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Introduction 
 
The lateral resistance of pile foundations is a particularly important issue in projects for 
structures, which may be subjected to earthquakes, high winds, wave action and the impact of 
ships. Even though acceptable methods of reliability have been developed to predict the lateral 
resistance of single piles, less attention has been dedicated to methods to predict the lateral 
resistance of pile groups, which is why they are the focus of this research project. 
 
This article aims to present the main conclusions of Meneses’ study (2007) on the lateral 
response of a pile group. A numerical study was carried out to model a lateral load test on a 
3X3 pile group in sand lying on clay, described in the work of Rollins et al. (2005). The 
calculations were done using the SAP2000 computer programme and the numerical results 
were compared with the experimental results obtained by the aforementioned authors. The p-
multipliers proposed by Rollins et al. (2005) were used for the different rows of the pile group in 
order to confirm their reliability for predicting the lateral response of the group under the 
influence of the so-called group interaction or pile-soil-pile interaction. The work of Rolins et al. 
(2005) refers to full-scale load tests carried out on a 3X3 pile group at Treasure Island (NGES1), 
California. The piles were driven with a spacing of 3,3 diameters in a soil profile composed of 
loose to medium dense sand overlying a layer of clay. The load supported by each pile was 
measured, strain gauges having been attached in order to measure the bending moments. A 
test was also carried out on a single pile for comparison.  
 
 
Geotechnical site characterization 
 
The soil profile corresponding to the pile group test site is shown in Figure 1, with a very similar 
soil profile corresponding to the single pile test site. A set of tests was carried out in situ, 
including SPT and CPT tests. Prior to testing, about 1,2m of soil were excavated. As can be 
seen in Figure 1, the (N )  values were typically about 10 in clean sand and about 7 in the 
underlying silty sand. The average cone resistance (q ) typically ranged from 6 to 9MPa in the 
upper layer of sand and from 4 to 6MPa in the underlying layer of silty sand. 
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The friction angle of the sands was estimated based on two correlations: the American 
Petroleum Institute (API) method (1987) and the Bolton method (1986). Based on Figure 1, it is 
seen that the values for the friction angle estimated using the Bolton method are typically 5 to 6 
degrees higher than those estimated using the API approach, which are closer to what would be 
used in engineering practice and  typically range from 30º to 33º. 
 
During the single pile load test, the water table was about 0,5m below the surface of the 
excavated soil. However, during the pile group load test the water table was already at a depth 
of only 0,1m, due to the occurrence of rainfall. The load was applied at a height of 0,69m above 
the surface of the soil, in the single pile test, and of 0,86m, in the pile group test. 
 

                                                 
1 National Geotechnical Experiment Site. 



 
Figure 1 – Soil profile based on cone penetration test and standard penetration test along with interpreted 
relative density and friction angle at 3x3 pile group at Treasure Island test site. 

 
 
Single pile 
 
The single pile tested was a steel pipe with an outside diameter of 0,324m and a thickness of  
9,5mm, and was driven open ended to a depth of approximately 11,5m, having plugged at a 
depth of 5,5m. The steel had a yield strength of 404,6 MPa based on the 0,2% offset criteria. 
The moment of inertia of the pipe section was 1,16x10 mm . However, angle irons were welded 
to opposite sides of the pile in the driving direction in order to protect the strain gauges, which 
increased the moment of inertia to 1,43x10 mm . 
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The lateral response of the single pile was computed by Rollins et al. (2005) by using two 
computer programmes: LPILE Plus version 3.0 (Reese et al., 1997) and SWM version 3.2 
(Ashour et al., 2002). Both programmes use the Finite Difference Method, in which the pile is 
represented by a beam with a lateral stiffness depending on the modulus of elasticity and the 
moment of inertia of the section. Those authors found that with both programmes they obtained 
better calculations of the load versus deflection curves and maximum bending moment versus 
load curves when they used the values for the friction angle obtained from the Bolton method 
(1986) (Figures 2, 3). The reason for this occurrence may lie in the fact that the correlations for 
the p-y curves are typically based on load tests in which the load is applied incrementally, and 
kept constant after each increment for intervals of 3 to 5 minutes or until the displacement 
stabilises. In the tests carried out at Treasure Island, however, the load was applied in about 4 
seconds, which would eliminate the creep effects, leading to a stiffer response. 
 
