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ABSTRACT 
 
 
 

FULL-SCALE LATERAL LOAD TEST OF A 3x5 PILE 

GROUP IN SAND 

 
 

J. Matthew Walsh 

Department of Civil and Environmental Engineering 

Master of Science 
 
 
 

Although it is well established that spacing of piles within a pile group 

influences the lateral load resistance of that group, additional research is needed to 

better understand trends for large pile groups (greater than three rows) and for groups 

in sand.  A 15-pile group in a 3x5 configuration situated in sand was laterally loaded 

and data were collected to derive p-multipliers.  A single pile separate from the 15-pile 

group was loaded for comparison.  Results were compared to those of a similar test in 

clays.

The load resisted by the single pile was greater than the average load resisted 

by each pile in the pile group.  While the loads resisted by the first row of piles (i.e. 

the only row deflected away from all other rows of piles) were approximately equal to 

that resisted by the single pile, following rows resisted increasingly less load up  





through the fourth row.  The fifth row consistently resisted more than the fourth row.  

The pile group in sand resisted much higher loads than did the pile group in clay.   

Maximum bending moments appeared largest in first row piles.  For all 

deflection levels, first row moments seemed slightly smaller than those measured in 

the single pile.  Maximum bending moments for the second through fifth rows 

appeared consistently lower than those of the first row at the same deflection.  First 

row moments achieved in the group in sand appeared larger than those achieved in the 

group in clay at the same deflections, while bending moments normalized by 

associated loads appeared nearly equal regardless of soil type.  Group effects became 

more influential at higher deflections, manifest by lower stiffness per pile.   

The single pile test was modeled using LPILE Plus, version 4.0.  Soil 

parameters in LPILE were adjusted until a good match between measured and 

computed responses was obtained.  This refined soil profile was then used to model 

the 15-pile group in GROUP, version 4.0.  User-defined p-multipliers were selected to 

match GROUP calculated results with actual measured results.  For the first loading 

cycle, p-multipliers were found to be 1.0, 0.5, 0.35, 0.3, and 0.4 for the first through 

fifth rows, respectively.  For the tenth loading, p-multipliers were found to be 1.0, 0.6, 

0.4, 0.37, and 0.4 for the first through fifth rows, respectively.  Design curves 

suggested by Rollins et al. (2005) appear appropriate for Rows 1 and 2 while curves 

specified by AASHTO (2000) appear appropriate for subsequent rows.
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CHAPTER 1 - INTRODUCTION 

1.1 BACKGROUND 

Occasionally the native soil of a building site does not provide adequate 

bearing strength for a desired structure.  In such cases, it may be necessary to construct 

a pile group foundation that would bear upon a stronger deep soil layers.  By placing 

the tips of such a pile group in strong soil, the building’s foundation is better able to 

support the gravity forces of the structure.  However, in addition to vertical forces, a 

pile group must also resist lateral loads that would result from earthquakes, wind, 

liquefaction, slope failure, or similar events. 

When a pile group is subjected to lateral load, portions of that load are 

transferred into each individual pile causing each pile to be pushed against the soil 

directly behind it, resulting in a shear zone within the soil.  As load increase, the size 

of each shear zone increases.  Additionally, as distances between piles decrease, these 

shear zones are more likely to overlap.  This overlapping results in less lateral 

resistance per pile.  Overlapping can occur between two piles in the same row (called 

“edge effects”) or between piles on adjacent rows that are directly in line with each 

other relative to the load source (called “shadowing effects”).  Consequently, the 

leading row (or first row) piles tend to resist the most of any row in a pile group since 

they experience only “edge effects.”  Their resistance per pile is less than that of a 



2 

single pile in the same loading conditions.  Trailing rows (Rows 2 and higher) resist 

still less load per pile due to increased “shadowing effects” as well as the same “edge 

effects” experienced by the first or “leading” row (Row 1).  Figure 1.1 illustrates the 

various shear zone overlapping that can occur within a laterally loaded pile group.  

 

Gaps Behind Pile
Edge Effects
Shadowing Effects

Pile

Pile

Pile Pile

Pile

PilePile

Pile

Pile

Load

 
Figure 1.1  Illustration of shadow and edge effects resulting from a lateral load. 

 

An important relationship for defining the development of lateral resistance on 

a pile due to the surrounding soil is known as the p-y curve.  The lateral deflection a 

pile experiences under a load is represented by y while the lateral load resistance of the 

soil per length of the pile is represented by p.  The relationship between p and y can be 

used in a Winkler beam/spring foundation to model the response of a pile to a 

specified lateral load.  Along the length of the “beam,” soil resistance is characterized 

discretely as springs whose non-linear stiffness are defined by p-y curves.  A finite 

 

Row 1 Row 2 Row 3 
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difference approach can be used to iteratively determine the lateral deflection of a pile 

given an applied lateral load.  It can be used similarly in the reverse direction: an 

applied load can be calculated given the lateral deflection of the pile head. 

While the finite difference model described above works reasonably well for 

single piles free of shear zone overlapping, modeling the lateral response of a pile 

group is more difficult.  One method commonly used among designers is that of p-

multipliers.  P-multipliers are defined as the ratio of soil resistance on a pile in a group 

relative to that for a single pile in the same soil.  Figure 1.2 illustrates the concept of 
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Figure 1.2   Comparison of p-y curves between a single pile and an average pile in 
a group (Snyder, 2004). 
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p-multipliers. These p-multipliers are a function of pile-to-pile spacing.  As pile 

proximity increases, p-multipliers should decrease because shear zone overlapping is 

increased.  P-multipliers are also soil dependent; consequently, they must be obtained 

empirically for a variety of soil types. 

While full-scale pile tests in clay indicate that currently used p-multipliers for 

clay are typically conservative (Rollins, 2003a; 2003b), there is relatively little full-

scale test data available for the calculation of p-multipliers in sands.  The few results 

that are available indicate that many designers may be using p-multipliers which are 

unnecessarily conservative.  AASHTO (2000) requirements appear overly 

conservative, while pile group computer models, such as GROUP (Reese and Wang, 

1996), currently seem unconservative, thus the factor of safety for structures computed 

with this approach may be less than desired (see Figure 2.2).  As a result, some 

engineers may “overdesign” pile groups to compensate for uncertainties in their p-

multipliers. Still worse results would stem from designers not realizing computer 

models tend on the under-conservative side, the outcome of which is underdesigned 

projects. 

 Additionally, most data currently available was obtained for groups 

comprising three or fewer rows, yet many foundations require numerous rows of piles 

to support applied loads.  Additional testing is therefore necessary to facilitate more 

precise and economical pile-group design.  This study is intended to arrive at more 

precise p-multipliers for pile-groups in sand as a function of pile spacing and to 

evaluate the effect of group interaction on a pile group with more than three rows. 
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1.2 RESEARCH OBJECTIVES 

The research objectives for this study are as follows: 

1. Determine the relationship between pile proximity and p-multipliers for 

sandy soils. 

2. Assess the validity of the p-multiplier approach for a 5-row pile group in 

sands. 

3. Determine appropriate p-multipliers for rows four and five in sands. 

4. Determine how slow cyclic loads affect p-multipliers in sands. 

5. Collect data useful for refining computer pile group models. 

6. Compare results for sand collected in this study to those collected for clay 

by Snyder (2004). 

 

1.3 PROJECT SCOPE 

This study is part of an on-going analysis of pile groups subjected to lateral 

loads with varying conditions.  The first test occurred in 1996 and involved static and 

dynamic loading of a nine pile group with center-to-center spacing of 2.8 pile 

diameters.  In 2002, two additional tests were performed that studied the lateral 

response of pile groups in soft clays and silts at different center-to-center spacings.  

The first test was conducted on a 9-pile group with 5.65 pile diameter center-to-center 

spacing.  Results from this study are available from Johnson (2003).  The second test 

involved a 15-pile group with center-to-center spacing of 3.92 pile diameters.  A site 

map showing the relative location of the pile groups is shown in Figure 3.2.  Test 
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results and analysis for this study were reported by Snyder (2004).  Both of the groups 

tested in 2002 were comprised of closed-ended steel pipe piles with outside diameters 

of 324 mm (12.75 in).  Both tests indicate that p-multipliers currently in use are overly 

conservative.   

In the summer of 2004, the upper clay layers surrounding both of these groups 

(i.e. the 5.65D nine pile group, and the 3.92D 15-pile group) were removed and 

replaced with washed concrete sand.  Both groups were then slowly loaded laterally 

while data was collected.  Analysis of the 15-pile group is the focus of this study.  

Because the same pile group tested for this study was tested previously by Snyder 

(2004), comparison of the test results should provide insights regarding group effects 

in sand versus clay. 

Loading for this study was slow and cyclic.  The pile group was loaded using 

hydraulic jacks until the piles reached a given target deflection.  The load was then 

released and reapplied until the same deflection was reached.  This was repeated nine 

times for each target deflection (or push), resulting in a total of ten cycles for each.  

Target deflections ranged from 6 mm (0.25 in) up to 89 mm (3.5 in).  As a test control, 

a single pile located approximately 2 meters west of the 15-pile group was similarly 

loaded. 

