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ABSTRACT 1 

In this paper, the lateral limiting pressure on rectangular pile groups in undrained soil is explored 2 

using two−dimensional finite element modelling. The primary aim of the study is to assess the 3 

influence of pile group shape effects on the soil limiting pressured offered by the deep ‘flow-around’ 4 

failure mechanism, and associated soil failure mechanisms, considering both a small (four piles) 5 

and large (36 piles) group. Additional parameters considered in the modelling include pile spacing 6 

and pile-soil interface roughness. The finite element results show that group shape has a 7 

significant influence on the behaviour of closely spaced pile groups. In particular, the number of 8 

piles parallel to the direction of loading is shown to dominate the lateral bearing capacity factor 9 

such that significant increases in capacity efficiency can be achieved by slight modifications to the 10 

group shape for a given number of piles. The load-sharing across the group, traditionally defined 11 

using p-multipliers, was also shown to be highly non-uniform and dependent on group size, pile-12 

soil roughness and group geometry in addition to the pile spacing. The finite element output is 13 

presented in the form of design charts for the determination of group p-multipliers whereas a library 14 

of existing design solutions is presented for the calculation of the overall group response.  15 



 

3 

INTRODUCTION 16 

Pile foundations are frequently adopted to support structures founded in areas where unfavourable 17 

ground conditions prevail and are often the only feasible solution for supporting large structures 18 

such as high-rise buildings, bridge piers and wind turbines. These foundations are typically 19 

required to resist significant lateral loads from wind, wave or current actions on the superstructure 20 

and/or the foundation itself. In recent years, the focus of pile design has shifted towards 21 

serviceability limit state resulting in the application of non−linear frameworks to pile group analysis 22 

(Sheil et al. 2018). Within a non−linear framework, pile settlement is no longer uncoupled from the 23 

ultimate capacity and therefore an accurate capacity estimation remains an essential underpinning 24 

element of formal pile design calculations (Sheil and McCabe 2014, 2017).  25 

The response of single piles embedded in undrained soil to lateral loads has been researched 26 

extensively in the literature (e.g. Matlock 1970; Brown et al. 1988; Brown and Shie, 1991; Murff 27 

and Hamilton, 1993; Yang and Jeremic, 2002). Murff and Hamilton (1993) used upper bound 28 

plasticity theory to explore the variation of the ultimate soil resistance acting on a laterally loaded 29 

single pile with depth. Those authors noted that the ultimate soil resistance eventually reached a 30 

limiting value at a ‘critical depth’. This limiting value corresponds to a plane-strain ‘flow-around’ 31 

failure mechanism which depends exclusively on the pile−soil adhesion factor, α.  32 

Previous literature has typically extended the analysis of laterally loaded single piles to pile groups 33 

using ‘p-multipliers’ to account for the reduction in soil resistance arising from pile interaction 34 

effects. Brown et al. (1988) represents one of the earliest studies to propose the use of p-35 

multipliers to account for non-uniform load sharing within the group, derived from full-scale tests on 36 

a square nine-pile group in sand. Rollins et al. (2006)  proposed the use of different p-multipliers 37 

depending on the pile row within the group where ‘leading rows’ were assigned a greater p-38 

multiplier compared to ‘trailing rows’. Results from centrifuge model testing have shown that for a 39 

given pile row in a group, central and outer piles experience different loads (Ilyas et al. 2004). This 40 

suggests that the application of constant p-multipliers to whole rows (e.g. Rollins et al. (2006)) may 41 

not always be appropriate. From model tests on 1×2, 2×2, and 1×4 pile groups, Chandrasekaran et 42 
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al. (2010) reported a significant influence of group shape and size on p-multipliers within the group 43 

noting that the spacing of piles perpendicular, as well as parallel, to the direction of loading should 44 

be considered in design. Comodromos and Pitilakis (2005) and Comodromos and Papadopoulou 45 

(2012, 2013) used three-dimensional numerical modelling to inform the development of new design 46 

methods to describe the load-displacement response of a horizontally loaded pile group. More 47 

recently, Fayyazi et al. (2014) highlighted the limitations of existing prescriptive design approaches 48 

where poor predictions were obtained for p-multipliers for square groups of 9, 16, 25 and 36 piles. 49 

It is therefore widely accepted in the literature that the placement of piles in closely spaced groups 50 

reduces bearing capacity compared to equivalent single pile values (McCabe and Sheil 2015). 51 

However, while rigorous solutions for the limiting pressure at depth are now available for single 52 

piles (Randolph and Houlsby, 1984; Murff et al. 1989; Martin and Randolph, 2006), current 53 

understanding of how this limiting pressure applies to pile groups is much less advanced 54 

(Georgiadis et al. 2013b). Using three-dimensional finite element (FE) modelling, Georgiadis 55 

(2014) reported that group effects on the ultimate soil pressure acting on a pile row were depth-56 

dependent: pile interaction was negligible close to the soil surface and tended to a higher limiting 57 

value at greater depths. Georgiadis et al. (2013a,2013b), Zhao et al. (2017a) and Zhao et al. 58 

(2017b) used two-dimensional FE modelling to derive expressions for the ultimate bearing capacity 59 

for a group of two, three and four piles respectively, considering pile spacing, pile-soil adhesion 60 

and load direction. More recently, Sheil (2020) used two-dimensional FE to develop closed-form 61 

equations for the determination of the limiting pressure acting on square groups of 4 to 25 piles. 62 

Accurate estimation of the resistance offered by the deep ‘flow-around’ soil failure mechanism is 63 

essential for future development of more rigorous design solutions for laterally loaded pile groups. 64 

