. (3) such that 
 

𝐸𝐸𝐸𝐸50 = 𝛽𝛽𝛽𝛽 ∙ 𝐸𝐸𝐸𝐸50
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 � 𝑐𝑐𝑐𝑐∙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝜎𝜎𝜎𝜎3′∙𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐∙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐
�
0.5

 (13) 
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where 𝛽𝛽𝛽𝛽 is a constant and 𝑐𝑐𝑐𝑐 is set equal to 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅. The value of 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅 as a function of the level 
𝑧𝑧𝑧𝑧 can be seen in Fig. 6. 𝛽𝛽𝛽𝛽 was calculating as the average value of 𝐸𝐸𝐸𝐸50 as a function of 
𝜎𝜎𝜎𝜎3′ + ∆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐 divided by 𝐸𝐸𝐸𝐸50 as a function of 𝜎𝜎𝜎𝜎3′  over the interval 0 ≤ 𝜎𝜎𝜎𝜎3′ ≤ 100 kPa using 
Eq. (3) with 𝐸𝐸𝐸𝐸50

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 50 MPa, 𝑐𝑐𝑐𝑐 = 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅 = 74 kPa and 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 100 kPa. The resulting 𝛽𝛽𝛽𝛽 was
1.16. 

Fig. 6. Apparent cohesion over depth 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅(𝑧𝑧𝑧𝑧) within the zone of confinement for a) Case 2 (one 
geogrid) and b) Case 3 (two geogrids). The pile cut-off level is at 𝑧𝑧𝑧𝑧 = +0.8 m. 

 As seen in the variation of 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅 in Fig. 6, the zone of influence is 20 cm on either side 
of the geogrid for Case 2 (GrGRTop and GrGRBot). For Case 3, the zone of influence 
is 20 cm above the upper geogrid (GrGRTop) and 30 cm below the lower geogrid 
(GrGRBot). The interlocking effect of the geogrid is assumed constant between the two 
geogrids in Case 3 (GrGRMid). 
 The material property values of the reinforced gravel are summarised in Table 4. 
The values of the moduli 𝐸𝐸𝐸𝐸50, 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜 and 𝐸𝐸𝐸𝐸𝑢𝑢𝑢𝑢𝑟𝑟𝑟𝑟 in Table 4 for the three soil materials are 
the corresponding values of the moduli in Table 2 for the gravel (Gr) material 
multiplied by 𝛽𝛽𝛽𝛽 = 1.16. Fig. 7 shows the difference between the unreinforced and 
reinforced gravel when 𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅 = 74 kPa. The strength of the soil increases with the added 
apparent cohesion from confinement. The increased stiffness from additional confining 
stress is captured by introducing the constant 𝛽𝛽𝛽𝛽, as shown in the stress-strain graph in 
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Fig. 7a. The strength and shear stiffness of the modelled geogrid–soil interfaces were 
assumed equal to the soil–soil interaction (𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1.0). 

Table 4. Embankment material property values within the zone of confinement. 
Property Notation Unit GrGRTop GrGRMid GrGRBot 
Reference secant modulus (HS) 𝐸𝐸𝐸𝐸50 MPa 59 59 59 
Reference oedometer modulus (HS) 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜  MPa 53 53 53 
Reference unload-reload modulus (HS) 𝐸𝐸𝐸𝐸𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠   MPa 178 178 178 
Soil–structure interface strength 
reduction factor 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 - 1.0 1.0 1.0 

Fig. 7. Triaxial test characteristics of the unconfined gravel and the gravel fully confined by GR. 

3.6. Model validation 

A model validation was performed to ensure model accuracy between the predictions by 
the FE model and the real behaviour of the studied GRPSE. The base model (S11/H18 
Case 3) was validated using the settlements, pile head loads and geogrid strain obtained 
1 year after completion of the road at the E4 Råneå field site. The monitoring data is 
presented in detail in Gunnvard et al. (2022a). Good agreement between the results of 
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the base model and the monitoring data is viewed as good model accuracy. The input 
parameter values of the FE model were adjusted to reach a good agreement between the 
FE model results and the monitoring data. The main parameter values adjusted in the 
calibration were the stiffness of the glacial till layer, and the stiffness and strength of the 
furnace slag aggregate mixture. The till stiffness affected the pile group settlement, and 
the furnace slag properties affected the relative displacement at the pile cut-off level and 
subsequently the arching effect and geogrid tensile strain. 
 FE results of the settlements at the pile cut-off level were compared with the 
settlements measured with a hydrostatic profiler system. The comparison is presented in 
Fig. 8. The hydrostatic profiler tube was placed at the pile cut-off level between two 
pile rows and partly over a pile row. The total settlements are significant but reasonable 
for a GRPSE with timber piles since the piles were not driven as hard as, for example a 
concrete pile. The computed pile settlements are in reasonable agreement with the 
measured pile settlement, when considering the ±0.5 cm accuracy of the used 
hydrostatic profiler system. The measured differential settlement was significantly 
greater than the computed differential settlement, but possibly due to the hydrostatic 
profiler tube being pushed down into the subsoil during compaction of the embankment 
fill, in addition to the subsoil settlement. The computed and measured settlement of the 
subsoil near the middle of the road embankment (0–5.0 m) agree well (4% overestimate 
in average). 

Fig. 8. Computed (FE model) and measured (field) settlements at the pile cut-off level, 1 year 
after road completion, along a line between the two pile rows (Middle) and over the first pile 
row (Row 1), marked in Fig. 4b. 

