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ABSTRACT 10 

Full-scale axial load tests were performed on five screw injection piles founded in medium dense to 11 

dense sand at a site in Delft, the Netherlands. Each pile was instrumented with distributed fibre optic 12 

sensors along its full length, giving detailed insights into the shaft and base response under compression 13 

loading. The paper focusses on the pile base response and combines the test results with a newly 14 

compiled database of instrumented load tests on screw displacement piles in sand. Given the range of 15 

screw displacement piles on the market, the influence of different installation methods and pile 16 

geometries on the base resistance can be assessed through the database. In summary, the analysis 17 

showed that all screw displacement pile types tended to mobilise base capacities similar to bored or 18 

non-displacement piles. Despite high variability in the database, no significant trend with pile geometry, 19 

such as length or diameter, was evident.   20 
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INTRODUCTION 21 

Screw displacement piles, also known as drilled displacement or auger displacement piles (Basu et al. 22 

2010), include pile types such as the Atlas, FDP, Fundex, Olivier and Omega piles. These piles are 23 

installed using both torque and a push-in force. Unlike bored piles, continuous flight auger (CFA) piles 24 

or screw anchors, screw displacement piles displace the soil radially away from the pile shaft and 25 

underneath the pile base, minimising the degree of soil transportation. Generally, this is assumed to be 26 

favourable for the ultimate pile capacity, implying that screw displacement piles provide comparatively 27 

high capacities whilst producing low noise and vibration during installation. 28 

Design methods for screw displacement piles often use the cone penetration test (CPT) to determine the 29 

pile base resistance in sand (Kempfert and Becker 2010; Huybrechts et al. 2016; van Seters 2016; 30 

Moshfeghi and Eslami 2019; Gavin et al. 2021). These methods define the ultimate base capacity qb0.1 31 

at a base displacement of 10% of the pile diameter D using the equation: 32 

𝑞𝑏0.1 = 𝛼𝑝𝑞𝑐,𝑎𝑣𝑔       (1) 33 

where αp is an empirical correlation factor and qc,avg is a weighted average of CPT cone tip resistances 34 

in a diameter dependent zone around the pile base. There is no universally accepted means of 35 

determining qc,avg and the different methods available can lead to variability in the derived αp. Methods 36 

for determining qc,avg include the Dutch 4D/8D method (van Mierlo and Koppejan 1952; Reinders et al. 37 

2016) and the LCPC 1.5D method (Bustamente and Gianeselli 1982), developed at Laboratoire Central 38 

des Ponts et Chaussées (LCPC). Yet research (van der Linden et al. 2018, Lehane 2019) has suggested 39 

that both methods do not adequately describe the different penetration mechanisms that affect the 40 

measured cone resistance, particularly in very variable soils. The recently developed “filter method” 41 

(Boulanger and DeJong 2018) uses an inverse filtering technique to derive the true cone resistance and 42 

has been shown to improve on existing averaging methods when applied to pile design (Bittar et al. 43 

2022; de Boorder et al. 2022). 44 

Much of the early development and research into screw displacement piles and CPT-based design 45 

occurred in the Netherlands and Belgium (Basu et al. 2010; Bottiau and Huybrechts 2019). In these 46 
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countries, screw displacement piles in sand are designed using relatively high αp factors. For example, 47 

the Dutch design code (NEN 2017) prescribes an αp of 0.63 when qc,avg is determined by the 4D/8D 48 

averaging method. In this case, the αp is much closer to that of a driven closed-ended pile (αp = 0.70) 49 

compared to that of a bored pile (αp = 0.35). Essentially, the high αp implies that screw displacement 50 

pile installation improves the stress state around the pile base and so the pile performs more like a fully 51 

displacing pile than a non-displacing pile.  52 

Precisely quantifying this beneficial effect is challenging. Laboratory tests (Slatter 2000) has shown 53 

how soil is displaced downwards and radially away from the drilling tool of a screw displacement pile, 54 

a phenomenon controlled by both the drilling tool geometry and installation parameters, such as the 55 

rotational speed and pulldown force. Numerical analyses (Pucker and Grabe 2012, Basu et al. 2014, 56 

Knappett et al. 2014) have also supported these findings, showing increased soil densification up to one 57 

to three pile diameters away from the pile shaft. However, the mechanisms occurring around the pile 58 

base are also affected by direct transport of soil up the screw flights, particularly when the displacement 59 

body of the pile is offset away from the pile base, like in the case of Omega piles (Slatter 2000). 60 

Translating these models to full-scale piles brings another layer of complexity. When the hollow drilling 61 

tool is filled with wet concrete and subsequently withdrawn, another series of stress changes and re-62 

equalisation are initiated (Bustamente & Gianeselli 1998; van Impe 2001), potentially leading to a non-63 

uniform pile base in terms of both geometry and stiffness.  64 

Efforts have been made to translate installation parameters into a predicted load capacity for screw 65 

displacement piles (NeSmith 2003; Krasiński 2023), although caution is advised when using these 66 

methodologies because of the limited research and data available (Basu et al. 2010). Therefore, CPT-67 

based approaches remain the most reliable way of assessing screw displacement pile capacity. Several 68 

database approaches (De Cock 2008; Basu et al. 2010; Jeffrey 2012; Park et al. 2012; Larisch 2014; 69 

