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SOIL-PILE INTERFACE MODEL FOR AXIALLY LOADED SINGLE PILES

EDUARDO R0JAS), CELESTINO VALLED and MIGUEL P. Romoiid

ABSTRACT

On the basis of the observed experimental behavior of axially loaded friction piles driven in soft clays, a soil-pile in-
terface model is proposed using the basic rheological units: springs, dashpots and sliding elements. All the mass of soil
affected by the presence of the pile is concentrated in a ring of infinitesimal width. Therefore, all the phenomena re-
garding the soil-pile stress distribution and displacements will take place in this surface.

The proposed rheological model is introduced in a general boundary elements formulation for axially loaded piles.
In this formulation, the pile is discretized in a certain number of elements in order to consider a variety of phenomena
such as: the deformation of the pile, the increment of radial and axial stresses in the soil mass due to load transfer and
the stiffness of the different layers it passes across.

Parameters of the rheological model can be obtained from a creep triaxial test and a direct shear test. In case the
pile cuts through different layers, it is necessary to compute the parameters for each layer.

The proposed model is able to simulate the load-displacement behavior of axially loaded floating piles subject to
monotonic as well as cyclic loading. It is also possible to determine the load and displacement at the pile tip and shear
stress distribution along the pile shaft.

Results of the proposed model have been compared with a very well documented series of pile tests carried out in
Mexico City. Tested piles were squared 30 cm on the side and were driven 10 m in a quite homogeneous clay layer.
From these comparisons it can be concluded that the model is able to adequately reproduce the most important
aspects of the load-displacement behavior of friction piles driven in clay deposits.
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Rheological models. Rheological units are used to
INTRODUCTION model the pile-soil interface. In one of the first attempts,

Different methods of analysis have been proposed to es-  Iwan’s model was used to simulate the load-displacement
timate the load-displacement behavior of friction piles.  behavior of friction piles subject to static and cyclic axial
Due to space limitations, the characteristics of some of loading (Goulois, 1982). However, this model requires
the pioneering methods are briefly discussed herein. All  an important number of parameters for each layer and it
these methods consider the general principles of equilibri-  does not consider the interaction among the different sec-
um and displacements compatibility between pile and  tions of the pile. Results of the model were not compared
soil. with field test.

t-z curves. This method uses typical shear stress-dis- Approached closed form solutions. By means of some
placement curves at different depths obtained experimen- simplifying assumptions concerning the load transfer
tally (Coyle and Reese, 1966) or analytically (Kraft et al., into the soil mass (considered as elastic), an approached
1981 (a)). Considering certain hypotheses as to the solution is established (Randolph and Wroth, 1978). This
strength of the soil, the analysis can be applied to normal-  procedure may consider radial and vertical heterogenei-
Iy consolidated as well as overconsolidated soils. ties.

Boundary elements. Based on Mindlin’s equation, two Finite element method. In this approach the soil shear
main approaches can be used: one where pile and soil  stress-displacement behavior is introduced by means of
boundaries are discretized (Butterfield and Banerjee, the hyperbolic model and the relative displacements be-
1971) and a simplified analysis where only the pile is dis-  tween pile and soil are allowed by special soil-pile inter-
cretized (Mattes and Poulos, 1969). This procedure can  face elements (Ellison et al., 1971; Desai, 1974). In the
be easily extended to pile groups. case of driven piles, initial stresses in the field can be con-
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sidered.

Each one of the models described above can simulate
some of the fundamental aspects of the behavior of fric-
tion piles. These aspects are discussed below.

Behavior of Axially Loaded Single Friction Piles

According to tests results, the behavior of axially
loaded friction piles driven in clayey soils can be de-
scribed as follows:

a) A linear load-displacement behavior up to 70% of
the failure load (Fig. 1, Rivera, 1982).

b) Stiffness and failure load of a floating pile highly de-
pend on the loading rate (Fig. 2, Kraft et al., 1981
(a)). Linearity of the curves for fast loading tests
persists up to 80% of the failure.

¢) The stiffness of a floating pile during cyclic loading is
similar to that observed for a fast loading test. On
the other hand, plastic displacements accumulate
with every cycle when the static failure load is
exceeded.

To account for the plastic displacements that accumu-
late during earthquake-type loads, a model which in-
cludes the soil-pile interface behavior is proposed in this
paper. The interface is modeled by means of rheological
units that permit computation of elastic and plastic dis-

Load Q, in ton.