However, the literature lacks rigorous generalised solutions. This paper addresses this 65 

shortcoming using two−dimensional small-strain finite element modelling to assess the influence of 66 

group shape on the behaviour of laterally loaded pile groups considering both a small (four piles) 67 

and large (36 piles) group. Additional parameters considered in the modelling include pile spacing 68 

and pile-soil interface roughness. The main contributions of this paper are as follows: (i) it 69 

assesses the influence of group shape on the soil limiting pressure, load sharing and soil failure 70 
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mechanisms of both small and large pile groups, (ii) it identifies the variation of p-multipliers within 71 

the group and presents design charts for their determination as a function of group shape and size, 72 

pile spacing and pile roughness, (iii) through comparisons to existing prescriptive design methods, 73 

the numerical output is used to isolate the contribution of the deep failure mechanism on the p-74 

multiplier determination, and (iv) by establishing the dominance of pile rows on the group 75 

behaviour, it presents a library of existing design methods for the determination of the undrained 76 

bearing capacity factor for a wide range of group shapes and sizes. 77 

 78 

FINITE ELEMENT MODEL 79 

Problem definition 80 

Figure 1 defines the problem considered in this paper. Plane strain conditions are adopted to study 81 

the resistance offered by the deep ‘flow-around’ soil failure mechanism. Rectangular groups of 82 

piles are modelled using a pile diameter, D, of 1 m (fixed) and pile−to−pile spacing, s (varied). Two 83 

group sizes, n, are considered: (a) a ‘small’ group of n = 4 piles and (b) a ‘large’ group of n = 36 84 

piles (chosen for its high number of integer factors). The pile/soil parameters considered in the 85 

modelling are summarised in Tables 1 and 2 for the small and large group, respectively. The piles 86 

are always displaced in the y direction by the same prescribed displacement, δ, to simulate rigid 87 

pile cap conditions; a value of δ = 0.5D was adopted in these analyses to ensure pile failure was 88 

achieved. For a given group size, analysis of all possible rectangular group shapes results in pairs 89 

of identical groups loaded in two mutually orthogonal directions (e.g. 1×4 and 4×1). In such a case, 90 

the results of Zhao et al. (2017b) suggest that alternative loading directions (i.e. not aligned with 91 

either the x or y direction in Fig. 1) yield intermediate estimates of the ultimate capacity. Therefore, 92 

the results presented henceforth provide upper and lower bound capacity estimates for a given 93 

group shape. 94 
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 95 

Fig. 1 Definition of an i×j pile group where the piles are always loaded in the y direction. 96 

Table 1 Small group (n = 4) analyses. 97 

Parameter Value(s) 

Pile-soil adhesion factor, α 0, 1 

Group Geometries, ixj 1×4, 2×2, 4×1 

Normalised pile spacing, s/D 1.05, 1.25, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 

 98 

Table 2 Large group (n = 36) analyses. 99 

Parameter Value(s) 

Pile-soil adhesion factor, α 0, 1 

Group Geometries, ixj 1×36, 2×18, 3×12, 4×9, 6×6, 9×4, 12×3, 18×2, 36×1 

Normalised pile spacing, s/D 2, 4 

 100 

 101 

Material parameters 102 

The soil was modelled as a weightless elastic perfectly plastic Tresca material with an undrained 103 

shear strength, su = 100 kPa, Poisson’s ratio, νu = 0.495, and Young’s modulus, Eu = 500·su. The 104 

piles were modelled as a linear elastic steel pipe with a Young’s modulus, Ep = 2.1×106·su and 105 

Poisson’s ratio, νp, of 0.1. A wall thickness of 50 mm was adopted to ensure the pile effectively 106 
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behaved as a rigid body during loading. he pile-soil interface was modelled using interface 107 

elements obeying elastic perfectly plastic Tresca behaviour with an undrained shear strength of αsu 108 

where α = 1 and 0 correspond to a fully rough and fully smooth pile respectively. A shear stiffness 109 

of ~1 MPa and normal stiffness of ~100 MPa were assigned to the interface to approximate 110 

rigid−plastic interface behaviour. To study the flow-around failure mechanism, full tension interface 111 

conditions were imposed at the pile-soil interface to prevent the development of gapping in the 112 

modelling (Randolph and Houlsby 1984; Georgiadis et al. 2013a, 2013b).  113 

Finite element mesh 114 

The small-strain FE analyses were completed using Plaxis 2D 2019. The soil was modelled using 115 

fourth−order, 15−node triangular elements while the steel pipe pile was modelled using 5−node 116 

beam elements. For each analysis, distances to lateral boundaries varied depending on the group 117 

size and spacing and were adjusted such that the soil failure mechanisms were comfortably 118 

contained within the computational domain. However, the same mesh density close to the piles 119 

was preserved in all analyses. All boundaries were restricted from movement normal to their 120 

respective surface. Exemplar meshes are shown in Fig. 2 for a single pile and pile group (a 6×6 121 

group is shown for illustrative purposes) where geometrical and loading symmetry was exploited to 122 

reduce the number of elements required.  123 

(a) (b) 

  
 124 

Fig. 2 Exemplar finite element meshes for (a) single pile (21239 elements), (b) 6×6 pile group (33959 125 

elements). 126 



 