All these tests were performed at a site approximately 300 meters north of the 

control tower at the Salt Lake City International Airport.  In-situ density of the washed 

concrete sand was determined using a nuclear density gauge during the backfill 

process.  Testing to determine soil index properties were conducted at the Brigham 
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Young University soil lab.  This data was combined with previous site investigations 

to arrive at the soil profile used in computer modeling. 

Following testing, the data was reduced and subsequently analyzed.  Plots of 

load versus deflection, and bending moments versus depth for each row were 

generated for comparison purposes.  LPILE Plus version 4.0 (Reese, et al., 2000) was 

used to model the single pile test.  Soil properties in LPILE were refined until 

computed results matched measured results.  Once a satisfactory match was achieved, 

the same soil profile was input into GROUP version 4.0 (Reese and Wang, 1996) 

which was then used to back-calculate p-multipliers that matched measured 15-pile 

group results. 
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CHAPTER 2 - LITERATURE REVIEW 

2.1 INTRODUCTION 

Research regarding the response of laterally loaded pile groups generally falls 

into three categories, namely full-scale testing, small-scale testing, and numerical 

modeling.  While numerical modeling is the least expensive approach to pile group 

analysis, it is widely accepted that empirical results are required to correctly assess 

pile group behavior.  Consequently, numerical modeling will not be discussed in this 

literature review.  While full-scale testing seems to provide the most accurate 

information, relatively little full-scale research has been conducted due to the high 

costs associated with this type of testing.  Far more common is small-scale testing 

which can be grouped into model testing and centrifuge testing.  This chapter will 

discuss research conducted using full and small-scale (specifically centrifuge 

modeling) methods. 

 

2.2 FULL-SCALE AND CENTRIFUGE TESTS 

Feagin (1937) was one of the first researchers to investigate the response of a 

pile group to lateral loads.  He concluded from tests on pile groups in sand that for 

groups deflected less than 6 mm (0.25 in), group effects were negligible or non-
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existent, but that group effects were significant at greater deflections.  He also 

observed that increasing the number of piles in a group resulted in an increased loss of 

average soil resistance per pile.  Additional notable research was conducted by Barton 

(1984) who performed centrifuge tests in fine sands and discovered that the elastic 

theory (then common in design methods) underpredicted pile group interactions.  He 

also noted that empirical factors (arrived at for relatively small groups) could be 

superimposed to predict interactions experienced by large pile groups.  Meimon et al. 

(1986) confirmed Feagin’s results of 1937 that greater deflections resulted in increased 

interactions and added that group interaction led to greater resistance for leading row 

piles than for trailing row piles at the same deflection level.  Higher moments also 

developed in the rows where loads were higher.  Meimon et al. also observed that 

these higher loads were experienced prominently by the first row. 

Brown et al. (1987), after testing in clays, also found that lateral load resistance 

was a function of row position in the group with the front or lead row carrying the 

greatest load with trailing rows carry successively smaller proportions of the load.  

They also found that depths to maximum moments developed in the piles increased in 

trailing rows.  They also agreed with Barton (1984), concluding that elasticity-based 

models are inaccurate in predicting pile group behavior.  The next year, Brown et al. 

(1988) revolutionized pile group design methods by proposing p-multipliers.  These 

values would be obtained empirically and would scale single pile p-y curves to 

account for interactions in pile groups.  Additionally, each row in a pile group would 

have its own p-multiplier, as interactions appeared constant across rows.  Brown et al. 

proposed these scaling factors following research conducted on the same pile group as 
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reported on in 1987 which had been excavated and backfilled with sand.  In the 1988 

paper, they defined shadowing effects and observed that interactions were more 

significant in sand than in clay.  They also reported that cyclic loading had little effect 

on interactions due to densification that occurs with repeated loading.  Lastly, they 

proposed p-multipliers they had calculated for a three pile group spaced at three pile 

diameters (3D).  These p-multipliers are listed together with a research summary for 

full-scale tests in Table 2.1.   

Figure 2.1 shows load-deflection curves from the same study.  This figure 

illustrates that first row loads are similar to single pile loads at the same deflections.  It 

also shows that subsequent rows resist increasingly less load at similar deflections.  

Over the next few years, considerable progress was made in centrifuge testing 

which is essentially scale-model testing subjected to increased axial accelerations to 

simulate the higher stresses developed under prototype conditions.  Without these 

additional accelerations, results for small-scale testing would be less accurate since 

soil performance is highly dependent on stress levels.  Kotthaus et al. (1994) 

performed centrifuge tests on pile groups in sand, varying spacing from three to four 

diameters.  Kotthaus et al. reported findings in terms of group efficiency which is a 

ratio of the average load carried by a row to that carried by a single pile in similar 

conditions.  Kotthaus et al. observed that efficiency for the first row approached unity 

while the second and third rows (at lateral deflections greater than 10 percent of the 

pile diameter) stabilized around 0.65. 
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Figure 2.1  Plots of pilehead load vs. deflection for single pile and for group by 
row position (Brown et al., 1988). 
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Simultaneous with, yet independent of Kotthaus et al., McVay et al. (1994) 

performed centrifuge tests to examine the influence that soil density has on group 

effects.  McVay et al. concluded that denser soils resulted in higher overall loads 

carried by the group and higher first row resistance, but lower resistance for the 

second and third rows.  They also observed that increased spacing resulted in more 

resistance per row and a more even distribution of resistance among rows.  In a 

subsequent study (1995), McVay et al. noted that group efficiency was much more 

influenced by group geometry than by soil density, while simultaneously reporting 

that p-multipliers, on the other hand, did vary to a minor degree with soil density.  

Later, McVay et al. (1998) reported that p-multipliers were, for practical purposes, 

independent of soil density.  They also proposed a general trend for p-multipliers 

outlined in Table 2.3.  Centrifuge research pertinent to this study is summarized in 

Table 2.2. 

In 1997 Ruesta and Townsend conducted full-scale tests on two pile groups, 

one with a fixed head condition and one without.  Back-calculated p-multipliers 

(reported in Table 2.2) indicate subsequent rows resisted increasingly lower loads.  

They also observed that center piles experienced greater interactions than did outside 

piles.  Additional full-scale research (Huang et al., 2001) examined how installation 

techniques influence group effects, concluding that the process of pile driving 

densifies a soil profile while bored pile installation methods soften it.  This same study 

indicated driven pile p-multipliers were generally lower than bored pile p-multipliers. 

Rollins et al. (2003a) provided further full-scale test results and conclusions.  

They observed, contrary to the elastic theory, that load carried within a row appeared  
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 Table 2.1  Summary of full-scale research pertinent to this study. 

 

Outer piles carried higher loads (typical of sands 
and probably due to wider failure wedges).  
Installation techniques didn't influence p-multipliers
(combining results with previous findings).

P-multipliers: 0.8, 0.4, 0.4Cyclic static loading3.3DClosed-ended steel 
3x3 configuration

Loose fine sand to 
silty sand

2005Rollins et al.

Larger spacing, higher multipliers.  Pile diameter 
(stiffness) didn't affect p-multipliers.

3.0D - 0.82, 0.61, 0.45
3.3D - 0.90, 0.61, 0.45, 0.45, 0.51 to 0.46
4.4D - 0.90, 0.80, 0.69, 0.73
5.6D - 0.94, 0.88, 0.77

Various diameters 
tested.

3.0D 
3.3D 
4.4D 
5.6D

Closed-ended steel 
3x3 to 3x5 
configurations

Stiff clay2003bRollins et al.

No pattern within rows.  Combined with other 
results, concluded that at 6.5D, interactions 
nonexistent.  

P-multipliers: 0.98, 0.95, 0.88Cyclic static 
loading; single 
impulse dynamic 
loading.

5.65DClosed-ended steel 
3x3 configuration

Soft to medium 
stiff clay

2003aRollins et al.

Bored piles softened soil profile, driven piles 
densified it.  P-multipliers vary with installation 
method, soil conditions and modeling methods.

Driven pile p-multipliers: 0.89, 0.61, 0.61, 0.66
Bored pile p-multipliers: 0.93, 0.70, 0.70

Concrete piles.  
Assessed effects of 
installation.  Some 
axial loads, though 
mostly lateral.

3DTwo groups: one 
driven (precast; 
3x4), one bored 
(cast in place; 2x3).  
Both with head-
blocks.

Silty sand to silt2001Huang et al.

Center piles experienced more interaction.P-multipliers same for both groups: 0.8, 0.7, 
0.3, 0.3 (0.55 overall)

Two groups: fixed-
head and free-head

3DSquare, prestressed
concrete
4x4 configuration

Loose - dense 
sand

1997Ruesta and 
Townsend

Leading rows significantly stiffer than trailing rows.  
No pattern within rows.  Shadowing effects more 
significant in sand than in clay.  Cyclic loading had 
no effect due to densification.  P-multipliers
introduced.

P-multipliers first introduced:
0.8, 0.4, 0.3

2-Directional cyclic 
loading

3DClosed-ended steel 
3x3 configuration

Medium dense 
sand

1988Brown et al.

Depth to maximum moments increased with each 
subsequent row.  Elasticity-based models 
inaccurate.

None proposedCyclic loading3DClosed-ended steel 
3x3 configuration

Stiff Clay1987Brown et al.

Higher loads resulted in increased interaction.  
Shear and bending moment high in lead row.

