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LATERAL PERFORMANCE OF DRILLED
SHAFT CONSIDERING NONLINEAR SOIL
AND STRUCTURE MATERIAL BEHAVIOR
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ABSTRACT

In addition to nonlinear soil behavior has been assumed in
conventional analytical method, performance of the laterally loaded
drilled-shaft is also strongly influenced by possible concrete cracking,
steel yielding, and shaft/soil separation and interaction. However,
these factors are often neglected in the most of available methods and
studied results. The main purpose of this paper is to investigate the
importance of the above-mentioned effects on lateral performance of
drilled reinforced-concrete shaft. The finite element code, ABAQUS,
which is available in the three-dimensional analysis is adopted for
taking into account the nonlinearity in shaft and soil materials, pile-
soil interaction and nonlinear geometric properties of the shaft/soil
system in the analysis. Also, infinite elements are used to simulate
unbounded boundary condition. One of the lateral pile load tests
results of high-speed railway system in Taiwan is used to simulate the
real behavior of drilled shaft subjected to lateral load. The numerical
results show that the nonlinearity of material and geometry strongly
affects the shaft deflection, steel stress distribution, concrete cracking
state, soil uplift in front of the shaft, and separation between shaft/soil
interfaces that is behind the shaft and along its depth.

INTRODUCTION

Two main approaches, the sub-grade reaction
method and the elastic solution, are often used for
analyses of piles subjected to lateral loads. Both linear
and nonlinear springs for soil properties can be utilized
with the sub-grade reaction approach but pile shaft is
often treated as a linear material. Although few re-
searches are available to take into account nonlinear
pile behavior in their studies, such as Reese and Wang
[12], Lin[7], Lin[8], Chiou [4], and Ng et al. [11], and
simplified p-y type soil resistance assumption is used.
The elastic approach considers the soil that is a continu-
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ous medium rather than unconnected springs as in the
sub-grade reaction method. The input variables can be
directly related to measured soil properties, such as its
stiffness and its strength in the elastic continuum model.
The shortcoming of elastic analyses is that they are
rarely realistic because the laterally loaded drilled-
shafts behave in a nonlinear manner, especially for such
reinforced concrete piles. In addition, perfect bonding
between pile shaft and soil is usually assumed to sim-
plify analyzed procedure.

In reality, the behavior of drilled shaft subjected to
laterally loading is three dimensional in nature. In
addition to nonlinear soil and shaft material properties
effects, soil-pile interaction and geometric nonlinear
effects such as possible separation between shaft and
soil due to lateral loading also influence the perfor-
mance of laterally loaded drilled-shaft. In order to have
a better understanding of laterally loaded response of
drilled shaft, taking into account possible nonlinear
material and geometry effects, the three-dimensional
(3-D) finite element method that is available in the
famous computer code, ABAQUS [6], is used in this
research to investigate the drilled shaft, which is com-
posed of steel reinforcement and concrete, embedded in
layered soil conditions. Pre- and post-processings of
the finite element meshes are processed via another
computer code PATRAN [10]. Nonlinear material prop-
erties for concrete cracking, steel yielding and plastic-
ity of soil in the shaft/soil system are considered by
using appropriate constitutive models. Possible separa-
tion and relative movement between shaft and soil due
to lateral loading is also treated in the analysis by using
contact command “CONTACT PAIR” available in the
software ABAQUS [6].

MATERIAL MODELING
1. Concrete model
In general, concrete tends to have linear and non-

linear behavior within and beyond 30% of the maximum
compressive strength, respectively. After the maxi-
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mum compressive strength is reached, concrete turns to
behave softening and begins to crush. Furthermore,
concrete tends to crack when the subjected tensile stress
is larger than its tensile strength. Material properties
used in the nonlinear analysis are given in the following:

Based on the ACI code [1], elastic modulus of the
concrete is given as

E,=57000+/f; (psi)= 4730/, (MPg)
~15000+/f, (kg/cm?) (1)

where f. isthe peak strength of concrete.