Moshfeghi and Eslami 2019; Figueroa et al. 2022) have been performed to assess the reliability of 70 

different design methods. Nevertheless, a comprehensive database assessment of the pile base response 71 

is still lacking because of the limited number of fully instrumented static load tests, especially tests 72 

paired with a neighbouring CPT that would allow αp values to be derived. Recent tests on screw 73 
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displacement piles in very dense sand (Duffy et al. 2024) and soft clay (Siegel et al. 2019) have 74 

suggested an αp factor much lower than currently prescribed in design standards.  75 

To investigate the base resistance of screw displacement piles in sand, this paper first presents the results 76 

of static load tests on five instrumented screw injection piles, a type of screw displacement pile 77 

commonly used in the Netherlands and Belgium. Each pile was instrumented with distributed fibre optic 78 

sensors, giving detailed insights into the geotechnical and structural response of the piles. The test 79 

results were then combined with a newly compiled database of instrumented load tests on screw 80 

displacement piles founded in sand. Using the database, the paper shows the importance of averaging 81 

methods in CPT-based design formulations for the pile base resistance and compares the base response 82 

of different screw displacement pile types to investigate if different installation methods have an 83 

influence on the ultimate pile base response. 84 

BACKGROUND OF SCREW INJECTION PILES 85 

Screw injection piles are a type of screw displacement pile which use an injection fluid during pile 86 

installation, simultaneously with a push-in force and torque. The fluid is injected from the pile tip, 87 

passing along the pile shaft and out through an annular space around the pile at the ground surface, 88 

reducing the resistance acting on the pile shaft and on the pile tip. If grout is used as the injection fluid, 89 

an outer shell is created around the pile upon grout hardening, filling the annular space and increasing 90 

the pile’s cross-sectional area. Overall, this means the pile type is quite adept at installing in dense sand 91 

and variable deposits, whilst still generating low noise and vibrations. These reasons, for instance, are 92 

why screw injection piles are steadily becoming more and more common in the Netherlands and 93 

Belgium (Bottiau and Huybrechts 2019). 94 

Precisely how screw injection piles are installed varies from contractor to contractor. Variations can 95 

include screw tip shape, grout properties, the location of the injection outlet or with how the casing is 96 

extracted. Two common screw injection pile types include the Fundex and Tubex systems, both of which 97 

can be installed with or without injection. A key installation characteristic of Fundex piles (Fig. 1) is 98 

the thick-walled reusable steel casing with a sacrificial screw tip. Tubex piles, on the other hand, use a 99 

thin-walled sacrificial steel tube with a screw tip permanently welded to the bottom. Because the tube 100 
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remains in-situ, a reinforcement cage is often not needed and so after installation, the steel tube is filled 101 

with just concrete. 102 

 103 

Fig. 1. Installation of a Fundex and Tubex pile with grout injection. 104 

The combined screwing and injection makes it challenging to understand how different pile sizes, screw 105 

tip shapes and installation parameters (e.g. penetration rate, pulldown force, revolutions per minute, 106 

grout flow rate, grout pressure, grout water-cement ratio) affect the base and shaft response under axial 107 

loading, particularly given the interdependencies between the parameters. An increased pulldown force, 108 

for instance, increases the penetration rate and subsequently requires an increased grout flow rate to 109 

maintain the grout body around the pile. Admiraal et al. (2022) performed tension load tests in the field  110 

on fifteen scaled screw injection piles, investigating how grout injection parameters such as flow rate 111 

and water-cement ratio affected the pile shaft resistance. The results indicated that different water-112 

cement ratios in the grout mixes did not create any observable changes in the piles’ tensile capacities, 113 

although higher grout flow rates may lead to lower ultimate shear stresses. The static load tests 114 

performed in the very dense sands of the port of Rotterdam (Duffy et al. 2024), use both discrete and 115 

distributed fibre optic sensors to provide comprehensive measurements of the normal force along the 116 

entire pile length of three screw injection piles. Compared to the full-displacement driven closed-ended 117 

piles tested at the same site, the screw injection piles exhibited a much softer base stiffness and 118 
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mobilised an αp of just 0.30. The low αp values mobilised initiated the test programme presented in this 119 

paper to see if site-specific effects such as soil conditions or installation procedures affected the base 120 

response.  121 

EXPERIMENTAL PROGRAMME 122 

Ground conditions 123 

Pile installation and testing was performed in early 2022 at the Flood Proof Holland test site of Delft 124 

University of Technology. Six screw injection piles were installed, spaced at least four metres apart 125 

(Fig. 2). Prior to installation, four CPTs were performed within two metres of each pile location. The 126 

upper two metres of the site was a made ground fill composed of coarse sand, gravel and cobbles. 127 

Underneath this were six metres of soft Holocene clay with CPT cone resistances of around 0.2 MPa 128 

(Fig. 3), underlain by a two-metre-thick medium-dense sand layer and a three-metre-thick firm clay 129 

layer. The test piles extended through these layers and down to a medium dense to dense sand layer 130 

located 16 m below ground level. This founding layer had cone tip resistances between 10 to 25 MPa, 131 

with an average value of around 15 MPa. Geologically, this sand layer is referred to as the Kreftenheye 132 

Formation and is widespread across much of the western Netherlands and the Dutch North Sea sector 133 