 In Fig. 9 the FE results of the pile load along both pile rows are compared to the 
measured maximum and minimum pile load. The pile loads were measured using earth 
pressure cells in the piles. The maximum pile load corresponds to the minimum pile 
load plus traffic load from a passing heavy traffic. An extra final simulation step was 
added to the FE model in which the traffic load was deactivated, to unload the 
embankment for comparison with the minimum measured load. The FE results are in 
good agreement with the measured pile loads under traffic lane 2 (5% overestimate of 
the maximum load and 8% underestimate of the minimum load). The computed pile 
loads under traffic lane 1 were greater than the measured pile loads (21% overestimate 
of the maximum load and 14% overestimate of the minimum load), due to 
overestimated actual traffic load in lane 2. However, a conservative traffic load is 
preferrable to an underestimated value for the aim of this paper. 
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Fig. 9. Computed (FE model) and measured (field) vertical load on the pile heads, 1 year after 
road completion. 
 
 The vertical effective stress was at the field site measured using earth pressure cells 
placed at the pile cut-off level between the piles. The computed vertical effective stress 
at subsoil surface (Fig. 10) in the middle between the two pile rows in Fig. 4b were in 
good agreement with the field data (3% underestimate under traffic lane 1 and 8% 
overestimate under traffic lane 2), suggesting a good estimation of the arching effect 
with the model. The computed stress at the subsoil surface in the pile row 1 under traffic 
lane 1 was overestimated by 38%. The discrepancy could be a result of greater arching 
effect between the two piles adjacent to the pressure cell than the arching effect between 
the piles adjacent to the other two pressure cells. 
 

 
Fig. 10. Computed (FE model) and measured (field) vertical effective stress on the subsoil in 
Row 1 and between the two pile rows (Middle). 
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 The field data of the geogrid strain were analysed from the time of road completion, 
i.e. the FE results were compared with the geogrid strains developed after the road 
construction. The strain in the geogrids was measured with extensometers. No detailed 
analysis could be made in Gunnvard et al. (2022a) of the monitored strains other than 
that the tensile strain in both the lower and upper geogrid was ≤ 0.03%, which is 
estimated as small. For the equivalent time period, the FE results showed an increase in 
the tensile strain by ≤ 0.02% in the upper geogrid and by ≤ 0.09% in the lower geogrid. 
The FE results are deemed to be in sufficient agreement with the field data. 
 
 
4. Numerical modelling results and discussion 
 
Although the traffic load is overestimated and creep is not considered by the numerical 
model, the comparison in Section 3.6 shows that the results of the base model 
reasonably agree with the field data of the case study by Gunnvard et al. (2022a). 
Another 53 FE analyses were performed to investigate the influence on the soil arch 
formation and load distribution of the different GR layouts in Fig. 3. The results of the 
54 FE analyses are presented here. The effectiveness of GR in the modelled timber piled 
embankments are analysed based on soil arch formation and load distribution. The 
results of the soil arch formation are compared against the results by McGuire (2011) 
and Rui et al. (2019) for stable arch formation. 
 

4.1. Arch stability 
 
A stable arch formation is in this study defined by the formation of an equal settlement 
plane (Terzaghi, 1943; Lai et al., 2016; Rui et al., 2016), above which the pile-
supported embankment settles uniformly (Fig. 11). Lai et al. (2016) performed discrete 
element (DE) analyses based on the laboratory model tests of a GRPSE by Chen et al. 
(2008). Rui et al. (2016), Rui et al. (2019), and Rui et al. (2022) combined DE 
modelling and geotechnical centrifuge modelling of GRPSE. Lai et al. (2016) and Rui et 
al. (2022) concluded that full arch formation is required to develop an equal settlement 
plane, and that the plane develops at the same height as the height of the fully formed 
arch, 0.8(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎). At full arch formation, Rui et al. (2016) observed a triangular arch shape 
formation for unreinforced cases and Rui et al. (2019) observed a semi-elliptical arch 
shape formation for reinforced cases, while Lai et al. (2016) observed a semi-elliptical 
shape for both cases. All three studies concluded that the soil arch height was 0.8(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎). 
This is greater than 0.5(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) established by e.g. Hewlett and Randolph (1988), Zaeske 
(2001) and Van Eekelen et al. (2013), which assumes a semi-circular arch shape.  
 Unstable arch formation in pile-supported embankments causes differential 
settlements Δ at the embankment surface just below or equal to Δ at the subsoil surface 
(Fig. 11b). Hewlett and Randolph (1988) pointed out that a soil arch fails only at either 
the crown or the pile cap, and that the arch collapses until a possible stable arch is 
reformed. Rui et al. (2016) and Rui et al. (2019) found that an unstable arch expands 
upwards with increasing relative displacement, causing differential settlements at the 
embankment surface (Fig. 11b), whilst a stable arch retains its shape (Fig. 11a). 
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Fig. 11. Deformation pattern of a) a stable arch formation and b) an unstable arch formation. 
 