8 

Extraction of individual pile reactions 127 

To extract the loads acting on individual group piles using this software, the prescribed pile 128 

displacements were applied to a single point at the end of a ‘dummy’ beam which was in turn fixed 129 

to the pile structure collinear with the direction of loading (see Fig. 3). Since the pile was modelled 130 

as a pipe with an internal cavity, the force generated by the prescribed displacement was fully 131 

transferred to the pipe structure through the dummy beam thereby allowing each individual pile 132 

force to be determined. The properties and thickness adopted for the steel pipe were also adopted 133 

for the dummy beam such that relative displacements between piles were less than 0.1%. In all 134 

cases, the sum of the individual pile reactions were identical to the FE output of the total reaction. 135 

 136 

Fig. 3 Illustration of the dummy beam approach used for the extraction of individual group pile forces. 137 

 138 

Verification 139 

The results of the modelling are presented in terms of a dimensionless bearing capacity factor for a 140 

single pile, Ns, and pile group, Ng, as follows: 141 

𝑁s = 𝑃s/𝑠u𝐷 (1) 

𝑁g = 𝑃g/𝑠u𝐷𝑛 (2) 

where Ps and Pg are the total horizontal reaction per unit length for a single pile and an n pile group 142 

respectively obtained from the FE output. It can also be convenient to combine these parameters 143 

to produce a group efficiency factor, ηg: 144 
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ηg = 𝑁g/𝑁s (3) 

Figure 4 presents predictions of Ns (Fig. 4(a)) and Ng for a 2×1 pile group (Fig. 4(b)) and a four−pile 145 

group (Fig. 4(c)), plotted as a function of normalised pile spacing, s/D. From Fig. 4(a), it can be 146 

seen that the present FE results are in very good agreement with rigorous plasticity solutions 147 

presented by Martin and Randolph (2006) and Randolph and Houlsby (1984) (all FE prediction lie 148 

within 1% of the Martin and Randolph (2006) solutions). Excellent agreement with solutions 149 

previously reported by Georgiadis et al. (2013b) and Zhao et al. (2017) can also be observed in 150 

Figs. 4(b) and Fig. 4(c) respectively. 151 

 152 

(a) 153 

 154 
(b) 155 

 156 
  157 
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(c) 158 

 159 

Fig. 4 Validation of FE predictions using solutions previously documented in the literature: (a) single pile, (b) 160 

two-pile group (n = 2; note in this instance loading is perpendicular to pile−to−pile axis), (c) four-pile group (n 161 

= 4). 162 

SMALL GROUP RESULTS 163 

Group bearing capacity and soil failure mechanisms 164 

For the sake of clarity, the problem definition from Fig. 1 has been applied to an n = 4 group in Fig. 165 

5 showing all possible group shapes considered. The influence of group geometry on Ng is 166 

explored in Fig. 6 for both a rough (α = 1; Fig. 6(a)) and smooth (α = 0; Fig. 6(b)) pile−soil 167 

interface. Figure 6(a) shows that Ng is strongly influenced by the group shape, particularly for 168 

closely spaced piles, where an increase in the number of pile rows, j, causes a reduction in Ng due 169 

to overlapping shear zones between leading and trailing piles, henceforth referred to as pile 170 

‘shadowing effects’. For example, a steady reduction in Ng with decreasing s/D can be observed 171 

for the 1×4 group where the relationship is approximately linear for s/D ≲ 3 and slightly non-linear 172 

in the region 3 ≲ s/D ≲ 6 indicating gradual transitions between failure mechanisms.  173 

  174 
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(a) (b) (c) 

 

 

 

Fig. 5 Illustration of group shapes considered for the small pile group study: (a) 4×1, (b) 2×2, (c) 1×4. 175 

In contrast, the influence of pile spacing on Ng is relatively insignificant for the conjugate 4×1 group 176 

in the region s/D ≳ 2. An interesting feature of the 4×1 data is that reductions in s/D below 2 177 

causes Ng to reach a maximum value which exceeds that of an equivalent single pile (ηg = 1.16). 178 

While this behaviour may be unexpected, it has also been observed for laterally loaded two-pile 179 

groups (Georgiadis et al. 2013b). This capacity increase is due to a ‘blocking’ effect which causes 180 

soil between the piles to become trapped and move as a rigid body with the piles such that the 181 

group behaves as an equivalent non-circular pile of width D + 3s (in this case; Georgiadis et al. 182 

2013b). These findings are largely replicated in Fig. 6(b) for a smooth pile-soil interface except that 183 

values of ηg are slightly greater where a maximum of ηg = 1.23 is achieved for the 4×1 group. It can 184 

also be seen that group piles revert to individual single pile behaviour (i.e. ηg = 1) at higher pile 185 

spacings. 186 

(a) 187 
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(b) 189 

 190 

Fig. 6 FE predictions of the influence of group shape and pile spacing on the bearing capacity factor for n = 4 191 

pile groups and for (a) rough (α = 1) and (b) smooth (α = 0) pile-soil interfaces. 192 

To further explore the underlying causes of these trends, failure mechanisms for the 4×1 group are 193 

presented in Fig. 7 for values of s/D ranging between 1.05 and 5 and for α = 1 and 0. Figure 7 194 

shows that the soil failure mechanisms correspond to single pile failure for s/D = 5, regardless of 195 

pile roughness. A reduction in s/D to 3 causes interactions to occur between piles where similar 196 

mechanisms are evident for both α = 1 and 0. For a rough interface, further reductions in s/D (to 197 