(Rijsdijk et al. 2005; Hijma et al. 2012). 134 

 135 

Fig. 2. Layout and location of the Delft test site (inset map courtesy of http://www.pdok.nl). 136 

http://www.pdok.nl/


 

7 

 

 137 

Fig. 3. Selected CPTs from the test site. 138 

Pile geometry & installation 139 

Three Fundex piles (F1, F2 and F3) and three Tubex piles (T1, T2 and T3) were installed by the 140 

contractor Fundex Piling Group to compare the base and shaft response of two different types of screw 141 

injection piles under similar site conditions. Both pile types had identical screw tips (Fig. 4), each with 142 

a single helical screw flange measuring 470 mm at its outermost diameter. Two injection outlets were 143 

located in these tips, facing in opposite directions. These outlets injected grout with a water-cement 144 

ratio of 1.5 until just above the target depth, from which point the piles were screwed in an additional 145 

25 cm without any grout injection. 146 

The Fundex piles were installed by a reusable casing with an outer diameter of 380 mm and a wall 147 

thickness of 32 mm. The soft upper clay layer increased the risk of pile bending and structural failure, 148 

particularly in the event of eccentric loading. To mitigate this risk, a single H-beam profile (HEB 160) 149 

was used as reinforcement in the Fundex piles and was placed in the reusable casing before concrete 150 

pouring, resting directly on the screw tip. For the Tubex piles, each screw tip was welded to a sacrificial 151 

tube with an outer diameter of 382 mm and a wall thickness of 13 mm. Because the tube remains in 152 

situ, a reinforcement cage is often not needed and so only concrete is placed in the tube after installation. 153 

All piles were filled with C45/55 concrete. 154 
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 155 

Fig. 4. Screw tip of the Tubex piles. 156 

A key consideration in the installation of screw injection piles is balancing the incoming and outcoming 157 

grout flow rate, helping to reduce the installation resistance and to create a continuous grout shell around 158 

the pile. During installation of the first pile, pile T1, no grout outflow was observed at the ground surface 159 

despite the constant rate of incoming grout at 120 L/min (Fig. 5). This suggests that some of the grout 160 

may have percolated through permeable soil layers or created enlarged areas of the pile shaft in the 161 

softer layers. For the remaining Tubex piles, the penetration velocity was reduced through the upper 162 

layers and the grout flow rate was increased to 180 L/min to encourage more grout outflow, but no 163 

grout outflow was subsequently observed. The Fundex piles used the same incoming grout flow rate as 164 

piles T2 and T3, albeit with an increased penetration velocity to reduce the risk of the screw tip 165 

dislodging from the casing during penetration. Grout outflow was observed for piles F1 and F2 across 166 

the lower sand layer but no outflow was observed across this layer for pile F3. Subsequent problems 167 

with extracting the reusable casing of pile F3 meant that the pile was of insufficient quality to be 168 

considered a suitable test pile. As a result, pile F3 has not been considered further in this paper. 169 
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 170 

Fig. 5. Installation data of the six test piles. 171 

Table 1. Overview of the test piles. 172 

Pile 
Diameter 

D (mm) 

Length 

L (m)a
 

qc,LCPC 

(MPa)b 

Pile 

age 

(days) 

F1 470 20.0 12.6 65 

F2 470 19.2 13.5 70 

F3c 470 20.0 10.9 n/a 

T1 470 19.9 11.9 64 

T2 470 20.3 11.7 68 

T3 470 20.8 15.4 73 
a The pile base elevation was defined as the shoulder of the conical tip (35 cm in height). 173 
b Weighted cone resistance around the pile base, determined using the 1.5D LCPC method (Bustamente and Gianeselli 1982)  174 
c Test results of pile F3 not assessed because of problems with casing extraction 175 
 176 

Strain instrumentation 177 

All piles were instrumented along their full length with steel-reinforced fibre optic cables. For the 178 

Fundex piles, the fibre optic cables were glued to the H-beam reinforcement at its two flanges and in 179 

the centre of the web. For the Tubex piles, two 5 mm deep grooves were formed in the outside of the 180 

casing (Fig. 4) into which a fibre optic cable was glued. Both pile types were instrumented in an indoor, 181 

temperature-controlled environment and the steel was scoured and degreased before gluing with two-182 

part epoxy. 183 

During load testing, the cables were interrogated using Brillouin Optical Frequency Domain Analysis 184 

(BOFDA) through a fibrisTerre fTB 5020 interrogator. This process gave a continuous profile of strain 185 
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along the length of the pile at a spatial resolution of 20 cm and at a frequency of every 90 seconds. 186 

Strain readings were then converted to a normal force based on the stress–strain response of the upper 187 

part of the pile and using the tangent and secant stiffness method described by Fellenius (2001). The 188 

measured stiffness response agreed well (Fig. 6) with the theoretical initial stiffness—derived using the 189 

composite steel-concrete-grout stiffness and assuming a grout stiffness of 10 MPa and a shaft diameter 190 

of 470 mm. As expected, a slight degradation in stiffness with increasing strain is visible across most 191 

of the piles. The only outlier is pile F2, which shows an apparent strain-hardening response with 192 

increasing strain. Variations in stiffness are inevitably expected along the length of the pile because of 193 

potential changes in material strength and pile diameter. However, since the piles were not extracted 194 

following testing, a constant stiffness has been assumed for the entire length of the pile. 195 