 Table 5 summarises the evaluated arch stability for the 54 FE simulations. For 
several of the simulations, the arch formation was assessed as moderately stable, as an 
equal settlement plane formed but minor differential displacement ∆ was observed 
below the two main traffic loads, relative to ∆ observed at the pile cut-off level. The 
stability for Case 2 and 3 was equal for all simulations except for those with test ID 
S11/H18 and S14/H18 where the differential settlements at the embankment surface 
were greater for Case 2. Girout et al. (2018) concluded by FE analysis that a second 
layer of GR has no effect on the embankment settlement, but instead horizontally splits 
the arch formed for one layer of GR into two arches. The same was observed in this 
paper when comparing the principal stress rotation for Case 2 and 3, where for Case 3 
an arch formed below the lower geogrid and another arch formed above the upper 
geogrid. The stiffer subsoil resulted in more stable arch formation than the softer 
subsoil, i.e. fewer cases of arch instability. S14/H12 caused unstable arch formation for 
all GR and subsoil combinations. The arch in the S11/H12 simulations was only 
unstable for the unreinforced case, but regardless of subsoil. When 𝐻𝐻𝐻𝐻 = 1.2 or 1.8 m, 
arch instability occurred below traffic lane 1 for the softer subsoil. Unstable arches 
formed along the centreline of the embankment (below traffic lane 2) when 𝐻𝐻𝐻𝐻 = 2.5 m 
or when the stiffer subsoil was used. Greater relative displacement was computed for 
the softer subsoil than the stiffer subsoil. The surface of the softer subsoil approximated 
a hyperbolic curve at the end of the simulations, whilst the stiffer subsoil settled almost 
uniformly with a block-like behaviour, because of greater compression stiffness as well 
as lower pile–soil interaction strength and shear stiffness in comparison to the softer 
subsoil. The most frequent number of cases of arch instability were observed for Case 1, 
concluding that GR enhances arch stability, as expected. If the embankment is high 
enough (𝐻𝐻𝐻𝐻 = 2.5 m), Case 1 yields stable arches for softer subsoil. 
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Table 5. Summary of the observed stability of the arch formation in the modelled cases. 
Arch formation: ✔ stable, (✔✔) moderately stable, ✘ unstable 

Test ID 𝐻𝐻𝐻𝐻 [m] 𝑠𝑠𝑠𝑠 [m] 𝑎𝑎𝑎𝑎 [m] 
𝑎𝑎𝑎𝑎2

𝑠𝑠𝑠𝑠2
 

[%] 

𝑠𝑠𝑠𝑠 − 𝑎𝑎𝑎𝑎
𝑎𝑎𝑎𝑎

 
[-] 

𝐻𝐻𝐻𝐻
𝑠𝑠𝑠𝑠 − 𝑎𝑎𝑎𝑎

 
[-] 

Stiffer subsoil Softer subsoil 

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

S08/H12 1.2 0.8 0.177 4.91 3.5 1.9 (✔✔) (✔✔) (✔✔) ✘✘ ✔✔ ✔✔ 
S08/H18 1.8 0.8 0.177 4.91 3.5 2.9 (✔✔) ✔✔ ✔✔ ✘✘ ✔✔ ✔✔ 
S08/H25 2.5 0.8 0.177 4.91 3.5 4.0 ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ 
S11/H12 1.2 1.1 0.177 2.60 5.2 1.3 ✘✘ (✔✔) (✔✔) ✘✘ ✘✘ ✘✘ 
S11/H18 1.8 1.1 0.177 2.60 5.2 2.0 (✔✔) ✔✔ ✔✔ ✘✘ (✔✔) ✔✔ 
S11/H25 2.5 1.1 0.177 2.60 5.2 2.7 ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ 
S14/H12 1.2 1.4 0.177 1.60 6.9 1.0 ✘✘ ✘✘ ✘✘ ✘✘ ✘✘ ✘✘ 
S14/H18 1.8 1.4 0.177 1.60 6.9 1.5 (✔✔) ✔✔ ✔✔ ✘✘ (✔✔) ✔✔ 
S14/H25 2.5 1.4 0.177 1.60 6.9 2.0 ✔✔ ✔✔ ✔✔ ✔✔  ✔✔ ✔✔ 
 
 The results in Table 5 are in Fig. 12 and Fig. 13 compared against the limits by 
McGuire (2011) and Rui et al. (2019) for stable arch formation. Moderately stable 
arches in Table 5 are interpreted as stable in Fig. 12 and Fig. 13. McGuire (2011) 
compiled the results of multiple experimental studies on GRPSE and proposed the 
empirical relationship 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡 = 1.15𝑠𝑠𝑠𝑠ʹ + 1.44𝑑𝑑𝑑𝑑, where 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡 is the critical embankment 
height (minimum 𝐻𝐻𝐻𝐻 for stable arch formation) and 𝑠𝑠𝑠𝑠ʹ is the maximum distance from the 
edge of a (circular) pile or pile cap to the boundary of a unit cell, i.e. (1.41𝑠𝑠𝑠𝑠 − 𝑑𝑑𝑑𝑑)/2. Rui 
et al. (2019) proposed conditions of relative fill height 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) and relative net spacing 
(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 for the development of equal settlement planes (i.e. stable arch formation) for 
unreinforced and reinforced pile-supported embankments. Rui et al. (2019) found stable 
arch formation for 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≥ 1.5 for most tested cases of unreinforced and reinforced 
embankments, with transition zones when (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 ≤ 3.0. In this study, stable arch 
formation was observed when 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≥ 1.5 and (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 ≥ 5.0 for the unreinforced case 
(Case 1, Fig. 12) and when 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≥ 1.3 and (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 ≥ 3.8 for the reinforced case 
(Case 2 and 3, Fig. 13). Chen et al. (2008) and Lai et al. (2016) observed stable arch 
formation for 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≥ 1.4 at (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 = 4.0 for an unreinforced embankment, 
approximately the same conditions as McGuire (2011) and Rui et al. (2019). As shown 
in Table 5 and Fig. 12, stable arches managed to form for lower relative fill heights for 
the stiffer subsoil than the softer subsoil when (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 ≤ 6.0. The traffic load had a 
more significant impact on the arch stability for the softer subsoil than the stiffer 
subsoil. The observed arch failure in the models with the softer subsoil occurred under 
traffic lane 1, where the primary traffic load was greatest (29.6 kPa). Modelling with 
stiffer subsoil shifted the arch failure towards the centre of the embankment. 
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Fig. 12. Conditions for arch stability in unreinforced embankments (Case 1). FE analysis results 
in this study together with the DE analysis results and geotechnical centrifuge results by Rui et 
al. (2019). 
 