In addition, based on the study by MacGregor [9],
the respective strain relevant to the maximum strength
is

£, = 1811/, 2

The ultimate tensile strength or the cracking fail-
ure stress of concrete is also adopted from the ACI code
[1] and is given as

f,=754/f, (psi) =204/ (kgem?) ©)

With regard to the yield criterion of the concrete,
assuming the material follows the associated flow rule,
we have [7]

fo=q-v3a,p-v37,=0 (4

where aq is a constant which is chosen from the ratio of
the ultimate stress reached in biaxial compression to the
ultimate stress reached in uniaxial compression, 7. is
theyield stressin a state of pure shear stress, and p isthe
effective stress and can be expressed as:

-1 — 1,=_1 __|
p——gtrace(a)——ga.I——é(ax+ay+az)——§1
(5

in which ogisthe stress tensor, | isthe unit matrix, 14 is
the first invariant of the stress tensor, and following the
definition of the Mises equivalent deviatoric stress, q is
defined as:

q= %s:s: %sijsji:«/st (6)

where S= o + pl are the deviatoric stress tensor com-
ponents, and J, is the second invariant of the deviatoric
stress tensor.

Once concrete crack occurs, the material stiffness
needs to be adjusted to take into account the cracking
effect. Whether concrete is cracked or not is evaluated

at integration points of each element, based on the
Coulomb line defined as

- O\ -
ft:q_(s_boag)p_(z_Satu) 0,=0 (7

where ¢; is the equivalent uniaxial tensile stress, 0t is
the failure stress in uniaxial tension, by is a constant
which is obtained from the value of the tensile failure
stress in a state of biaxial stress when the other nonzero
principal stressis at the uniaxial compression ultimate
stress value, and P and § are defined in the same way as
p and qin Equations 5 and 6, respectively, except that all
stress components associated with open cracks (concrete
cracking has occurred) are not included [6].

Fig. laisthe uniaxial behavior of plain concrete
material, which is adopted in the nonlinear numerical
analysis.

2. Steel model

Steel reinforcing bars are assumed to be elastic-
plastic axially loaded elements. Discrete reinforcing
bars are embedded within the solid element. The elas-
tic-plastic model of steel material used in the nonlinear
numerical analysisis shown in Fig. 1b, and the elastic
modulus of steel rebar from the ACI code [1] isgiven as

Es = 29 x 10° (psi) = 2.04 x 10° (kg/cm?)
= 200,124 (MPa) (8)
3. Soil model

The conventional Mohr-Coulomb materials are
used in this paper for soil modeling. Brief review of the
model is given in the following:

The failure envelope, familiarized by most of the
geotechnical engineers, is expressed as

T=c+otang 9

where T is the shear stress, o isthe normal stress, and ¢
is the angle of internal friction.
Based on the Mohr circle, we can obtain

T:@ cosp (10)

and

a':(0-1+0-3)_(0-1;0-3) sing (11)

2

where o, is the maximum principal stress, and o is the
minor principal stress.
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Substituting T and o into Equation 9, we have

(0,—0y)

(0,+0y)
2 2

—C cosp— sing=0 (12)

FINITE ELEMENT MODELING DESCRIPTION

For the purpose of this study, how finite element
meshes are generated via the software ABAQUS [6] is
briefly described. Detailed description regarding how
to use ABAQUS is beyond the scope of this paper and
can be referred elsewhere. The shaft/soil system is
represented by using the 8-node isoparametric solid
elements. Similar to the study by Chen and Poulos [3],
the infinite field of the soil layers is divided into near
field and far field domains. Figs. 2 and 3 give the three-
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Fig. 1. Themodels of concrete and steel materials.

dimension and top view of the finite element meshes
considered in the numerical simulation and analysis
discussed below, including 16,585 elements and 19,445
nodes. The bold-face solid lines that appear in Fig. 3
represent the contact interfaces between the pile shaft
and soil, in which possible separation or relative move-
ment between soil and structure can be taken into ac-
count in the analyses. The bold-face dash lines indicate
the boundary between the near and far field. Infinite
elements are used for the soil domain beyond the
boundary. Consequently, the elements within the solid
lines are pile shaft elements while the elements outside
the solid line represent modeling for soil. In addition,
initial soil in-situ stressis also considered in the analy-
ses.