 196 

Fig. 6. Secant stiffness measured by the uppermost strain readings in each pile. 197 

Load test procedure 198 

All piles were subjected to stepwise, axial compression loads using a single hydraulic jack and a reaction 199 

provided by kentledge. The standard duration of each load step was at least thirty minutes, the duration 200 

of which was extended if the creep rate of the pile head exceeded 1.2 mm/s. Each load step was either 201 
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prolonged or advanced to the next step depending on the creep rate of the pile head and the duration of 202 

the existing load step, with each step lasting at least thirty minutes. To measure the pile head 203 

displacement, four potentiometers were installed around the pile head and measured with respect to two 204 

wooden reference beams either side of the pile. These displacement measurements were also cross-205 

checked by two different automatic levelling stations, located around 10–20 m away from the pile. A 206 

steel rod known as a telltale was left free-standing in a tube within each pile, resting directly on the pile 207 

tip. By measuring the change in elevation of the top of the telltale with respect to the pile head, the 208 

elastic compression of the pile body could be deduced and so the telltale acted as a supplement to the 209 

BOFDA strain measurements. The maximum deviation between the telltale and BOFDA measurements 210 

of the elastic displacement was around 1–2 mm for each test, with the exception of the test on pile T2 211 

where a deviation of up to 6 mm occurred. It is surmised that this is as a result of movement and bending 212 

of the telltale within its housing, resulting in a higher (apparent) elastic displacement compared to the 213 

other piles. 214 

The piles were unloaded once the pile base displacement reached at least 0.1D, referred to as the pile 215 

failure load. Thereafter, an attempt was made to reload the pile to this failure load. 216 

LOAD TEST RESULTS 217 

Load-displacement response 218 

All piles showed very similar load-displacement responses up to a load of around 1.2 MN (Fig. 7). 219 

From this point, piles F1, F2 and T1 reached maximum loads of approximately 2.6 MN, each exhibiting 220 

rapid plunging failure and bringing the piles to the 0.1D failure criterion. Load cycles at the end of the 221 

the initial tests failed to return to these maximum loads. Up until a load of 2.3 MN, pile T2 responded 222 

similarly to these three piles. However, one hour into this load step, the pile displaced suddenly and the 223 

hydraulic pump could not pump quickly enough to sustain the 2.3 MN load. Subsequent load cycles 224 

could not reach loads greater than 1.5 MN because of the high displacement rate of the pile. On the 225 

other hand, the behaviour of pile T3 was notably different to the other piles: the pile exhibited high 226 

creep rates during maintained load steps from 1.0 MN onwards. The pile reached the 0.1D failure 227 
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criterion at a maximum load of 1.7 MN, with very large pile head displacements occurring at this load. 228 

In the subsequent reload cycle, the pile reached peak loads similar to the load at failure. 229 

 230 

Fig. 7. Load-displacement response under axial compressive loading 231 

Load distribution 232 

The measured axial force distribution with depth shows several distinct features (Fig. 8). All five piles 233 

transferred little of the applied load to the soft clay in the first 8 m below the surface. From 8 m to 16 234 

m, the higher shaft resistance of the medium dense sand and firm clay led to a greater reduction in the 235 

axial force compared to the soft clay. Piles F1 and F2 showed localised deviations in the measured load 236 

across this zone, particularly when compared to the Tubex piles. These deviations can potentially be 237 

explained by the removal of the steel tube of the Fundex piles, increasing the chance of localised 238 

changes in pile stiffness or cross-sectional area. 239 

The load distribution distinctly changes at the boundary of the lower sand layer at 16 m depth. At this 240 

boundary, the apparent axial force in piles F1, F2 and T1 reduces rapidly with depth to the pile base. 241 

Contrastingly, piles T2 and T3 show a different pattern. Taking pile T2 for instance, the load distribution 242 

is similar to that of pile T1 up until a load of 2.0 MN. However, one hour into the 2.0 MN load step, 243 

sudden displacement of the pile led to a corresponding reduction in its total capacity. When the pile 244 

reached an equilibrium at 1.5 MN, the slope of the load distribution appeared to have changed in the 245 



 

13 

 

lower sand layer (Fig. 8). Little to no reduction in load was exhibited across this layer, implying that 246 

little shear resistance could be mobilised. This same effect is also shown in pile T3 for applied loads 247 

greater than 1 MN. Beyond this load, high creep rates were observed at the pile head during load-248 

holding periods.  249 

It is likely that structural failure occurred in Tubex piles T2 and T3 because of a shear failure in the 250 

grout body itself or adhesive failure at the grout–steel interface, similar to that described by Duffy et al. 251 

