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Finite element analysis of laterally loaded drilled piers in clay 
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SYNOPSIS A finite element three-dimensional model which accounts for sliding and

separation between pier and surrounding soil, nonlinear soil behavior, and soil layering is 

used to analyze drilled piers constructed in clay and subjected to lateral loads. The pier and 
surrounding soil are represented by an arrangement of isoparametric solids and interface 

elements that allows for multiple soil layers. The deformation and strength properties of the 
soil are obtained from standard laboratory tests and field tests such as the pressuremeter, and 
the classical bilinear, kinematic hardening, plasticity approach is used to reproduce soil 

nonlinearity. Model response predicitions are compared with full scaled field tests and are 

shown to be in good agreement.

INTRODUCTION

Due to economic and aesthetic reasons, the use 

of large structures such as lattice towers for 
the support of overhead transmission lines is 

becoming less popular with utility companies, 

whereas the use of steel pole structures, 
either directly embedded in the ground or 

placed on drilled piers, is becoming more and 

more common. As such, there is a growing need 

for the development of realistic analyses and 
design procedures for laterally loaded 

foundations.

In recent years, attempts have been made by 

several investigators (Davidson, 1982; Lapeyre 

and Hiriart, 1983; Briaud et al, 1985; and 
Bragg et al, 1988) to optimize the placement 
of laterally loaded foundations. The most 

successful have resulted in the development of 

semi-empirical models, largely based on 

subgrade moduli, for the analysis and design of 

drilled piers. Most of these semi-empirical 
models account for nonlinear behavior and 

incorporate ultimate load capacity criteria. 
However, they do not adequately account for 

three-dimensional behavior and soi1-structure 
interaction.

With the creation of faster and more powerful 

computers, the alternative of using the finite 
element method is becoming more desirable. In 

this paper, a non-linear, three-dimensional, 

finite element model (FEM) is described for the 
analysis of drilled piers in clay subject to 

high overturning moments and lateral loads, 
and comparatively small vertical loads, using a 

commercially available finite element computer 
code (De Salvo and Swanson, 1985). The 

numerical procedure allows for the elasto 

plastic behavior of the foundation material, 
multilayer subsurface conditions, and employs 

a thin-layer interface element to model the 

slippage and debonding effects between the

structure and the soil. In developing the soil 
model, several methods for obtaining the 

relevant soil properties from field and 
laboratory tests (pressuremeter, penetrometer, 

triaxial compression, etc) were investigated 

and the most appropiate adopted. The loads and 

displacements obtained using the above model 

and numerical procedure are compared with 

those generated by other models and procedures 
available, as well as with natural scale field 

tests. Other relevant data are also analyzed 

and summarized.

MODEL DEVELOPMENT

The drilled pier and surrounding soil were 

idealized by use of a three-dimensional finite 

element mesh consisting of 1225 nodes, 799 

isoparametric solids, and 105 interface 
elements. Since the problem was symmetric with 

respect to the plane of loading, only half of 
the environment was generated, as presented in 

Figure 1, where a pier 12.5 m in length and 4.0 
m in diameter is shown embedded in a 22.0 m 

thick by 22.0 m diameter environment. The 
soil-to-pier diameter ratio of 11 and the soil- 

to-pier embedment ratio of 1.75 were selected 

after conducting a mesh sensitivity study. The 
finite element mesh generated allowed for a 

maximum of 12 soil layers between the ground 
surface and the bottom of the pier, and 6 soil 

layers between the latter and the lower soil 

boundary. In order to model the soil-pier 

interaction, the thin-layer interface elements 
were placed around the side and bottom of the 

pier. These elements are capable of supporting 
compression in the direction normal to the 

surface and shear (Coulomb friction) in the 

tangential direction, thus allowing for the 
slippage and debonding effects between the 

pier and the soil observed in instrumented full 
scale tests.
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Fig. 1. Three-dimensional Finite Element Mesh

Since the highly nonlinear load-deflect ion 
behavior of laterally loaded drilled piers is 
due principally to nonlinear soil behavior, 
the soil model had to appropriately account for 
the latter. Soil nonlinearity was reproduced 
by applying the classical bilinear, kinematic 
hardening, plasticity model to the soil 
section of the finite element mesh. This 
criterion, which encompasses linear behavior 
characterized by the modulus of elasticity and 
a yield stress equal to twice the undrained 
shear strength of the soil, has the advantage 
of being simple and smooth, and can be used for 
undrained soil conditions with total stress 
analysis when no changes of intermediate and 
minor stresses are considered.