Fig. 2. 3D finite element model.
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Fig. 3. Top view of finite element meshes.
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Table 1. Simplified soil layersand analyzed parameterson test site

Depth spr.N Classification % Es c ¢ Ve Ko
(m) (kN/m?) (kPa) (kPa) )

03 1-5 ML/SM 18.64 44584 1.0 135 04 0.63

38 8~19 SM 18.64 49407 1.0 12 03 0.72
812 4~12 cL 18.69 81935 14.81 108 045 0.78
1216 1529 SM 18.84 96605 1.0 182 03 0.76
1622 11~23 CLCASM 18.84 122379 1.0 168 04 0.68
22-32 9~27 cL 18.76 242855 19.6 21 0.45 0.6
3240 1445 SM 19.07 282625 1.0 25 03 0.55

® =@
InC
)

58 A
o O O
P6  P7 P8
® % 8 8
- T o
o
. s
| Bearing Plate
©800 x 100 mm

LvDT H400 H300 ~HS00

Bored Pile Cap

{
{
{
7
7
7
7

r““‘
L
—
| E——
—
L
f—
f—
C
f—

Bored Piles PC Piles

#1500 mm @800 mm

L349m L34m
==

Fig. 4. Layout of laterally loaded pilestest [2].

NUMERICAL SIMULATION AND ANALYSIS

Elevated viaducts are used for the southern section
of the high-speed railway (HSR) project that passes
through the southwestern plain of Taiwan to minimize
the use of lands and the possible obstacles to the east-
west transportation. However, the southwestern plain
has poor soil conditions and is also a seismic active
zone. Hence, deep foundations are considered for the
viaduct structures. In order to understand more about
the behavior of the pile foundations installed in this
section, prototype pile load tests were conducted during
the design stage. The selected site for this pilot pile test
is located in Taipao, Chiayi County. Typical soil sim-
plified profiles and parameters in the test site are shown
in Table 1. Layout of the tested piles and pile groups
are shown in Fig. 4. Ground water table is about 1 m
below the original ground surface (GL.0 m). Water
contents are in the range of 20% to 30% [2]. Two groups

of piles were considered. One of the pile groups con-
sists six drilled shafts (designated as B3-B8), each of
which has the diameter of 1.5 m and length about 35 m.
The other group consists of 12 driven precasted con-
crete piles (designated as P1-P12) that are 0.8 m in
diameter and 34 mlong. The cap size of the drilled shaft
group is 12 m long, 8.5 m wide, and 2 m thick. The
precasted pile group has the cap of 9 m long, 8 m wide
and 2 m thick. The two groups are 12 m apart. For the
lateral group pile load test, a loading frame was in-
stalled between the two pile capsto exert lateral loadings.
In addition, seven other drilled shafts (designated as B1,
B2, and B9-B13) and one precasted pile (P13) were also
installed next to the pile groups for other purpose. In
general, each of the pilesin the group is equipped with
an inclinometer and some pairs of rebar gages to mea-
sure the lateral deflection and the variation of axial
stresses along the pile shaft [2].

Since the purpose of this paper isto investigate the
effect of material and geometric nonlinearity on lateral
behavior of drilled shaft, only B2 shaft is simulated,
evaluated and studied in details in this paper. The
length and the diameter of this B2 shaft, installed using
the casing method, are 34.9 m and 1.58 m, respectively.
The elevation of pile head is the same with original
ground surface (GL.0 m) that is above 1 m of the
practical ground surface (GL.-1 m) during the lateral
loading test. Seven loading cycles were incrementally
applied about 0.5 m below the pile head and in the order
of 196, 392, 549, 854, 1,158, 1,462, and 2,541 kN.
Under the maximum applied load, the respective head
displacement is 142.27 mm, which is about 9 percent of
the shaft diameter. Most of the shaft deflection exists
around the pile head to the depth of 11 m below ground
surface. The maximum tensile and compressive stresses
are occurred at the shaft locations of 5 m and 8 m below
pile head, based on the rebar gage measurements [2].

