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Abstract 12 

The ultimate capacity of a novel type of piled foundation called an “impression” pile has been 13 

investigated using centrifuge modelling techniques. The name derives from the small discrete 14 

impressions created in the side walls of a bored cast in situ pile to increase the soil/pile friction 15 

such that the impressions form nodules on the shaft of the concreted pile. The technology is 16 

suitable for bored piles in overconsolidated clay, such as London Clay. The experiments explored 17 

the influence of geometrical parameters such as the vertical spacing of the impressions, their 18 

number at each level and their shape. The data show a consistent increase in pile capacity of 19 

40% when the impressions extend over 85% of the pile length. The ultimate capacity of the pile 20 

is primarily affected by the length of the pile which is impressed, the number of nodules at a given 21 

cross section and the spacing of the nodules in the vertical direction, as long as this is greater 22 

than a threshold value. According to the experimental evidence, a block failure occurs for a 23 

spacing lower than this threshold value. Plastic failure mechanisms for the impression pile were 24 

established. These were used successfully to calculate the ultimate capacity of the impression 25 

piles tested with an error of less than 10%. 26 

 27 

Keywords: impression pile, centrifuge modelling, axial loading, overconsolidated clay, enhanced 28 

capacity 29 

 30 
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List of notations 31 

A cross section of the pile 32 

Anod cross section of the nodule 33 

b protruded length of the nodule (or rib) 34 

CL centre line 35 

CSL critical state line 36 

d pile diameter 37 

Gs Specific gravity 38 

g gravity acceleration 39 

h height of the nodule (or rib) 40 

L pile length 41 

l width of the nodule (or rib) 42 

La active length of the impression pile 43 

n number of nodules in the cross section of the pile 44 

M Slope of the critical state line in the q-p’ plane 45 

Nc end bearing factor for the undrained shear strength 46 

Nc,nod nodule end bearing factor for the undrained shear strength 47 

Nc,PL rib end bearing factor for the undrained shear strength under plain strain condition 48 

Nc,rib rib end bearing factor for the undrained shear strength 49 

OCR overconsolidation ratio 50 

p’ mean effective stress 51 

Pext circumference of the pile plus rib 52 

Ppile circumference of the pile 53 

Q, Qu load on the pile, capacity of the pile 54 

Qb base capacity 55 

qb bearing pressure 56 

Qb,nod base capacity the nodule 57 

Qs shaft capacity 58 

Qs,block shaft capacity between two connecting ribs 59 

Qs,in La shaft capacity inside the active length 60 
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Qs,intra nod shaft capacity between the vertical blocks connecting the nodules 61 

Qs,nod shaft capacity on the vertical blocks connecting the nodules 62 

Qs,out La shaft capacity outside the active length 63 

Qs,single shaft capacity on two individual ribs 64 

s vertical spacing between two horizons of nodules (or ribs) 65 

su, su,w, su,vane, su (base) undrained shear strength, undrained shear strength from water content, 66 

undrained shear strength from hand vane test, undrained shear strength at the pile base 67 

v specific volume 68 

W dead weight of the pile 69 

w gravimetric water content 70 

z depth 71 

 specific volume on the CSL at p’=1 kPa 72 

 soil-pile adhesion factor 73 

 pile head settlement 74 

 unit weight of soil 75 

 slope of the normal compression line in the v-lnp’ space 76 

v vertical stress 77 

 shape factor 78 

  79 
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Introduction 80 

Very often, the most important factor in determining the ultimate capacity of a pile subjected to 81 

axial load is the shaft resistance. In clays, the maximum shear stress developed on the pile shaft 82 

is often assumed to be a fraction of the undrained shear strength of the soil, su. The adhesion 83 

factor,  is an empirical parameter that defines this fraction and accounts for the disturbance 84 

created during the construction of the pile. It depends on the process used in constructing the 85 

pile, the properties of the clay and the site conditions (such as relative humidity and drainage 86 

towards the pile bore). For piles embedded in stiff clays  can be as low as 0.35 or 0.5, depending 87 

on the construction technology used (Cherubini and Vessia, 2007). It is attractive therefore to 88 

develop a new construction technique that aims to improve the soil-pile interface strength. 89 

 90 

Over the years, many piling contractors have experimented with various methods for enhancing 91 

shaft capacity (Hard and Carvalho, 2018; Karkee et al., 1988; Watanabe et al., 2011; Zhou et al., 92 

2020; Stainer et al., 2011); including the manufacture of special tools to scrape concentric rings 93 

that protrude beyond the nominal pile diameter (Ground Engineering, 2003; Hard and Carvalho, 94 

2018). This produces a ribbed profile along the shaft which has the effect, in an ultimate capacity 95 

test, of creating a failure surface between the ribs where there is a soil-soil interface. However, 96 

owing to the obvious commercial benefits that might accrue from such a development, there is 97 

very little published material relating to pile shaft modification. Ground Engineering (2003) 98 

described some field trials on ribbed piles. The ribs were found to enhance the ultimate capacity 99 

of 750mm diameter piles, constructed in glacial clay, by as much as 30%. Gorasia and McNamara 100 

(2016) presented the results of a series of centrifuge tests on ribbed piles demonstrating that the 101 

capacity increase could reach 40% for a pile 800mm in diameter with ribs protruding by 75mm (at 102 

prototype scale). Small scale tests by Qian et al. (2016) demonstrated that the pull-out capacity 103 

of a ribbed helical pile in sand, 50mm in diameter and with rib length of 8 mm, may be up to 5 104 

times higher than that of a straight plain pile. The authors found that the capacity increase 105 

depended on the rib spacing, s, and that the maximum capacity occurs at an s/d ratio of 106 

approximately 1, where d is the diameter of the pile (without ribs). Similar conclusions were found 107 

by Merifield (2011), s/d=1.58, and Rao et al. (1991), s/d =1.0 - 1.5, studying the uplift capacity of 108 

helical anchor plates in clay, where d, in this case, is the diameter of the plate. The slight increase 109 
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in critical spacing is probably due to the different failure mechanism for these anchor plates. Both 110 