None proposedCyclic loading3DSteel I-Beam
3x2 configuration

Clay (Some sand)1986Meimon et al.

No loss of soil resistance for deflections less than 6 
mm.  For higher deflections, increased number of 
piles in a group resulted in increased loss of 
resistance.

None proposed3DWood and concrete
Pile cap
Numerous 
configurations

Mississippi river 
sand

1937Feagin

ConclusionsProposed p-multipliersNotesSpacingPile TypeSoilYearResearcher(s)

Outer piles carried higher loads (typical of sands 
and probably due to wider failure wedges).  
Installation techniques didn't influence p-multipliers
(combining results with previous findings).

P-multipliers: 0.8, 0.4, 0.4Cyclic static loading3.3DClosed-ended steel 
3x3 configuration

Loose fine sand to 
silty sand

2005Rollins et al.

Larger spacing, higher multipliers.  Pile diameter 
(stiffness) didn't affect p-multipliers.

3.0D - 0.82, 0.61, 0.45
3.3D - 0.90, 0.61, 0.45, 0.45, 0.51 to 0.46
4.4D - 0.90, 0.80, 0.69, 0.73
5.6D - 0.94, 0.88, 0.77

Various diameters 
tested.

3.0D 
3.3D 
4.4D 
5.6D

Closed-ended steel 
3x3 to 3x5 
configurations

Stiff clay2003bRollins et al.

No pattern within rows.  Combined with other 
results, concluded that at 6.5D, interactions 
nonexistent.  

P-multipliers: 0.98, 0.95, 0.88Cyclic static 
loading; single 
impulse dynamic 
loading.

5.65DClosed-ended steel 
3x3 configuration

Soft to medium 
stiff clay

2003aRollins et al.

Bored piles softened soil profile, driven piles 
densified it.  P-multipliers vary with installation 
method, soil conditions and modeling methods.

Driven pile p-multipliers: 0.89, 0.61, 0.61, 0.66
Bored pile p-multipliers: 0.93, 0.70, 0.70

Concrete piles.  
Assessed effects of 
installation.  Some 
axial loads, though 
mostly lateral.

3DTwo groups: one 
driven (precast; 
3x4), one bored 
(cast in place; 2x3).  
Both with head-
blocks.

Silty sand to silt2001Huang et al.

Center piles experienced more interaction.P-multipliers same for both groups: 0.8, 0.7, 
0.3, 0.3 (0.55 overall)

Two groups: fixed-
head and free-head

3DSquare, prestressed
concrete
4x4 configuration

Loose - dense 
sand

1997Ruesta and 
Townsend

Leading rows significantly stiffer than trailing rows.  
No pattern within rows.  Shadowing effects more 
significant in sand than in clay.  Cyclic loading had 
no effect due to densification.  P-multipliers
introduced.

P-multipliers first introduced:
0.8, 0.4, 0.3

2-Directional cyclic 
loading

3DClosed-ended steel 
3x3 configuration

Medium dense 
sand

1988Brown et al.

Depth to maximum moments increased with each 
subsequent row.  Elasticity-based models 
inaccurate.

None proposedCyclic loading3DClosed-ended steel 
3x3 configuration

Stiff Clay1987Brown et al.

Higher loads resulted in increased interaction.  
Shear and bending moment high in lead row.

None proposedCyclic loading3DSteel I-Beam
3x2 configuration

Clay (Some sand)1986Meimon et al.

No loss of soil resistance for deflections less than 6 
mm.  For higher deflections, increased number of 
piles in a group resulted in increased loss of 
resistance.

None proposed3DWood and concrete
Pile cap
Numerous 
configurations

Mississippi river 
sand

1937Feagin

ConclusionsProposed p-multipliersNotesSpacingPile TypeSoilYearResearcher(s)
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Table 2.2  Summary of centrifuge research pertinent to this study. 

 

P-multipliers seemed independent of soil 
density and more dependent on group 
geometry.  Regardless of group size, nth row 
always carried same percentage of total load 
provided it was not the last row.

See Table 2.3Cyclic loads
Dr = 36% φ ≈ 34o

Dr = 55%, φ = 39o

3DSolid squre piles; 
capped in 3x3 to 3x7 
configurations

Loose and 
medium 
dense sands

1998McVay et al.

Group effects evident for spacing less than 6D.  
Resistance was 80% of single pile for 2D and 
95% for 6D.

Trailing row p-multipliers:  
2D: 0.52;  4D: 0.82;  
6D: 0.93

Cyclic loads
In-place unit 
weight: 16.3 kN/m3

2D
4D
6D

Open-ended, tubular 
aluminum; 1x2 
configurations

Fine sand1998Remaud et al.

Pile spacing, not soil density most influenced 
efficiency.  P-multipliers for 5D groups were 
independent of soil density.

P-multipliers:  
Loose sand, 3D: 0.65, 0.45, 0.35
Dense sand, 3D:  0.8, 0.4, 0.3
All sands, 5D: 1.0, 0.85, 0.7

Cyclic loads
Dr = 33%, φ = 34o

Dr = 55%, φ = 39o

3D
5D 

Open-ended, tubular;
3x3 configurations

Loose to 
dense sand

1995McVay et al.

Higher soil density resulted in higher group 
lateral load resistance, higher 1st row 
resistance and lower 2nd and 3rd row 
resistances.  Increased pile spacing resulted in 
more resistance and more even distribution of 
resistance among rows.

None proposedCyclic loads
Dr = 17%, φ = 31o

Dr = 45%, φ = 38o

3D
5D

Open-ended, tubular 
aluminum; capped in a 
3x3 configuration

Loose 
medium 
dense sands

1994McVay et al.

Determined efficiencies for rows:
1st Row >= 0.95
2nd, 3rd Row = 0.62

None proposedCyclic loads
Dr = 98%, φ = 38o

3D
4D

Open-ended, tubular 
aluminum; capped; 
groups in rows of 3

Very dense 
sand

1994Kotthaus et al.

Elastic theory underpredicts pile group 
interactions.  Empirical factors can be 
superimposed to predict general behavior.

None proposedCyclic loads2D
4D
8D

Groups of 2, 3, and 6.Fine sand1984Barton

ConclusionsProposed p-multipliersNotesSpacingPile TypeSoilYearResearcher(s)
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4D
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Higher soil density resulted in higher group 
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resistances.  Increased pile spacing resulted in 
more resistance and more even distribution of 
resistance among rows.

None proposedCyclic loads
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3D
5D

Open-ended, tubular 
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3x3 configuration
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2nd, 3rd Row = 0.62
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4D

Open-ended, tubular 
aluminum; capped; 
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Very dense 
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Elastic theory underpredicts pile group 
interactions.  Empirical factors can be 
superimposed to predict general behavior.
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4D
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Groups of 2, 3, and 6.Fine sand1984Barton

ConclusionsProposed p-multipliersNotesSpacingPile TypeSoilYearResearcher(s)
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Table 2.3  Suggested p-multipliers for laterally loaded pile groups 
(McVay et al., 1998). 

Row position 
Three 
rows 

Four 
rows 

Five 
rows 

Six 
rows 

Seven 
rows 

Lead row 0.8 0.8 0.8 0.8 0.8 
Second row 0.4 0.4 0.4 0.4 0.4 
Third row 0.3 0.3 0.3 0.3 0.3 
Fourth row -- 0.3 0.2 0.2 0.2 
Fifth row -- -- 0.3 0.2 0.2 
Sixth row -- -- -- 0.3 0.2 
Seventh row -- -- -- -- 0.3 

 

 

random—that outside piles did not carry more load than did center piles.  In the same 

report, they suggested that at 6.5D, group effects are negligible.  In the same year 

(2003b), they observed that pile diameter (stiffness) had little effect on p-multipliers, 

and also determined p-multipliers for multiple pile spacings (listed in Table 2.1).  

Most recently (2005), Rollins et al. reported that in sands, outside piles did carry 

higher loads than center piles.  They theorized that this result was likely due to wider 

failure wedges that develop in sandy soils compared to clayey or silty soils.  

Combining their results with those from previous tests suggested that installation 

methods had little influence on p-multipliers. 

The above research has lead to multiple design curves that vary widely.  Figure 

2.2 shows some commonly-used design curves.  Depending on the design curve 

selected from this figure, an engineer may decide on substantially different designs.  

Although significant advancement has been made regarding laterally loaded pile 

groups, discrepancies between test results indicate additional research is needed to 

better understand group effects.  Of interest is how higher spacing influences group 
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Figure 5.17  Comparison of first cycle peak loads versus deflection across each 
row for Rows 1 through 3. 
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Figure 5.18  Comparison of first cycle peak loads versus deflection across each 
row for Rows 4 and 5. 