(2024). The structural failure meant little shaft friction could develop in the lower sand layer, reducing 252 

the total capacity of T2 and T3 by 0.5 MN (Fig. 7). This reduction in total capacity corresponds to the 253 

total load taken by the lower sand layer in piles T1, F1 and F2—piles which showed no evidence of 254 

structural failure in their measured load distributions (Fig. 8). During installation, no return grout flow 255 

was observed in all three Tubex piles, suggesting that local hydrogeological conditions may have 256 

affected the development of the grout body—namely the soft impermeable clay overlying medium 257 

dense to dense sand. For future test sites or projects, a reduced water–cement ratio may improve the 258 

shear resistance and adhesive resistance of the grout, although site-specific dummy piles are 259 

recommended to verify that the mix provides sufficient fluidisation. 260 

  261 
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262 

 263 

Fig. 8. Axial force distribution measured by the BOFDA system during each test. Readings by a load 264 

cell on top of the pile are given by discrete points. 265 

Shaft resistance 266 

While the paper primarily focusses on the base resistance of the test piles, the measured shaft resistance 267 

in the lower sand layer is presented in Fig. 9 to fully understand the response of the piles in the primary 268 

load-bearing layer. The two Fundex piles, F1 and F2, mobilised maximum shaft resistances of 225 kPa 269 

at displacements between 15 and 25 mm. Both piles show post-peak softening with increasing 270 

displacement, reducing the shaft resistance to between 150 and 200 kPa. Tubex pile T1 also mobilised 271 

its resistance at a similar rate to the Fundex piles, reaching a maximum value of 240 kPa. However at 272 

this resistance, the pile was unloaded and so no clear softening could develop in the shaft response. 273 

Lastly, piles T2 and T3 reached maximum shaft resistances of only 175 kPa and 15 kPa respectively in 274 

the lower sand layer before debonding occurred at the grout-steel interface. 275 
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 276 

Fig. 9. Shaft response of the test piles in the lower sand layer. 277 

Base resistance 278 

To determine the base resistance, the load distribution was extrapolated to the pile base from the 279 

lowermost strain reading, a reading always within one pile diameter from the pile base. To convert from 280 

a resistance to a stress, the maximum diameter of the helical screw was used (=470 mm). Grout injection 281 

stopped 25 cm prior to the pile reaching its final depth, so it is assumed that no grout is present 282 

underneath the screw tip. 283 

The base resistances mobilised by piles T1, T2, F1 and F2 were very similar until a pile base 284 

displacement  of 15 mm (Fig. 10). After this point, the responses diverged: pile T1 reached the highest 285 

resistance of 5 MPa, pile T2 the lowest of 2.5 MPa and the two Fundex piles reached resistances in 286 

between these two extremes. The third Tubex pile, pile T3, appeared to behave much stiffer than the 287 

four other piles, although its response may have been affected by the structural failure of the grout body 288 

early on in the test. Ultimately, pile T3 yielded a maximum base resistance of 5 MPa, similar to pile T1.  289 
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 290 

Fig. 10. Measured base response of the test piles. 291 

To account for variations in soil conditions around the pile base, the base resistances have been 292 

normalised by the LCPC averaging method qc,LCPC (Bustamente and Gianeselli 1982) shown in Fig. 11. 293 

At a pile base displacement of 10% of the pile diameter, the normalised resistances (that is, αp from Eq. 294 

1) are between 0.20 and 0.30 for four of the five piles. Additional gains in capacity are marginal at 295 

displacements beyond 0.1D. The only exception is pile T1, which reached an αp of around 0.40. During 296 

installation, no grout injection was performed over the final 25 cm, meaning that any installation-297 

induced changes in the mobilised αp is more likely to be related to parameters such as penetration 298 

velocity or torque. However, no clear correlations can be drawn between the measured installation data 299 

(Fig. 5) and the normalised base resistance (Fig. 11). 300 

Considering standard-specific averaging methods, the αp factors range from 0.25 to 0.45 when using 301 

the 4D/8D averaging method prescribed by the Dutch standard (van Mierlo and Koppejan 1952; NEN 302 

2017) and from 0.30 to 0.45 using the de Beer method (de Beer 1971) in the Belgian standard (NBN 303 

2022). These mobilised values are much closer to the αp values of a non-displacement pile where αp 304 

ranges from 0.25 to 0.50 in both standards. This suggests that pile installation at the Delft test site 305 
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created little to no improvement in the pile base resistance, performing similarly to a low 306 

displacement pile or a bored pile. 307 

 308 

Fig. 11. Normalised base response using the LCPC 1.5D averaging method. 309 

DATABASE ASSESSMENT 310 

A database of screw displacement pile tests was compiled to investigate if site-specific ground and 311 

installation procedures affected the pile response. The database comprises at least 200 static load tests 312 

on screw displacement piles founded in sand. In addition to the screw injection piles, the other screw 313 

displacement piles have been categorised into three types: 314 

• Smooth shaft: Pile is installed with a sacrificial screw tip larger than the steel casing. The 315 

casing can remain in-situ, or else it is filled with concrete and extracted, leaving the screw tip 316 

behind. The result is a relatively smooth shaft with a screw tip at the pile base. Common pile 317 

types include the first generation of Fundex piles without grout injection, such as that described 318 

in Basu et al. (2010).  319 

• Helical shaft: The pile is installed using a steel drilling tool with a screw head. A sacrificial 320 

base plate or pointed tip is fitted to the bottom of the drilling tool to prevent groundwater 321 

ingress. Once the target depth is reached, the drilling tool is filled with concrete and is extracted 322 
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at a rate which matches the pitch of the helical screw, creating a screw shaped shaft. Well-323 

known pile types include the Atlas or Olivier pile types. 324 

• With displacement body: the pile is constructed using a drilling tool with several screw flights 325 

either side of an oversized displacement body that is several diameters away from the pile base. 326 