Gorasia and McNamara (2016) and Qian et al. (2016) found that ribbed piles have a higher 111 

capacity than straight piles with a diameter equal to the outer diameter of the ribbed pile.  112 

 113 

A major issue associated with ribbed piles is the removal of spoil from the bore prior to concreting. 114 

To address this, an alternative method of increasing pile/soil interface roughness is to profile the 115 

shaft walls by creating small impressions that lead to a nodular pile surface; this avoids the 116 

generation of any loose spoil. A special tool has been developed by Keltbray Piling (Patent no: 117 

P027299GB/JMF/ZJH) to undertake this profiling, at prototype scale, and create what has been 118 

termed an “impression pile”. It is this form of pile shaft friction improvement that is the focus of 119 

this research project. A conceptual sketch of the impression pile is shown in Figure 1, together 120 

with the ribbed pile reported for comparison purposes. In the simplest configuration, four nodules 121 

are impressed at a given cross section, spaced at 90º around the axis of the pile, and nodules 122 

are aligned in the vertical direction, although other configurations may be used.  123 

Following the successful proof of concept, (Lalicata et al., 2020), a large parametric study in the 124 

geotechnical centrifuge has been carried out to explore the influence of impressions on the 125 

ultimate capacity of a pile. The results are described in this paper. A possible failure mechanism 126 

is developed to explain the results obtained. The equipment developed for model pile testing was 127 

designed to be flexible in order to permit testing of a wide range of possible impression 128 

configurations. 129 

 130 

1. Experimental work 131 

1.1. Methodology 132 

The enhanced ultimate capacity of impression piles subjected to a static vertical force was 133 

explored in centrifuge tests undertaken at 50g using a homogeneous overconsolidated clay 134 

deposit. In each experiment, the impression piles were tested alongside a plain, straight shafted 135 

pile to provide a baseline response for comparison purposes. 136 

 137 

The Geotechnical Engineering Research Group at City, University of London, makes use of an 138 

Acutronic 661 beam centrifuge, described in detail by Schofield and Taylor (1988) and McNamara 139 
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et al. (2009). The package containing the model was installed on the centrifuge once the piles 140 

had been bored, impressed and cast and the loading apparatus assembled on the plane strain 141 

strongbox. The whole process took approximately 2 hours. 142 

 143 

During the centrifuge tests, the water table was maintained at a depth of approximately 10mm 144 

below ground level by means of a constant head standpipe connected to the bottom of the model. 145 

The top surface was sealed with a sprayed synthetic rubber coating to prevent clay drying during 146 

the test, once dried this was only ~400 m thick and it is known to not influence soil settlements 147 

(Le, 2017). The sample was allowed to come into pore pressure equilibrium and the piles were 148 

then loaded until failure at a displacement rate of 1mm/min.  149 

 150 

1.2. The experimental arrangement 151 

For each test, the soil sample provided up to four testing sites within the rectangular strongbox, 152 

Figure 2. The piles were positioned on the centreline of the model, 100 mm from the sides, which 153 

was far enough to minimise boundary effects (Phillips, 1995). 154 

 155 

The piles, were spaced 110 mm apart and loaded simultaneously by means of a very stiff beam 156 

connected to a lead screw and motor. The apparatus was devised so that it was possible to obtain 157 

independent load and settlement data for each pile. Experimental evidence collected over the 158 

years suggest that the capacity of a pile is not affected by neighbouring piles when they are 159 

spaced more than 2-3.5d (De Mello, 1969; O’Neill et al., 1982; Cooke, 1986; Conte et al., 2003; 160 

Mandolini et al., 2005; De Santis and Mandolini, 2006). Therefore, the pile spacing adopted in 161 

this study, 6.9d, is sufficient. This necessitated the development of several novel components. 162 

These included a loading system and independent measurement of pile displacement together 163 

with the guides, jigs and impression tools needed to create the model piles. The details of these 164 

are given in Lalicata et al. (2020). 165 

 166 

1.3. “Impression pile” 167 

The test piles were 16mm in diameter and 180 mm long, replicating a prototype pile 800mm 168 

in diameter by 9m long. The pile length to diameter ratio of 11.25 is small if compared to typical 169 
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piles used in the field, which can be up to 50, but a reasonable compromise given the need to 170 

provide sufficient soil under the base of the piles and the limited depth of clay available. The 171 

nodules on the model test piles protruded from the shaft by 1.5mm ±0.05mm and were 3mm 172 

±0.05mm wide, as measured post-test. As shown in Figure 3, two different nodule shapes were 173 

tested. The first had a circular cross section and a domed head, whilst the second had a square 174 

side with a flat pyramidal tip. The shapes had the same maximum protruded length and cross-175 

sectional dimension (diameter = square side = 3mm). 176 

 177 

The piles were excavated using a 16mm diameter thin walled stainless-steel tube guided by a 178 

collar to guarantee verticality. An innovative impression tool was developed to form the nodules. 179 

It was designed to be smaller than the bore diameter when closed and to form the impressions 180 

when open, Lalicata et al. (2020). For a given depth the tool impressed two nodules at a time, 181 

and was then rotated by 90 degrees for the second pair of nodules along an orthogonal axis. A 182 

sketch of the vertical cross section of the impression tool and the guide system is shown in Figure 183 

4. 184 

 185 

Once the impressions were completed, the piles were cast using a polyurethane fast cast resin, 186 

Sika Biresin G27 (McNamara, 2001; McNamara and Taylor, 2002; Gorasia and McNamara, 187 

2016). Aluminium powder was used as filler to increase the weight of the pile. The mixture was 188 

designed to have a good fluidity to fill the impressions. The resulting pile density was 1.45 g/cm3, 189 

the components placed on the pile head to accommodate the loading and measurement 190 

equipment provided an additional dead weight of 13.4N or 21.6N (at 50g) depending on the type 191 

of instrumentation installed, Lalicata et. al. (2020). Uniaxial compression tests were undertaken 192 

to measure the mechanical properties of the resin when set. The resin was found to have a 193 