 
Fig. 13. Conditions for arch stability in geosynthetic-reinforced embankments (Case 2 and 3). 
Case 2: one layer of GR. Case 3 two layers of GR. FE analysis results in this study together with 
the DE analysis results and geotechnical centrifuge results by Rui et al. (2019). 
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 Based on the FE results, modifications to the limits by Rui et al. (2019) are proposed 
as presented in Fig. 12 and Fig. 13. The proposed limits for an unreinforced 
embankment (Case 1) in Fig. 12 are more conservative than the limits by both Rui et al. 
(2019) and McGuire (2011), especially for the softer subsoil. The proposed limit for a 
reinforced embankment (Case 2 and 3) in Fig. 13 agrees relatively well with the limits 
by Rui et al. (2019), as well as the conditions by Chen et al. (2008), McGuire (2011), 
and Lai et al. (2016). No surface load was applied to the tests by Chen et al. (2008), Lai 
et al. (2016) and Rui et al. (2019). McGuire (2011) found indications that the 
embankment height 𝐻𝐻𝐻𝐻 needs to be almost 20% higher when applying traffic load for 
stable arches to form. Al-Naddaf et al. (2019) and Zhang et al. (2021) performed 
trapdoor model tests to evaluate the evolution of soil arching under surface loading. 
Both studies observed deteriorated arching effect when applying a surface load. The 
results by Al-Naddaf et al. (2019) showed less deterioration in a reinforced embankment 
than an unreinforced embankment, supporting the difference between the proposed 
limits in Fig. 12 and Fig. 13, respectively. 
 
4.2. Pile efficacy 
 
Van Eekelen and Han (2020) discussed different ways of quantifying soil arching. In 
this paper, the arching effect is quantified as pile efficacy 𝐸𝐸𝐸𝐸, originally defined by 
Hewlett and Randolph (1988). The total vertical load 𝑊𝑊𝑊𝑊 of embankment self-weight and 
surcharge load on a unit cell (tributary area, Fig. 1b) is the sum of load parts 𝐴𝐴𝐴𝐴, 𝐵𝐵𝐵𝐵 and 𝐶𝐶𝐶𝐶 
(Van Eekelen and Han, 2020): 
 
𝑊𝑊𝑊𝑊 = 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 · 𝑠𝑠𝑠𝑠2 = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶 (15) 
 
where 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 is the initial effective overburden pressure at the pile cut-off level, 𝑠𝑠𝑠𝑠 is the 
centre-to-centre pile spacing, 𝐴𝐴𝐴𝐴 is the part of 𝑊𝑊𝑊𝑊 that is transferred directly onto the piles 
via the arching effect, 𝐵𝐵𝐵𝐵 is the part of 𝑊𝑊𝑊𝑊 that is transferred onto the piles through the 
GR, and 𝐶𝐶𝐶𝐶 is the part of 𝑊𝑊𝑊𝑊 that is carried by the subsoil. 𝐸𝐸𝐸𝐸 is the ratio of load part 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵 
and 𝑊𝑊𝑊𝑊: 
 
𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵

𝑊𝑊𝑊𝑊
= 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝′ ∙𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝

𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0·𝑐𝑐𝑐𝑐2
 (16) 

 
where 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝 is the computed effective vertical earth pressure on pile head and 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 is the 
pile head cross-section area 𝑎𝑎𝑎𝑎2. 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 is the resulting pile head load. When there is no 
arching, 𝜎𝜎𝜎𝜎′𝑝𝑝𝑝𝑝 = 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0 and 𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝/𝑠𝑠𝑠𝑠2 = 𝛼𝛼𝛼𝛼. 
 The FE results of 𝐸𝐸𝐸𝐸 of all models are shown in Fig. 14. The value of 𝐸𝐸𝐸𝐸 shown is the 
average pile efficacy of the pile under the centreline of the road and the centre-most pile 
under traffic lane 2. The range of 𝐸𝐸𝐸𝐸 was 0.48–0.71 for Case 1, 0.58–0.76 for Case 2, and 
0.58–0.79 for Case 3. 𝐸𝐸𝐸𝐸 increased when 𝑠𝑠𝑠𝑠 decreased, i.e. when increasing the value of 𝛼𝛼𝛼𝛼, 
as was also observed by Rui et al. (2019). 𝐸𝐸𝐸𝐸 increased with increasing relative fill height 
𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎). The FE results in Fig. 14 agree with the equivalent results by Rui et al. (2019) 
which varied from approximately 0.40 to 0.69 when increasing 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) from 1.0 to 3.0. 
The final minimum and maximum relative displacement of all simulations was 0.20% 
(S08/H12 Case 3, stiffer subsoil) and 2.76% (S14/H25 Case 1, softer subsoil), 
respectively. For comparison, Rui et al. (2019) observed maximum soil arching effect at 
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2.0–4.0% relative displacement for 1.0 ≤ 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≤ 3.0, whilst Lai et al. (2016) 
observed the maximum effect at 0.17–0.29% relative displacement for 
0.9 ≤ 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≤ 2.0. This suggests that the values of 𝐸𝐸𝐸𝐸 in Fig. 14 could potentially 
increase with further subsoil consolidation and/or creep implementation in the FE 
models. Note that the embankment material in this paper had an angle of friction of 35° 
and an angle of dilatancy of 5°, whilst Rui et al. (2019) used an analogical soil with 
28.2° angle of repose. Lai et al. (2016) found that greater angle of friction has little to 
no effect on the arch formation but increases the pile efficacy significantly. 
 

