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Abstract 9 

Offshore foundation systems are constantly evolving to meet the needs of developments in the energy 10 

sector.  These developments may be induced by the requirements of moving into ever deeper water for 11 

hydrocarbon recovery, or creating foundation systems from renewable energy sources such as offshore 12 

wind farms.   One such approach is that foundation systems are developed which combine several 13 

foundation elements to create a ‘hybrid’ system. In this way it may be possible to develop a foundation 14 

system which is more efficient for the combination of vertical and lateral loads associated with the 15 

offshore environment, and in particular wind powered generators.  This paper will present the results 16 

from a physical and numerical modelling programme undertaken to investigate the performance of hybrid 17 

monopiled-footing foundations under combined monotonic loading conditions in sand. 18 

Introduction 19 

The monopile is a widely used foundation solution in both onshore and offshore applications.  It has the 20 

advantage that the solution is generally suitable for a large range of ground conditions.  Design methods 21 

for both static and cyclic loading have been extensively researched as part of the development of the 22 

offshore resource development industries. More recently the monopile has been the foundation of choice 23 
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driving the expansion of both onshore and offshore wind energy, and wind farms have been successfully 24 

installed in relatively shallow water depths with monopile diameters in excess of 5m. 25 

However the feasibility of using monopile foundations in deep water is compromised by (i) the cost of 26 

installing piles in significant water depths, and (ii) the compliant nature of the structure. With regard to 27 

the latter issue much promise had been shown by theoretical studies of a guyed monopile system (Bunce 28 

and Carey 2001a, and 2001b) however such an approach remains to be fully exploited.   An alternative 29 

approach is to incorporate a bearing plate at the mudline such that a degree of restraint is added to resist 30 

lateral loads (Dixon 2005).  This hybrid monopiled-footing concept is not dissimilar to that of a retaining 31 

wall with a stabilising base, see for example (Carder 1993, Carder et al. 1999 and Powrie and Daly 2007). 32 

Single gravity tests (Stone et al. 2007) and centrifuge model tests (Stone et al. 2010a, 2011) of the hybrid 33 

system where the bearing plate was rigidly fixed to the pile reported that; (i) a vertical capacity of the 34 

hybrid system generally greater than the sum of the individual components (pile and footing), (ii) the 35 

lateral stiffness and load capacity of the hybrid foundation is significantly improved over that of the pile 36 

alone, and (iii) that the initial contact stress between the footing and the soil has a significant influence on 37 

the lateral stiffness of the system response. Similar findings are also reported for physical and numerical 38 

model studies on sand (Lehane et al. 2014, Arshi 2016) and some full scale testing and numerical analysis 39 

(Trojnar 2013). 40 

Single gravity tests (Arshi 2011), and centrifuge and numerical model studies (Arshi 2015, 2016) have also 41 

investigated the influence of the footing size, and in particular the connection between the footing and 42 

the pile on the system response.  As identified in the early studies (e.g. Stone et al. 2007, Stone et al. 2010) 43 

the requirement for the plate to exert a positive contact with the soil at the onset of loading significantly 44 

enhances the initial lateral response of the system.  This can be achieved in one of two ways.  In the first 45 

approach the plate and pile are fixed together and sufficient vertical load is applied such that the axial 46 

capacity of the pile is exceeded and the remaining applied vertical load provides a positive pre-stress 47 

bearing pressure with the soil.  The other approach is to allow vertical movement of the plate to occur 48 

such that the footing may act independently from the pile.  The positive contact between the footing and 49 

the soil underneath is solely controlled by the vertical load acting on the footing.   The two configurations 50 



 

are referred to as ‘coupled’ and ‘decoupled’ hybrid systems respectively and are shown schematically in 51 

Figures 1a and 1b.  . 52 

In the coupled system all the vertical loading is shared between the pile and the bearing plate. In order to 53 

achieve a contact pre-stress between the plate and the underlying soil, the loads applied to the system 54 

must be such that the axial capacity of the pile is exceeded and settlement and contact of the plate with 55 

the underlying soil will be maintained.  This arrangement would appear to offer significant savings in the 56 

size and/or length of the monopile and is essentially analogous to a piled raft with a single pile.  57 

In the decoupled configuration vertical loads applied to pile are carried independently from the plate and 58 

vice versa, with the only vertical load carried by the pile occurring as the result of frictional contact at the 59 

plate/pile connection.  The bearing plate is capable of supporting significant vertical loads, for example 60 

the entire superstructure weight of a wind turbine and tower may be supported by the bearing plate with 61 

little or no vertical load acting on the pile (Arshi 2012), as illustrated in Figure 1c.   62 

Arshi (2013) presents the results of an extensive set of single gravity studies, of coupled and decoupled 63 

systems, for a range of combinations of pile and plate geometries, and skirts of varying lengths.  From 64 

these studies the following general observations can be made.  In the coupled arrangement the presence 65 

of the bearing plate provides a degree of both lateral and moment fixity at the mudline leading to 66 

enhanced lateral resistance from both the shear resistance and moment restraint provided by the plate. In 67 

the decoupled configuration the bearing plate is free to move relative to the pile, and as little or no 68 

moment is transferred between the pile and the plate, the enhanced lateral resistance is essentially 69 

provided by the shear resistance between the plate and the underlying soil.  The lateral shear resistance is 70 

further enhanced if skirts are provided due to additional passive pressure acting on the skirt and the 71 

forcing of a lower plane of sliding.  Numerical studies (Anastasopoulos and Theofilou 2015), and 72 

centrifuge studies (Arshi and Stone 2015, and Arshi 2016), demonstrate the potential of the decoupled 73 

hybrid arrangement. 74 



 

Physical Model Testing 75 

This paper will focus on the results of centrifuge model tests undertaken on coupled and decoupled un-76 

skirted arrangements, carried out on a model piles at two different embedment depths using a range of 77 

bearing plate diameters.  These tests were part of an extensive model testing programme comprising of 78 

both single gravity and centrifuge testing of coupled and decoupled, skirted and unskirted hybrid systems, 79 

with a range of pile and plate dimensions, embedment depths and loading arrangements.  All the tests 80 

were carried out on dry sand under monotonic loading conditions, and a comprehensive presentation can 81 

be found in Arshi (2013) and Arshi (2016).   82 

Materials and test procedures 83 

All the centrifuge model tests reported here were performed in soil models made from a rounded to sub-84 

rounded, uniformly graded fine silica sand with an average particle size of 0.25mm and a critical state 85 

angle of shearing resistance of 32 degrees as determined from direct shear tests.   The maximum and 86 

minimum void ratios of the sand are 1.06 and 0.61 respectively.  The models were formed through a 87 

combination of dry pluviation and vibration to achieve consistently dense samples with a relative density 88 

of 94%. 89 

The interface friction angle between the sand and the aluminium used to fabricate the bearing plates was 90 

evaluated through a series of direct shear box tests. The results are summarised below in Table 1, from 91 

which an average value of 16 degrees is obtained over the applied stress range. 92 

Centrifuge Test Procedure 93 

The centrifuge tests were carried out on the University of Brighton’s balanced beam geotechnical 94 

centrifuge manufactured by Thomas Broadbent & Sons.  This machine has a working radius of 650mm 95 

and is capable of accelerating a 20kg model package to 300g.  All the tests reported here were undertaken 96 

in dry sand at an acceleration level of 50g.  The samples were prepared in a 320mm diameter, 180mm 97 

deep, circular tub which was then placed in an open sided rectangular strongbox and mounted on the 98 

centrifuge.  The actuator and pulley arrangement required for loading the foundation system is mounted 99 