1.25 and 1.05) reveal the blocking effect which causes sections of the soil to move with the piles, 198 

leading to the formation of a larger failure surface. However, this block failure mechanism does not 199 

fully form at the same spacings (s/D = 1.25 and 1.05) for the α = 0 case.  200 

  201 
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Fig. 7 FE predictions of the influence of pile spacing and pile-soil interface roughness on soil failure 202 

mechanisms using contours of incremental soil displacements for a 4×1 pile group shape (note only right-203 

hand side of mechanism shown due to symmetry).  204 

Figure 8 shows the corresponding soil failure mechanisms for the conjugate 1×4 group. Only 205 

mechanisms for α = 1 are shown in this figure due to similarity with the α = 0 mechanisms. In this 206 

case, the transition between failure mechanisms is more subtle, reflecting the smoother 207 
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relationship observed in Fig. 6. Unlike the 4×1 group, interactions between piles occur even for s/D 208 

= 5 due to pile shadowing effects. While a reduction in s/D to 3 causes an amplification of these 209 

shadowing effects, a rigid body between soil and piles only occurs for values of s/D of 1.25 and 210 

1.05. In this case, the mechanism resembles an equivalent ‘wall’ loaded parallel to its longest 211 

dimension. While these two mechanisms both correspond to this block ‘wall’ failure, a reduction in 212 

s/D from 1.25 to 1.05 causes further reductions in capacity due to a reduction in the equivalent wall 213 

length. 214 

 (a) (b) (c) (d) 

 

 

Fig. 8 FE predictions of the influence of pile spacing and pile-soil interface roughness on soil failure 215 

mechanisms using contours of incremental soil displacements for a 1×4 pile group shape (note only right-216 

hand side of mechanism shown due to symmetry): (a) s/D = 1.05, (b) s/D = 1.25, (c) s/D = 3, (d) s/D = 5; 217 

rough pile-soil interface (α = 1). 218 

 219 

Group load sharing 220 

In Fig. 9, the variation in the bearing capacity factor for individual group piles (N) in the form of a 221 

percentage deviation from Ng is presented. The greatest deviation in the load-sharing within the 222 
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group occurs for the 1×4 group where outer piles experience loads 67% and 68% above the group 223 

average for α = 1 (Fig. 9(a)) and 0 (Fig. 9(b)) respectively. The shadowing effects observed in Fig. 224 

8 cause the inner piles to generate less resistance as the intervening soil moves with the piles as a 225 

rigid body. In contrast, results from the 4×1 analyses show more uniform load sharing with a 226 

maximum deviations of 7% (α = 1) and 6% (α = 0). Note that all piles experience equal loads for a 227 

2×2 group due to double symmetry. Surprisingly, there is a switch in the load sharing for 4×1 228 

groups at small pile spacings, where the inner piles attract a greater proportion of the total load. 229 

This behaviour is explained by the failure mechanisms presented in Fig. 7 which shows a rigid 230 

‘false head’ of soil moving with the inner piles whereas a ‘flow-around’ mechanism develops 231 

around the outer piles (e.g. at s/D = 1.25 for α = 1 and s/D = 1.05 for α = 0). 232 

(a) 233 

 234 
(b) 235 

 236 

Fig. 9 FE predictions of the influence of group shape and pile spacing on the load-sharing within a 1×4 pile 237 

group for (a) rough (α = 1) and (b) smooth (α = 0) pile-soil interfaces. 238 
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LARGE PILE GROUP RESULTS 239 

Group bearing capacity and soil failure mechanisms 240 

FE predictions of Ng are plotted against the logarithm of the group geometry factor, i/j, in Fig. 10 for 241 

values of s/D of 2 and 4 and for both rough and smooth pile-soil interfaces. It can be observed that 242 

the relationship between Ng and i/j is highly non-linear. Taking the s/D = 2 results as an example, 243 

larger values of Ng are obtained for high values of i/j (i.e. ‘wider’ groups) where there appears to be 244 

a critical value of i/j beyond which any additional gains in Ng are insignificant. Reductions in i/j (i.e. 245 

‘narrower’ groups) cause a significant drop in Ng, highlighting the greater influence of pile rows (j) 246 

on group interaction effects compared to pile columns (i). Interestingly, the minimum value of Ng 247 

corresponds to a 3×12 and 2×18 group geometry for α = 1 and 0, respectively, rather than the 248 

narrowest group (1×36). This is because the inclusion of additional pile rows promotes two 249 

competing mechanisms: (a) an increase in pile shadowing effects reduce group capacity and (b) 250 

the group behaves as an equivalent rigid ‘wall’ with an increasing length (≈ D + (j ‒ 1)⋅s) causing 251 

an increase in group capacity. It can also be seen that while α has a significant influence on Ng for 252 

wider groups, its influence is negligible for i/j ≤ 9/4. Though FE predictions of Ng for the s/D = 4 253 

groups are notably greater than the corresponding s/D = 2 results, the resulting trends are 254 

remarkably similar. In this case, the minimum Ng corresponds to a 2×18 group regardless of the 255 

interface roughness whereas the value of i/j below which α has a negligible influence is 1 (square). 256 

 257 

 Fig. 10 FE predictions of the influence of group shape, pile spacing and pile-soil roughness on the bearing 258 

capacity factor for n = 36 pile groups. 259 

0

2

4

6

8

10

12

14

  1/36 1 36

G
ro

u
p

 b
e

a
ri

n
g

 c
a

p
a

c
it
y
 f
a

c
to

r,
 N

g

Group geometry factor, i/j

s/D=2; α = 1 s/D=4; α = 1

s/D=2; α = 0 s/D=4; α = 0

Wider Narrower 
Square 



 