Material parameters used for the B2 shaft numeri-
cal analyses are listed in Table 2. The locations and the
properties of the reinforcements of B2 shaft, given in
Fig. 5[2], are modeled and simulated in the nonlinear



66 Journal of Marine Science and Technology, Vol. 12, No. 1 (2004)

Table2. Material parameterson HSR laterally loaded drilled-shaft B2

Bored Area Concrete Steel bar
Pile (m?) f¢' (MPa) fr (MPa) E. (GPa) Y, fy (MPa) E; (GPa) Y,
B2 1.961 27.468 3.283 24.623 0.18 412.02 200.124 0.29

* The equivalent elastic moduli of three shaft sections are 32.84 GPa, 30.1 GPaand 27.36 GParespectively in the linear analysis

(constant El) under varied laterally loading levels.
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Fig. 5. Details of cast-in-place drilled shaft for B2 [2].

analysis (nonlinear El) as detailed in Fig. 3. Moreover,
evaluation for the lateral performance of drilled shaft is
found to be affected by the factors of nonlinearity in
shaft materials, the various equivalent elastic moduli
for each shaft sections, which are obtained by trans-
forming the flexural rigidity of various shaft sections
from different materials and their contents, are used in
the linear analysis that treats drilled shaft as elastic
material and held constant (constant El) under varied
laterally loading levels. These moduli are also listed
below the Table 2.

Following the conclusion of the study by Chu [5],
the boundary between the near and the far field is
assumed to be the distance of fifteen shaft diameters
(i.e. s=30r, where r is shaft radius) away from the
centered axis of pile shaft. The calculated deflection
and the soil plastic strain zones around the shaft under
maximum applied loading are shown in Fig. 6. It also
indicates the ground displacement at distance of 15 m
(about 10 times of shaft diameter) away from the shaft

s/r

o -} 10 15 20 25 30 35 40 45 S0 55 6l

!40_IIIIIIIII|'Il]1|l|||||||||ll||||||||IIII[IIIIlIIIIIIIIIlIIII
shafl /soil interface

60

Lateral displacement of
ground surface, u, (mm)

plastic strain

Al|I|llll'llll[lllllllll]]lll

III|III|III|III|IIII

AN EEERN]

5 10 15 20 25 30 35 40 45

Distance from shaft center (m)

Fig. 6. Displacement of ground surfaceand plastic strain pr ofile of soil
under the maximum laterally loading level.

center, which isless than 1.5 mm and its corresponding
strain is only about 0.018%. In addition, the contour
diagram of the soil plastic strain zone shows the soil
yields within the distance of six times of shaft diameter.
Since ground displacement at location of fifteen times
of the shaft diameter from the shaft center approaches
zero, hence the assumed boundary between near and far
field is appropriate.

DISCUSSION ON THE NUMERICAL RESULTS

Based on the numerical simulation and analysis,
the calculated and the measured pile head loads vs.
displacement relationship isshownin Fig. 7. Apparently,
possible concrete cracking of the shaft significantly
affects the calculated results. If concrete cracking
effect is neglected in the numerical analysis, the results
tend to overestimate the capacity of the shaft. Ground
deflections along and perpendicular to the loading di-
rection under varied loading levels are shown in Fig. 8,
in which uy and uy;e represent the soil and the pile head
displacement along the loading direction, respectively.
As shown in the figure, the ratio of u, to up. decreases
along the distance away from the centered axis of pile
shaft. Even under the maximum loading, the affected
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ground distance in the loading direction is mainly within
about eleven times of shaft diameter from the shaft
center. Regarding the ground surface displacement in
the direction perpendicular to the loading direction,
some discontinuities appear at the shaft/soil interfaces
as aresult of interaction. The discontinuities indicate
that separation at shaft and soil interfaces may have
occurred because of relative movement, which also
results in faster displacement reduction rate at ground
surface. In addition, it is also found that the displace-
ment decreasing rate along the load direction appears to
be more severe with increasing load level. Furthermore,

3000

2500 — -

2000 — -

1500 e

Lateral load (kN)

1000
<> Measured

— — — Constant EI
500

Nonlinear EI

0l‘JlIlIlI'I‘\llllllllll]lllll

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

<

Pile head deflection (mm)

Fig. 7. Displacement of pile head under lateral load.

Deflection (mm) Moment (MN-m)

40 0 40 80 120 160 -4 0 4 8

with increasing loading level, the changing of displace-
ment perpendicular to the loading direction on ground
surface tends to localize the opposite direction and the
soil displaces on ground surface opposite to the loading
direction due to the shaft pushing.