 

on the topside of the rectangular box, refer to Figure 2. The model piles were fabricated from 10mm 100 

diameter aluminium rod.  Circular footings of 60 and 80mm diameter were formed from 5mm thick 101 

aluminium plate with an upstanding collar clamp. Grub screws within the collar allow the plate to be 102 

rigidly clamped to the pile shaft. A smaller 40mm footing was formed from 15mm solid aluminium with 103 

the grub screw passing through the plate.  For the decoupled arrangement the grub screws are not 104 

tightened and the bearing plate is free to slide on the pile.  105 

The test methodology followed that developed for a series of centrifuge tests reported by Stone et al. 106 

(2010).  The model foundation system was installed at 1g by pushing the pile by hand to about 40% of its 107 

desired penetration depth, followed by light driving until contact between the bearing plate and the soil 108 

surface was achieved.  During installation the bearing plate is clamped to the pile.  The plate remains 109 

clamped or unclamped depending on whether a coupled or decoupled system is being tested.  It is noted 110 

that the installation of the pile with the plate attached can lead to some disturbance of the underlying soil 111 

as the system is driven to a firm contact.  Such disturbance cannot be quantified, but it is possible that a 112 

loosening of the soil immediately below the plate could result in a reduction of the effective interface 113 

friction between the plate and the soil and a reduction in the local bearing stiffness below the plate.   114 

Vertical loading of the model foundation was provided by dead weights placed directly onto the bearing 115 

plate.  Lateral loading was applied by a single degree of freedom actuator via a wire and pulley 116 

arrangement such that lateral loading is applied to the pile horizontally at a height of 80mm above the soil 117 

surface.  The displacement of the pile was measured at the point of application of the load. 118 

At a test acceleration of 50g the model dimensions are equivalent to a 0.5m diameter pile and the 40, 60 119 

and 80mm diameter plates correspond to respective 2, 3 and 4m prototype diameters. In all cases it is 120 

assumed that the stiffness of the pile and plate is such that both components are considered to respond 121 

rigidly.   122 



 

Results 123 

Vertical load response 124 

It is of interest to investigate the vertical response of the hybrid system and the component elements (i.e. 125 

the pile and bearing plate) to establish their relative contributions to the ultimate vertical capacity.  In 126 

particular it is required to determine suitable values for initial vertical loading of the coupled and 127 

decoupled systems to ensure a degree of pre-stress of the underlying soil is achieved. For the coupled 128 

arrangement the vertical capacity of the pile is required to be exceeded before any pre-stress can be 129 

developed between the bearing plate and the soil.  In these tests the bearing plate was clamped to the pile 130 

shaft and the pile embedded such that the plate was initially clear of the soil surface at the start of loading.   131 

Plots of vertical load versus vertical displacement for a two coupled hybrid systems are shown in Figures 132 

3 and 4.  Figures 3a and 3b show data for a 40mm plate and 10mm diameter pile with an 80mm pile 133 

embedment depth for tests conducted at 20 and 40g respectively.  Figure 4 shows data for a 40mm plate 134 

with a 5mm diameter pile and a 40mm embedment depth.   Also shown on these plots is the vertical load 135 

response for the pile and 40mm bearing plate. 136 

In all the tests it is observed that for the initial portion of the plot the vertical capacity for the hybrid 137 

system is coincident with that observed for the pile.   As the pile penetrates the soil the bearing plate 138 

comes into contact with the soil surface and an increase in vertical load is recorded and the total vertical 139 

capacity of the hybrid system is increased due to the additional load carrying capacity provided by the 140 

plate.  For the test conducted at 20g (10mm pile, 80mm embedment, 40mm plate) the ultimate capacity of 141 

the hybrid system is approximately 25% greater than the sum of the individual components, namely the 142 

pile and the plate.  This can be attributed to (i) the increase in shaft resistance generated at the pile soil 143 

interface as a result of increased vertical effective stresses resulting from the plate surcharge loading, and 144 

(ii) the presence of the pile protruding below the footing which tends to stabilise the footing and reduce 145 

the effect of eccentric loading during the test.  This latter element would imply that a punching shear 146 

mode of failure is being imposed on the system. 147 



 

For test conducted at 50g for the hybrid system with a 10mm diameter pile, 80mm embedment depth and 148 

40mm plate, the capacity of the loading actuator is exceeded before the ultimate vertical capacity of the 149 

hybrid system is reached.  Extrapolation of the data by utilising a similar curve to that observed for the 150 

20g data, would suggest that the total vertical capacity of the hybrid system is approximately 25-30% 151 

higher than the sum of the pile and plate capacities.  This is consistent with the observations made above 152 

for the 20g test. 153 

Figure 4 shows the results for the smaller 5mm pile with a reduced embedment depth of 40mm.  It is 154 

apparent that the vertical capacity of the hybrid system is approximately equal to the sum of the 155 

respective pile and plate capacities.   The vertical capacity of the plate is the dominant component, and 156 

the contribution of the pile is small and unable to significantly influence the response of the system. 157 

Referring to Figures 3 and 4 it is also noted that the form of the load displacement plots for the pile and 158 

plate are significantly different.  For the footing tests a relatively distinct ultimate capacity is observed, 159 

whereas for the pile tests no ultimate vertical capacity can be readily defined since the capacity continues 160 

to increase as the pile is driven deeper into the soil.    161 

From Figure 3b the ultimate load supported by the footing at 50g is estimated at about 1000N. An 162 

average value for several similar tests of about 1050N was observed, from which an ultimate average 163 

bearing stress of 830kPa is derived.   This value is used for benchmarking the amount of vertical pre-164 

stress that is applied by the plate to the soil at the start of the lateral loading tests.  For the coupled 165 

system, the pre-stress values are obtained by applying vertical load in excess of the axial capacity of the 166 

pile, however as discussed above, the axial capacity of the pile is not distinctly defined, and so a value 167 

taken at a vertical settlement of 25-30% of the pile diameter (2.5-3.0 mm) is used to define the axial pile 168 

capacity.  Applied pre-stress values were selected at 5%, 10% and 25% of the ultimate bearing capacity 169 

for the 40mm diameter footing which correspond to values of 43 kPa, 85 kPa and 214 kPa. Since the 170 

ultimate bearing stress is directly proportional to the footing diameter, the selected pre-stress values 171 

represent less significant proportions of the ultimate bearing capacity for the larger diameter footings.   172 



 

Lateral response 173 

The centrifuge tests were conducted to investigate the behaviour of the coupled and decoupled systems in 174 

relation to (i) the influence of the vertical loading applied to the soil through the bearing plate, and (ii) the 175 

effect of the plate diameter for a given pile diameter and embedment depth.  There are of course a 176 

significant number of possible combinations of plate diameter, pile diameter, pile embedment depth and 177 

vertical loading that can be applied to both the coupled and decoupled systems, and many combinations 178 

were included in the overall testing programme, including the use of skirted bearing plates.  A more 179 

complete record of all the tests undertaken can be found in Arshi (2016).   180 

A summary of the tests reported in this paper is presented in Table 2.  For each plate diameter a series of 181 

four tests were carried out.  One test considered vertical loading only from the self weight of the bearing 182 

plate, and for the three other tests, weights were placed on the bearing plate to develop the initial pre-183 

stress. The assumed bearing stress generated by the self-weight of the plate is also presented in Table 2.   184 