 

Elastic theory suggests that outer piles within a given row will support greater 

loads than will the center pile for that row.  This tendency has been observed in 

previous research for pile groups in sand (Rollins et al., 2005, Ruesta and Townsend, 

1997).  However, in similar studies in clay, this pattern was not observed (Brown et 

al., 1988; Rollins et al., 1998; Rollins et al., 2003a; Rollins et al., 2003b).  As 

illustrated in Figure 5.17, this pattern was observed for Rows 4 and 5, but not for the 

group in general. 
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Although load was not found to be a function of position within a row, load 

was a function of row position within the group.  Figure 5.19 shows plots of the 

average load versus deflection curves for each row in the 15 pile group for the first 

cycle along with a corresponding curve for the single pile test.  As discussed in 

Chapter 4, single pile loads have been corrected to account for eccentric load on the 

load cell which lead to a to better match to the first row of the pile group.  As expected 

(based on previous research) the first row of the pile group (Row 1) carried the 

greatest percentage of the load exerted against the group (as much as 50 percent higher 

than all the other rows).  Row 2 carried the next highest load followed by Rows 5, 3 

and 4, in turn.  Although decrease in resistance from Row 1 to Row 2 was very 

significant, the differences in load resistance for Rows 3, 4 and 5 were much less 

substantial.  These variations could possibly be attributable to small variations in 

compaction of the sand around the test piles despite the fact that efforts were made to 

be consistent during the compaction process.   

For clay, in terms of load carried, Row 1 carried the largest percent of the 

group load (as with the test in sand), followed by Rows 2, 4, 5, and 3.  In both sands 

and clays, the leading row carried the greatest load and the second row exhibited a 

significant drop in resistance relative to the first row.  The load-deflection curves for 

the remaining rows are also somewhat lower than the second row piles; however, there 

is significant variation in the relative order of the resistance for these piles.  

Nevertheless, the difference in lateral resistance among these rows for a given 

deflection is much less than that between the first and second piles.  The only trend  
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Figure 5.19  Comparison of average first cycle peak load versus deflection curves 
for the single pile and for each row within the 15-pile group. 

 

that seems consistent for the trailing rows is that the fifth row does not necessarily 

carry the smallest load as might be expected. 

5.5.4 Bending Moment versus Depth 

The approach used to produce moment versus depth data for the single pile 

was also used to produce the moment data for the 15-pile group.  Equation 4.2 

provided the basis for calculating bending moments.  Where one strain gage 

malfunctioned at a specific depth, data for the counterpart gage were used to compute 

moments.  For single pile data, where both gages at a certain depth reported unusable 

data, an interpolation method (Gerber, 2003) was used to compute a plausible bending 

moment at that depth.  For the 15-pile group, however, this was not possible because 

data was too sparse to interpolate effectively.  Consequently, bending moments for the 
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group are shown as data points rather than curves.  This approach allows for more data 

to be shown (even points that are questionable) and so is more true to raw data.  If the 

interpolation methods used in single pile data reduction were applied to the 15-pile 

group, contorted and misrepresentative moment-depth curves would likely result.   

Figure 5.20 through Figure 5.24 show plots of bending moment versus depth 

for each row at first cycle peak loads grouped for each deflection increment.  These 

curves facilitate direct comparisons between moments in each row at the same 

deflection.  To increase readability of the plots, clearly erroneous values have been 

eliminated.  Erroneous data was most prevalent for fifth row moments at depths where 

maximum moments are expected to occur.  Higher strains in general appeared to cause 

gages to malfunction, thus resulting in more data points being eliminated for higher 

target deflections.  For brevity, similar plots for tenth cycle moments are not shown, 

but will be displayed later in direct comparison to first cycle moments. 

For comparison purposes, plots in Figure 5.20 through Figure 5.24 also have 

the single pile moment versus depth curves at the same target deflections.  

Comparison accuracy is dependent on how closely target deflections for the single pile 

test matched those for the 15-pile group.  In general, single pile target deflections were 

within five percent of those for the 15-pile group. 

Despite the somewhat sporadic nature of the moment data, trends are still 

evident and tentative comparisons may appropriately be made.  As expected, 

maximum single pile moments on average appeared slightly higher than those for the 

first row in the 15-pile group.  Row 1 seemed to develop the largest moments of all  
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Figure 5.20  First cycle bending moments versus depth for the 6 mm target deflection. 

-10 0 10 20 30 40 50

Bending Moment (kN-m)

Row 5
Row 4

-10 0 10 20 30 40 50

Bending Moment (kN-m)

Row 2
Row 3

-2

0

2

4

6

8

10

-10 0 10 20 30 40 50

Bending Moment (kN-m)

D
ep

th
 B

el
ow

 G
ro

un
d 

Su
rfa

ce
 (m

)

Single Pile
Row 1



 
102

 
 

Figure 5.21  First cycle bending moments versus depth for the 13 mm target deflection. 
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Figure 5.22  First cycle bending moments versus depth for the 19 mm target deflection. 
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Figure 5.23  First cycle bending moments versus depth for the 25 mm target deflection. 
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Figure 5.24  First cycle bending moments versus depth for the 38 mm target deflection. 
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rows in the 15-pile group.  Row 5 appears to have developed the next largest moments 

although this is difficult to establish because data is missing for Row 5 at depths where 

maximum moments appear to have developed.  Visual interpolation suggests that Row 

5 developed larger moments than did Rows 2 or 3 (particularly at larger deflections).  

Rows 2 and 3 in general appear to have developed similar maximum moments.  For all 

deflection levels, Row 4 appears to have developed the smallest moments of all rows 

in the 15-pile group. 

The above pattern resembles that noted for the pile group in clay.  Snyder 

reports that fifth row moments were as large as moments developed in the second row.  

He also points out that this must be due to group effects since loads for the fifth row 

were lower than those carried by the second row—that group effects resulted in 

reduced soil resistance for the fifth row, thus causing larger moments to develop in 

Row 5.  This same reasoning seems applicable to the test in sand as all conditions 

appear similar. 

The point of moment reversal (the depth at which moments change signs by 

passing through zero) represents a significant location in the design of concrete piles 

and drilled shafts.  Economically, it is beneficial to eliminate or reduce reinforcement 

at depths for which moments become small.  While this point of reversal is well 

defined for tests in clay, this point is more ambiguous for this test in sand.  This result 

is likely independent of soil profile.  Because strain gages were newer at the time of 

testing in clay, better data was collected for clay and this portion of the moment curve 

is better defined. 
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Although this point of moment reversal cannot be definitively assessed for the 

test in sand, some common trends are evident.  In general, the point of moment 

reversal appears more dependent on pile location within a group than on the 

magnitude of moments developed in (or deflections reached by) that pile.  For 

example, for all target deflections, the point of moment reversal for the single pile 

(and for Row 1, though less distinctly) appears to be around 4 m (13 ft) or 12 pile 

diameters.  On the other hand, the point of moment reversal for Row 5 appears to be 

deeper than that of the single pile or Row 1.  Moment reversals for Row 5 developed 

at around 5 m (16.5 ft) or 15.5 pile diameters regardless of maximum moments 

reached.  Row 2 appears to have the same point of moment reversal as Row 1 and the 

single pile.  Rows 3 and 4, however, are much more ambiguous.  These rows appear to 

be a transition between Row 2 and Row 5. 

These generalizations lead to another interesting trend.  Although trailing rows 

don’t necessarily develop as large moments as leading rows do (this is difficult to 

establish), trailing rows do appear to have larger moments at deeper depths than do 

leading rows.  Moments appear to be spread deeper along the length of the piles for 

trailing rows while in leading rows, moments appear more concentrated at higher 

elevations.  The point of transition appears to be between Rows 2 and 3. 

Comparisons between Figure 5.20 through Figure 5.24 show trends that 

develop with increasing deflection.  One trend immediately apparent is the increase in 

moment with each higher target deflection.  This trend is expected since reaching each 

higher target deflection requires increased loads.  Increased loads in turn produce 

larger moments. 
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As discussed by Snyder (2004), maximum moments in clays developed at 

progressively greater depths with larger target deflections for both the single pile test 

and the 15-pile group test.  This pattern was noted for the single pile test in sand, but is 

difficult to confirm or refute for the 15-pile group test in sand. 

Another point of examination in this study is the influence of cyclic loads on 

pile groups.  Figure 5.25 through Figure 5.29 show first cycle moment-depth curves 

against those for tenth cycles at 6, 19, and 38 mm target deflections by row.  On 

average, maximum moments achieved during first cycle loadings were 17 percent 

higher than those reached during respective tenth cycles.  To a lesser degree, this same 

pattern was also observed in clay and is likely due simply to the increased load 

associated with initial cycles relative to later ones.  No pattern appears to develop with 

increasing deflections, nor is one identifiable from row to row other than that already 

manifest for first cycles.  

Figure 5.30 and Figure 5.31 show plots of 38 mm target deflection moments at 

peak loads versus depth for first cycles in both sand and clay.  One interesting 

comparison apparent in these figures is the magnitude of moments developed in the 

pile group in sand versus those in clay.  In general, the pile group in sand developed 

larger bending moments than did the group in clay, though this relationship is difficult 

to quantify due to the lack of quality moment data.  For example, Row 2 moments for 

sand (for depths below maximum moments) appear to be smaller than corresponding 

moments in clay.  This pattern is reversed, however, for Row 5.  Higher maximum 

moments would be expected for sand than for clay at the same deflection level  
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Figure 5.25  Row 1 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections. 
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Figure 5.26  Row 2 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections. 
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Figure 5.27  Row 3 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections. 
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Figure 5.28  Row 4 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections. 
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Figure 5.29  Row 5 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections. 
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Figure 5.30  First cycle bending moments versus depth for Rows 1 through 3 at the 38 mm target deflection for both 
sand and clay. 
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Figure 5.31  First cycle bending moments versus depth for Rows 4 and 5 at the 38 
mm target deflection for both sand and clay. 