Similar to helical-shafted screw displacement piles, the drilling tool is fitted with a base plate 327 

at the bottom. Once the target depth is reached, the drilling tool is filled with concrete and 328 

extracted, with the displacement body creating a relatively smooth shafted pile. Pile types with 329 

displacement bodies generally have varying screw and displacement body geometries, 330 

examples of which include the De Waal and Omega piles.  331 

From this database, twenty-four piles were selected to compare the influence of installation methods on 332 

the ultimate pile base response (Table 2). Each test directly measured the pile base resistance and loaded 333 

the pile to displacements of at least 5% of the pile diameter. At least one CPT was performed near each 334 

pile, giving a clear profile of the soil stratigraphy around the pile base. The outermost diameter was 335 

used to determine the pile base resistance—generally the width of the helical flange at the screw tip. 336 

Table 2. Database of static load tests on screw displacement piles in sand, where the base resistance 337 

was directly measured. 338 

ID Site and pile 
Pile 

Type 

Da 

(mm) 

Length 

(m) 

sb,max / 

D (%) 
qb,0.1

b 

(MPa) 

qc,LCPC 

(MPa) 

qb/qc,

LCPC 
Reference 

Smooth shaft 

1 Beemster P2 Fundexc 150 2.9 28 7.0 15.7 0.45 (van der Geest et al. 2020) 

2 Beemster P3 
HEK 

pilec 
150 2.9 

27 
7.0 32.9 0.21 (van der Geest et al. 2020) 

3 Beemster P6 Fundexc 150 2.9 25 8.4 22.5 0.37 (van der Geest et al. 2020) 

4 Beemster P7 
HEK 

pilec 
150 2.9 

29 
7.0 32.6 0.21 (van der Geest et al. 2020) 

Helical shaft 

5 Zeeland O1 Olivier 460 9.1 14 3.4 22.8 0.15 Personal database 

6 Zeeland O2 Olivier 460 8.0 11 5.9 23.2 0.25 Personal database 

7 Zeeland O3 Olivier 460 9.5 14 6.5 20.6 0.32 Personal database 

With displacement body 

8 Elblag P9 DPDT 400 7.5 
6 

3.7 15.6 0.24 
(Krasiński and 

Wiszniewski 2021) 

9 Grottgera P600 SDP 400 11.0 10 3.0 10.7 0.28 (Krasiński 2023) 

10 Loenhout S2 Omega 410 9.5 14 2.8 9.9 0.28 (Theys et al. 2003) 

11 Lomme De Waal 360 8.5 
9 

5.2 25.3 0.21 
(Bustamente and 

Gianeselli 1997) 

12 Oostende Omega 460 21.6 10 4.2 30.1 0.14 (Van Impe et al. 2013) 
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13 Pruszcz b1 SDC 356 7.5 5 4.0 10.2 0.39 (Krasiński 2011) 

14 Zulawy P6293 CMC 400 12.6 
11 

2.6 9.6 0.27 
(Krasiński and 

Wiszniewski 2021) 

Screw injection 

15 Amaliahaven SI1 Tubex 850 37.0 11 9.6 36.1 0.27 (Duffy et al. 2024) 

16 Amaliahaven SI2 Tubex 850 37.1 12 10.5 53.7 0.20 (Duffy et al. 2024) 

17 Amaliahaven SI4 Tubex 850 34.1 12 9.9 46.5 0.21 (Duffy et al. 2024) 

18 Delft F1 Fundex 470 20.0 23 3.0 9.9 0.24 This paper 

19 Delft F2 Fundex 470 19.2 23 3.5 8.9 0.26 This paper 

20 Delft T1 Tubex 470 19.9 23 4.8 9.5 0.40 This paper 

21 Delft T2 Tubex 470 20.3 26 2.4 9.1 0.20 This paper 

22 Delft T3 Tubex 470 20.9 22 4.7 12.2 0.30 This paper 

23 Haren Fundex 660 16.4 
8 

8.2 15.1 0.54 
(Bottiau and Huybrechts 

2019) 

24 Rosmalen P3 Tubex 400 7.4 22 1.4 10.5 0.13 (Geerling and Janse 1992) 

a The outer diameter of the pile at the pile tip was used. 339 
b If 5% ≤ sb / D ≤ 10%, extrapolation to 10% was performed using the method by Chin (1970). 340 
c The tests at Beemster were scaled versions of existing pile types. No grout injection was applied. 341 
Note: CMC = Controlled Modulus Column; DPDT = Displacement Pile Drilling Tool; SDC = Soil Displacing Column; SDP 342 
= Soil Displacing Pile. 343 
 344 

Influence of partial embedment 345 

It is well-documented that the tip resistance of a pile and a CPT cone depends on the soil conditions 346 

within a zone above and below the tip (Ahmadi and Robertson 2005; White and Bolton 2005; Xu and 347 

Lehane 2008; de Lange 2018; van der Linden et al. 2018; Tehrani et al. 2018). These soil conditions 348 

can be accounted for in design using so-called averaging methods. For instance: 349 

• The 4D/8D method (van Mierlo and Koppejan 1952; Reinders et al. 2016), also known as the 350 