Young’s Modulus equal to 1.1GPa and a yield stress of 35MPa. These values confirm that the 194 

pile behaves as a linear elastic material in the range of the applied loads. 195 

 196 
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1.4. Soil 197 

The Speswhite Kaolin clay used in the tests was prepared from slurry with an initial water content 198 

of approximately 120%; which is twice the liquid limit. The slurry was created by mixing dry powder 199 

and distilled water in an industrial ribbon blade mixer. 200 

The slurry was carefully placed into the model container and manually agitated to expel the main 201 

air bubbles. The inside faces of the model container had been previously coated with water pump 202 

grease to minimise friction at the boundaries (Philipps, 1995). Beneath the slurry there was a filter 203 

paper and a 3 mm porous plastic sheet, with an aluminium drainage plate at the base. On top of 204 

the slurry, a second filter paper and porous plastic sheet were placed and drainage was allowed 205 

through holes in a loading platen. Consolidation was achieved by means of a hydraulic press over 206 

a period of 9 days including 1 day of swelling. The samples were compressed to a vertical stress 207 

of 500kPa that was then reduced to 250kPa, producing a firm, but still workable, clay sample 208 

(McNamara et al., 2009; Taylor et al., 2012; Divall and Goodey, 2015; Gorasia and McNamara, 209 

2016). 210 

 211 

Following testing on the centrifuge, the undrained shear strength was estimated from hand vane 212 

tests and water content samples. The water content of samples taken from the model, Figure 5 213 

(a), were converted to soil strengths using eq. (1) (Wood, 2004) and values of relevant parameters 214 

published by Stallebrass and Taylor (1997) with a small adjustment to the value of the specific 215 

volume on the critical state line at a mean effective stress of 1kPa, . This was changed from 216 

2.997 to 3.04 in order to obtain values of strength consistent with those from the hand shear vane.  217 

The values of the parameters and their meaning are listed in Table 1. 218 

𝑠𝑢 =
1

2
𝑀𝑒

(−𝑣)
  (1) 

where v is the specific volume. 219 

 220 

Soil strength measurements for the tests are given in Figure 5 (b) and (c) respectively for the 221 

values derived from water contents su,w and for those derived from hand vane tests su,vane. The 222 

measurements are largely consistent across all tests and, in both cases, the data are generally 223 

inside the 10% error band with respect to the best fit line. As might be expected, the undrained 224 
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strength increased slightly with depth as water content reduced. The manufacturer of the hand 225 

vane (Pilcon, 2020) notes that this should be used for generic in-situ indications only, 226 

consequently water content measurements were used to give a more precise indication of the 227 

variation in undrained strength for the purposes of normalising the data and a best fit to these 228 

data is as follows: 229 

 230 

𝑠𝑢,𝑤 = 41.2 + 0.044𝑧 (2) 

 231 

where su,w is expressed in kPa and z in mm. 232 

The profile of the overconsolidation ratio, OCR, with depth for the tests is reported in Figure 5 (d). 233 

 234 

2. Results 235 

2.1. Parameters investigated 236 

The results of the experimental parametric study are presented in this section. The detail of the 237 

nodule dimensions and the main features of the impression pile are shown in Figure 1. The 238 

parameters varied were: 239 

• The active length, La: the portion of the pile shaft where the impressions were created; 240 

• The spacing, s: the vertical distance between two levels of nodules 241 

• The number of nodules at a given cross section, n; 242 

• The position of the centre of the impressed zone relative to the soil surface, z. 243 

The length parameters listed above have all been made non-dimensional as listed in Table 2, 244 

which also gives the range of values investigated. 245 

 246 

2.2. Experimental variability 247 

The behaviour of the piles has been characterised using their load deflection response. The 248 

ultimate compressive capacity Qu is the asymptotic value of the curve after the peak where the 249 

shaft and the base resistance may be assumed fully mobilised. In the model tests, the ultimate 250 

capacity of the plain piles ranged between 342N and 430N (model scale), Table 3. 251 

 252 
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The head displacement was not always sufficient to reach a fully flattened plateau; therefore, the 253 

ultimate capacity recorded has, in some tests, been estimated, Figure 6. However, because the 254 

increase or decrease in capacity post peak does not vary significantly with settlement the 255 

maximum uncertainty in these values is 10N. For each test,  was back calculated from Qu taking 256 

into account the dead weight of the pile, assuming the base resistance was fully mobilised and 257 

adopting the su,w distribution measured in the relevant test. Where the values of ultimate load are 258 

estimated, the value of  given varies by up to 0.03. 259 

Following Skempton (1951), the base resistance is expressed as: 260 

𝑄𝑏 = 𝐴 ∙ 𝑞𝑏 = 𝜋
𝑑2

4
∙ (𝑁𝑐 ∙ 𝑠𝑢(𝑏𝑎𝑠𝑒) + 𝜎𝑣) (3) 

 261 

Where A is the cross-sectional area of the pile base, Nc is the bearing factor, taken as equal to 9, 262 

(Meyerhof, 1951; Martin and Randolph, 2001; Khatri and Kumar, 2009) related to the soil strength 263 

su and v=·L which is the overburden pressure at the base of the pile. 264 

 265 

The variation in ultimate capacity from 342N to 430N is significant, but well correlated with the 266 

undrained shear strength, su,w evaluated at z=L/2=90mm, Figure 7. In the plot, the grey symbols 267 

represent the data where the load settlement curve did not reach a constant value and ultimate 268 

capacities have been estimated. The theoretical capacity of the pile is calculated as the sum of 269 

the load taken in skin friction along the shaft, Qs, and the load provided by the end bearing, Qb, 270 

minus the self-weight, W: 271 

𝑄𝑢 = 𝑄𝑏 + 𝑄𝑠 − 𝑊 (4) 

 272 

The su distribution adopted is given by Eq. (2) and an adhesion factor, , equal to 0.73. This is 273 

the average back calculated value reported in Table 3. A good correspondence between the 274 

theoretical ultimate load and the experimental results is apparent considering the variability of su,w 275 