Rollins et al. (2005) adopted the proposal of Reese et al. (1974) for p-y curves on sand and that 
of Matlock (1970) for p-y curves on clay, which were the same options chosen in the numerical 
model created in SAP2000 as part of this study. The soil reaction on the pile was simulated in 
the model by nonlinear springs, accordingly to the p-y curve for each soil layer and depth. 
 
The determination of p-y curves for sand carried out in this study was based on the values for 
the depth variation ratio of the modulus of subgrade reaction (nh) suggested by Reese et al. 
(1974), which are 24,4MN/m3 for medium dense sand above the water table and 16,3MN/m3 for 
medium dense sand below the water table. Based on these nh values, average kh values were 
computed for the different layers, presented in Table 1; these values are markedly different from 
those considered by Rollins et al. (2005) in his analysis based on Bolton’s friction angle 
orrelation (1986), presented in the same table. c 

Table 1 indicates the values of the soil properties considered in the numerical model created in 
SAP2000 for the single pile. In the case of the pile group, the only difference is the depth of the 
water table (the soil properties changed accordingly to the position of the water table). 
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Table 1 – Soil properties used in lateral single pile analysis with SAP2000. 

              
        

Depth below 
excavated ground 

            

kh [MN/m3] 

  

Top [m] Bottom 
[m] 

Curve 
type 

γ' 
[kN/m3] su [kPa] Φ [º] nh 

[MN/m3] 
Average 

depth [m] 
Rollins et 
al. (2005) 

This 
study ε50

0,00 0,51 Sand 19,5 0 38 24,4 0,3 60 19,2 - 
0,51 2,97 Sand 10,3 0 38 16,3 1,7 35,2 100,3 - 
2,97 3,99 Sand 10,3 0 36 16,3 3,5 29,8 149,4 - 
3,99 6,00 Sand 10,3 0 33 16,3 5,0 24,4 225,6 - 
6,00 7,49 Sand 10,3 0 34 16,3 6,7 21,7 313,7 - 
7,49 9,25 Soft clay 9,5 19,2 0 - 8,4 - - 0,01 
9,25 10,16 Sand 10,3 0 33 16,3 9,7 19 462,6 - 

10,16 11,84 Soft clay 9,5 19,2 0 - 11,0 - - 0,01 

 
Figure 2 shows the load versus displacement curve computed using the SAP2000 programme 
for the single pile (in red), alongside the curves obtained by Rollins et al. (2005). The shape of 
the curve obtained is in agreement with the results of the aforementioned authors, being 
particularly close to the curve computed by Rollins et al. (2005) with the LPILE based on the 
values for the friction angle estimated by the API approach (1987). 

 

 
Figure 2 –Load versus displacement curve computed using SAP2000 (red curve) for single pile load test in 
comparison with curves measured and computed by Rollins et al. (2005).  

 
In Figure 3 one can see the maximum bending moment versus load curve computed using 
SAP2000 (red curve) for the single pile, as well as the curves obtained by Rollins et al. (2005). 
The major agreement is relative to the curves computed by these authors using the values for 
the friction angle based on the API correlation.  
 
As the load increases, so the stiffness of the soil decreases, leading to a decrease in the slope 
of the load versus displacement curve and a slight increase in the slope of the maximum 
bending moments versus load curve (Rollins et al., 2005). 
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Figure 3 – Maximum bending moment versus load curve computed using SAP2000 (red curve) for single pile 
load test in comparison with curves measured and computed by Rollins et al. (2005). 

 
Figure 4 shows the bending moment distribution curves, computed with SAP2000 (in red), for 
the single pile for 4 load levels, alongside the curves obtained by Rollins et al. (2005). 
Agreement is generally good, both for the shape of the curves and for the depth and the value 
of the maximum bending moment. Note that the measured bending moments are well below the 
structural bending resistance of the pile, which is 357kNm. 
  
 
 

 4



 
Figure 4 – Bending moment distribution curves computed using SAP2000 (red curves) in comparison with 
curves measured by Rollins et al. (2005) at four load levels during single pile test. Curves computed by Rollins 
et al. (2005) using LPILE and SWM are also shown.  