The shear load acting at the top of the pier 
was obtained by integrating an equivalent 
shear stress over an influence area and 
applying concentrated forces in the x- 
direction on the pier surface nodes. 
Similarly, the moment acting at the top of the 
pier was generated by applying concentrated 
forces in the z-direction on the pier surface 
nodes.

SELECTION OF SOIL DESIGN PARAMETERS

To facilitate the use of the FEM, the 
parameters needed to establish the soil's 
strength and deformation characteristics, 
namely the undrained shear strength and the 
modulus of elasticity/deformation, should be 
obtained from tests that are representative of 
field conditions, reproducible, and where 
possible, relatively simple. In addition, if 
the test selected is of the in-place type, the 
disturbance associated with the extraction and 
handling of soil samples would be avoided. 
Since it is believed that the pressuremeter 
test best reproduces the conditions in the soil 
surrounding laterally loaded drilled piers

(Davidson, 1982; Lapeyre and Hiriart, 1983; 
Briaud et al, 1985), as well as satisfies the 
other criteria mentioned above, much effort 
was devoted to making maximum use of data 
obtained via the pressuremeter. The extensive 
soil data generated from pressuremeter tests, 
laboratory strength tests, and conventional 
in-place penetration tests was studied, 
corresponding results from the different 
testing techniques were compared, and the most 
appropriate value available was chosen. Even 
though the Latter exercise was not conclusive 
in identifying the values from any one 
particular test as appropriate for all cases, 
some points of interest can be made:

1. The use of the modulus of deformation 
obtained from pressuremeter tests seems to be 
most appropriate because the moduli of 
elasticity obtained from laboratory tests show 
dependency on disturbance. However, the 
pressuremeter tends to yield lower values than 
expected for the modulus if data is interpreted 
in the conventional manner. On the other hand, 
if Menard's idea (that the pressuremeter 
modulus lies somewhere between the compression 
modulus and the tension modulus and thus should 
be divided by a reological factor that varies 
from 0.25 for gravels to 1.0 for 
overconsolidated clays) is applied, the 
resulting modified modulus appears to be 
acceptable.

2. Peak undrained shear strength values 
obtained from pressuremeter data are 
unreasonably high, whereas values from 
unconfined compression tests tend to conform 
to a lower bound with a high dependency on 
disturbance. The residual undrained shear 
strength values obtained from pressuremeter 
data using an ideal elastic-plastic assumption 
are approximately twice as large as the peak 
values obtained from unconsolidated, undrained 
triaxial compression tests on silty soils.

In the application of the FEM to predict pier 
foundation response, a modulus of deformation 
was obtained from available pressuremeter data 
by using linear elasticity and cylindrical 
expansion in conjunction with Menard's 
reological factor. If pressuremeter data was 
unavailable, a modulus of elasticity was 
obtained from available laboratory test 
results. On the other hand, the undrained shear 
strength of the soil was estimated as the peak 
shear strength from unconsolidated, undrained 
triaxial compression tests.

PEM PREDICTIONS OF PROTOTYPE PIER TESTS

In order to assess the adequacy of the adopted 
model, FEM predictions were compared with the 
responses observed in several full scaled 
field tests. However, because of space 
limitations, only 3 cases are presented in this 
paper. The first two cases deal with the 
application of pure shear loads whereas the 
last one accounts for large eccentricity of 
load. In addition to applied load versus 
movement of pier at the groundline, as shown in 
the following sections, the FEM also generates 
all of the stress-strain results for the entire 
pier and surrounding soil.
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Cases 1 and 2: Southern California Edison Test 
Piers

Southern California conducted instrumented 
lateral load tests on 12 prototype drilled 
piers situated along its Mesa-Olinda 230 kv 
transmission line route, Bhushan et al, 
(1979). However, since all piers were 
constructed in similar subsurface conditions 
consisting of hard, heavily overconsolidated 
clay, only that with a diameter of 1.2 m and an 
embedded depth of 3.8 m, and that with a 
diameter of 0.6 m and an embedded depth of 4.7 
m (slenderness ratios of 3.125 and 7.75, 
respectively), were chosen for presentation. 
The idealized soil profile consisted of a 
uniform layer withY= 20.4 kN/m3, e = 31.6 MPa, 
cu = 228 kPa, and u = 0.3. At the time of soil 
sampling and pier testing, no groundwater was 
observed. The unit weight of the soil was 
averaged from data obtained from intact 
samples, whereas the undrained shear strength 
and the modulus of elasticity were averaged 
from unconfined compression tests and 
unconsolidated, undrained triaxial compression 
tests performed on undisturbed samples. The 
load was applied to the prototype piers by 
means of hydraulic jacks at or near the ground 
surface to minimize load eccentricity.
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Fig. 2. Lateral Load versus Groundline
Deflection for Edison Test Pier (case 1)
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Fig. 3. Lateral Load versus Groundline
Deflection for Edison Test Pier (case 2)