The actual contact stress developed between the soil and the plate was not directly determined. For the 185 

decoupled arrangement is seems reasonable to assume that the initial pre-stress is simply the load carried 186 

by the plate divided by the plate area in contact with the soil. For the coupled arrangement the estimation 187 

of the soil pre-stress is more complex, and since there is no direct measurement of the vertical load 188 

carried by the pile, the actual initial plate contact stress for the coupled system cannot be readily 189 

determined.  For the study reported here it has been assumed that the portion of total load carried by the 190 

pile is that associated with a pile settlement of 2.5 - 3.0mm (25 - 30% of the pile diameter), and the 191 

remainder of the applied load is assumed to be carried by the bearing plate, and provides a vertical pre-192 

stress with the soil. This assumption is tentatively based on the vertical load-displacement curves 193 

presented in Figures 3a and 3b where full shaft and end-bearing resistance is assumed to have been 194 

developed, and further capacity is essentially due to penetration of the pile.  It is also noted that for both 195 

systems the vertical and lateral capacity of the pile will increase as a result of the pre-stress which 196 

increases the vertical effective stress locally around the pile.  This is likely to be of negligible effect at low 197 

pre-stress levels but may become more significant at higher values, especially for the larger diameter 198 

bearing plates, and could have a significant influence on the response of the system. 199 



 

The results of the centrifuge tests are best presented through plots of lateral load versus lateral 200 

displacement.  Two test series are reported here. In the first Series 1 a pile embedment depth of 40mm is 201 

used together with 60 mm and 80 mm bearing plates.  In the Series 2 tests the pile embedment length of 202 

80mm is used, together with 40 mm, 60 mm and 80 mm diameter bearing plates.  In all the tests the pile 203 

diameter was 10 mm.  204 

An overview of the Series 1 tests is presented as follows. Figure 5 shows the lateral response of the 205 

coupled hybrid system with a 10mm diameter pile with 40mm embedment depth, and 60 and 80mm 206 

diameter bearing plates. Figure 6 shows the response for the corresponding decoupled arrangement.  207 

For all the Series 1 tests performed it is generally observed that for both the coupled and decoupled 208 

systems, the increase in lateral resistance is generally proportional to the degree of pre-stress applied.  The 209 

Series 1 tests are further presented in Figures 7 and 8 which plot the response of the hybrid system for 210 

each level of applied bearing stress (applied vertical load). 211 

Referring to Figures 7a and 8a for the 40mm long pile (Series 1) with 60 and 80mm diameter bearing 212 

plates, for the case where the pre-stress is derived from the self-weight of the bearing plate, it is apparent 213 

that even at this low pre-stress the bearing plate enhances the lateral capacity of the monopile with a very 214 

similar response being observed for the coupled and decoupled systems.  For the higher 43 kPa and 85 215 

kPa pre-stress values the results of the coupled and decoupled systems are again broadly similar, refer to 216 

Figures 7b, 7c and 7d, and Figures 8b, 8c and 8d, however it is noted that the relative increase in the 217 

lateral capacity is much more significant.   218 

The Series 2 results, with the 80mm long pile, are presented in Figures 9 and 10.  Figures 9a and 10a show 219 

the results for the 40mm bearing plate.  It is interesting to note that for the coupled system (refer to 9a), 220 

there is an increase in lateral resistance as the result of the presence of the plate with its nominal pre-221 

stress due to self-weight, but on further addition of load, the lateral response at the higher pre-stress 222 

levels (43 kPa, 85 kPa and 214 kPa) does not appear to influence the lateral capacity of the system.    To a 223 

certain extent a similar trend is observed for the 60mm diameter plate (Figure 9b).  In this case there are 224 

significant increases in lateral capacity with the lower pre-stress levels associated with the plate self-weight 225 



 

and 43 kPa pre-stress case, but little variation in lateral capacity is observed for further increases in pre-226 

stress. This observation is discussed later in detail. 227 

Some general observations can be made regarding the form of the observed lateral load response curves 228 

for the two different pile lengths used in the series 1 and 2 tests.  For example, the load displacement 229 

curves for the shorter 40 mm pile, for both the coupled and decoupled arrangements, demonstrate a 230 

strain softening response which becomes more distinct at larger plate diameters.  This response is similar 231 

to that observed for footings loaded on dense sand, and in particular for eccentrically loaded footings.  In 232 

contrast a strain hardening load response is observed for the series 2 tests with the longer pile embedment 233 

depth, which is similar in form to a load-displacement curve that would be exhibited by the pile alone.   234 

In broad terms it appears that the series 1 tests are influenced by the response of the bearing plate, 235 

whereas the series 2 tests are more influenced by the pile response.  This illustrates the effect of pile 236 

embedment depth and the contribution and interaction of the two elements that form the hybrid system. 237 

For the coupled arrangement some interesting observations can be made in relation to the effectiveness 238 

of the pre-stress loading.  Of particular interest are the results of the 80mm embedded pile with the 239 

40mm bearing plate.  For this arrangement very similar lateral responses were observed for the 43 kPa, 240 

85kPa and 214 kPa pre-stress loads, with a lower lateral resistance for the self-weight of the plate (25 241 

kPa), refer to Figure 9a. These tests were repeated several times with the same result being observed.  It is 242 

suggested that the reason for the similar response at higher bearing stresses is due to the maximum soil 243 

bearing pressure being mobilised at a similar stage.  Once the ultimate bearing capacity of the soil beneath 244 

the plate is obtained then the value of pre-stress is no longer of significance.  The response of the system 245 

will thus be similar since both the mudline moment and interface shear developed will be associated with 246 

the same ultimate bearing stress of the soil.   247 

Comparison between coupled and decoupled systems is best achieved by plotting the lateral load versus 248 

displacement response for both systems together for each applied pre-stress.  These plots are shown in 249 

Figures 11, 12 and 13 for the 40, 60 and 80mm diameter footings respectively.  From these figures some 250 

interesting observations are made.  For example, at low initial bearing stress the response of the coupled 251 

and decoupled arrangements are very similar (refer to Figures 11a, 12a and 13a), in fact for the 40 and 252 



 

60mm bearing plates the lateral response is almost the same, with only a slightly increased ultimate lateral 253 

capacity shown for the coupled 80mm footing system over the decoupled system, refer to Figure 13a.  254 

For all the 43 kPa and 85 kPa pre-stress values the ultimate lateral capacity of the coupled arrangement is 255 

significantly greater than that observed for the corresponding decoupled arrangement, refer to Figures 256 

11b, 11c, 12b, 12c, 13b and 13c.  However for the highest pre-stress loading the lateral response of the 257 

coupled and decoupled systems tend to converge, refer to Figures 11d, 12d and 13d.  In particular the 258 

response for high 214 kPa pre-stress for the 40 and 60mm plates are very similar for the coupled and 259 

decoupled arrangement (refer to Figure 11d and 12d).  This may be attributed to the mobilised stress in 260 

both arrangements being similar.   261 

Comparison coupled and decoupled response 262 

For the decoupled arrangement the increase in lateral capacity of the hybrid system is provided by 263 

 (i) friction between the soil and the underside of the plate, 264 

(ii) increased lateral resistance of the pile due to applied pre-stress.  265 

For the coupled arrangement, the following additional interaction contributes to the lateral capacity of the 266 

system, namely 267 

(iii) the development of a resisting moment at the mudline from soil reaction on the bearing plate. 268 