(see Figure 5 (b)).  276 

 277 
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2.3. Ultimate capacity of the impression pile 278 

The ultimate capacities of the impression piles are listed in Table 4 together with the main 279 

parameters describing the patterns of nodules on the pile shafts, such as the shape and the 280 

number of nodules, the active length, the spacing and position of the impression zone along the 281 

pile. The nodules protruded from the shaft by 1.5mm and were 3mm wide. If there was insufficient 282 

settlement for the ultimate load to be reached this has been estimated following the same 283 

approach as was used with the plain piles and with the same maximum uncertainty of 10N. 284 

Differences in the load settlement response at large displacement, with respect to the plain piles, 285 

are reported and discussed in Lalicata et al. (2020). 286 

 287 

The influence of the impression variables on the ultimate capacity of the piles is plotted in Figures 288 

8-11. In each figure, plot (a) gives the ultimate capacity presented as a function of the physical 289 

variable, described in Table 4, while plot (b) gives the increase in capacity plotted against the 290 

normalised variable. The increase in capacity is the ratio of the ultimate capacity of the impression 291 

pile and the plain pile evaluated for each test. Theoretically, this procedure should account for 292 

any small variation in soil properties between the different tests. In practice, marginal differences 293 

in the ultimate capacity of both the impression and the plain pile may result in a small, but not 294 

negligible variation in the increase in capacity equal to a maximum of ±5%. In all the plots the 295 

pyramidal nodules are pictured as open square symbols and the domed nodules are open circles. 296 

The grey symbols represent data from the tests where the ultimate capacity was an estimate 297 

because there was insufficient settlement to reach this state and the diamonds represent the piles 298 

where the spacing of the pyramidal nodules was very high (60mm and 120mm). To allow 299 

comparisons to be made, data from the tests in Table 4 have been selected so that only one 300 

parameter is changed in each plot while the others are maintained constant. 301 

 302 

The influence of the active length La is clearly presented in Figure 8 which shows both the ultimate 303 

load and the proportional change in capacity increase with La. Both of the plots indicate that the 304 

shape of the nodules, owing to the small dimensions of the impression, only marginally influence 305 

the ultimate capacity of the piles. For comparison, the ultimate capacity of a plain pile is presented 306 

in Figure 8 (a) showing that, for constant La, the variability of the impression pile results is similar 307 
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or lower than that observed for the plain piles and discussed in the previous section. The 308 

effectiveness of the nodules increases with La, and when this is ~0.85L, the increase in capacity 309 

is approximately 40%. 310 

Figure 9 presents the influence of the spacing, s, between nodules. When s increases from 30mm 311 

to 60mm the ultimate capacity drops significantly (Figure 9 (a)). For s<30mm the pile response is 312 

similar allowing for experimental variability. This appears to be because the failure surface around 313 

the nodules bridges vertically creating a vertical block of soil connecting adjacent nodules with 314 

the failure surface on the outside of this block. This is supported by inspection of the exhumed 315 

piles at the end of the tests. For high spacing, this does not occur and failure takes place by soil 316 

flowing around individual nodules. Qualitatively, the normalised plot in Figure 9 (b) shows the 317 

same result although the data could be interpreted to show a higher critical spacing. The average 318 

increase in capacity is ~25% for the block case, reducing to 12% for the highest spacing of 319 

120mm. 320 

 321 

Ultimate capacity increases with the number of nodules n, Figure 10 (a). The increase in capacity, 322 

Figure 10 (b), increases linearly with the number of nodules and for n=4, all but one set of data 323 

are consistent. Inspection of Figure 11 (a) seems to indicate that the position of the impressions 324 

z has a minor influence on the pile capacity. In both Figures 10 and 11 there is an increased 325 

scatter when the data are presented as increase in capacity, which was not expected as this 326 

should remove any variability associated with variations in undrained strength.  327 

 328 

3. Back Analysis of Impression Pile Ultimate Capacity 329 

The results from the centrifuge tests illustrate the main parameters affecting the ultimate capacity 330 

of the impression pile. 331 

• The increase in capacity of the impression pile is approximately constant if the vertical 332 

spacing is lower than a threshold value, s/b between 20 and 40, Figure 9. It is 333 

assumed that within this threshold, no relative displacement occurs between the shaft 334 

of the pile and the soil between the nodules and the failure surface is on the outside 335 

of the nodules that are connected in the vertical direction, Figure 12. When the 336 

vertical spacing increases beyond this threshold value, the nodules behave as 337 
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individual embedded foundations. As the number of nodules reduces in a given active 338 

length, the increase in capacity of the impression pile reduces as well.  339 

• Below the threshold spacing, the increase in capacity appears to be a linear function 340 

of the number of nodules in the pile cross section; at least for the range explored (see 341 

Figure 10). This suggests that the nodules connect in the vertical direction only; 342 

forming independent vertical blocks of similar cross-sectional dimensions. A limiting 343 

number of nodules will certainly exist, but the data collected in this study do not allow 344 

conclusive statements to be made. 345 

• The increase in capacity of the piles is proportional to the length of pile impressed 346 

with nodules if the nodules are less than the critical spacing apart. 347 

• The vertical position of the nodules has little effect on pile capacity for the soil 348 

conditions studied, su only increasing marginally with depth, and the pile geometry 349 

tested.  350 

 351 

Given the above, the ultimate capacity of the impression pile is calculated by extending design 352 

methods for a plain pile and is illustrated in Figure 12 for the block mechanism. The base capacity 353 

Qb remains the same as the straight pile. The shaft capacity Qs is divided in two parts: one inside 354 

the active length La, Qs,in La and the other outside the active length, Qs,out La. Inside the active length 355 

the shaft resistance develops in a different manner with respect to the nodules, Qs,nod, and the 356 

pile shaft, Qs,intra nod. Finally, an additional contribution is provided by the bearing capacity of the 357 

nodule Qb,nod that is included only once, for the lowest nodules in the group. For simplicity it is 358 

assumed that the failure surface in the horizontal plane has the same cross-sectional dimensions 359 

as the nodule. 360 

 361 

The base resistance is calculated with eq. (3). Outside the impressed zone the skin friction is the 362 

same as the plain pile: 363 

𝑄𝑠,𝑜𝑢𝑡 𝐿𝑎
= 𝜋𝑑 ∙ 𝛼𝑠𝑢(𝐿 − 𝐿𝑎) (5) 