 

because greater loads are necessary to achieve the same deflection in sand relative to 

clay.  In general, this assumption seems true of the data shown in these figures. 

Snyder (2004) reports (and Figure 5.30 and Figure 5.31 indicate) that 

maximum bending moments occurred at greater depths for larger target deflections.  

Patterns regarding depth to maximum moment cannot be accurately determined for the 

pile group in sand. 
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Normalizing moments by associated peak loads provides another interesting 

comparison.  Figure 5.32 through Figure 5.36 show 15-pile group moments 

normalized by the associated peak loads.  Although it’s clear from these figures that 

tenth cycle normalized moments are higher than associated first cycle normalized 

moments, the scatter of the data makes generalizing a trend difficult.  Certain gages 

appear to have collected better data than others.  Some of these gages include a few 

from Row 5 at around 4 m depth and a couple from Row 2 at 2.5 m depth.  Using data 

from these gages, tenth cycle normalized moments are about 20 percent higher than 

associated first cycle normalized moments. 

For clay, Snyder reports that higher target deflections resulted in larger 

differences between the first and last cycles.  This pattern was not necessarily 

observed in sand.  Average increases between first and tenth cycles for the gages 

mentioned above appear to be independent of deflection level.  In fact, these increases 

appear random rather than resulting from any mutual factor.  For example, increases in 

normalized moment from first to tenth cycles for the 13 mm target deflection average 

around 26 percent while for the 25 mm target deflection are lower at 19 percent. 

Tenth cycle normalized bending moments being larger than those for the first 

cycle represents a significant principle: cyclic loading reduces soil resistance.  Thus, 

additional cycles at equal loads produce increasingly larger bending moments.  

Ignoring the load history of a pile group can, therefore, result in a misrepresentation of 

lateral loads a pile group will support. 

Snyder also observed that the relative difference between first and tenth cycles 

was substantially higher (particularly at high target deflections) for the first row  
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Figure 5.32  Row 1 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes. 

Row 1 - 38 mm

-0.5 0 0.5 1 1.5

Normalized Bending Moment (kN-m/kN)

Row 1 - 19 mm

-0.5 0 0.5 1 1.5

Normalized Bending Moment (kN-m/kN)

Row 1 - 6 mm

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5
Normalized Bending Moment (kN-m/kN)

D
ep

th
 B

el
ow

 G
ro

un
d 

Su
rfa

ce
 (m

)-

1st Cycle
10th Cycle



 
118

        

 

Figure 5.33  Row 2 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes. 
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Figure 5.34  Row 3 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes. 
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Figure 5.35  Row 4 first and tenth cycle normalized bending moment versus depth for 6, 19,  and 38 mm pushes. 
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Figure 5.36  Row 5 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes. 
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compared to the other four rows.  This trend cannot be confirmed or refuted for testing 

in sand, primarily because no definite trends appear to develop for Row 1 normalized 

moments in sand. 

Figure 5.30 and Figure 5.31 suggest that, in general, bending moments 

developed in sand were higher than comparable bending moments in clay.  Figure 5.37 

and Figure 5.38 display first and last cycle normalized bending moments versus depth 

for the 38 mm target deflection in both sand and clay.  Despite bending moments 

appearing larger in sand than in clay, normalized bending moments are nearly equal 

for all rows.  This outcome results from the nearly linear relationship between moment 

and load; that is, additional load causes a nearly linear increase in moment.  This 

essentially linear relationship appears to be independent of soil conditions as the ratio 

of bending moment to load is approximately equal for both sand and clay. 

5.5.5 Maximum Bending Moment versus Load 

While Snyder was able to plot maximum moments and peak loads versus 

associated loads, this was not done for the test in sand.  Insufficient moment data is 

available to accurately assess moment trends with load. 
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Figure 5.37  First and tenth cycle normalized bending moment versus depth for Rows 1 through 3 for the 38 mm 
push in both sand and clay. 

Row 3

-0.5 0 0.5 1 1.5 2
Normalized Bending Moment (kN-m/kN)

Row 2

-0.5 0 0.5 1 1.5 2

Normalized Bending Moment (kN-m/kN)
Row 1

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5 2

Normalized Bending Moment (kN-m/kN)
D

ep
th

 B
el

ow
 G

ro
un

d 
Su

rfa
ce

 (m
)-

1st Cycle
10th Cycle
Clay - 1st Cycle
Clay - 15th Cycle



 124

Row 5

-0.5 0 0.5 1 1.5 2
Normalized Bending Moment (kN-m/kN)

Row 4

-2

0

2

4

6

8

10

12

-0.5 0 0.5 1 1.5 2
Normalized Bending Moment (kN-m/kN)

D
ep

th
 B

el
ow

 G
ro

un
d 

Su
rfa

ce
 (m

)-

Sand - 1st Cycle
Sand - 10th Cycle
Clay - 1st Cycle
Clay - 15th Cycle

 
Figure 5.38  First and tenth cycle normalized bending moment versus depth for 
Rows 1 through 3 for the 38 mm push in both sand and clay. 
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CHAPTER 6 - COMPUTER ANALYSIS OF TEST 

RESULTS 

6.1 INTRODUCTION 

To determine p-multipliers for the 15-pile group, both the single pile and 15-

pile group tests were modeled using computer programs.  The computer programs 

selected use the finite-difference method and model soil resistance as non-linear 

springs.  In past studies by Rollins et al. (1998, 2003a, and 2003b), these computer 

programs have proven to be an effective method of modeling lateral pile behavior.  P-

multipliers were back calculated by inputting measured loads for the 15-pile group, 

and then altering p-multipliers until computed deflections matched measured 

deflections.   

 

6.2 COMPUTER ANALYSIS OF SINGLE PILE TEST 

6.2.1 LPILE Plus Version 4.0 (Reese et al., 2000) 

The computer program LPILE Plus version 4.0 (Reese et al., 2000) was used to 

model the single pile test.  This program is frequently used in industry and academia 

to predict the behavior of laterally loaded piles and drilled shafts. 
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LPILE models a pile as a Winkler beam/spring foundation system.  It uses the 

finite difference method to calculate the deflection, moment, and shear of a modeled 

pile.  The stiffness of the pile can be modeled as either linear or non-linear and is a 

function of the modulus of elasticity (E) and moment of inertia (I) of the pile.  Because 

the pipe piles were made of steel and the strain levels did not exceed the yield 

strength, the pile was modeled as a linearly elastic material with constant properties. 

Lateral soil stiffness is represented in LPILE as nonlinear springs attached to 

nodes along the length of the pile.  A user constructs a soil profile in LPILE by 

selecting appropriate soil types in the computer model that best represent actual soil 

conditions.  Associated with each of these soil types is a non-linear p-y curve, or a 

non-linear relationship between lateral deflection and lateral soil resistance.  These p-y 

curves are based on empirical results collected by a variety of researchers.  LPILE uses 

the properties of the pile in conjunction with the properties of the layered soil profile 

to arrive at a working computer model which can analyze this soil-structure interaction 

problem. 

6.2.2 Single Pile Properties 

Modeling the single pile test in LPILE required inputting basic properties and 

dimensions of the single pile.  The single pile was 16.6 m (44.6 ft) from load point to 

toe.  This length was divided by LPILE into 100 equal increments of 0.166 m (0.545 

ft) each.  The pile was driven vertically into level ground.  Consequently, the pile has 

no batter angle or slope associated with it. 
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The cross section of the pile was a circular pipe with an outer dimension of 

0.324 m (12.75 in), and a wall thickness of 0.0095 m (0.375 in).  Additionally, two 

angle irons were attached on opposite sides of the pile.  The addition of the angle irons 

resulted in a cross-sectional area of 0.010 m2 (15.7 in2) and a combined moment of 

inertia of 1.43 x 108 mm4 (344 in4). 

6.2.3 Soil Properties 

The soil profile constructed in LPILE was a composite of data discussed in 

Chapter 3 and data used for previous LPILE tests.  Because this test site had been used 

previously for testing in clay (Snyder, 2004), the soil profile input into LPILE was a 

modification of that used by Snyder.  The profile used in clay was altered by 

eliminating the top 0.91 m (3 ft) of clay which had been excavated and adding a top 

sandy layer 2.44 m (8 ft) deep.  Hence, the top 2.44 m (8 ft) was sand backfill, 

followed by a soft clay layer approximately 2.13 m (7 ft) thick.  Below this clay layer 

was another sand layer 1.75 m (5.75 ft) thick.  Below this stretched still another soft 

clay layer 1.68 m (5.5 ft) thick, followed by a sand layer that extended to a depth of 

19.3 m (63.4 ft) below the ground surface.  The soil profile together with model 

parameters is shown in Table 6.1. 

Comparing Figure 3.10 to Table 6.1 shows slight discrepancies between the 

two profiles.  Table 6.1 shows soil models researchers have determined that idealize 

the soil types listed in Figure 3.10.  For example, the fourth layer in the soil profile 

shown in Figure 3.10 is classified as sandy silt (ML) according to the USCS.  This 

layer is best modeled as a submerged soft clay in LPILE.  This discrepancy in soil type    
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Table 6.1  Input parameters used to model the first cycle of the single pile test in 
LPILE. 