It is significant to note that for the decoupled arrangement, since the pre-stress remains essentially 269 

unchanged during load application, then both the interface resistance and lateral pile capacity will remain 270 

essentially constant.  However, for the coupled arrangement the actual contact stress developed between 271 

the bearing plate and the soil is a complex interaction analogous to a rotating piled-raft.  The contact 272 

stress will be a function of the net vertical load carried by the plate which is related to vertical capacity of 273 

the pile.  This in turn is related to the vertical effective stress which is a function of the pre-stress.  The 274 

vertical effective stress developed around the pile is determined by a combination of the initial pre-stress 275 

and the soil reaction stress as the plate rotates.   276 



 

As an initial analysis it is of interest to examine the effect of interface friction developed between the 277 

bearing plate and the underlying soil.  This is best achieved by considering the increase in lateral resistance 278 

of the hybrid system over that observed for the corresponding pile.  It is also of interest to present the 279 

displacement information of the system through the lateral displacement of the bearing plate at the soil 280 

surface, rather than the displacement at the point of loading (80mm above the soil surface). 281 

Figures 14a to 14f show plots of the development in increased lateral resistance of the decoupled hybrid 282 

systems over the lateral resistance of the pile alone, plotted against the initial pre-stress, for the 10mm 283 

diameter 80mm long piles.  The plots are derived for selected values of lateral displacement (at the 284 

mudline) of 2.5mm, 5mm and 10mm.  Figures 15a to 15d show corresponding plots for the decoupled 285 

hybrid system with the 40mm long pile and at mudline displacements of 2.5mm, 5.0mm and 286 

corresponding to the peak lateral capacity (refer to Figures 5 to 6).  Theoretical values of frictional force 287 

developed at the plate soil-interface (‘Plate Friction’ in Figures 14 and 15) are derived from the product of 288 

the pre-stress load and the tangent of the interface friction angle.   289 

Referring to Figures 14a to 14c and 15a to 15b, it is apparent from these data that there is generally good 290 

agreement between the theoretical value of the frictional shear force developed at the plate-soil interface, 291 

and the increase in the lateral capacity of the decoupled hybrid system.  The exception being that for the 292 

40mm pile and 60mm plate combination (Figure 15a) where the use of mobilised interface friction value 293 

derived from the data presented in Table 1 (16) over-predict the observed system response.  In this 294 

instance an interface friction of 10 produces a very close match to the experimental results.  This may be 295 

an illustration of (i) the sensitivity of the system to the mobilised interface friction which can be 296 

influenced by sample preparation, initial bedding of the plate and other factors, and (ii) the use of an 297 

assumed average contact stress to represent the non-uniform stress distribution between the plate and the 298 

soil.  299 

It is also apparent for the decoupled system that the relationship between the increased lateral capacity 300 

and pre-stress is linear.  This is consistent with the majority of the increased capacity being derived by the 301 

interface friction generated between the bearing plate and the underlying soil; the frictional shear stress 302 

being directly proportional to the applied normal stress, which in this case is the applied pre-stress.   303 



 

Corresponding plots of increased lateral capacity against initial pre-stress for the coupled system are 304 

shown in Figures 14d to 14f and 15c to 15d for the 80mm (Series 1) and 40mm (Series 2) piles 305 

respectively.   It is apparent that in this case the analysis presented above is unable to adequately capture 306 

the response of the system.   The increase in the lateral capacity of the coupled hybrid is more complex, 307 

and as discussed earlier, the contribution of the other interactions must be considered since the system 308 

behaviour is significantly affected by the fixed connection between the plate and the pile.   309 

In the decoupled system little moment can be transferred between the plate and the pile since the plate is 310 

free to slide, and it is also the case that the pre-stress applied at the start of the test will remain unchanged 311 

as the system is loaded.  This is assuming that as the system rotates under the action of a lateral load, the 312 

bearing plate will tend to slide up the pile rather than develop a greater contact stress, although it is also 313 

noted that due to the eccentric soil reaction on the plate it is also possible that plate may ‘lock-up’ on the 314 

pile shaft rather than slide freely, and this would result in a degree of moment restraint at the pile-plate 315 

connection giving a similar response between decoupled and coupled arrangements.  This ‘locking-up’ is a 316 

possible explanation for the similar load-displacement response of the coupled and decoupled systems 317 

reported earlier for the high pre-stress cases for the 40mm and 60mm plates with 80mm pile, refer to 318 

Figures 11d and 12d.  However, it is noted that this convergence between coupled and decoupled 319 

responses at high pre-stress is not observed for the 40mm long pile (see Figures 7d and 8d) and it 320 

therefore may be related to the geometry of the system. 321 

The convergence of the load displacement plots for the low pre-stress values is also observed for both the 322 

40mm and 80mm pile lengths (refer to Figures 7a, 8a, and Figures 11a and 12a).  In this case it is 323 

suggested that the similar responses are due to interface friction dominating the increased lateral capacity 324 

for both systems, with the additional mudline restoring moment of the coupled system being less 325 

significant.   326 

For the coupled arrangement, as the system rotates bearing stresses increase on the underside of the plate 327 

and resisting moments can be developed at the plate-pile connection which introduces a degree of 328 

rotational fixity at the mudline. This results in a further increase in the lateral resistance of the system.  329 

Furthermore, the increased bearing stress developed between the plate and the soil will result in an 330 



 

increased frictional resistance further increasing the lateral capacity of the system.  However, the higher 331 

vertical effective stresses below the bearing plate would increase the vertical  (and lateral) capacity of the 332 

pile and a classic interaction develops between the axial pile capacity and the plate bearing pressure, and 333 

the whole process is further complicated by the changing contact area between the plate and the soil as 334 

the system rotates.  It is however suggested that both the magnitude of the mudline moment and the 335 

interface friction would be limited by the ultimate bearing capacity of the soil (i.e. a maximum contact 336 

stress can develop).  This limitation is perhaps illustrated, as discussed earlier, by the response of the 337 

80mm pile with the 40mm bearing plate (L80 F40 C) shown in Figure 14d (see also Figure 9a).  In these 338 

tests the increase in lateral resistance appears to be relatively constant for initial pre-stress values greater 339 

than about 50kPa. 340 

The complex interactions described above are best modelled using numerical methods, and the following 341 

section presents an initial study in an attempt to gain further insights of the response of the hybrid 342 

systems. 343 

Numerical modelling 344 

The hybrid foundation system is relatively well suited to numerical analysis since it involves a complex 345 

soil-structure interaction.  This is particularly true for the coupled hybrid system which is essentially 346 

analogous to a piled-raft foundation, albeit with a single pile.  The decoupled system is perhaps more 347 

readily analysed through a simple addition of the contributions of the constituent elements but is also 348 

suitable for numerical analysis.  In order to carry out a realistic analysis the programme must have as a 349 

minimum the following capabilities together with an appropriate model for the soil response; 350 

i. 3-D geometry modelling,  351 

ii. the ability to model separation (or zero tension) between the footing and the soil, 352 

iii. the ability to model the interface properties between structural and soil elements, 353 

iv. allow full decoupling and the ability for slippage between the plate and pile. 354 

The 3D finite element analysis reported here was carried out using the Imperial College Finite Element 355 

Program (ICFEP), (Potts and Zdravkovic 1999).  The analysis considered the equivalent prototype of the 356 