 
 
Pile group 
 
As has been mentioned, the piles in the group tested were driven in a 3x3 pattern at a spacing 
of 3,3 diameters centre to centre in both directions, and their properties were the same as those 
of the single pile. The group test was carried out approximately two months after the piles had 
been driven, the load having been applied by means of a rigid frame attached to the piles by 
pinned connection tie-rods at a height of 0,86m above the soil surface. 
 
Rollins et al. (2005) used the GROUP programme (Reese et al., 1996) to back-calculate the p-
multipliers for each row of the pile group, with the objective of simulating the real distribution of 
the load applied under the influence of the group interaction, having attributed the 0,8 
p-multiplier to the front row and the 0,4 p-multiplier to the middle and back rows. 
 
Figure 5 shows the total load versus displacement curve computed with SAP2000 (in red) for 
the pile group, together with the curves obtained by Rollins et al. (2005), with a reasonable 
agreement. 
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Figure 5 – Total load versus displacement curve for 3x3 pile group computed using SAP2000 (red curve) in 
comparison with curves measured and computed by Rollins et al. (2005) using SWM and GROUP. 

 
Figure 6 shows the bending moments versus depth curves for the central piles of each row in 
the group for 5 pile head deflection levels. The black lines represent the measurements of 
Rollins et al. (2005) and the red lines are based on the calculations using SAP2000. From 
observation of the curves, it can be concluded that there is a fairly good agreement for the 
depth and the value of the maximum bending moments, except for the case of the front row, in 
which the maximum bending moments determined are slightly higher than those measured by 
Rollins et al. (2005), particularly for the higher load levels. One can also notice that the 
computed bending moment distribution curves have a sharper fall in depth from the point of the 
maximum bending moment, in comparison with the curves measured by Rollins et al. (2005). 
The reason for this probably lies in the fact that the average kh values for the different layers of 
the soil in the model created in SAP2000 (Table 1) had been overestimated for the deeper 
layers (below 3m). 
 

 
Figure 6 – Bending moment distribution curves computed using SAP2000 (red curves) in comparison with the 
measured results obtained by Rollins et al. (2005) at five deflection levels for centre pile in front, middle and 
back rows of 3x3 pile group.  
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Conclusions 
 
A numerical study was carried out to model a lateral load test on a single pile performed by 
Rollins et al. (2005). The calculations were done using the SAP2000 computer programme 
considering non-linear springs to simulate the soil reaction, accordingly to the p-y curves 
proposed by Reese et al. (1974) for sands and by Matlock (1970) for soft clay. The numerical 
model provided good estimates of the displacements and bending moments for the single pile. 
 
Using the p-multipliers suggested by Rollins et al. (2005) for a group of 3x3 piles driven in sand 
with 3,3 diameter spacing centre to centre, taking values of 0,8 for the front row and 0,4 for the 
middle and back rows, the numerical model provided a good estimate for the total load-
displacement curve for the pile group and a reasonable estimate for the bending moment 
distribution curves for the piles in each row in the group. The fact that the computed bending 
moment distribution curves had a sharper fall in depth from the point of the maximum bending 
moment, in comparison with the curves measured by Rollins et al. (2005), is probably due to the 
overestimation of the values of the coefficient of subgrade reaction kh at the pile group test site. 
In spite of this, one can say that the use of the p-multipliers proposed by Rollins et al. (2005) 
permitted an acceptable prediction of the lateral response of the pile group under the influence 
of the so-called group interaction or pile-soil-pile interaction. 
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Notation 
 
Latin letters: 
 
kh - coefficient of subgrade reaction 
(N1)60 - SPT blow count 
nh - depth variation ratio of the modulus of subgrade reaction 
qc1 - average normalized cone resistance 
su - undrained shear strength 
z - depth 
 
Greek letters: 
 
ε50 - strain corresponding to 50% of the maximum deviatorical stress  
Φ - friction angle 
γ’ - effective weight density 
 
Abbreviations: 
 
API - American Petroleum Institute 
ASCE - American Society of Civil Engineers 
CPT  - Cone Penetration Test 
SPT - Standard Penetration Test 
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