----1.5E+046.7338.0Sand - Submerged

0.010571.4E+059.1--6.3Soft Clay - Submerged

----2.6E+048.1384.6Sand - Submerged

0.010402.7E+049.1--3.7Soft Clay - Submerged

0.010501.4E+059.1--2.7Soft Clay - Submerged

0.010412.7E+049.1--2.4Soft Clay - Submerged

----4.2E+046.8402.1API Sand - Submerged

----7.5E+0416.7400.0API Sand

ε50
Su

(kN/m2)

Subgrade
Modulus 

(k)
(kN/m3)

Effective 
Unit 

Weight, γ' 
(kN/m3)

Friction 
Angle 

(Degrees)

Distance from 
ground 

surface to Top 
of Layer (m)Soil Model
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names compared to soil model names accounts for the primary differences between 

the two profiles.  The other important difference is soil type for layers greater than 

eight meters below ground surface.  Figure 3.10 shows that numerous layers exist 

below eight meters while Table 6.1 shows these strata modeled as a single layer.  This 

simplification was necessary due to limitations of LPILE 4.0.  This software allows a 

soil profile to be comprised of only ten or fewer layers.  While a more exact soil 

profile may lead to more precise results, a sensitivity study showed LPILE to be fairly 

independent of modifications to layers more than ten pile diameters (3.2 m in this 

case) below the ground surface. 

The p-y curves used in LPILE to model soft clays were developed by Matlock 

(1970).  This model required additional inputs of shear strength (Su) as well as ε50 

which is the strain at which 50 percent of the undrained shear strength is mobilized.  
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Reese et al. (1974) developed the p-y curves used by LPILE to model sand layers 

while O’Neill and Murchison (1983) developed those for API sand.  These methods 

required additional inputs of friction angle (φ) and modulus of subgrade reaction (k).  

Reese et al. (2000) provided correlations relating k-values to friction angle for sand.  

All layers also required an estimate of the effective unit weight (γ’). 

Matching computed results to measured results for the single pile test required 

iterations during which the above soil properties were altered.  The soil profile and 

properties below the compacted sand backfill were left exactly the same as those used 

for the analyses by Snyder (2003).  Alterations primarily involved adjusting the 

friction angle and k-value of the sand backfill in the soil profile.  These properties 

proved to have the most effect on the computed results.  Although the relative density 

of the backfill sand was only about 50 percent, the back-calculated friction angle was 

40º.  Although this value is much higher than would typically be used in consulting 

practice or recommendations for API, this value appears to be consistent with other 

LPILE studies involving sands at 50 percent relative density (Brown et al, 1987, 

Rollins et al, 2005).   These results suggest that improved correlations between friction 

angle and relative density are necessary for lateral load analyses in piles.   

The soil profile and properties in Table 6.1 resulted in a fairly good agreement 

for the first cycles of the test.  Matching the tenth cycle required softening the soil 

profile, which was accomplished by reducing the friction angle of the top layer from 

40o to 34o.   
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6.2.4 Computer Analysis Results of Single Pile Test 

Figure 6.2 presents plots of peak load versus deflection for the first cycle of the 

single pile test alongside those calculated using LPILE.  Figure 6.3 provides similar 

comparison plots for the tenth cycle of the single pile test.  Both figures show a very 

good match.  Although the data sets aren’t perfectly congruent, the resemblance is 

suitable for the purposes of the subsequent analyses.   

Another way to compare measured and computed results is to construct 

bending moment-depth curves as shown in Figure 6.1.  This plot draws comparisons 

between LPILE computed data and measured results for three target deflections.  In 

general, LPILE computed maximum bending moments were between 15 and 25 

percent larger than measured results.  Additionally, depths to maximum moments 

determined by LPILE were anywhere from 20 to 50 percent deeper compared to 

measured results.  In general, this discrepancy increased with higher target deflections. 

A final method of comparison is to construct moment-load plots as shown in 

Figure 6.4 and Figure 6.5 for the first and tenth cycles, respectively.  In these figures, 

the discrepancy between calculated and measured results is more significant than in 

the previous two figures.  This result is somewhat expected, however.  Snyder reports 

that although measured and calculated results match well for load-deflection curves, 

moment-load curves are separated by about a ten percent difference, with measured 

results plotting below calculated results.  The problem is such that both graphs are 

difficult to match perfectly with the same data set.  For example, altering the soil 

profile sufficiently to improve the match for the moment-load curves leads to poorer  
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Figure 6.1  First cycle bending moment versus depth – LPILE calculated against measured results for various target 
deflections. 
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Figure 6.2  Comparison of LPILE calculated load versus deflection curves against 
those measured for the first cycle of the single pile test. 
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Figure 6.3  Comparison of LPILE calculated load versus deflection curves against 
those measured for the tenth cycle of the single pile test. 
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Figure 6.4  Comparison of LPILE calculated moment versus load curves against 
those measured for the first cycle of the single pile test. 
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Figure 6.5  Comparison of LPILE calculated moment versus load curves against 
those measured for the tenth cycle of the single pile test. 
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agreement between the measured and computed load-deflection curves and visa-versa.  

Despite this difficulty, it is believed that sufficiently accurate results were obtained in 

this study. 

 

6.3 COMPUTER ANALYSIS OF PILE GROUP TEST 

6.3.1 GROUP Version 4.0 (Reese and Wang, 1996) 

Although LPILE was used to model the single pile test, GROUP version 4.0 

(Reese and Wang, 1996) was used to model the 15-pile group test.  Calculations 

performed in GROUP are essentially identical to those in LPILE with the addition of 

p-multipliers.  GROUP scales p-y curves using p-multipliers thus accounting for 

softening that results from group interaction effects.  GROUP can generate p-

multipliers automatically but also allows for specification of p-multipliers by the user.  

Default settings within GROUP set p-multipliers to one, thus ignoring group effects.   

Because GROUP and LPILE share the same computational methodology, the 

soil profile constructed to model the single pile test in LPILE can likewise be used to 

model the 15-pile group test in GROUP.  The soil profile can be kept constant p-

multipliers can be back-calculated so by matching the measured load-deflection curves 

for each row with the curves computed using GROUP.  Use of this soil profile also 

depends on how similar actual site conditions are between the single pile site and the 

15-pile group site.  As was discussed in Chapter 3, these two tests were set up directly 

adjacent to each other, resulting in a soil profile fairly common to both test sites. 
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6.3.2 Input Parameters for GROUP 

GROUP requires all the same soil properties and pile properties that LPILE 

does.  Because pile groups have the potential of rocking or tipping as a system, the 

lead piles can develop compressive axial forces resisted by the end-bearing pressure 

and sleeve friction on the piles.  Similarly, the last row of piles can develop tensile 

axial forces.  To account for this behavior, GROUP requires these properties as 

additional inputs.   

For sand, sleeve friction values (in tsf) were estimated using the empirical 

equation 

50
)( NtsfFrictionSleeve =                                          (6.1)  

where N is the standard penetration test blow count.  N values were selected based on 

the relative density of the layer.  Sleeve friction in the clays was assumed to equal the 

undrained shear strength.  Additionally in sand, tip resistance (in tsf) was taken as four 

times N, while for clays tip resistance was taken as nine times the undrained shear 

strength.  Sensitivity studies found that the computer results were relatively insensitive 

to the values for side friction and end-bearing for this problem. 

Only the center piles in each row of the 15-pile group had angle irons attached 

as did the single pile.  These center piles had moments of inertia of 1.43 x 108 mm4 

(344 in4) and cross sectional areas of 9.4 x 10-3 m2 (14.6 in2).  The other 10 piles had 

moments of inertia of 1.16 x 108 mm4 (279 in4) and cross sectional areas of 1.01 x 10-2 

m2 (15.7 in2).  Additionally, longitudinal row spacing was set to 1.27 m (4.17 ft) on 

centers.  Along with pile and soil properties, GROUP also needed load data.  Based on 
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the input parameters for pile properties and soil resistance characteristics along with p-

multipliers, GROUP computes shear, deflection, and moment data.  Input parameters 

for GROUP are listed in Table 6.2.  

6.3.3 Back-Calculation of P-multipliers 

Before p-multipliers could be calculated, the validity of the calculations 

performed in GROUP had to be verified.  This check was accomplished by comparing 

LPILE results for the single pile to results calculated by GROUP.  The loads returned 

by LPILE for a specific target deflection were multiplied by 15 and input into 

GROUP.  In GROUP, a hypothetical 15-pile group was constructed, the piles of which 

had properties identical to the single pile.  Additionally, all group effects for this 

imaginary pile group were neglected.  Inputting 15 times the LPILE load returned 

deflections from GROUP that could be compared to the target deflections specified in 

LPILE.  Comparing the load-deflection curve for the single pile LPILE model and that 

produced by GROUP showed a match within one percent.  In previous studies 

(Snyder, 2004), the number of increments used by GROUP needed adjusting to match 

LPILE and GROUP results.  This was unnecessary for this test in sand. 