 364 

Inside the active length the two contributions are: 365 
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𝑄𝑠,𝑛𝑜𝑑 = 𝑛 ∙ 4𝑏 ∙ 𝑠𝑢 ∙ 𝐿𝑎 (6) 

 366 

𝑄𝑠,𝑖𝑛𝑡𝑟𝑎 𝑛𝑜𝑑 = (𝜋𝑑 − 2𝑏 ∙ 𝑛) ∙ 𝛼𝑠𝑢 ∙ 𝐿𝑎 (7) 

 367 

In the block, it is assumed for simplicity that the failure occurs in the soil only, where the adhesion 368 

factor is taken as equal to one. Due to the small dimensions of the nodules, eq. (6) neglects the 369 

reduction in   at the nodule/soil interface. For constant  values, the accuracy of this assumption 370 

increases as the spacing increases. Between two blocks, failure takes place on the shaft of the 371 

pile, where  is assumed to be the value back calculated from the plain pile test. 372 

 373 

When the spacing between the nodules is higher they behave as individual embedded 374 

foundations, such that La=0 and Qs,nod = Qs,intra nod = 0 and Qb,nod must be evaluated for each nodule 375 

horizon . 376 

The end bearing of the nodules is: 377 

𝑄𝑏,𝑛𝑜𝑑 = 𝑛 ∙ 𝐴𝑛𝑜𝑑(𝑁𝑐,𝑛𝑜𝑑𝑠𝑢 + 𝜎𝑣) (8) 

 378 

Where Anod is the cross-sectional area of the nodule; equal to 2b2 in this case. The bearing factor 379 

Nc,nod is calculated using an upper bound solution presented in the next section. 380 

 381 

3.1.1. End bearing of the single nodule 382 

The failure mechanism around a single nodule is three-dimensional, thus 3D conditions should 383 

be considered. However, as a first approximation, the end bearing of a nodule can be assumed 384 

to be similar to that of a section of a rib and the rib can be studied under axisymmetric conditions. 385 

Thus, the spread of the failure mechanism around a single nodule in the horizontal direction is 386 

not considered for simplicity and consistency with the lateral extent of the block mechanism 387 

described above. The bearing factor for the rib, Nc,rib, is derived using upper bound theorems of 388 

plastic collapse for a rigid perfectly plastic weightless material with a Tresca failure criterion. The 389 

adhesion factor on the soil-rib interface, , is varied from 0 (smooth) to 1.0 (rough). The 390 

mechanism is similar to that of a deep buried anchor plate (Merifield and Smith, 2010; Merifield, 391 



 
  

15 
 

2011; Martin and Randolph, 2001) although in this case the presence of the pile shaft cannot be 392 

neglected. 393 

 394 

The assumed failure mechanism and the associated hodograph are presented in Figure 13: below 395 

the rib, there is an annular wedge of soil attached to the rib that slides along a surface inclined at 396 

45° to the horizontal. Beside the wedge, a fan zone with internal angle 3/4, guarantees kinematic 397 

compatibility and finally another block of soil, the same height as the rib, rises as the rib descends. 398 

 399 

The expression for the bearing factor of the single rib is thus: 400 

𝑁𝑐,𝑛𝑜𝑑 = 𝑁𝑐,𝑟𝑖𝑏 =   ((2 + 3𝜋) + (√2 + (2 + √2) ∙ 𝛼)) (9) 

 401 

Where  is a shape factor accounting for the axisymmetric conditions, it decreases with 402 

decreasing b/d ratio and is practically independent from . Here  is equal to 1.097. Further details 403 

on the Nc,rib and  derivation are given in the Appendix A. Nc,rib is equal to 14.11 for =0 and to 404 

17.81 for  =1.  405 

 406 

3.1.2. Critical vertical spacing 407 

The experimental data showed that the impression piles perform best when the nodules form a 408 

block in the vertical direction, when the bearing factor of the single nodule is relatively insignificant 409 

in determining the behaviour of the impression pile. Consequently, understanding when the 410 

nodules behave as a block or independently in the vertical direction is crucial for the design of the 411 

impression pile. The experimental results in Figure 9 suggest that this critical spacing may range 412 

between 20b and 40b. Using the bearing factor in eq. (9) it is possible to express the critical 413 

spacing as a function of the geometry of the impression and the pile and of the adhesion factor. 414 

The critical vertical spacing is estimated by comparing the load capacity resulting from two 415 

independent ribs and the shaft capacity developed between them; with the load capacity resulting 416 

from the block failure connecting the two ribs. 417 

If the circumference of the pile plus rib is 𝑃𝑒𝑥𝑡 = 2𝜋 ∙ (
𝑑

2
+ 𝑏) and the circumference of the pile is 418 

𝑃𝑝𝑖𝑙𝑒 = 𝜋𝑑, the critical vertical spacing when Qs is equal for both mechanisms, is given by: 419 
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 420 
𝑄𝑠,𝑏𝑙𝑜𝑐𝑘 = 𝑃𝑒𝑥𝑡 ∙  [𝑠𝑢 ∙ (𝑠 − 2𝑏) + 𝛼𝑠𝑢 ∙ 2𝑏] 

= 

𝑄𝑠,𝑠𝑖𝑛𝑔𝑙𝑒 = 𝐴𝑟𝑖𝑏 ∙ 𝑁𝑐,𝑟𝑖𝑏 ∙ 𝑠𝑢 + 𝑃𝑝𝑖𝑙𝑒 ∙ 𝛼𝑠𝑢 ∙ 2𝑏 

↓ 

𝑠

𝑏
=

1

(𝑃𝑒𝑥𝑡 − 𝛼𝑃𝑝𝑖𝑙𝑒)
∙ [

𝐴𝑟𝑖𝑏

𝑏
𝑁𝑐,𝑟𝑖𝑏 − 4𝛼 ∙ 𝑃𝑝𝑖𝑙𝑒 + 2𝑃𝑒𝑥𝑡(1 − 𝛼)] 