The calculated deflection, bending moment, shear
force and soil resistance along the shaft are given in
Fig. 9. The measured and the calculated deflections
along the shaft under different loading levels are in

Giround Surface: X Y
—— %N — & —
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-

Fig. 8. Variant displacement of ground surface under different load-

ing levels.
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Fig. 9. Analyzed resultson laterally loaded drilled-shaft.
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Fig. 10. Comparisons of analyzed resultson laterally loaded drilled-shaft.

good agreement. For comparison purposes, how the
effect of shaft cracking on shaft/soil interaction perfor-
mance is also presented in Fig. 10. Based on this
figure, neglecting the nonlinear shaft behavior tends to
underestimate the deflection around pile head and over-
estimate the bending moments when loading level is
higher than 854 kN. In addition, the linear shaft as-
sumption (constant El) also affects the shaft shear force
distribution and the soil resistance estimation as given
in Fig. 10. Therefore, the importance of considering
nonlinear structural material behavior is quite obvious,
according to the numerical results. Good agreement
is also found for the calculated and the measured
slope along the shaft length as given in Fig. 11. Varia-
tions of the moment curvature relationships are given
in Fig. 12. Based on these calculated results, we can
see that shaft rigidity El is significantly affected by
the concrete cracking of shaft. The estimated shaft
cracking moment is about 1,700 kN-m, which matches
the shaft properties of materials and geometry given in
Fig. 5. The cracking and the yielding moments of the
shaft given in Fig. 5 may be computed as 1,695.6 KN-m
and approximate above 10,830 kN-m, respectively.
When lateral load increases to 854 kN, the bending
moments of the shaft at depth 3 m to 9 m (Fig. 9) ap-
parently exceed their cracking moment, resulting
in some local concrete cracking in the shaft. The
concrete cracking effect is more severe and spreading
up- and downward when the applied lateral loading is
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Fig. 11. Variation of slope along the shaft.
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Fig. 13. Stressdistribution of rebar along the shaft.

increased, as shown in Fig. 12. The measured and
the calculated rebar stresses under different loading
levels are given in Fig. 13. The maximum values, as
well as the measured results, are between 5 mand 7.5 m
below pile head, apparently. Figs. 14 and 15 give
the calculated results on soil movement around the
shaft under different loading levels. As shown in Fig.
14, the ground soil in front of the shaft in the loading
direction tends to move upward. The value of the
upward movement increases with increased |oading
level. The maximum uplift at maximum loading of
2,541 kN, is 113.48 mm, which occurs at the location
about three quarters of shaft diameter from the centered
axis of pile shaft (i.e. s= 1.5r). The uplift diminishes
at location about five times of shaft diameter from shaft
center. Shaft/soil separation is found behind the rear
side of the shaft. In addition, asindicated in Fig. 15, the
depth of separation behind the shaft increases with
increased loading level. At maximum loading level of
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Fig. 14. Upward movement of ground soil in front of the laterally

loaded shaft.
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Fig. 15. Separated state between shaft and rear soil under different
loading levels.

2,541 kN, the depth of separation is about 2 m down-
ward from the ground surface.

CONCLUSIONS

By adopting the available finite element code,
ABAQUS, and also considering nonlinearity of struc-
ture and material properties of both soil and shaft for a
laterally loaded drilled-shaft analysis, some conclu-
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sions can be drawn in the following:

1.

2.

The models used to represent the structural geometry
and material properties are capable of simulating the
lateral behavior of drilled shaft under nonlinear
conditions.

The importance of including the effect of concrete
cracking on drilled shaft behavior due to lateral |oad-
ing has also been shown. For the numerical case
simulated and examined, the shaft cracked at loading
level of 630 kN. The respective deflection is 10.1 mm
only, which shows that the elastic performance of
shaft can be kept merely within very small displace-
ment range. Neglecting the nonlinear behavior of
structure and material will overestimate the lateral
shaft capacity.

. The ground soil uplift in front of the shaft along the

loading direction increases with increased loading
level. However, the maximum amount of ground soil
uplift is not located at the closed soil/shaft interface,
it occurs at the adjacent place in front of the shaft,
probably caused by the friction between the shaft and
the soil.

. Pile group behavior is much more complicated than

that of a single pile. The factors on performance of
laterally loaded single pile presented in this paper
also affect the behavior of a pile group. How these
factors affect the performance or response of pile
group subjected to lateral loading are important and
need further investigation.
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