Dutch method or the Koppejan method, assumes a Prandtl-wedge failure mechanism in sand, 351 

propagating into a logarithmic spiral shaped failure mechanism up to four pile diameters below 352 

the pile tip and eight pile diameters above the pile tip. To derive qc,avg, the method combines 353 

the weighted average of qc values in this zone with a minimum path rule—a rule which 354 

essentially prioritises the effect of weak layers on qc,avg. The method is proposed in the Unified 355 

design method for driven piles in sand (Lehane et al. 2020) as well as in the Netherlands (NEN 356 

2017) where αp for screw displacement piles is 0.63. 357 

• The De Beer method is based on the averaging method developed by Meyerhof (1959) which 358 

assumes a logarithmic spiral failure plane like the 4D/8D method. De Beer (1971) updated the 359 

method with an analytical approach that takes the scaling effect into account between a CPT 360 
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and a pile. The De Beer method is popular in Belgium where screw displacements piles are 361 

widely used and researched, most notably the test campaigns on screw displacement piles at 362 

Limelette (Huybrechts and Whenham 2003) and Sint-Katelijne-Waver (Huybrechts 2001). 363 

Using the De Beer method, the Belgian standard (NBN 2022) prescribes an αp of 0.50. 364 

• The LCPC 1.5D method (Bustamente and Gianeselli 1982) simply averages the qc values in a 365 

zone 1.5 pile diameters above and below the pile tip, limiting the qc values to ±30% of the 366 

arithmetic average. The LCPC method is generally considered the most common averaging 367 

method (Bittar et al. 2022) and is used in the French design method (AFNOR 2018; Verheyde 368 

and Baguelin 2019) where αp is 0.50 for screw displacement piles, assuming a penetration of at 369 

least five pile diameters into the load-bearing layer. 370 

• The adapted filter method (de Boorder, de Lange and Gavin 2022) is a simplification of the 371 

filter method by Boulanger and DeJong (2018) and is calibrated against penetrometer tests in 372 

interlayered soils (de Lange 2018). In general, the filter method aims to correct for the influence 373 

of weak layers on the base resistance by using two weighting factors: one factor accounting for 374 

the distance from the pile base and the second factor accounting for differences in soil strength. 375 

The filter method itself has been shown to improve on existing averaging methods when 376 

analysed in laboratory and field tests (Bittar, Tian and Lehane 2022) and is recommended for 377 

use in the recently developed Unified design method for driven piles in sand (Lehane et al. 378 

2020). 379 

Fig. 12 compares the αp from these four different averaging methods to the normalised distance Lp/D 380 

between the pile base and an overlying clay layer, referred to as the pile embedment into sand. Across 381 

the dataset, the mean αp using the 4D/8D and De Beer methods is 0.48 and 0.60 respectively. Crucially, 382 

the mean value is affected by high variation in αp at low embedment depths, in other words, when the 383 

pile base is located close to the boundary between a weak upper layer and the founding sand layer. In 384 

contrast, the LCPC and adapted filter methods give mean αp values of around 0.30. Across these two 385 

averaging methods, the variation is much smaller and consistent across all embedment depths compared 386 

to the 4D/8D and De Beer methods. 387 
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The variation suggests that particular care should be taken when using the 4D/8D and De Beer averaging 388 

methods for shallow penetration of piles in the founding sand layer. This is in line with reviews 389 

(Randolph 2003; White and Bolton 2005) of a driven precast pile database where partial embedment 390 

was found to introduce variation and geometrical trends in αp across the database. The LCPC and 391 

adapted filter methods give very similar results for the piles in the database. In general, this similarity 392 

can be expected for homogeneous sands, as was the case for the piles in the database. For more variable 393 

or interlaminated sand layers, the adapted filter method should be considered (Lehane et al. 2020). 394 

 395 

Fig. 12. Variation in αp using four different methods to determine qc,avg. 396 

Influence of pile geometry 397 

When αp is determined using the LCPC or the adapted filter methods, the database has a coefficient of 398 

variation (COV) in αp of around 35% across all piles. Comparing piles within individual test sites, the 399 

within-site variation ranges from 16% (Amaliahaven) to 36% (Zeeland)—for sites where at least three 400 

piles were tested. To put these values into context, the COV from other pile databases is 23% for closed-401 

ended driven piles (Xu et al. 2008), 30% for driven cast-in-situ piles (Flynn and McCabe 2021) and 402 

17% for non-displacement piles (Gavin et al. 2013) when using the LCPC averaging method. Patently, 403 

the presented screw displacement pile database shows higher variability in αp when compared to other 404 

load test databases. 405 

To investigate the variation further, αp is compared to the pile length, pile diameter, pile slenderness 406 

and qc,LCPC (Fig. 13). Despite the variation in αp, no clear trend is evident with pile length, pile diameter 407 

or pile slenderness. In terms of the design cone resistance qc,LCPC, no clear trend is shown between 408 
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resistances of 10 to 40 MPa, although more data is needed beyond 40 MPa to confirm the existence or 409 

non-existence of any trend. 410 

 411 

Fig. 13. Variation in αp with pile geometry and soil conditions. 412 

The database includes a range of pile tip shapes. Not only do these vary across different types of screw 413 

displacement piles, but variations also occur within each pile type because of different construction 414 

procedures, soil conditions or hydrological conditions. These variations can influence the mobilisation 415 

rate and the ultimate value of the pile base resistance (Sharif et al. 2021; Tovar-Valencia et al. 2021). 416 