(10) 

 421 

Eq. (10) is presented as a function of  in Figure 14, which shows that the normalised critical 422 

spacing, s/b, increases sharply from =0.8 to 1. This indicates that when the value of shear 423 

strength of the soil-pile interface approaches that of the soil, the block mechanism prevails; 424 

whatever spacing is used. Eq. (10) represents an “envelope” above which single nodule behaviour 425 

is predicted to dominate and below which the block mechanism is predicted. For  values between 426 

0.6 and 0.8, as in the centrifuge tests, the s/b ratio varies from 27.9 to 41.2 which is consistent 427 

with the experimental results. 428 

 429 

 430 

3.2. Comparison with experimental data 431 

In the previous section, the expressions for the bearing factor and the critical vertical spacing of 432 

the nodules were derived for the simplified case of axisymmetric conditions (ribbed pile). 433 

However, as noted these expressions can also be used to interpret the data from the impression 434 

piles. In the series of tests undertaken, a block mechanism in the vertical direction occurs except 435 

for T12 where piles were tested with s/b equal to 40 and 80. If it is assumed that the nodules do 436 

not interact in the horizontal direction, which is consistent with the linear increase in Qu with 437 

number of nodules at a given horizon, the ultimate capacity can be computed by considering the 438 

capacity provided by a series of vertical ribs coincident with the nodules as shown in Figure 12. 439 

For each prediction, the value of adhesion and the shear strength distribution used to predict the 440 

load capacity are those measured in the relevant test. 441 

 442 
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In Figure 15, the sum of the measured load and the dead weight of the pile is compared with the 443 

predicted net load (Qs+Qb), calculated using equations (3) to (8). The comparison shows 444 

compatibility between both the block and the independent nodule tests, as all of the predictions 445 

lie inside a 10% error band. The predicted capacities tend, on average, to slightly underestimate 446 

the measured capacities. 447 

 448 

This gives clear evidence that, for the range of geometries tested in overconsolidated clay, the 449 

method set out above is an effective means of undertaking a theoretical calculation of the ultimate 450 

capacity of an impression pile. It can be demonstrated that, due to the small dimensions of the 451 

nodules, the end bearing contribution of the lowermost level of nodules, Qb,nod, is very small 452 

compared to their contribution in creating the block mechanism . For instance, when n=4 it is 453 

approximately 3.0% of the total ultimate capacity. Therefore, the use of the simplified 454 

axisymmetric analysis for the study of the bearing factor, eq. (9), appears more than justified. 455 

 456 

Conclusions 457 

The paper presents the results of an investigation into the enhanced pile capacity of impressed 458 

piles with an improved soil/pile shaft interface created using a method developed by Keltbray 459 

Piling. The concept consists of profiling the shaft walls by creating impressions that form nodules 460 

projecting into the soil when the pile is concreted leading to an increased soil-pile roughness and 461 

moving the failure surface away from the shaft into the soil. An extensive parametric study was 462 

carried out in a series of geotechnical centrifuge model experiments. The tests modelled bored 463 

piles in overconsolidated clay. In each test the impression piles were tested together with one 464 

plain pile against which the impression piles could be assessed.  465 

 466 

As with all modelling techniques, centrifuge modelling has some level of idealisation which may 467 

not be completely representative of prototype situations. In the tests, installation effects are 468 

neglected as the piles were installed at 1g rather than in the high-g environment. This is clearly 469 

not representative of the prototype scale installation but may be considered as an ideal wished in 470 

place installation of the pile. The resin used to cast the piles was also an idealisation since the 471 

adhesion between the resin and Speswhite kaolin clay sample may not be representative of the 472 
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adhesion between concrete and a heavily overconsolidated clay. However, both these 473 

idealisations lead to results that would be conservative with respect to an equivalent pile in the 474 

field, i.e. the beneficial effects of the impression piles would be enhanced as the shaft resistance 475 

of the plain concrete piles in the field would be lower owing to the lower soil to pile adhesion 476 

relative to the model piles. 477 

 478 

The main outcomes of this study may be summarised as follows: 479 

• The increase in capacity of the impression piles depends on the proportion of the pile 480 

impressed, which has been termed the active length, La. When La~0.85L, the increase in 481 

capacity reaches 40%. Therefore, an impression pile having the same capacity as the 482 

plain pile could be reduced in dimensions by ∼37% in length or ∼25% in diameter; 483 

• There exists a critical vertical spacing, of between 20b and 40b, for the nodules at which 484 

the failure mechanism of the pile changes. If the spacing is lower than the critical 485 

threshold, the failure surface connects the nodules along a vertical alignment. When the 486 

vertical spacing is greater than the critical value the failure occurs around each nodule 487 

independently of surrounding nodules; 488 

• The relative increase in bearing capacity increases approximately linearly with the 489 

number of nodules at a given cross section. This is because, in the range explored, the 490 

failure surface around the nodules connects in the vertical direction only and not in the 491 

horizontal plane. There will be a limit to the number of nodules for which this is true, 492 

however, the data collected do not allow this limit to be clearly defined. 493 

 494 

A method for the calculation of the ultimate capacity of the impression pile was established using 495 

an upper bound solution under axisymmetric conditions. Although this is technically incorrect, as 496 

the nodule failure is three-dimensional, some findings are still valid especially those in the 497 

(vertical) plane of the application of the load. The upper bound solution provides an expression 498 

for the bearing capacity of the single nodule and an expression for the vertical critical spacing that 499 

depends on geometric variables and on . The critical spacing is in good agreement with the 500 

experimental results and it is a key element in the design of these foundations.  501 

 502 
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The calculation method considers explicitly the contribution provided by the shear stress 503 

developed along the vertical blocks of soil between the nodules, the skin friction on the remainder 504 

of the shaft and the end bearing of the blocks. The predictions are in extremely good agreement 505 

with the experimental data with a discrepancy of less than 10%. The calculation method detailed 506 

in this paper has been used to define the design method for the impression pile presented in 507 