 

scaled up centrifuge model resulting in a 4m pile embedment of a 0.5m diameter pile with a 4m diameter 357 

bearing plate.  The aim was to replicate the centrifuge tests in prototype dimensions and compare the load 358 

versus deflection response of the 3D FE results with the corresponding centrifuge tests. The analysis 359 

involved a ‘wished in place’ pile installation followed by the application of a uniform load over the 360 

bearing plate.   Lateral loading was then applied incrementally in order to generate plots of lateral load 361 

against displacement for comparison with the centrifuge model tests.  362 

The soil was modelled as a nonlinear elasto-plastic Mohr-Coulomb material fully described by Potts & 363 

Zdravkovic (1999), with the small strain stiffness formulation of Jardine et al. 1986 employed to cater for 364 

non-linearity below yield. This model takes into account the variation of normalised shear and bulk 365 

stiffness with deviatroic and volumetric strains. The input parameters including the small strain stiffness 366 

model parameters were those presented by Zdravkovic et al. (2005) for Thanet Sand, which was deemed 367 

to be similar in characteristics to the uniformly graded Fraction C sand used in the centrifuge tests. 368 

A critical state friction value of 32 degrees was adopted for the soil model with a maximum dilation value 369 

of 20 which is associated with the relatively low stress level and unconfined surface boundary in the 370 

centrifuge model.  Similar high dilation values have been reported by Stone (1988) and Stone and Wood 371 

(1992).   372 

The main findings of the finite element results are presented at prototype scale through selected plots, 373 

and where applicable the centrifuge model test data is also presented for comparison. 374 

Figure 16 shows a summary of the pile displacement profiles. It is apparent that the displacement profiles 375 

are very similar for the pile only and the coupled hybrid system.  The presence of the bearing plate does 376 

not appear to influence the point of rotation of the pile which appears to be at a depth of approximately 377 

2.75m below ground level which is about 70% of the embedment depth. However for the decoupled 378 

arrangement the point of rotation is seen to be at a depth of about 2.2m below ground level or at about 379 

50-55% of the embedment depth.  The interaction of the plate with the underlying soil is evaluated more 380 

closely by considering the settlement profile and development of plate bearing stress throughout the 381 

loading process.  Figures 17a shows the plate centerline rotation plotted either side of the pile for the 382 



 

coupled hybrid system.  It is evident from this plot that the dominant movement of the bearing plate is 383 

one of rigid body rotation centred on the pile axis. The rotation is symmetric with the leading edge 384 

penetrating some 70mm into the soil and a corresponding uplift to the trailing edge. Figure 17b shows the 385 

distribution of normal stress at the plate soil interface.   386 

For the decoupled system the plate rotation and the bearing stress are shown in Figures 18a and 18b 387 

respectively. 388 

Comparison of Figures 17a and 17b and 18a and 18b clearly illustrate that the behaviour of the coupled 389 

and decoupled arrangements are fundamentally different through the way the plate interacts with the 390 

underlying soil.  For the coupled system the rigid body plate rotation develops bearing stresses up to 391 

twice those observed for the decoupled system.  But this is to be expected because the decoupled plate 392 

will tend to slide up the pile.   This observation is in agreement with experimental observations where the 393 

plate was observed to have slid up the pile during some tests.  Although as already noted there is a 394 

tendency for the plate to lock-up under the action of non-uniform bearing pressure which would not be 395 

captured in the numerical simulation.  396 

Ultimately it is of interest to develop full load-displacement curves for the hybrid systems to demonstrate 397 

an applicable method for design and further analysis.   Figure 19 presents a comparison between the 3D-398 

FE analysis and the corresponding centrifuge model test data, plotted at prototype scale, for the 80mm 399 

pile and 80mm bearing plate.  From this Figure it is apparent that, for both pile only and hybrid cases, the 400 

numerical results show a very good match between the centrifuge and 3D-FE analysis. The match is not 401 

so satisfactory for the coupled system where the experimental results are seen to present a stiffer response 402 

and an overestimate of the ultimate capacity of the system.  However, it is apparent that the numerical 403 

approach is able to capture the significantly different behaviour demonstrated by the coupled and 404 

decoupled arrangements.  405 

Discussion  406 

The experimental study has demonstrated that the use of a bearing plate can significantly enhance the 407 

lateral capacity of a monopile installed in dense sand under monotonic loading conditions.  The hybrid 408 



 

foundation arrangement was investigated where the bearing plate was either fully fixed to the pile 409 

(coupled) or free to slide vertically on the pile shaft (decoupled).  410 

In the coupled arrangement the lateral capacity of the system is derived from (i) the lateral resistance of 411 

the pile, (ii) the lateral shear resistance on the underside of the bearing plate, and (iii) the resisting moment 412 

developed at the mudline as the plate rotates.  For a particular combination of pile and plate geometry, 413 

the development of each of these elements of resistance are associated with degrees of mobilisation, 414 

either of rotation, which is associated with changing contact stress between the plate and the soil, or 415 

displacement.  The interactions that develop in the coupled system can be qualitatively summarised as 416 

follows: 417 

i. The effect of the initial pre-stress on the pile capacity is a soil-structure interaction problem 418 

analogous to a piled raft.  The vertical and lateral capacity of the pile increases as the vertical 419 

effective stress around the pile increases.  An initial equilibrium between vertical pile capacity and 420 

the plate bearing stress (pre-stress) will develop.  421 

ii. The development of the resisting moment at the mudline occurs as rotational embedment of the 422 

plate develops a non-symmetric contact stress.   423 

iii. The vertical and lateral pile resistance increases as a result of the local increase in vertical effective 424 

stress under uniform pre-stress.   425 

iv. The increase in the contact stress from rotational embedment of the plate results in a higher 426 

frictional resistance at the plate-soil interface. 427 

v. Both the mudline moment and increased interface friction can only develop to a maximum value 428 

associated with the ultimate bearing stress of the underlying soil. 429 

In the decoupled arrangement the interaction is much simpler since is assumed that the connection 430 

between the pile and bearing plate is unable to apply a resisting moment at the mudline.  Since the plate is 431 

free to move vertically on the pile shaft with negligible frictional resistance, the initial pre-stress applied by 432 

the bearing plate can be readily determined.  Since it can be assumed that the load applied to the plate 433 

remains relatively constant throughout the loading process, then the interface friction would also remain 434 



 

constant throughout the test.  The analysis of the decoupled arrangement is thus relatively straightforward 435 

where the lateral capacity is derived from the following components: 436 

i. the lateral capacity of the pile, including any effect of the plate surcharge, and 437 

ii. the shear stress developed between the bearing plate and the underlying soil.  438 

The results presented here indicate that this latter component dominates the response for the geometry of 439 

the decoupled systems tested, such that the increase in lateral resistance is essentially due to lateral shear 440 

force developed at the soil-plate interface.   441 

In the experimental studies the development of the lateral capacity of the hybrid systems is influenced by 442 

the scale effect associated with the grain size of the sand used in the tests.  Such scale effects are well 443 

reported elsewhere (Stone 1988, Stone and Wood 1992) and are associated with the absolute relative 444 

displacement required for the soil to achieve its peak and critical state values of mobilised friction.  For a 445 

uniformly graded sand these relative displacements are a function of the relative density, stress level, and 446 

the particle size of the material. It is noted that some relative lateral displacement is required to fully 447 

mobilise the interface friction, the mudline moment, and the pile lateral capacity.  All these components 448 

may have different mobilisation displacements which are likely to be an inherent scale effect of the model 449 

which is difficult to quantify, but is likely to overestimate the lateral movement required to develop 450 

ultimate lateral capacities for the hybrid systems with respect to a corresponding prototype. 451 