An additional step was needed before GROUP could be used to solve for p-

multipliers.  LPILE has an option that allows a user to input a p-multiplier.  It uses this 

p-multiplier to scale down the soil resistance relative to that experienced with a single 

pile.  Inputting various p-multipliers created an array of load-deflection curves (each 

one specific to a certain p-multiplier) that was then plotted against measured results  
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Table 6.2  Group input parameters used to model the first cycle of the 15-pile group test in GROUP. 
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for each row of the 15-pile group.  Matching each row to a p-multiplier curve provided 

a preliminary p-multiplier that could be used as an initial value in GROUP. 

Following these preliminary steps, total measured 15-pile group loads were 

input into GROUP along with the initial p-multipliers to obtain load deflection data for 

each row.  P-multipliers were then altered iteratively until measured load-deflection 

curves for each row matched corresponding load-deflection curves produced using 

GROUP.  Table 6.3 presents p-multipliers back-calculated for this study.  Figure 6.6 

shows the final match for the 15-pile group first cycle as a whole.  Figure 6.7 and 

Figure 6.8 show the breakdowns for each row individually for the first cycles of each 

target deflection.  On most of the plots, measured results best match GROUP 

calculations for deflections below about 40 mm.  Beyond this deflection, measured 

curves for most rows, and for the group as a whole, rise above GROUP calculated 

results by anywhere from five percent (for the group) to 20 percent (for Row 3).  This 

result is similar to what was observed when determining p-multipliers in clay.  Snyder  

 

Table 6.3  P-multiplier summary for a 3x5 pile group in sand (this 
study). 

  P-multiplier 
Row Cycle 1 Cycle 10 

Row 1 1 1 
Row 2 0.5 0.6 
Row 3 0.35 0.4 
Row 4 0.3 0.37 
Row 5 0.4 0.4 
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Figure 6.6  Comparison of the measured first cycle load-deflection curve for the 
15-pile group against that found using back-calculated p-multipliers. 

 

reports that additional p-multipliers had to be determined for deflections beyond 38 

mm.  For this study, secondary p-multipliers were not determined since relatively little 

data exists for deflections beyond 38 mm. 

The same back-calculation process was used to determine p-multipliers for the 

tenth cycle of loading as described previously for the first cycle. However, for the 

tenth cycle, the friction angle (φ) of the sand backfill was reduced from 40º to 34º.  

Tenth cycle results are more limited than those for the first cycle as information is 

available only up to the 38 mm target deflection.  These tenth cycle results are shown 

as Figure 6.9 for the group as a whole.  Figure 6.10 and Figure 6.11 provide 

comparison plots of measured and computed load-deflection curves by row.  Most of 

the measured row results agree with GROUP calculated results for the entirety of the  
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Figure 6.7  Comparison of measured first cycle load-deflection curves against 
those found using back-calculated p-multipliers for Rows 1 to 3 of the 15-pile 
group. 
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Figure 6.8  Comparison of measured first cycle load-deflection curves against 
those found using back-calculated p-multipliers for Rows 4 and 5 of the 15-pile 
group. 

 

test, however, Rows 1 and 5 show some separation of these two plots at around 28 mm 

of deflection.  These rows influence the group plots in Figure 6.9 to also separate at 

this deflection.  Had the test been run to higher target deflections, greater separation of 

plots would likely exist.  This suggests that the p-multipliers for the first cycle of  
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Figure 6.9  Comparison of the measured tenth cycle load-deflection curve for the 
15-pile group against that found using back-calculated p-multipliers. 
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Figure 6.10  Comparison of measured tenth cycle load-deflection curves against 
those found using back-calculated p-multipliers for Rows 1 and 2 of the 15-pile 
group. 
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Figure 6.11  Comparison of measured tenth cycle load-deflection curves against 
those found using back-calculated p-multipliers for Rows 3 to 5 of the 15-pile 
group. 
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loading are more robust and applicable over a range of deflection values than those for 

the tenth cycle. 

6.3.4 Bending Moments 

The accuracy of GROUP calculations was also assessed by comparing 

calculated moment-depth curves to those measured during testing.  These comparisons 

are provided as Figure 6.12 through Figure 6.16.  In general, GROUP seemed at least 

somewhat effective at indicating the depths at which maximum moments would occur.  

This is difficult to establish, as some data at maximum bending moments are missing, 

but trends above and below where maximum moments are expected to occur suggest 

that GROUP is fairly accurate at predicting depths to maximum moments.  

In general, GROUP was also effective at predicting depths at which moments 

returned to zero.  Measured results available (Row 5 seems especially good below 

about three meters) match GROUP results fairly closely.  This was also the case in the 

single pile test (for which there was better information) as compared to LPILE results.  

This trend is different than that observed in clay, for which measured moments 

returned to zero at lower depths than those calculated by GROUP (Snyder, 2004). 

 

6.4 SUMMARY OF COMPUTER ANALYSES 

A working soil profile was obtained by modeling the single pile test in LPILE.  

This soil profile was then used in GROUP to obtain p-multipliers for each row of the 

15-pile group with fairly good results.  These p-multipliers for first cycle loadings 

were 1.0, 0.5, 0.35, 0.3, and 0.4 for Rows 1 through 5, respectively.  Back-calculated  
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Figure 6.12  Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 1. 

Row 1 - 38 mm

-50 0 50 100 150 200 250

Bending Moment (kN-m)

Row 1 - 19 mm

-50 0 50 100 150 200 250

Bending Moment (kN-m)

Row 1 - 6 mm

-2

0

2

4

6

8

10

12

14

-50 0 50 100 150 200 250

Bending Moment (kN-m)
D

ep
th

 B
el

ow
 G

ro
un

d 
Su

rfa
ce

 (m
)-

Measured Results
GROUP Results



 
146

 
 

Figure 6.13  Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 2. 
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Figure 6.14  Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 3. 
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Figure 6.15  Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 4. 
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Figure 6.16  Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 5. 
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p-multipliers determined for tenth cycle loadings were slightly higher with values of 

1.0, 0.6, 0.4, 0.37, and 0.4 for Rows 1 through 5, respectively. 

This increase in p-multipliers between the first and tenth cycles is likely due to 

the tendency for dense material to develop relatively large shear zones.  Figure 6.17 

and Figure 6.18 show the geometry of shear zones that develop behind laterally loaded 

piles.  The size of a zone of influence is dependent on φ.  When φ is large, as for dense 

material, the angle labeled θ in Figure 6.17 becomes small while the angle labeled α in 

Figure 6.18 becomes large each resulting in deeper and wider zones of influence, 

respectively.  For softer soils, shear zones are smaller resulting in fewer interactions 

between shear zones and consequently, higher p-multipliers.  Because the soil strength 

decreases somewhat for the tenth cycle of loading, a small increase in the p-multiplier 

value might be anticipated. 

 

θ = 45 - φ/2

θ

Zone of Influence
Ground Level

Applied Load

 

Figure 6.17  Geometry of zones of influence that develop behind laterally loaded 
piles (profile view). 

 

       2
45 φθ −=   

(Rankine Assumption) 
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Figure 6.18  Geometry of zones of influence that develop behind laterally loaded 
piles (plan view). 

 

Although this test doesn’t conclusively indicate that additional p-multipliers 

are required for higher deflections, the general trend from the above figures suggests  

this approach is appropriate.  Secondary p-multipliers were found to be necessary by 

Snyder (2004) and Johnson (2003) for lateral load testing in clay, underscoring the 

importance of considering deflections in determining group effects.   

Figure 6.19 shows p-multipliers obtained in this study together with those 

developed from other full-scale testing and commonly used design curves for all soil 

types.  The p-multiplier obtained for Row 1 is unexpectedly high, while those for 

Rows 3, 4, and 5 are quite low.  It’s possible that these trailing row multipliers are  

      2
φα =

 

(Rankine Assumption) 
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(b) Previous Full-Scale Tests - Row 2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

2 3 4 5 6 7 8

Pile Spacing / Pile Diameter (center-to-center)

P-
M

ul
tip

lie
r

AASHTO (2000)

Soft Clay

Stiff  Clay
Sand

Sand - 1st Cycle (This Test)

Reese & Wang (1996)

 
(c) Previous Full-Scale Tests - Row 3-5
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Figure 6.19  P-multipliers obtained in this study compared to others from full-
scale testing together with commonly used design curves. 
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unexpectedly low due to variations in compaction.  These results require that the 

backfilled soil inside the group be less dense than that outside the group.  Although 

this is possible, it is unlikely as particular attention was paid during backfilling to 

ensure soil immediately around each pile was well compacted.  Additionally, nuclear 

density gauge testing outside the pile groups shows similar degrees of compaction as 

testing performed within the groups.  The p-multiplier for Row 2 is about what was 

expected.   

Figure 6.20 compares p-multipliers obtained from this study to those from 

previous testing is sand, whether full-scale or centrifuge.  It also shows design curves 

suggested by Rollins et al. (2005) for sand.  Note that the Rollins et al. design curve 

for Figure 6.20c applies only for the third row, not rows three through five.  Based off 

these two figures, it appears that the design curves proposed by Reese and Wang 

(1996) are appropriate as an upper bound for first row results while AASHTO (2000) 

seems to be a good lower bound for design of Rows 3 and greater.  Actual Row 2 

multipliers seem to fall right between the two design curves.   