17 

These data are recast as group efficiency factors, ηg, in Fig. 11. Due to the apparent independence 260 

of α for narrow group geometries observed in Fig. 10, the α = 0 analyses exhibit greater 261 

efficiencies. These results therefore suggest that for large pile groups, significant increases in ηg 262 

can be realized for only a modest increase in the group geometry factor i/j compared to a standard 263 

square (i/j = 1) group shape. However, further increases in i/j eventually cause ηg to reach a 264 

plateau. It is noteworthy that even for an n = 36 group, a value of ηg = 1 can be achieved for s/D = 265 

4 and α = 0 if a group geometry of i/j > 1 is adopted.  266 

 267 

Fig. 11 FE predictions of the influence of group shape, pile spacing and pile-soil roughness on the group 268 

efficiency factor for n = 36 pile groups  269 
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2×18 

 

 

 

 270 

Fig. 12 FE predictions of the influence of pile spacing and group shape on soil failure mechanisms using 271 

contours of incremental soil displacements for a n = 36 pile groups (note only right-hand side of mechanism 272 

shown due to symmetry); rough pile-soil interface (α = 1). 273 

To explore the source of the nonlinearity in these data, salient soil failure mechanisms are 274 

presented in Fig. 12 for s/D = 2 and 4 and for a rough pile-soil interface. The soil failure 275 

mechanisms for the 18×2 groups are complex, involving shadowing effects between the two pile 276 

rows and soil ‘flow-around’ between pile columns and towards the right-hand edge of the group 277 

(see Figs 12(a) and 12(b)). For the 9×4 group in Fig. 12(d), a similar mechanism is observed for 278 

s/D = 4, which explains the plateau in Ng and ηg observed at high values of i/j in Figs. 10 and 11, 279 

respectively. In contrast, there is a change in soil failure mechanism to block failure for s/D = 2 280 

ηg = 0.51 ηg = 0.62 

(g)               (h) 
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where the piles and intervening soil move as a rigid body, leading to a lower capacity, as shown in 281 

Fig. 12(c). This type of soil failure mechanism is applicable to lower values of i/j except that the 282 

composite pile-soil rigid body becomes narrower (see Figs 12(e)-12(h)). These block failure 283 

mechanisms also explain the independence of Ng on α for low values of i/j that were observed in 284 

Fig. 10 as shear failure planes exist predominantly in the soil mass rather than at the pile-soil 285 

interface. 286 

 287 

Group load sharing 288 

Given geometric and loading symmetry and the use of full tension interface conditions the load 289 

sharing within these rectangular groups are doubly symmetric; therefore, only quarter of the pile 290 

group is presented. Figure 13(a) and 13(b) plots the p-multipliers for individual group piles 291 

according to their position within a 36×1 and 1×36 group, respectively; the pile position (column 292 

and row) is numbered from the group edge inwards, in keeping with previous literature. These 293 

results are also presented in tabular form in Table 3. For the sake of conciseness, only results for α 294 

= 1 are presented here given the similarity with the α = 0 analyses. From Fig. 13(a), the group load 295 

sharing is uniform for both s/D = 2 and 4. This suggests that the group is behaving in a similar 296 

manner to an infinite pile row (Georgiadis et al. 2013c). For the conjugate 1×36 group, the load 297 

distribution is non-uniform where larger p-multipliers have been determined for piles closest to the 298 

group edge, as shown in Fig. 13(b). Interestingly, the outermost pile has similar p-multipliers for 299 

both values of s/D e.g. 0.93 and 1.0 for s/D = 2 and 4, respectively. Moving towards the centre of 300 

the group, p-multipliers decay rapidly and reach a steady value of 0.34 for s/D = 2 and 0.64 for s/D 301 

= 4 by pile row four. The greatest disparity between p-multipliers for the two pile spacings occurs at 302 

pile row 2. This indicates that for smaller pile spacings the leading row provides more effective 303 

‘shielding’ of trailing piles. 304 

  305 
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(a) 306 

 307 

(b)  308 

 309 

Fig. 13 FE predictions of the variation of individual p-multipliers within a (a) 36×1 and (b) 1×36 pile group for 310 

values of s/D of 2 and 4; rough pile-soil interface (α = 1).  311 

Table 3 Tabulated FE predictions of the variation of individual p-multipliers within a 36×1 and 1×36 pile 312 

group for a rough pile-soil interface. 313 

36×1 group  1×36 group 

Column 
number 

s/D = 2 s/D = 4  
Row 
number 

s/D = 2 s/D = 4 

1 0.97 0.99  1 0.93 1.00 

2 0.94 0.97  2 0.46 0.90 

3 0.94 0.98  3 0.43 0.70 

4 0.94 0.98  4 0.39 0.67 

5 0.94 0.98  5 0.37 0.65 

≥6 0.94 0.98  ≥6 0.34 0.64 
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The load sharing for the 18×2 group and its conjugate 2×18 group are presented in Fig. 14(a) and 315 

14(b) respectively and are tabulated in Table 4. Results for the 18×2 group reveal constant p-316 

multipliers for all piles apart from those in pile column 1. The uniformity of these results can be 317 

explained by the mechanisms presented in Fig. 12 which are identical within the group except for 318 

the outermost column, thus resulting in a slight deviation from the group average. Interestingly, for 319 

s/D = 2, this leads to a slight reduction in the p-multiplier for pile 1 which contradicts the traditional 320 

assumption that piles closer to the group edges always experience greater loads. There is also a 321 

more notable difference between the steady state p-multipliers compared to those obtained for the 322 

36×1 group in Fig. 13(a) (0.82 and 0.92 for s/D = 2 and 4, respectively). For the 2×18 group in Fig. 323 

14(b), it can again be observed that pile 1 experiences the largest p-multiplier where there is good 324 

agreement between the two pile spacings. By comparison to the 1×36 group presented in Fig. 325 