For both arrangements it is also possible that some small increase in lateral capacity occurs from passive 452 

pressure against the edge of the bearing plate.  This component is not considered to offer a significant 453 

contribution to the lateral resistance for the tests reported.  However, for skirted system, see for example 454 

Arshi (2011), Haiderali and Madabhushi (2016), both high passive resistance and greater shear resistance 455 

can develop since the plane of sliding is not confined to the soil-plate interface.  456 

The numerical analysis presented was able to capture the general response and mechanisms of both 457 

coupled and decoupled systems and provide reasonable agreement to the experimental results.   In 458 

particular the analysis was able to demonstrate the development of high bearing stresses beneath the 459 



 

rotating plate of the coupled system, and the relatively constant bearing stress and plate uplifting 460 

mechanism of the decoupled arrangement.   461 

Conclusions 462 

From the studies reported herein the following conclusions can be made. 463 

1. A hybrid foundation system can be formed from the combination of a pile and a bearing plate.  464 

The bearing plate can be fixed (coupled) to the pile or free (decoupled) from the pile and 465 

although apparently similar in concept, the different systems have fundamental differences in 466 

their response and development of lateral capacity. 467 

2. Both hybrid systems demonstrate a higher lateral stiffness and ultimate lateral capacity over that 468 

of the pile or the bearing plate alone.  469 

3. The lateral response of the hybrid system is a function of the plate and pile geometry and stress 470 

developed between the bearing plate and the underlying soil. 471 

4. The initial lateral stiffness is influenced by the initial bearing stress between the plate and the soil 472 

at the onset of loading. 473 

5. For the decoupled system the initial bearing stress is provided by dead load supported by the 474 

plate and is readily determined 475 

6. For the coupled system the initial pre-stress is provided by the applied loads being in excess of 476 

the vertical capacity of the pile, and are not readily determined if the axial pile capacity is not well 477 

defined. 478 

7. For the coupled system, lateral capacity is derived through pile resistance, the interface friction 479 

between the plate and underlying soil and the restoring moment generated at the mudline by the 480 

rotating bearing plate. 481 

8. For the decoupled system the lateral capacity is derived through the pile lateral resistance and the 482 

bearing plate interface friction. 483 

9. Numerical modelling is able to capture the behaviour of both the coupled and decoupled hybrid 484 

systems. 485 



 

As a final remark, it is worth noting that this study has demonstrated some advantages of both coupled 486 

and decoupled systems.   To best exploit the attributes of both arrangements it is proposed that a hybrid 487 

system is developed where the bearing plate is able to translate vertically down the pile shaft but not 488 

upwards. Such an arrangement has (i) the advantage of the decoupled arrangement where the bearing 489 

plate is able to maintain and develop sliding resistance through contact with the soil surface with a pre-set 490 

contact stress, and (ii) the ability to develop a resisting moment at the plate-pile connection as is the case 491 

for the coupled arrangement.  The full scale practicalities of such a system remain to be developed. 492 

However, it is clear there are significant advantages to be gained in terms of the development monopile-493 

bearing plate hybrid foundation systems for practical application. 494 
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Table 1. Interface friction from direct shear box tests 576 

Normal stress 
(kPA) 

Peak shear 
stress 
(kPA) 

Interface 
friction 

(degrees) 

Mobilisation 
displacement 

(mm) 

49 15 17.0 ~1.75 
98 28 15.9 ~1 
147 41 15.4 ~1 

 577 

 578 

 579 

  580 



 

Table 2. Summary of tests 581 

Test ID 
C - coupled 

D - decoupled 

 
Pile 

embed-
ment 
(mm) 

Plate 
diameter 

(mm) 

Total load 
on system 

(N) 

Load 
carried by 

pile 
(N) 

Load 
carried by 

plate 
(N) 

Initial 
plate 

bearing 
pressure 

(kPa) 

Percentage 
of ultimate 

bearing 
pressure 

(%) 

Series 1: Coupled Hybrid Tests  
(L (pile length) F (plate diameter) C (coupled) XX (pre-stress) 

L40 F60 C9 40 60 276 250 26 9 0.7 
L40 F60 C43 40 60 371 250 121 43 3.5 

L40 F60 C85 40 60 492 250 242 85 7 
L40 F60 C214 40 60 854 250 604 214 17 
L40 F80 C8 40 80 291 250 41 8 0.5 
L40 F80 C43 40 80 465 250 215 43 2.6 
L40 F80 C85 40 80 679 250 429 85 5 
L40 F80 C214 40 80 1323 250 1073 214 13 

Series 1: Decoupled Hybrid Tests  
(L (pile length) F (plate diameter) D (decoupled) XX (pre-stress) 

L40 F60 D9 40 60 276 250 26 9 0.7 
L40 F60 D43 40 60 371 250 121 43 3.5 
L40 F60 D85 40 60 492 250 242 85 7 
L40 F60 D214 40 60 854 250 604 214 17 
L40 F80 D8 40 80 291 250 41 8 0.5 
L40 F80 D43 40 80 465 250 215 43 2.5 
L40 F80 D83 40 80 655 250 415 83 5 
L40 F80 D214 40 80 1323 250 1073 214 13 

Series 2: Coupled Hybrid Tests  
(L (pile length) F (plate diameter) C (coupled) XX (pre-stress) 

L80 F40 C25 80 40 566 535 31 25 3 
L80 F40 C43 80 40 589 535 54 43 5 
L80 F40 C85 80 40 642 535 107 85 10 
L80 F40 C214 80 40 803 535 268 214 25 
L80 F60 C9 80 60 561 535 26 9 0.7 
L80 F60 C43 80 60 656 535 121 43 3.5 
L80 F60 C85 80 60 777 535 242 85 7 
L80 F60 C214 80 60 1139 535 604 214 17 
L80 F80 C8 80 80 576 535 41 8 0.5 
L80 F80 C43 80 80 750 535 215 43 2.6 
L80 F80 C85 80 80 964 535 429 85 5 
L80 F80 C214 80 80 1608 535 1073 214 13 

Series 2: Decoupled Hybrid Tests  
(L (pile length) F (plate diameter) D (decoupled) XX (pre-stress) 

L80 F40 D25 80 40 31 535 31 25 3 
L80 F40 D43 80 40 54 535 54 43 5 
L80 F40 D85 80 40 107 535 107 85 10 
L80 F40 D25 80 40 268 535 268 214 25 
L80 F60 D9 80 60 26 535 26 9 0.7 
L80 F60 D43 80 60 121 535 121 43 3.5 
L80 F60 D85 80 60 242 535 242 85 7 
L80 F60 D214 80 60 604 535 604 214 17 
L80 F80 D8 80 80 41 535 41 8 0.5 
L80 F60 D43 80 80 215 535 215 43 2.6 
L80 F80 D85 80 80 415 535 415 83 5 
L80 F80 D214 80 80 1073 535 1073 214 13 



 

 582 
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Figure 1.(a) Typical arrangement for coupled system, (b) a decoupled system with loading applied to bearing plate and,  
(c) a decoupled arrangement with superstructure loads carried by the bearing plate. 
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Figure 2. Centrifuge model test arrangement.  
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Figure 3.(a) Response of coupled hybrid system of 40mm plate and 10mm diameter pile with 80mm embedment (C10 L80 F40) under axial load at 20g and, (b) at 50g. 
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Figure 4. Response of coupled hybrid system of 40mm plate and 5mm diameter pile with 

40mm embedment depth (C5 L40 F40 C) at 50g. 
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b 

 

Figure 5.(a) Overview of coupled hybrid system; 10mm diameter pile, 40mm embedment depth  (L40);  
60mm bearing plate (F60) and (b) 80mm diameter bearing plate (F80) for all pre-stress levels. 