Lalicata et al. (2021). 508 

 509 

The study has demonstrated the benefit to be gained in pile capacity by profiling the shaft of bored 510 

cast in situ piles in clays. The increase in capacity of the impression pile is very promising and 511 

the technology used has the potential to minimise uncertainties in shaft capacity for these 512 

commonly used piles at prototype scale because the pile capacity relies less on the pile adhesion 513 

factor. The analysis method developed explains the main features of the results based on an 514 

appreciation of the mechanisms by which the piles fail and will be a useful tool for designers. 515 

Further work is currently being undertaken to explore the link between the ultimate capacity of the 516 

piles and the performance at working loads. 517 
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Appendix A 616 

In this section the calculations of the bearing capacity of the rib under plain strain and 617 

axisymmetric conditions are presented. 618 

With reference to Figure 13 the components of the internal work are listed in Table 5. 619 

The internal work is then: 620 

𝑊𝑖𝑛𝑡 = ((3 + 2) +
ℎ

𝑏
∙ (

√2

2
+ (

2 + √2

2
) ∙ )) ∙  ∙ 𝑏 ∙ 𝑠𝑢 (11) 

 621 

As the pile is a rigid body, the external load can be conveniently applied on the rib length b instead 622 

of the pile head. The external work is thus: 623 

 624 

𝑊𝑒𝑥𝑡 = 𝑄𝑢 ∙ 𝛿 = 𝑞𝑢 ∙ 𝑏 ∙ 𝛿 (12) 

 625 

Equating eq. (11) and (12) the bearing factor Nc,PL under plane strain conditions is: 626 

 627 

𝑁𝑐,𝑃𝐿 = (3 + 2) +
ℎ

𝑏
∙ (

√2

2
+ (

2 + √2

2
) ∙ ) (13) 

 628 

For vanishing heights of the rib, the solution converges to the deeply buried single anchor 629 

mechanism developed by Rowe and reported in Merifield and Smith (2010). For α=1, the failure 630 

mechanism is similar to the second mechanism proposed the authors. 631 

Under axisymmetric conditions, which apply to a ribbed pile, the surface of revolution around the 632 

centre line of the pile must be calculated explicitly. This is done by multiplying the work done on 633 

each interface or fan in the failure mechanism, see Table 5, with the corresponding revolution 634 

surface: 635 

𝑊𝑓𝑎𝑛1,𝑝𝑖𝑙𝑒 = 𝑊𝑓𝑎𝑛2,𝑝𝑖𝑙𝑒 =  ∙ 𝑏 ∙ 𝑠𝑢 ∙  ∙ (𝑑 + 𝑏) (14) 

 636 

𝑊𝑓𝑎𝑛1 = 𝑊𝑓𝑎𝑛2 =
3

2
 ∙  ∙ 𝑏 ∙ 𝑠𝑢 ∙ 2 ∙ (

𝑑

2
+ 𝑏) (15) 

 637 
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𝑊1 = ((
2 + √2

2
) ∙  ∙ 2 ∙ (

𝑑

2
+ 𝑏) +

√2

2
∙ 2 ∙ (

𝑑

2
+ 𝑏 + √2𝑏))  ∙ ℎ ∙ 𝑠𝑢 (16) 

Hence the internal work is: 638 

 639 

𝑊𝑖𝑛𝑡 = 𝑊𝑓𝑎𝑛1,𝑝𝑖𝑙𝑒 + 𝑊𝑓𝑎𝑛1 + 𝑊2 + 𝑊𝑓𝑎𝑛2 + 𝑊𝑓𝑎𝑛1,𝑝𝑖𝑙𝑒 = 

=  ∙ 𝑏 ∙ 𝑠𝑢 ∙  [2 ∙ (𝑑 + 𝑏) + 2 ∙ 3 ∙ (
𝑑

2
+ 𝑏)

+
ℎ

𝑏
(√2 ∙ (

𝑑

2
+ 𝑏 + √2𝑏) +  ∙ (

2 + √2

2
) ∙ (

𝑑

2
+ 𝑏))] 

(17) 

And the external work is: 640 

 641 

𝑊𝑒𝑥𝑡 = 𝑄𝑢 ∙ 𝛿 = 𝑞𝑢 ∙ 𝜋 ∙ [(
𝑑

2
+ 𝑏)

2

−
𝑑

4

2

] ∙ 𝛿 = 𝑞𝑢 ∙ 𝜋 ∙ [𝑏2 + 𝑑𝑏] ∙ 𝛿 (18) 

 642 

It is possible to notice that in eq. (17) there is a term that is the bearing factor under plane strain 643 

conditions. Equating eq. (17) to (18) and reducing gives: 644 

 645 

𝑞𝑢 = 𝑠𝑢 ∙ [𝑁𝑐,𝑃𝐿 +
𝑏

(𝑏 + 𝑑)
∙ (3𝜋 +

ℎ

𝑏
(

√2

2
∙ (1 + 2√2) +  ∙ (

2 + √2

2
)))] (19) 

 646 

Then, naming A the term inside the round brackets, one could write: 647 

𝑞𝑢

𝑠𝑢

= 𝑁𝑐,𝑃𝐿 +
𝑏

(𝑏 + 𝑑)
∙ 𝐴 = 𝑁𝑐,𝑃𝐿 ∙ (1 +

𝑏

(𝑏 + 𝑑)
∙

1

𝑁𝑐,𝑃𝐿

∙ 𝐴) (20) 

 648 

In eq. (19) the ratio 
𝑞𝑢

𝑠𝑢
 is the bearing capacity factor Nc,rib while the term inside the brackets is 649 

termed  and is the shape factor that accounts for the axisymmetric conditions. Finally, eq. (20) 650 

assumes the form: 651 

 652 
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𝑞𝑢

𝑠𝑢

= 𝑁𝑐,𝑟𝑖𝑏 = 𝑁𝑐,𝑃𝐿 ∙  (21) 

 653 

As shown in Figure 16,  decreases with decreasing b/d ratios and is practically independent from 654 

. For the model pile tested,  is equal to 1.097. 655 

  656 
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 657 

  658 

Table 1: Mechanical parameters of the Speswhite Kaolin clay. 