13(b), these p-multipliers are notably lower and there is also a more gradual decay to the ‘steady’ 326 

p-multiplier which now appears to be dependent on s/D. For example, a constant p-multiplier is 327 

reached by pile row 4 for s/D = 2 compared to pile row 6 for s/D = 4. 328 

 329 

(a) 330 

 331 
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(b)  333 

 334 

Fig. 14 FE predictions of the variation of individual p-multipliers within a (a) 18×2 and (b) 2×18 pile group for 335 

values of s/D of 2 and 4; rough pile-soil interface (α = 1). 336 

Table 4 Tabulated FE predictions of the variation of individual p-multipliers within an 18×2 and 2×18 pile 337 

group for a rough pile-soil interface. 338 

18×2 group  2×18 group 

Column 
number 

s/D = 2 s/D = 4  
Row 
number 

s/D = 2 s/D = 4 

1 0.79 0.96  1 0.79 0.81 

2 0.83 0.92  2 0.50 0.74 

3 0.82 0.92  3 0.29 0.63 

4 0.82 0.93  4 0.19 0.53 

5 0.82 0.93  5 0.17 0.45 

≥6 0.82 0.92  ≥6 0.16 0.37 

 339 

Figure 15 shows the load sharing within the 9×4 and 4×9 groups which have also been tabulated in 340 

Tables 5 and 6 respectively.  From Fig. 15(a), there is a notable variation in the p-multiplier across 341 

row 1 for s/D = 2 in a 9×4 group; while this phenomenon has been observed in centrifuge testing 342 

(Ilyas et al. 2004), it contradicts assumptions adopted in design guidelines commonly used by 343 

industry e.g. AASHTO (2012) and FEMA (2012). In contrast, the load distribution is notably more 344 

uniform for s/D = 4 with almost all piles experiencing equivalent loads (see Fig. 15(b))). A change 345 

in the group shape to 4×9 reveals more complex load sharing where variations occur across both 346 

group rows and columns. It is also noteworthy that the p-multiplier for the pile closest to the group 347 
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centre is 0.01 and 0.22 for s/D = 2 (Fig. 15(c)) and 4 (Fig. 15(d)), respectively. This suggests that 348 

for large rectangular pile groups, improved efficiency might be obtained by relocating central piles 349 

to mitigate group shadowing effects. 350 

(a) 
 
 

 

 
 

(b) 
 

 
 

(c) 
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(d) 

 

Fig. 15 FE predictions of the variation of individual p-multipliers for (a) 9×4, s/D = 2, (b) 9×4, s/D = 4, (c) 4×9, 351 

s/D = 2 and (d) 4×9, s/D = 4 groups; rough pile-soil interface (α = 1).  352 

 353 

Table 5 Tabulated FE predictions of the variation of individual p-multipliers within a 9×4 pile group for a 354 

rough pile-soil interface. 355 

  s/D = 2  s/D = 4 

Column 
number 

Row 
number: 

1 2  1 2 

1  0.74 0.32  0.95 0.79 

2  0.69 0.41  0.97 0.82 

3  0.54 0.43  0.96 0.83 

4  0.50 0.40  0.96 0.82 

5  0.49 0.40  0.96 0.82 

 356 

Table 6 Tabulated FE predictions of the variation of individual p-multipliers within a 4×9 pile group for a 357 

rough pile-soil interface. 358 

  s/D = 2  s/D = 4 

Row 
number 

Column 
number: 

1 2  1 2 

1  0.78 0.74  0.80 0.80 

2  0.30 0.32  0.65 0.59 

3  0.22 0.10  0.50 0.57 

4  0.17 0.03  0.48 0.31 

5  0.16 0.01  0.44 0.22 

 359 
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ANALYSIS AND DESIGN RECOMMENDATIONS 360 

Influence of group rows and columns 361 

The influence of the number of pile columns (i; perpendicular to direction of loading) on the 362 

relationship between Ng and s/D is presented in Figs. 16(a) ‒ 16(d) for groups with i = 1 to 4 piles, 363 

respectively. Finite element results for alternative group sizes documented by Georgiadis et al. 364 

(2013a,b) and Sheil (2019) have also been plotted for comparison. For a given i, an increase in 365 

group size has a significant influence on Ng. This is particularly evident for groups with i = 2 366 

columns where the group size controls the shape of the Ng ‒ s/D relationship, as shown in Fig. 367 

16(b). The pile-soil roughness also appears to have a greater influence on the small group sizes 368 

compared to the large n = 36 group.  369 
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Fig. 16 FE predictions of the influence of group size on the group bearing capacity factor for a given number 370 

of pile columns, i, and for both rough and smooth pile-soil interfaces: (a) i = 1, (b) i = 2, (c) i = 3 and (d) i = 4. 371 

Note G* = Georgiadis et al. 372 

The opposite is presented in Fig. 17 where now the influence of the number of group rows, j, on 373 

the Ng‒s/D relationship is explored. For the same α, significantly improved agreement is obtained 374 

between groups of different sizes. The only exception is the j = 4 results presented in Fig. 17(d) 375 

where there is some disparity between results for low values of s/D. Nevertheless, these results 376 

show that Ng is almost entirely dominated by the number of pile rows j. It follows that for large non-377 

standard rectangular groups, the value of Ng can be determined using existing solutions proposed 378 

for smaller group sizes provided the same value of j is maintained. To this end, pile group design 379 

equations previously documented in the literature are discriminated by j in Table 7. Predictions 380 

determined by a selection of these methods are superimposed on the plots in Fig. 17 where 381 

excellent agreement with the numerical output can be observed. 382 

 383 

(a) (b) 