 

 

 

 

 

 

0

20

40

60

80

100

120

140

160

180

200

0 5 10 15 20

La
te

ra
l l

o
ad

, P
 (

N
) 

Lateral displacement, δ (mm) 

L40 F60 C214
L40 F60 C85
L40 F60 C43
L40 F60 C9
L40

0

50

100

150

200

250

300

350

0 5 10 15 20

La
te

ra
l l

o
ad

, P
 (

N
) 

Lateral displacement, δ (mm) 

L40 F80 C214
L40 F80 C85
L40 F80 C43
L40 F80 C8
L40

Figure 5 Click here to download Figure Fig 5.pdf 

http://www.editorialmanager.com/jrngteng/download.aspx?id=415589&guid=95df1747-6cff-4073-a506-662a1965a692&scheme=1
http://www.editorialmanager.com/jrngteng/download.aspx?id=415589&guid=95df1747-6cff-4073-a506-662a1965a692&scheme=1


 
a 
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Figure 6.(a) Overview of  decoupled hybrid system; 10mm diameter pile, 40mm embedment depth (L40); 
60mm bearing plate (F60) and (b) 80mm diameter bearing plate (F80) for all pre-stress levels. 
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Figure 7.  Comparison of coupled (C) and decoupled (D) lateral response for 10mm pile; 40mm 
embedment depth and 60mm diameter bearing plate for initial bearing stresses of 

(a) 9kPa; (b) 43kPa; (c) 85kPa and (d) 214kPa. 
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Figure 8.  Comparison of coupled (C) and decoupled (D) lateral response for 10mm diameter pile; 40mm 
embedment depth and 80mm diameter bearing plate for initial bearing stresses of 

(a) 8kPa; (b) 43kPa; (c) 85kPa and (d) 214kPa. 
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a b c 
 

Figure 9.(a) Overview of coupled hybrid system with 10mm diameter pile, 80mm embedment depth (L80), with 40mm diameter bearing plate (F40), 
 (b) 60mm diameter bearing plate (F60) and (c) 80mm diameter bearing plate (F80). 
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a                  b                       c 
 

Figure 10.(a) Overview of decoupled hybrid system with 10mm diameter pile, 80mm embedment depth (L80), with 40mm diameter bearing plate (F40), 
(b) 60mm diameter bearing plate (F60) and (c) 80mm diameter bearing plate (F80). 
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Figure 11.  Comparison of coupled and decoupled lateral response for 10mm diameter pile with 80mm 
embedment depth and 40mm diameter bearing plate. 
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Figure 12.  Comparison of coupled and decoupled lateral response for 10mm diameter pile with 60mm 
embedment depth and 80mm diameter bearing plate.  
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Figure 13.  Comparison of coupled and decoupled lateral response for 10mm diameter pile with 80mm 
embedment depth and 80mm diameter bearing plate. 
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Figure 14. Plots of incremental increase in lateral resistance at discrete lateral displacements (refer to legend) for 
80mm long pile with 40, 60 and 80mm bearing plates for coupled (C) and decoupled (D) systems.   
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Figure 19. Comparison of numerical (dashed) and centrifuge model tests (solid) plotted at 

prototype scale  for 80mm pile and 80mm bearing plate 
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Figure 15. Plots of incremental increase in lateral resistance at discrete lateral displacements (refer to legend) 
for 80mm long pile with 40, 60 and 80mm bearing plates for coupled (C) and decoupled (D) systems.   
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Figure 16. Lateral displacement profiles for (a) pile only, (b) pile and coupled bearing plate and (c) pile and decoupled bearing plate. 
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Figure 17a. Bearing plate rotation during loading for coupled hybrid. 
 
 

 
 

 
 

Figure 17b. Shows the distribution of normal stress at the plate soil interface for coupled hybrid system.  
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Figure 18a. Bearing plate rotation during loading for decoupled hybrid system. 
 
 
 

 

 
 

Figure 18b. Distribution of normal stress at the plate soil interface for decoupled hybrid system. 
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Figure 1.(a) Typical arrangement for coupled system, (b) a decoupled system with loading applied to bearing 

plate and, (c) a decoupled arrangement with superstructure loads carried by the bearing plate. 

Figure 2. Centrifuge model test arrangement. 

Figure 3.(a). Response of coupled hybrid system of 40mm plate and 10mm diameter pile with 80mm 

embedment (C10 L80 F40) under axial load at 20g and, (b) at 50g. 

Figure 4. Response of coupled hybrid system of 40mm plate and 5mm diameter pile with 40mm embedment 

depth (C5 L40 F40 C) at 50g. 

Figure 5.(a) Overview of coupled hybrid system; 10mm diameter pile, 40mm embedment depth  (L40);  60mm 

bearing plate (F60) and, b) 80mm diameter bearing plate (F80) for all pre-stress levels 

Figure 6.(a) Overview of  decoupled hybrid system; 10mm diameter pile, 40mm embedment depth (L40); 

60mm bearing plate (F60) and (b) 80mm diameter bearing plate (F80) for all pre-stress levels. 

Figure 7.  Comparison of coupled (C) and decoupled (D) lateral response for 10mm pile; 40mm embedment 

depth and 60mm diameter bearing plate for initial bearing stresses of (a) 9kPa; (b) 43kPa; (c) 85kPa and (d) 

214kPa. 

Figure 8.  Comparison of coupled (C) and decoupled (D) lateral response for 10mm diameter pile; 40mm 

embedment depth and 80mm diameter bearing plate for initial bearing stresses of (a) 8kPa; (b) 43kPa; (c) 

85kPa and (d) 214kPa. 

Figure 9.(a) Overview of coupled hybrid system with 10mm diameter pile, 80mm embedment depth (L80), 

with 40mm diameter bearing plate (F40), (b) 60mm diameter bearing plate (F60) and (c) 80mm diameter 

bearing plate (F80). 

Figure 10. (a) Overview of decoupled hybrid system with 10mm diameter pile, 80mm embedment depth (L80), 

with 40mm diameter bearing plate (F40), (b) 60mm diameter bearing plate (F60) and (c) 80mm diameter 

bearing plate (F80). 

Figure 11.  Comparison of coupled and decoupled lateral response for 10mm diameter pile with 80mm 

embedment depth and 40mm diameter bearing plate. 

Figure 12.  Comparison of coupled and decoupled lateral response for 10mm diameter pile with 60mm 

embedment depth and 80mm diameter bearing plate.  

Figure 13.  Comparison of coupled and decoupled lateral response for 10mm diameter pile with 80mm 

embedment depth and 80mm diameter bearing plate. 

Figure 14. Plots of incremental increase in lateral resistance at discrete lateral displacements (refer to legend) 

for 80mm long pile with 40, 60 and 80mm bearing plates for coupled (C) and decoupled (D) systems. 

Figure 15. Plots of incremental increase in lateral resistance at discrete lateral displacements (refer to legend) 

for 80mm long pile with 40, 60 and 80mm bearing plates for coupled (C) and decoupled (D) systems. 

Figure 16. Lateral displacement profiles for (a) pile only, (b) pile and decoupled bearing plate and (c) pile and 

coupled bearing plate. 