 
Fig. 14. Computed pile efficacy over relative fill height for stiffer subsoil (with siGr) and for 
softer subsoil (without siGr). Each geometric variation marked with test ID (see Table 1 for 
reference). 
 
 For the modelled cases with GR (Case 2 and 3), 𝐸𝐸𝐸𝐸 was either greater for the softer 
subsoil than the stiffer subsoil or approximately the same for both subsoils. In general, 
the results were reversed without GR (Case 1). The difference in 𝐸𝐸𝐸𝐸 for Case 1 with stiff 
subsoil and soft subsoil decreased with increasing embankment height. Lai et al. (2016) 
observed increasing pile efficacy with increasing embankment height, which is 
reasonable as they found that the maximum soil arching height remained constant. The 
numerical and experimental results obtained by Girout et al. (2018) showed that the pile 
efficacy is approximately equal or even lower for a case with two GR compared to a 
case with one GR, supporting the results in Fig. 14. For large relative displacement 
(> 6%), Girout et al. (2018) clearly observed through geotechnical centrifuge trapdoor 
modelling a negative effect on 𝐸𝐸𝐸𝐸 when the GR was located at equivalently the same 
heights above the pile heads as the two geogrids in Case 3, in comparison to placing the 
GR close to the pile heads as the geogrid location in Case 2. Girout et al. (2018) 
attributed this negative effect to the GR breaking the arch formation within the 
embankment, as was also observed in the FE results for Case 3. 
 Due to the low strength of timber, in comparison to concrete and steel, it is even 
more important to control the magnitude of the pile head load in relation to the 
structural bearing capacity. The computed pile load increased with increasing value of 

5847347_Inlaga_NY.indd   2105847347_Inlaga_NY.indd   210 2023-01-25   07:272023-01-25   07:27



25 
 

𝐻𝐻𝐻𝐻 and 𝑠𝑠𝑠𝑠 but did not exceed 80% of the structural bearing capacity (90 kN), as shown in 
Fig. 15. The computed load on the pile heads varied from 17.6 to 79.5% of the 
structural bearing capacity. As with the pile efficacy in Fig. 14, the pile load was the 
least for Case 1, and approximately the same for Case 2 and 3. The difference in pile 
load between Case 2-3 and Case 1 decreased with increasing pile coverage ratio 𝛼𝛼𝛼𝛼. 
Since the input value of 𝑠𝑠𝑠𝑠 had greater impact on the efficiency of the load transfer onto 
the piles (i.e. the pile efficacy) than the input value of 𝐻𝐻𝐻𝐻 had (Fig. 14), the pile load was 
also more affected by the changes in 𝑠𝑠𝑠𝑠 than 𝐻𝐻𝐻𝐻. 
 

 
Fig. 15. Computed pile load as percentage of the structural bearing capacity (90 kN) over 
relative fill height for stiffer subsoil (with siGr) and for softer subsoil (without siGr). Each 
geometric variation marked with test ID (see Table 1 for reference). 
 
 
4.3. Geosynthetic-reinforced tensile strain 
 
Although, neither the arch stability nor the pile efficacy clearly differed between Case 2 
and 3, the two different GR layouts resulted in different tensile strain in the geogrid(s). 
The maximum tensile strain ε𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 in the geogrid of each FE model is shown in Fig. 16. 
The value of ε𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 was evaluated in both the transversal road direction (parallel to the 
pile rows) and the longitudinal road direction (perpendicular to the pile rows). As 
expected, the tensile strain in the geogrid increased with increasing pile spacing and 
embankment height, since the value of 𝛼𝛼𝛼𝛼 decreased, and the vertical stresses increased. 
Equally expected, softer subsoil resulted in greater tensile strain than the stiffer subsoil. 
The single biaxial geogrid in Case 2 was subjected to greater tensile strain than either of 
the uniaxial geogrids in Case 3, since the elevation above the pile heads of the two GR 
layers in Case 3 was 3 and 5 times greater than the elevation of the single GR layer in 
Case 2 (0.3 and 0.5 m versus 0.1 m, respectively, Fig. 3). On average, the value of ε𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 
was 1.4 times greater for the geogrid in Case 2 than for the lower geogrid in Case 3. The 
difference of ε𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 in the transversal and longitudinal road direction was greater for the 
softer subsoil than for the stiffer subsoil. The value of ε𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 was in general greater in the 
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transversal than the longitudinal road direction for all simulated cases except for the 
lower geogrid in Case 3 with stiffer subsoil, for which the tensile strains were greater in 
the longitudinal road direction (cross-machine direction). 
 