  
  384 

0

2

4

6

8

10

12

14

1 2 3 4 5 6

G
ro

u
p

 b
e

a
ri

n
g

 c
a

p
a

c
it
y
 f
a

c
to

r,
 N

g

Normalised pile spacing, s/D

2x1 (Georgiadis et al. 2013b)
4x1 (this study)
36x1 (this study)
∞x1 (Georgiadis et al. 2013c)
Design fit (Georgiadis et al. 2013b)

α = 1

α = 0

0

2

4

6

8

10

12

1 2 3 4 5 6

G
ro

u
p

 b
e

a
ri

n
g

 c
a

p
a

c
it
y
 f
a

c
to

r,
 N

g

Normalised pile spacing, s/D

1x2 (Georgiadis et al. 2013a)

2x2 (Sheil 2019)

18x2 (this study)

Design fit (Georgiadis et al. 2013a)

α = 1

α = 0



 

28 

(c) (d) 

  

Fig. 17 FE predictions of the influence of group size on the group bearing capacity factor for a given number 385 

of pile rows, j, and for both rough and smooth pile-soil interfaces: (a) j = 1, (b) j = 2, (c) j = 3 and (d) j = 4. 386 

 387 

Table 7 Existing design methods reported in the literature for the determination of the ‘deep-condition’ 388 

ultimate soil resistance for pile groups with j rows. 389 

Number of group 
rows, j 

Design method Basis for design method 

1 Equations (14) ‒ (19) in Georgiadis et al. (2013b)  2×1 

2 
Equations (10) – (22) in Georgiadis et al. (2013a) 
Equations (35) ‒ (25) in Zhao et al. (2017b) 
Equations (1) ‒ (6) in Sheil (2019) 

1×2 
2×2 
2×2 

3 Equations (1) ‒ (6) in Sheil (2019) 3×3 

4 Equations (1) ‒ (6) in Sheil (2019) 4×4 

5 Equations (1) ‒ (6) in Sheil (2019) 5×5 

6, 9, 12, 18, 36 Figures 10 and 11 in this study 
6×6, 4×9, 3×12, 2×18, 1×36 
(respectively) 

 390 

 391 

P-multipliers: comparison to existing design guidelines 392 

Figure 18 presents design charts for the determination of p-multipliers depending on their row-wise 393 

location within the group for both rough and smooth interface. The results presented earlier in Figs. 394 
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13 ‒ 15 demonstrated that the load sharing across a given row is not necessarily uniform. This 395 

contrasts with existing design guidelines which assume a constant p-multiplier for a given row. 396 

Present p-multiplier predictions have therefore been averaged for each row while the minimum and 397 

maximum values for a given row are denoted using error bars. The results are plotted in Fig. 18 as 398 

a function of the group geometry factor (i/j). Also superimposed on the figure are values 399 

recommended by the AASHTO (2012) and FEMA (2012) design guidelines (see Tables 8 and 9, 400 

respectively). Linear interpolation and extrapolation has been used to determine p-multipliers for 401 

values of s/D of 4 and 2, respectively, when using the AASHTO (2012) guidelines.  402 

It can be observed that the p-multipliers within the group are highly dependent on group geometry, 403 

pile-soil interface roughness and pile spacing. For a small group (n = 4), the group geometry factor 404 

appears to dominate the resulting p-multiplier. Even though a reduction in α and/or increase in s/D 405 

results in a slight increase in the resulting p-multiplier, the trends with group shape remain largely 406 

unchanged. It is also notable that the influence of the geometry factor on the p-multiplier is highly 407 

dependent on the pile’s row-wise location. For example, the role of i/j is suppressed for row 1 408 

because all piles are edge piles, regardless of the geometry. In contrast, for row 2, the piles for i/j = 409 

1 are edge piles whereas the pile for i/j = 1/4 is now a central pile; this leads to very different p-410 

multipliers.  411 

While these findings also apply to the results obtained for the large group, the trends are much 412 

more uniform owing to the greater number of piles which leads to a smoother transition between 413 

group shapes. It can also be seen that minimum p-multipliers for large pile groups correspond to 414 

near-square group shapes. It should be noted that while the design guidelines do not capture the 415 

complex dependence of the p-multipliers on group geometry, predictions compare well to the 416 

minimum p-multiplier for a given group size. In particular, the AASHTO (2012) design guidelines 417 

provide a very good lower bound estimate of the data. 418 

Two approaches exist for the inclusion of these predictions within existing design methods using: 419 

(a) the group bearing capacity factor, representing an average for the group (Figure 17 and Table 420 

7), and (b) p-multipliers for each individual group pile (Figure 18). Present predictions of Ng for the 421 



 

30 

group may be incorporated within existing design methods capable of describing the overall load-422 

displacement of the group which take the overall capacity reduction as input, such as those 423 

proposed by Comodromos and Pitilakis (2005) and Comodromos and Papadopoulou (2012, 2013). 424 

Alternatively, group piles may be treated individually using the p-multiplier corresponding to their 425 

position within the group (e.g. AASHTO (2012) and FEMA (2012)) to modify existing p-y 426 

formulations e.g. Brown and Shie (1991), Kallehave et al. (2012), Dash et al. (2017), Zhang and 427 

Anderson (2017). 428 
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(g) (h) 

  
 429 

Fig. 18 Comparison between FE predictions of p-multipliers (averaged for a given row) and predictions 430 

determined using the AASHTO (2012) and FEMA (2012) design guidelines: (a) row 1, s/D = 2; (b) row 1, s/D 431 