Parameter Value 

Slope of the critical state line in the q-p’ space, M 0.89 

Specific volume on the critical state line at p’=1kPa,   3.04 

Slope of the normal compression line in the v-lnp’ space,  0.18 

Specific gravity, Gs 2.61 
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 659 

  660 

Table 2: Summary of the variables investigated. 

Parameter Value 

shape domed, flat pyramid 

active length, La/L 0.29, 0.67, 0.83, 0.85 

vertical spacing, s/b 5, 10, 13.3, 20, 40, 80 

number of nodules, n 2, 4, 8 

position, z/L 0.21, 0.5, 0.58, 0.77 
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Table 3: Main parameters of the response of the plain piles. 

Test ID 
ultimate 
capacity, 

Qu (N) 

dead 
weight, 
W (N) 

back 
calculated 

 

T03 350 37.82 0.73 

T04 410 37.82 0.79 

T05 350* 37.82 0.76 

T06 350* 37.82 0.76 

T08 400 37.82 0.73 

T09 420* 37.82 0.8 

T10 430* 37.82 0.78 

T12 342* 46.18 0.6 

T13 375* 46.18 0.64 

T14 375 46.18 0.67 

* values of ultimate capacity that have been estimated 
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Table 4: Main parameters of the response of the impression piles. 

Test 
ID 

 

shape 
active 

length, La 
(mm) 

spacing, s 
(mm) 

number of 
nodules, n 

position, z 
(mm) 

ultimate 
capacity, Qu 

(N) 

capacity 
increase 

T03  dome 152.5 7.5 4 88.75 490 1.4 

T04  dome 152.5 7.5 4 88.75 555 1.35 

T03  pyramid 152.5 7.5 4 88.75 510 1.46 

T04 

 pyramid 152.5 7.5 4 88.75 569 1.39 

 pyramid 152.5 7.5 4 88.75 570 1.39 

T05 

 pyramid 152.5 7.5 4 88.75 490* 1.4 

 pyramid 52.5 7.5 4 38.75 425* 1.21 

 pyramid 52.5 7.5 4 88.75 410 1.17 

T06 

 pyramid 52.5 7.5 4 138.75 405* 1.16 

 pyramid 150 15 4 90 470* 1.34 

T08 

 pyramid 120 15 4 105 490 1.23 

 pyramid 120 30 4 105 475* 1.19 

 pyramid 120 20 4 105 525 1.31 

T09 

 pyramid 120 30 4 105 518* 1.23 

 pyramid 120 20 4 105 515 1.23 

 pyramid 120 15 4 105 500 1.19 

T10  pyramid 120 20 4 105 550* 1.28 

T12 

 pyramid 120 60 4 105 410* 1.2 

 pyramid 120 120 4 105 386* 1.13 

T13 

 pyramid 52.5 7.5 4 38.75 390* 1.04 

 pyramid 52.5 7.5 8 38.75 450 1.2 

 pyramid 52.5 7.5 2 38.75 387* 1.03 

T14 

 pyramid 52.5 7.5 4 38.75 410 1.09 

 pyramid 52.5 7.5 4 38.75 390 1.04 

*values of ultimate capacity that have been estimated 
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Table 5: Calculation of the internal work on the ribs under plain strain conditions. 

Component Length Displacement Strength Work 

fan1,P √2 ∙ 𝑏 
√2

2
∙  su 𝑏 ∙  ∙ 𝑠𝑢 

fan1 
3

4
 ∙ √2 ∙ 𝑏 

√2

2
∙  su 2 ∙ (

3

4
 ∙ 𝑏 ∙  ∙ 𝑠𝑢)* 

1,O h 
√2

2
∙  𝑠𝑢 

√2

2
∙ ℎ ∙  ∙ 𝑠𝑢 

1,P h (1 +
√2

2
) ∙   ∙ 𝑠𝑢 (

2 + √2

2
) ∙ ℎ ∙  ∙ 𝛼 ∙ 𝑠𝑢 

fan2 
3

4
 ∙ √2 ∙ 𝑏 

√2

2
∙  su 2 ∙ (

3

4
 ∙ 𝑏 ∙  ∙ 𝑠𝑢)* 

fan2,P √2 ∙ 𝑏 
√2

2
∙  su 𝑏 ∙  ∙ 𝑠𝑢 

*note that the work made by the fan is 2 times the work made by the circular sector. 
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Figure Captions 667 

Figure 1: Ribbed and impression pile concept. 668 

Figure 2. Model geometry. 669 

Figure 3: Shape of the nodules. 670 

Figure 4: Vertical cross section of the impression tool. 671 

Figure 5: Distribution with depth of (a) water content, (b) shear strength from water content, (c) 672 

shear strength form hand vane and (d) OCR at the end of the tests. 673 

Figure 6: Load settlement curves for the plain piles. 674 

Figure 7: Correlation between the ultimate capacity of the plain piles and average values of su 675 

evaluated from water content. 676 

Figure 8: Influence of impression parameters on the ultimate capacity: (a) active length La, (b) 677 

normalised variables. 678 

Figure 9: Influence of impression parameters on the ultimate capacity: (a) spacing s, (b) 679 

normalised variables. 680 

Figure 10: Influence of impression parameters on the ultimate capacity: (a) number of nodules n, 681 

(b) normalised variables. 682 

Figure 11: Influence of impression parameters on the ultimate capacity: (a) position along the pile 683 

z, (b) normalised variables. 684 

Figure 12: Capacity of the impression pile. 685 

Figure 13: Failure mechanism of the single rib. 686 

Figure 14: Normalised critical spacing. 687 

Figure 15: Comparison between measured and calculated ultimate capacity of the impression 688 

piles. 689 

Figure 16: Shape factor for the rib failure mechanism.  690 
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