However for almost all test piles in the database, the piles were not extracted after testing and so the 417 

true realised shape of each pile is unknown. Consequently, it is likely that some of the variability in the 418 

ultimate base resistances can be attributed to differences in realised pile base geometries, incurred by 419 

both installation-related effects on the surrounding soil, concrete pouring and casing extraction. 420 

Influence of pile installation 421 

As well as the differences in pile tip geometries, some variation in the base resistances may have been 422 

caused by changes in installation procedures. This includes variations not just between different screw 423 

displacement pile types, but also within each pile type. Some influencing parameters include the 424 



 

23 

 

installation energy, rate of penetration, concreting pressure or the rate of extraction of augers or reusable 425 

casings (Bustamente and Gianeselli 1998; Slatter 2000; van Impe 2001). Unfortunately, examining 426 

these parameters across the database is not possible because of the lack of installation data reported. 427 

Nevertheless, no distinct differences in the mean αp can be observed across each screw displacement 428 

pile category, for instance, between screw displacement piles with grout injection (αp = 0.28) and 429 

without grout injection (αp = 0.27) or between those with a helical shaft (αp = 0.28) and those with a 430 

smooth shaft (αp = 0.24). 431 

A component also not considered in the database is the influence of residual loads. For cast-in-situ piles, 432 

residual loads can develop from volumetric changes in curing concrete and also from the dissipation of 433 

excess pore pressures in cohesive soils, inducing a downdrag on the pile (Fellenius 2002; Siegel and 434 

McGillivray 2009; Flynn et al. 2012; Krasiński and Wiszniewski 2021). Directly measuring these 435 

residual loads is difficult for cast-in-situ piles: firstly, because of the complexity in separating curing-436 

induced strains from mechanically induced strains, and secondly, the constantly changing stiffness of 437 

the pile during concrete curing means converting strains to a normal force is not trivial. Nevertheless, 438 

no clear trends were observed in αp when considering the screw injection pile tests at Delft or similar 439 

sites (Loenhout, Oostende, Pruszcz and Zulawy) where the pile penetrated through a large amount of 440 

soft clay and where downdrag may incur a response at the pile base. 441 

Fig. 14 compares screw displacement piles to a database of bored and CFA piles (Gavin et al. 2013) as 442 

well as to a database of driven closed-ended piles with residual loads excluded (Xu et al. 2008; Bittar 443 

et al. 2020). The general trend shows that screw displacement piles behave more like a non-444 

displacement pile than a full displacement pile type. Notwithstanding, the high variation in the screw 445 

displacement pile database is evident. Part of this variation may be attributed to interpretation 446 

uncertainty, for example, when estimating the pile tip geometry and the pile base resistance. However, 447 

the variation may also suggest the sensitivity of screw displacement piles to installation, both in terms 448 

of the influence of installation on the influence zone around the pile tip as well as the soil-structure 449 

interaction mechanisms occurring at the screw tip under loading.  450 
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 451 

Fig. 14. Screw displacement pile test database compared to non-displacement (Gavin et al. 2013) and 452 

full displacement (Xu et al. 2008; Bittar et al. 2020) databases. Residual loads have not been included. 453 

CONCLUSION 454 

Five compression load tests were performed in Delft, the Netherlands, on full-scale screw injection piles 455 

(two Fundex and three Tubex piles), installed in soft clay and founded in medium dense to dense sand. 456 

Each pile was fully instrumented with distributed fibre optic sensors, showing clearly the base and shaft 457 

response of each pile. These measurements showed that the total capacity of two of the three Tubex 458 

piles was affected by structural failure of the grout body, resulting in the transfer of load directly to the 459 

pile base. All five piles could only mobilise a base capacity roughly 50% of the predicted capacity in 460 

different national design standards.  461 

To investigate this further, the study was extended to a database analysis of all types of screw 462 

displacement piles. The analysis demonstrated the importance of CPT qc averaging methods in the 463 

derivation of the ultimate base capacity, showing that some averaging methods can be affected by weak 464 

soils overlying the pile base. Using the LCPC 1.5D averaging method, the analysis showed that all the 465 

screw displacement pile types mobilised base resistances comparable to a soil-replacing pile instead of 466 

a fully displacing pile, suggesting that the installation of screw displacement piles leads to little 467 

improvement in its base resistance. Nevertheless, large variability in the normalised base resistances 468 
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suggests that pile tip shape, concreting procedures and other installation-related effects can have an 469 

impact on the pile base response and the interpretation of the test results. 470 
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NOTATION  481 

The following symbols are used in this paper: 482 

D = pile diameter; 483 

fs = cone penetration test friction sleeve resistance; 484 

L = pile length; 485 

Lp = pile length embedded in sand; 486 

qb = pile base resistance; 487 

qb0.1 = pile base resistance at a base displacement of 10% of the pile diameter; 488 

qc = cone penetration test tip resistance; 489 

qc,avg = weighted average of cone tip resistances for determining the pile base resistance; 490 

qc,LCPC = qc,avg determined by the 1.5 LCPC averaging method; 491 
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qs = pile shaft resistance; 492 

Rf = cone penetration test friction ratio (= fs/qc); 493 

sb = pile base displacement; 494 

u2 = cone penetration test pore water pressure; 495 

αp = correlation factor for determining the pile base resistance (= qc,avg/qb); 496 
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