 
Fig. 16. Computed maximum tensile strain in the geogrid for Case 2 (one layer of geogrid) and 
the two geogrids for Case 3 (two layers of geogrid). 
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5. Concluding remarks 
 
A 3D finite element (FE) model was developed to numerically evaluate the 
effectiveness of geosynthetic reinforcement (GR) in a timber piled embankment. A 
parametric study was conducted with variations of the GR layout, the embankment 
height 𝐻𝐻𝐻𝐻, the centre-to-centre pile spacing 𝑠𝑠𝑠𝑠, as well as the stiffness and strength of the 
upper-most subsoil layer. The GR layouts were an unreinforced embankment, one layer 
of GR (biaxial geogrid), and two layers of GR (uniaxial geogrid). The elevation of the 
two GR layers above the pile heads were three and five times greater than the elevation 
of the single GR layer, respectively. The parametric study was based on an FE model 
that was validated against the measurements of a 1-year field monitoring program of a 
geosynthetic-reinforced timber pile-supported road embankment. The base model 
successfully captured the performance of the road embankment. The following 
conclusions of the parametric study were reached: 

− The addition of GR layer(s) enhances the efficiency of load transfer towards the 
timber piles, as well as enhances the stability of the arch formation. Adding a 
second layer of GR to an existing GR layer has insignificant effect on the arch 
stability and pile efficacy. Increasing the subsoil settlement relative to the pile 
heads could affect this conclusion, as literature shows. 

− Though timber piles have lower strength than concrete and steel piles, the 
structural bearing capacity of the timber piles was not exceeded in the 
simulations. The amount of load transferred onto the piles is more affected by 
changes in the pile spacing than the embankment height. 

− One layer of GR with little elevation above the pile heads results in greater GR 
tensile strain than if the pile-supported embankment is reinforced with two 
layers of GR with greater elevation. The tensile strain is greater in the 
transversal road direction than the longitudinal road direction, irrespective of the 
GR layout. 

− Stable arch formation occurs when the relative height 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≥ 1.5 and the 
relative pile spacing (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 ≥ 5.0 for an unreinforced embankment, with the 
stability depending on the subsoil stiffness and strength when (𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 < 6.0. For 
a reinforced embankment, stable arch formation occurs when 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎) ≥ 1.3 and 
(𝑠𝑠𝑠𝑠−𝑎𝑎𝑎𝑎)/𝑎𝑎𝑎𝑎 ≥ 3.8. 

− Traffic loading has a significant impact on the soil arching effect and arch 
stability. Constructing the pile-supported embankment on an upper soil layer 
with greater strength and stiffness than the in-situ soft subsoil reduces the impact 
of the traffic load and enhances the arch stability. 

− Conditions for stable arch formation in GRPSE with timber piles are proposed, 
which are modifications of the existing conditions by Rui et al. (2019) but 
includes the influence of traffic load. The limits allow for a more object-specific 
design than the Swedish code, improving the resource efficiency both in terms 
of required number of timber piles and amount of GR. 
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ABSTRACT 
 
This paper outlines the design and development of a trapdoor test setup used to simulate the effect of a 
geosynthetic reinforcement on the load distribution in a timber piled embankment. Geosynthetic-reinforced pile-
supported embankment (GRPSE) is a common foundation method for both roads and railways on soft subsoil. 
Timber piling allows for a solution with lower carbon footprint than concrete or steel piling. The removal of 
concrete pile caps further reduces the footprint but increases the requirements of the geosynthetic reinforcement. 
The purpose of the trapdoor test setup is to find the best suited number, placement, stiffness, and strength of the 
layers of geosynthetic reinforcement for different embankment heights and pile spacings. The tested embankment 
model consists of a vertical cross section of the embankment between two adjacent piles, assuming plane strain. 
The test is performed under Earth’s gravity. A hydraulically controlled trapdoor mechanism in between the two 
pile heads acts as the deformed subsoil. The trapdoor is composed of several segments to model a non-horizontal 
top surface of the displaced subsoil. Displacements are captured using optical measurement techniques to confirm 
and study the arch formation. The arching efficacy is quantified by pressure cells on each of the two pile heads. 
Though the primary application is timber piled embankments, the test results can be extrapolated to GRPSE 
designs in general. 
 
Keywords: physical modelling, piled embankment, geosynthetic reinforcement, arching, timber piles. 
 
 
1 INTRODUCTION 

This paper describes part of a study with the aim of 
optimising the use of geosynthetic reinforcement (GR) 
in the method of geosynthetic reinforced pile-supported 
embankments (GRPSE) with timber piles, referred to 
here as light embankment piling (Gunnvard et al., 
2022b). GRPSE is an effective foundation method, 
which utilises arching effect (Terzaghi, 1943) and 
membrane effect (Villard et al. 2000) to transfer the 
embankment weight and traffic load onto the piles 
instead of the soft subsoil. Light embankment piling 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, the use of timber piles results 
in a reduced carbon footprint in comparison to concrete 
or steel piling. Although timber piles are widely used for 
infrastructure 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. Untreated timber is cheaper and 
can last almost indefinitely if kept in anaerobe conditions. 

In accordance with Swedish standards TRVINFRA 
(STA, 2022), pile caps are excluded in lightly piled 
embankments. Thus, the pile coverage ratio is very low, 
which could lead to punching failure and unwanted 
settlements. To counter this, the embankment base is 
reinforced with two layers of GR (usually geogrids) and 
the centre-to-centre pile spacing (𝑠𝑠𝑠𝑠) is limited to 0.8 ≤
𝑠𝑠𝑠𝑠 ≤ 1.2 m. See Fig. 1 for a cross section. 