Figure 17a. Bearing plate rotation during loading for coupled hybrid 

Figure 17b. shows the distribution of normal stress at the plate soil interface for coupled hybrid system 

Figure Caption List



Figure 18a. Bearing plate rotation during loading for decoupled hybrid 

Figure 18b. shows the distribution of normal stress at the plate soil interface for decoupled hybrid system 

Figure 19. Comparison of numerical (red solid) and centrifuge model tests (black solid) plotted at prototype 

scale for 80mm pile and 80mm bearing plate 
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Response to reviewer’s comments 

Manuscript title The use of a bearing plate to enhance the lateral capacity of monopiles in sand 

Manuscript # #GTENG-6473 

 

The authors wish to thank the editors and reviewers for their time in effort in reviewing our manuscript.  We hope the changes listed have made the 

manuscript suitable for publication and we look forward to your response. 

Editors Comments. Author’s Response 

This paper presents a novel approach for enhancing the capacity and 
efficiency of monopiles by adding bearing plates. The researchers 
investigated their proposed system using finite element analyses and 
both single gravity and centrifuge model tests. Overall, the work appears 
to be original, it utilizes state of the art research methodology, and has 
significant potential to make a positive impact on the development of 
offshore wind power. The review comments are generally positive in 
regard to both the technical content and presentation of the research 
findings. However, both reviewers had a number of editorial comments 
which the authors should address. Additionally, Reviewer 1 raised some 
concerns in regard to the reported friction angles and their dependency 
on stress level. Some additional discussion on this point by the authors is 
warranted. 

We have addressed the reviewer comments in our itemised response below.  In 
particular we have revised our treatment of the interface friction angles in 
accordance with the concerns of Reviewer 1. 

 

Reviewer #1: Comments Author’s Response 

This is an interesting paper investigating a novel foundation technique 
for offshore foundation systems. The paper is generally well written and 
well structures. I have the following minor recommendations for 
improvements: 

All the recommendations implemented as itemised below 

Lines 70-72: sentence unclear, I believe the word "are" is missing after 
skirts. 

Corrected in text 
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Line 78: I would clarify that skirted systems are not considered in this 
study. 

added to text (L76-77) 

Line 83: is a silica sand been used? Please add details. 
 

Added to L85 

Table 1: I am a bit surprised by the variation of interface friction angle 
with stress level. It appears reasonable that friction angle can increase 
for very low stress levels, but these stresses should be much lower in the 
order of few kPa (i.e below 10-15 kPa). Also, the authors suggested a 
variation of 5º which seems enormous. I think the authors should 
provide more justification for such choices or review the selected values. 
 

We have reviewed the direct shear box tests and provide an average interface 
friction for use in the analysis.  Table 1 has been expanded to include the shear 
stress developed for each normal stress.   

Line 149: Can the authors clarify how the data have been extrapolated? 
Which assumptions have they made? 
 

Text enhanced in line 150-151 

Line 161: should 1050N read 1000N? Text revised, 1000N for Figure 3a, but 1050N is average over several tests. 

Line 188-189: can the author justify the assumption that "the portion of 
load carried by the pile is associated with a pile settlement of 2.5-
3.0mm"? 
 

Text enhanced and reference to Figure 3a and 3b 

Line 258-259. Are the responses at high stress converging because the 
stress mobilised in the coupled and decoupled configuration now 
coincide? If so, I would add a comment on the manuscript. 
 

Comment added in L260-261. 

Figs. 14 -15. Describe in the text how the friction lines have been 
derived. 
 

Added in lines 288-289 

Line 290-291. I understand that a friction angle of 10º would produce a 
good match but such variation of friction angel appears rather 
improbable. I have the impression that vertical stress under the plate are 
not uniform and using an average stress leads to some inaccuracy in the 
prediction. 
 

Comment added 298-299 

Lines 382.Should the text refer to figs 17 and 18 instead? Yes and corrected 



I would attempt to use a uniform scale (as much as possible) on the y-
axis of the figures. At least for subplot belonging to the same figure. This 
would ease direct comparison between plots. 
 

We have revised the scale of the plots where this is helpful to ease comparison. 

The reference style should be improved and all references should be 
checked. For example: parentheses are missing in line 40 [Trojnar 
(2013)]; line 41 (Arshi, 2011); line 41 Arshi 2015 should be Arshi and 
Stone, 2015?. Can the reference to Arshi 2013 be made to a published 
report? Please check the entire paper. 
 

Reference styles are now consistent in accordance with the author guidelines. 
The Arshi 2013 document is an MPhil to PhD Transfer Report.  The authors will 
investigate if this report can be published in one form or another. 

 

Reviewer #2: Comments Author’s Response 

This paper presents the results from a physical and numerical modelling 
testing programme to investigate the performance of hybrid monopiled-
footing foundations under combined monotonic loading conditions in 
sand. It provides very good and useful insights for practitioners.   Only 
minor changes are needed to be made before the full acceptance of the 
paper: 

Changes to comments itemised below 

1. On line 33, there is a reference missing (Stone et al. 2010b?) 
 

Should have been Stone et al. 2011, now corrected and reference added 

2. On line 72, add the reference by "Anastasopoulos and Thefilou (2015) 
 

Reference added 

3. On line 142, add the letter " in" in the sentence " This can be 
attributed to (i) the increase in shaft resistance ... 
 

corrected 

4. On line 178, is it " Arshi (2016) or " Ashri (2016) 
 

corrected 

5. On line 197, Table 2, there is a "*" in the table header, however, there 
is no associated note. 
 

corrected 

6.  On line 272, " this is in turn is..." , delete " is" after " in turn". 
 

Corrected 
 
 



7. On line 336, " section presents and initial study".. change "and" to 
"an" . 
 

corrected 

8. On line 363, " unconfined surface boundary in of the centrifuge 
model", delete " of ". 
 

corrected 

9. On line 372, it discussed the depth of about 1.7 m below ground level 
for the coupled arrangement, the point of rotation. However, on Figure 
16, it seems that the point of rotation is similar for pile only and pile and 
coupled bearing plate, around 2.75 m below ground level. And for the 
pile and decoupled bearing plate type (Figure 16 c), the point of rotation 
is about 2.2 m below ground level ?.  Please clarify. 
 

Text revised to match data presented in figure 16. 

10. On line 448, is it "Ashri HS (2011) or "Arshi HS (2011)"? 
 

corrected 

11. On line 437, the reference "Wood and Stone (1992)" should be " 
Stone and Wood (1992)". 
 

corrected 

12. On line 462,  the sentence "ultimate lateral capacity over that of the 
pile alone" should be "ultimate lateral capacity over that of the pile and 
the bearing plate alone". 
 

Corrected to read pile OR bearing plate alone. 

13. On figure 14, not quite clear about the case "plate friction". Can you 
please clarify and add an explanation in the main text. 
 

Text enhanced 

14. On figure 15b, the label "L40 F80" should be "L40 F80 D". 
 

Corrected 

15. On figure 15d, the label "L40 f80" should be "L40F80C". 
 

Corrected 

 

 



Response to Reviewers comments 

Reviewer #2: The authors have satisfactorily addressed all the minor 

comments from the previous review. 

 
Reviewer #3: There were only two very minor comments: 

 

On page 9, line 194,  there is a 

redundant "be" in the sentence 

"where full shaft and end-bearing 

resistance is assumed to be have 

been"...Remove the wording "be".  

‘ be ’ removed from text 

On page 20, line 483, missing a 

"." after the sentence "bearing 

plate interface friction". 

‘ . ’ Added to text 
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