= 4; (c) row 2, s/D = 2; (d) row 2, s/D = 4; (e) row 3, s/D = 2; (f) row 3, s/D = 4; (g) row 4, s/D = 2; (h) row 4, 432 

s/D = 4. Error bars denote the range in the p-multipliers across the row.  433 

Table 8 Definition of p-multipliers using the AASHTO (2012) design guidelines. 434 

Row 
number 

Normalised pile spacing, s/D 

3 5 

1 0.8 1.0 

2 0.4 0.85 

≥3 0.3 0.7 

Table 9 Definition of p-multipliers using the FEMA (2012) design guidelines. 435 

Row 
number 

p-multiplier 

1 0.26 ln(s/D) + 0.5 ≤ 1.0 
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2 0.52 ln(s/D) ≤ 1.0 

≥3 0.60 ln(s/D) - 0.25 ≤ 1.0 

 436 

LIMITATIONS OF MODELLING 437 

The main limitation of the modelling described in this paper is the omission of depth effects. While 438 

pile interaction effects are constant beyond a critical depth, FE results reported by Georgiadis 439 

(2014) show that pile interaction varies closer to the ground surface. In addition, pile flexibility may 440 

allow differential pile displacements to develop at some depth along the length of the piles, leading 441 

to slight alterations in group interaction effects (Sheil and McCabe 2016). However, minor changes 442 

to pile spacing arising from realistic pile differential displacements are not expected to have an 443 

appreciable influence on the results presented in this paper.  444 

The results presented in this paper were performed using a small-strain FE formulation. In practice, 445 

the displacements required to achieve failure of the pile group may be such that a large 446 

deformation analysis may be required. Full tension pile-soil interface conditions (i.e. no gapping) 447 

were imposed to study deep flow-around failure mechanisms and are unlikely to apply to near-448 

surface wedge-type failure mechanisms. This study therefore investigates only the maximum 449 

resistance that may develop along the length of the piles and not the distribution of the lateral 450 

resistance with depth. Clearly further research on depth effects are warranted for the development 451 

and implementation of a self-contained design method for the overall integrated response of a pile 452 

group in practice. Nevertheless, this paper provides an improved understanding, and rigorous 453 

predictions, of the role of group shape on the ‘deep-condition’ soil limiting pressure which should 454 

be an underpinning element for the development of more complete three-dimensional solutions for 455 

laterally loaded pile groups. 456 

 457 

CONCLUSIONS 458 

This paper has described a finite element study of the behaviour of a pile group embedded in 459 

undrained clay soil subjected to lateral loading. Plain strain conditions have been assumed such 460 
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that the ‘deep condition’ soil limiting pressure is investigated. The primary aim of the study was to 461 

explore the influence of pile group shape effects on the soil limiting pressure considering both a 462 

small (four piles) and large (36 piles) group. Additional parameters considered in the modelling 463 

include pile spacing and pile-soil interface roughness. The main conclusions from the study are as 464 

follows: 465 

(a) For both small and large pile groups, the group capacity was shown to be strongly 466 

influenced by the group shape. For a given group size, an increase in the number of pile 467 

rows (parallel to direction of loading) was shown to reduce capacity due to ‘shadowing’ 468 

effects. Conversely, an increase in the number of pile columns (perpendicular to direction of 469 

loading) was found to increase capacity due to a ‘blocking’ effect which causes the soil 470 

between the piles to move as a rigid body effectively behaving as a larger non-circular pile 471 

for closely spaced piles. The minimum capacity for the large pile group was not obtained for 472 

the narrowest group but for an intermediate configuration due to two competing 473 

mechanisms: while an increase in shadowing effects within the group caused a reduction in 474 

capacity, the group behaves as an equivalent ‘wall’ with an increasing length causing an 475 

increase in capacity.  476 

(b) The results suggest that for large pile groups, significant increases in capacity efficiency 477 

can be realized for only a modest increase in the group geometry factor i/j compared to 478 

standard square (i/j = 1) configurations. However, further increases in i/j eventually causes 479 

the efficiency to reach a plateau. 480 

(c) In contrast with assumptions adopted by existing design guidelines, the present results 481 

show that the load distribution within the group is highly non-uniform, varying across both 482 

the group rows as well as columns, and is dependent on group size and shape and pile-soil 483 

roughness. Minimum p-multipliers were typically obtained for near-square groups. 484 

However, predictions determined using the FEMA (2012) and particularly the AASHTO 485 

(2012) design guidelines were shown to provide very good lower bound approximations to 486 

the finite element results. 487 
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(d) The influence of the geometry factor on the p-multiplier was also shown to be highly 488 

dependent on the pile’s row-wise location, particularly for small pile groups. For example, 489 

the role of the group shape was suppressed for row 1 because all piles are edge piles, 490 

regardless of the geometry. In contrast, for row 2, the piles for a 2×2 group are also edge 491 

piles whereas the pile for a 1×4 group is now a central pile; this leads to very different p-492 

multipliers. 493 

(e) The results show that the group bearing capacity factor is almost entirely dominated by the 494 

number of rows in the group such that existing design equations presented elsewhere in 495 

the literature can be repurposed for larger groups with the same number of pile rows. A 496 

framework was proposed for future implementations of the present results through the 497 

development of a ‘library’ of design methods. Specifically, two approaches were identified: 498 

(i) capacity reduction of the entire group using numerical predictions of the bearing capacity 499 

factor and (ii) capacity reduction of individual piles within the group using p-multipliers 500 

corresponding to the location of the pile within the group.  501 

 502 
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