 
Fig. 1. The design criteria by TRVINFRA (STA, 2022) for 
geosynthetic-reinforced timber pile-supported embankments 
(lightly piled embankments). 
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The two common tree types used for piling in 
Sweden are Norway Spruce (picea abies) and Baltic pine 
(pinus sylvetris). The granular material is crushed rock, 
0-90 mm in fraction size. A layer of dense fine-grained 
soil with high capillarity is added on top of the pile heads 
to keep the soil around the timber piles fully capillary 
saturated, as the timber will otherwise rot over time. 

The narrow allowable pile spacing results in a lot of 
timber piles. The results of the study Gunnvard et al. 
(2022b) shows a potential of increasing the upper limit 
of 𝑠𝑠𝑠𝑠 to 1.4 m. Additionally, from the field test results in 
Gunnvard et al. (2022a) it can be concluded that the GR 
layers are subjected to small strains (<1%). 

The thicknesses of the granular and dense fine-
grained soils are the minimum possible from a practical 
point of view, but the resulting height of the arch above 
the top GR is potentially less than half the arch height if 
𝑠𝑠𝑠𝑠 𝑠  1.2 m. Satibi (2009) showed using numerical 
modelling that the GR layers need to be placed within 
the lower half of the arch height to efficiently reduce 
subsoil settlements. Thus, it needs in this study to be 
evaluated whether increasing 𝑠𝑠𝑠𝑠  or adjusting the 
placement and stiffness of the two GR layers (Fig. 1) is 
the most resource efficient alternative for lightly piled 
embankments. Other options are to adopt a single GR 
layer, or exclude GR entirely to yield a more resource 
efficient (and sustainable) design. Physical and 
numerical modelling will be performed to help optimise 
the use of the GR. The analyses also include finding a 
minimum embankment height for a given 𝑠𝑠𝑠𝑠 and testing 
the hypothesis by Gunnvard et al. (2022a) of increasing 
the upper limit in TRVINFRA of the 𝑠𝑠𝑠𝑠  above 1.2 m, 
decreasing the number of timber piles needed in the 
design. Though the aim focuses on timber piling, the 
results will be general to GRPSE design. 

2 TEST SETUP 

2.1 Physical modelling 
A physical experiment is being developed at Luleå 

University of Technology to study the load distribution 
between two adjacent piles while simulating the cross 
section of an embankment and load transfer platform. 
The tests will be performed under Earth’s gravity (1g). 
As shown in Fig. 2, the test setup corresponds to a 
section of the pile-supported embankment between two 
adjacent piles. For practical reasons, the modelled road 
section will be in half-scale, i.e. all dimensions and grain 
sizes of a regular road embankment will be reduced to 
50%. The presented test setup shall be reconstructible for 
later physical modelling in full-scale. 

The test setup approximates a 2D plane-strain case. 
Plane-strain is chosen to enable ocular observation of the 
arch formation and development of voids below the GRs 
(or the dense fine-grained soil). A depth of at least 
200 mm is set to mitigate arching in the out-of-plane 

direction. The traffic load, reduced by 50%, will be 
added as a surcharge load by a hydraulic cylinder from 
the top. 

 
Fig. 2. Sketch of the test setup showing (a) front view as seen 
through the plexiglass window and cross-sectional side view, as 
well as (b) bottom view of the setup in respect to the actual piles. 

2.2 Model piles 
The width of the test setup will be equal to ½𝑠𝑠𝑠𝑠 for 

half-scale conditions. Only the upper-most part of the 
two piles is to be included as boxes on either side in the 
base of the setup. Each box shall be made from steel for 
overall durability and to exclude the stiffness of the 
timber. To approximate plane-strain conditions, the 
circular pile heads are modelled as rectangular pile 
heads, as shown in Fig. 2b. The total in-plane width of 
the two pile heads is equal to the side length of a square 
with the same cross-sectional area as a circular pile head. 
In full-scale, the total in-plane width 𝑎𝑎𝑎𝑎 is defined as 

 𝑎𝑎𝑎𝑎 = �1
4

(𝑑𝑑𝑑𝑑2𝜋𝜋𝜋𝜋) (1) 

where 𝑑𝑑𝑑𝑑 is the pile head diameter. Since the presented 
test setup is at half-scale, the total in-plane width of the 
two pile heads is equal to ½𝑎𝑎𝑎𝑎. The average timber pile 
head diameter is about 25 cm (Fig. 1). Thus, the width of 
each modelled pile head (¼𝑎𝑎𝑎𝑎) is 55 mm (Fig. 2b). 
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2.3 Model soil 
The main embankment material will consist of 

granular unsaturated soil, fraction size 0–45 mm, i.e. 
half-scale of the 0–90 mm crushed fill material used in 
practice. The dense soil on top of the trapdoor and pile 
heads will be a silty sand. Compaction will be performed 
with the test setup lying horizontally, back plate facing 
down, to avoid scratching the front plexiglass. The soil 
density is increased to compensate for a lowered 
dilatancy in half scale in comparison to full scale. 