The Row 1 p-multiplier arrived at in this test is higher than that proposed by 

Rollins et al. (2005).  Row 2 is somewhat lower while Row 3 is lower still.  Even so, 

design curves proposed by Rollins et al. (2005) are a fair match of results obtained in 

this test.  In general, these design curves appear to be good matches for general trends, 

although design curves for rows beyond Row 2 should be lowered.  Best-fitting data in 

Figure 6.20c produces a design curve nearly overlapping that suggested by AASHTO 

(2000).  It seems that curves proposed by Rollins et al. (2005) are valid for Rows 1 

and 2 while AASHTO design curves appear more accurate for subsequent rows. 
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(a) Previous Tests in Sand - Row 1
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(b) Previous Tests in Sand - Row 2
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(c) Previous Tests in Sand - Row 3-5
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Figure 6.20  P-multipliers obtained in this study compared to others from testing 
in sand together with commonly used design curves. 
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CHAPTER 7 - SUMMARY AND CONCLUSIONS 

7.1 TEST OVERVIEW 

In July and August of 2004, lateral load tests were conducted on a 3x5 pile 

group consisting of 324 mm (12.75 in) diameter piles spaced at 3.92 pile diameters.  

The test site was located north of the Salt Lake City International Airport control 

tower.  Although the original subsurface profile at the site consisted of gravel fill with 

layers of cohesive soil, materials to a depth of 2.44 m (8 ft) were excavated and 

replaced with washed concrete sand.  The pile group was pushed statically to eight 

target deflections by two hydraulic jacks that reacted against two nearby drilled shafts.  

Ten loading cycles were applied for each target deflection.  Piles were instrumented to 

collect lateral load and deflection at all pile heads, and strain along pile lengths of 

center piles.  A single pile was similarly tested for comparison with the pile group 

response so that group effects could be identified. 

Although data was recorded for all eight target deflections, only data up 

through the 68 mm (2.65 in) push was usable.  Analysis primarily consisted of load-

deflection, moment-load, and moment-depth plots.  Additional analyses included 

examinations of soil stiffness degradation with cyclic loading, load distribution within 

rows, normalized bending moment versus depth, decrease in efficiency with increased 
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deflection, and permanent deflection trends with each cycle.  Comparisons were drawn 

between first and tenth cycle data for most of these investigations.  Additionally, 

comparisons were made between these test results for sand and that collected by 

Snyder (2004) for the same pile group in clay. 

In addition to the above analyses, both the single pile and the 15-pile group 

were modeled with the finite difference computer programs LPILE (Reese et al., 2000) 

and GROUP (Reese and Wang, 1996), respectively.  Measured results for the single 

pile data were compared to results computed by LPILE.  Iteratively altering the soil 

property inputs produced an idealized soil profile that best matched measured and 

computed responses for the single pile.  The 15-pile group was then modeled in 

GROUP using this idealized profile.  The p-multipliers were iteratively adjusted to 

obtain agreement between measured and computed load-deflection curves.  P-

multipliers were thus obtained for each row of the 15-pile group. 

 

7.2 CONCLUSIONS 

7.2.1 Loads 

1. For the single pile test, tenth cycle loads were approximately 75 to 85 

percent of those for first cycles at the same deflections.  This trend was 

also true of the 15-pile group test loads.  For previous tests on the same 

pile group in clay, the degradation in resistance was somewhat greater, 

between 70 and 80 percent. 
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2. For both first and tenth cycles, loads developed in clays were 

approximately 60 to 70 percent of those developed in sand at the same 

deflections. 

7.2.2 Efficiency 

1. Pile group efficiency decreased with increased deflection up to a point.  

Beyond this deflection point, efficiency remained essentially constant.  In 

clay, this deflection was about 38 mm (1.5 in) while in sand it was 25 

mm (1 in). 

2. Average efficiency for the pile group in clay eventually stabilized at 

about 0.75, but for the pile group in sands it was somewhat lower at 0.6.  

7.2.3 Soil Stiffness Degradation 

1. In clay, 15-pile group stiffness leveled out at 84 percent of the first cycle 

stiffness by the fifteenth cycle and the change in degradation with 

increasing cycles had become relative minor.  In sand, stiffness decreased 

to 80 percent of the first cycle value after ten cycles, and it appears that it 

will decrease further with additional cycles. 

2. For the single pile in sand, 40 percent of stiffness degradation occurred 

between the first and second cycles.  For the 15-pile group, 50 percent 

occurred between cycles one and two.  For clay, these numbers were 50 

percent, and 60 percent, respectively. 

3. In sand, the single pile retained its stiffness slightly better than did the 

15-pile group; single pile stiffness was generally about three percent 
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higher than that of the 15-pile group.  The opposite was true in clays: the 

15-pile group stiffness was generally eight to twelve percent higher than 

that of the single pile.  Nevertheless the degradation trends were 

relatively similar for both soils considering the wide difference in 

strength and stiffness of the two soils. 

7.2.4 Residual Deflection 

1. Residual deflections are more significant in sand than in clay.  For sand, 

residual deflections tend to be about 45 percent of peak deflections for 

any given push.  For clay, they are about 15 percent of peak deflections 

for any given push.  This pattern is a result of the cohesive nature of clay 

which generally allows a gap to remain open whereas in cohesionless soil 

the gap becomes partially filled with sand. 

2. The relationship between residual and peak deflections is nearly linear 

with a slight upward concavity: large peak deflections will result in larger 

residual deflections, relatively speaking. 

7.2.5 Bending Moments 

1. In clay, depth to maximum bending moment increased with each target 

deflection.  This pattern was noted for the single pile test (although only 

slightly), but could not be observed in the 15-pile group test. 

2. For leading rows in sand, maximum moments developed appeared higher 

(by possibly as much as 80 percent) than those in clay at similar target 
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deflections.  For trailing rows, this difference appeared to fall to around 

30 percent. 

3. Although trailing rows (specifically Rows 3 through 5) don’t appear to 

develop larger maximum bending moments than do leading rows, results 

suggest that moments for these rows spread out along the length of each 

pile.  Hence, these trailing rows develop larger moments for greater 

depths than do leading rows. 

4. Tenth cycle bending moments normalized by loads appeared about 20 

percent higher than those for last cycles.  In clays this value was lower at 

about 15 percent. 

5. Normalized bending moments seem to match those for the test in clay 

despite non-normalized moments appearing to be larger in sand than in 

clay. 

7.2.6 Computer Modeling 

1. Computer simulations modeled actual conditions relatively well.  Load-

deflection curves appeared most accurate of all computed data.   

2. There was relatively good agreement between computed and measured 

moment data. 

7.2.7 P-multipliers 

1. Back-calculated first cycle p-multipliers for sand were 1.0, 0.5, 0.35, 0.3, 

and 0.4 for Rows 1 through 5, respectively.  Those in clay (for 
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deflections lower than 38 mm) were markedly higher at 1.0, 0.87, 0.64, 

0.81, and 0.70 for Rows 1 through 5, respectively. 

2. Back-calculated tenth cycle p-multipliers for sand were slightly higher 

than for first cycles at 1.0, 0.6, 0.4, 0.37, and 0.4 for Rows 1 through 5, 

respectively.  This effect is attributed to smaller failure wedges that 

develop in softened soils. 

3. In clay, secondary p-multipliers were back-calculated for deflections 

higher than 38 mm.  Although insufficient data prevented secondary p-

multipliers from being determined for sand, trends developed beginning 

at around 38 mm (1.5 in) deflections suggest it is necessary. 

7.2.8 Design Curves for p-multipliers 

1. Design curves proposed by Reese and Wang (1996) generally 

recommend larger p-multipliers than those found experimentally.  The 

design curves by Reese and Wang (1996) best match measured results for 

Row 1 while having the largest discrepancy for trailing rows. 

2. AASHTO (2000) design curves generally produce p-multipliers which 

are too conservative.  These design curves show their largest discrepancy 

from measured values for leading rows, while tending to be more 

accurate for trailing rows. 

3. The results from the field test indicate that different p-multiplier versus 

spacing curves will likely be required for piles in clay and sand due to 
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differences in the length and width of the failure wedges in these two 

materials. 

4. Curves proposed by Rollins et al. (2005) appear accurate for Rows 1 and 

2 while they seem high for subsequent rows. 

5. Leading rows (i.e. Rows 1 and 2) should have different p-multipliers.  

Multipliers for Rows 3 and beyond may be considered equal. 

 

7.3 RECOMMENDATIONS 

For design of pile groups in sand spaced at 3.92 pile diameters, the following 

recommendations apply: 

1. Group interactions must be considered in the design of pile groups 

spaced at 3.92 pile diameters. 

2. Based on findings from this study combined with data from previous 

research, design curves suggested by Rollins et al. (2005) appear 

appropriate for Rows 1 and 2 while curves specified by AASHTO (2000) 

appear appropriate for subsequent rows. 

3. When considering cyclic loading of a pile group, soil strength for cycles 

ten or greater should be reduced to 75 to 80 percent of that for the first 

cycle. 

 

For design of pile groups in sand, p-multipliers of 1, 0.5, and 0.3 would be appropriate 

for Rows 1, 2, and 3 and subsequent rows, respectively. 
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