Figures 2 and 3 show the lateral load versus 
the groundline deflection observed for the two 
piers just described along with the 
predictions generated by methods of analyses 
due to Terzaghi (1955), Reese et al (1975), 
EPRI (1982), and the FEM described herein. 
Also shown is the ultimate capacity prediction 
according to Hansen (1961). Unfortunately, no 
pier rotation behavior was monitored in the 
field. As shown in Figures 2 and 3, Terzaghi's 
equation produces the most conservative 
prediction at all levels, whereas the methods 
of Reese and EPRI are very good for predicting 
deflections at very low to low load levels. 
However, at high load levels, Reese's method is 
rather conservative and the EPRI model tends to 
under predict deflection in the first case and 
over predict it in the second. On the other 
hand, the FEM approach, in spite of being 
conservative at low load levels, yields the 
best prediction at higher loads and the best 
overall agreement for both cases. The over 
estimation of deflection at low load levels is 
believed to correspond to the inability of the 
adopted finite element model to account for 
adhesion between the pier and the soil. 
Adhesion, which is generally estimated as a 
percentage (ranging from 100% for soft clays to 
as low as 40% or less for stiff to hard clays) 
of the soil's undrained shear strength, 
generates resistance which in turn produces a 
stiff foundation behavior at low strains. At 
moderate to high strains, this shear 
resistance seems to deteriorate to low, and in 
some cases, insignificant, residual levels.

Case 3: EPRI Pier Test 2 (VEPCO).

EPRI Pier Test 2 was constructed in stiff to 
hard silty clay near Richmond VA, with a 
diameter of 1.4m, an embedded depth of 3.6 m, 
and a slenderness ratio equal to 2.6. Since 
load application was at a distance of 
approximately 24.7 m above ground surface, 
high overturning moments were generated with 
relatively small lateral forces. The 
subsurface was idealized using four strata 
with characteristics obtained from field and 
laboratory tests and shown in Table I. The 
reological factor proposed by Menard (1975) to 
modify the modulus of deformation obtained 
from pressuremeter tests, was applied to the 
data with value of 0.5, corresponding to the 
type of soil encountered at the site.

Table I
EPRI Pier Test 2 (VEPCO) Idealized Subsurface

Depth Unit Modulus of Undrained
Weight Deformat ion Shear Strength

(m) (kN/m3) (MPa) ( kPa )

0.0-1.2 19.0 5.5 91.0
1.2-1.8 20.6 17.9 95.8
1.8-3.2 22.4 46.9 191.6

>3.2 21.1 26.2 191.6

Note: groundwater level at 3.5m below surface.

The observed groundline deflection and 
rotation of the pier versus the applied 
groundline moment for case 3 are shown in 
Figures 4 and 5 along with the corresponding
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EPRI and FEM predictions. As the figures 
indicate, the FEM prediction is softer than 
the observed response at low to medium load 
levels but improves as load levels increase. 
On the other hand, the EPRI model under 
estimates the movement (deflection and 
rotation) at all load levels and exhibits 
poorer agreement as load levels increase.
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Fig. 4. Groundline Deflection versus Applied
Groundline Moment for EPRI Pier Test 2

CONCLUSIONS

A finite element model has been presented to 
analyze drilled piers in clay subjected to 
lateral loads (moment and/or shear). The 
model is based on an available commercial 
computer program and can adequately represent 
the three-dimensional aspects of the 
foundation system, sliding and separation 
between pier and surrounding soil, nonlinear 
load-movement of the foundation, and soil 
layering. The results obtained from FEM and 
full scaled tests show good agreement at all 
load levels. However, it is believed that the 
model can be further improved in its low load 
level prediction by the incorporation of the 
effect of adhesion in the interface element,

and this is currently being investigated. 
The application of pressuremeter test 
results to idealize the soil deformational 
characteristics yielded the best agreement, 
and thus their use is recommended. However, 
it is necessary to further investigate the 
potential for obtaining the undrained shear 
strength parameter through this in-place test 
procedure, and thereby enable the use of only 
one test technique by the developed FEM.
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