Settlement of the subsoil in between the piles is 
implemented with a trapdoor, a common tool in 
centrifuge modelling of GRPSE (Rui et al., 2016; da 
Silva Burke and Elshafie, 2021; Rui et al., 2022). The 
trapdoor will be divided into segments, as shown in Fig. 
2, to approximate the non-uniform subsoil displacement 
that develops between the piles. To further approach 
natural subsoil behaviour, the trapdoor system can be 
replaced with a cushion filled with water, where the 
subsoil settlements are controlled via drainage during the 
test through a tap. Van Eekelen (2012) successfully used 
a water-filled foam-cushion system to approximate the 
natural subsoil surface shape. 

2.4 Monitoring 
Soil and GR displacements will be monitored using 

Particle Image Velocimetry (PIV), captured through 
sheets of plexiglass on the front of the test setup, drawing 
inspiration from the trapdoor geotechnical centrifuge 
tests by da Silva Burke and Elshafie (2021) and Rui et 
al. (2016). This enables formation of arches to be 
observed in real time while simultaneously measuring 
load distribution and deformations. Trapdoor 
displacement (subsoil settlement) and settlements at the 
top of the modelled embankment is going to be 
monitored by linear variable differential transformers 
(LVDTs). The GR strain will be measured by PIV 
analysis or fibre optics (Briançon and Simon, 2012). 

Load cells will be placed in the two piles and under 
the trapdoor to measure the total load on the two pile 
heads (𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) and the load on the trapdoor (𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠). The 
load distribution is evaluated based on pile efficacy 𝐸𝐸𝐸𝐸 
and soil arching ratio 𝜌𝜌𝜌𝜌, defined as (Van Eekelen and 
Han, 2020): 

 𝐸𝐸𝐸𝐸 = 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣·𝑠𝑠𝑠𝑠2

 (2) 

 𝜌𝜌𝜌𝜌 = 𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣·𝑠𝑠𝑠𝑠2

 (3) 

where 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣 is the initial effective vertical stress. 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣𝑣 
is determined from 𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and 𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 at the start of the 
test. Rui et al. (2016) and King (2017) observed 
maximum values of 𝐸𝐸𝐸𝐸  and 𝜌𝜌𝜌𝜌  for small subsoil 
settlements and a residual or decreasing arching effect 
for larger subsoil settlements. 
 

3 MODELLING 

3.1 Cases to be modelled 
Three cases are to be modelled, shown in Fig. 3. For 

Case 1, the geometry is based on the current design 
criteria in TRVINFRA (Fig. 1) with two uniaxial 
geogrids (stronger in the machine direction). Following 
practice, the top geogrid will be placed with its machine 
direction perpendicular to the machine direction of the 
bottom geogrid. For Case 2, one biaxial geogrid is placed 
at the base of the modelled embankment. An 
unreinforced embankment is to be modelled as Case 3. 

 
Fig. 3. Illustration of a semi-circular arch formation between two 
piles for three different cases of GR placement. 
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Several studies like Rui et al. (2016) and Rui et al. 
(2022) have proposed recommended values for the ratio 
𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠 − 𝑎𝑎𝑎𝑎) to allow optimal arch formation, primarily 
for cases like Case 2 and 3. As illustrated in Fig. 3, the 
conditions for an optimal value of 𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠 − 𝑎𝑎𝑎𝑎)  are 
different for Case 1–3. The hypothesis in this study is 
that for a range of 𝐻𝐻𝐻𝐻  and 𝑠𝑠𝑠𝑠 , there exists values of 
𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠 − 𝑎𝑎𝑎𝑎) for which one of the cases is preferrable to 
the other two in terms of arch formation and resource 
efficiency. 

3.2 Calibration 
The data used for calibration of the physical model is 

from a monitoring project of lightly piled road 
embankment in northern Sweden, near Luleå. The road 
was reconstructed due to settlements above the 
serviceability limit. For the reconstructed piled 
embankment, 𝐻𝐻𝐻𝐻 = 1.8 m and 𝑠𝑠𝑠𝑠  = 1.1 m. The load 
distribution layer was designed according to the criteria 
shown in Fig. 1. More project details and results of the 
first year of monitoring is presented in Gunnvard et al. 
(2022b). For calibration, 𝐻𝐻𝐻𝐻 and 𝑠𝑠𝑠𝑠 will be set to match 
the field test conditions, i.e. Case 1 in Fig. 3 with 
½𝐻𝐻𝐻𝐻 = 0.90 m and ½𝑠𝑠𝑠𝑠 = 0.55 m. 𝐸𝐸𝐸𝐸 and 𝜌𝜌𝜌𝜌 were in the 
range of 0.29–0.48 and 0.31–0.48, respectively. The GR 
strain was ≤0.03%. Settlement measurements in field 
suggested maximum 2–4 cm of subsoil settlement 
relative to the pile heads. 

A parametric study using a finite element model of 
the lightly piled road embankment is being conducted 
ahead of the physical modelling to estimate the test 
results and the impact of reduced scale. 

3 OUTLOOK 

The analyses of the physical modelling and 
complementary numerical modelling will potentially 
allow for a revision of the design criteria in TRVINFRA 
for lightly piled embankments. Values for the ratio 
𝐻𝐻𝐻𝐻/(𝑠𝑠𝑠𝑠 − 𝑎𝑎𝑎𝑎)  are to be recommended for different GR 
placement and stiffness, to allow for more flexible 
design than previously with TRVINFRA. The analysis 
should improve timber piling as an environmental and 
cost-efficient alternative for GRPSE design. However, 
the results of the physical modelling are applicable for 
GRPSE design in general. 
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