Displacement, in mm.

Fig. 1. Loading tests in piles (Rivera, 1982)
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Fig. 2. Loading rate effect (Kraft et al., 1981 (b))

placements, as well as the rate loading effects. The im-
plementation of the procedure follows closely the
method based on boundary elements proposed by Mates
and Poulos (1969) and Poulos (1979).

SHEAR STRESS SOIL BEHAVIOR

A vertical floating pile subject to axial loading trans-
mits most of its load by the friction generated between
the shaft and the soil. Soil behavior under these condi-
tions is usually simulated in the laboratory by direct
shear tests. The main differences between this test and
field conditions are: a) horizontal stresses (which
represent the vertical stresses in the field) can not be con-
trolled during the test; b) the horizontal confinement of
the specimen (which represents the vertical direction in
the field) is rigid, avoiding any displacement in that direc-
tion, while, soil in the field suffers important vertical dis-
placements. Accordingly, one should be cautious when
using data from direct shear tests for friction pile capaci-
ty calculations.

SOIL-PILE INTERFACE MODEL

The model for the interface soil-pile behavior
proposed in this paper, includes the following assump-
tions:

1) The total displacement of a pile can be obtained by
the addition of a viscoelastic part and a viscoplastic one

0=0.+7,. ¢))

Viscoelastic displacements are generated by the pile load
distribution into the soil. Viscoplastic displacements are
produced by relative sliding between pile and soil when
the residual shear strength of the soil is surpassed.

2) All the soil affected by the pile load transfer is concen-
trated in an infinitesimal wide ring surrounding the pile.
This ring also corresponds to the sliding surface where
viscoplastic displacements take place.

3) It is considered that all the loading process occurs in
undrained conditions unless the loading rate is excessive-
ly slow.

4) It is assumed that a three parameter model (Fig. 3(a))
is adequate to determine the viscoelastic component of
the displacement as a function of the loading history.
Parameters of this model can be established from a creep
triaxial test.

5) Viscoelastic displacements can be determined using
Mindlin’s solution for a loading point inside a semi-
infinite space where the soil modulus used is evaluated
from the three parameter model, as shown later.

6) Viscoplastic displacements start developing until the
residual shear strength of the soil is surpassed in every sec-
tion of the pile. This assumption is supported by the
results of direct shear tests carried out on Mexico City
clays on soil-concrete interfaces (Ovando, 1995), some of
which are depicted on Fig. 4. As can be observed, the
residual strength obeys Coulomb’s equation, so its value
will depend on the horizontal stresses existing at the pile
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(¢) Schematic representation of the complete pile-soil model

Fig. 3. Proposed model

shaft at each depth. According to the viscoplastic unit
(Fig. 3(b)), this assumption implies that for an infinitely
slow test, failure will arise at the residual strength.
7) It is considered that a model consisting of a dashpot
and a sliding mass coupled in parallel (Fig. 3(b)), is ade-
quate to determine the viscoplastic deformation as a func-
tion of the loading rate. Parameters of this model can be
established from a direct shear test.

According to the above considerations the modeling of
a friction pile subject to axial loading is carried out in the
following way: from the three parameter model the soil
modulus at each depth is established as a function of the
loading history in that zone. Thus, from Mindlin’s equa-
tion the viscoelastic displacement at each depth can be ob-
tained. If the residual shear strength is exceeded in every
section of the pile, then the viscoplastic displacements

2 3 4 L] L] 7 e 9 10 11 12

Horizontal deformation in mm.

Fig. 4. Direct shear tests results (Ovando, 1995)
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Fig. 5. Determination of the model’s parameters

are added to the viscoelastic ones to obtain the total dis-
placement of the pile. A schematic representation of the
complete model is given in Fig. 3(c).

The three parameter model proposed for the viscoelas-
tic deformation exhibits the following particularities: un-
der instantaneous loading only the spring E; deforms. If
load persists during a certain time then the dashpot #,
starts to deform interacting with the spring E, producing
important strain rate variations. When loading persists
for a very long time (¢— o0) the behavior of the model is
similar to springs E; and E, coupled in serial (Fig. 5(a)).
Parameters E;, E, and 7, can be easily found from a
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creep triaxial test as shown in Fig. 5(b). On the other
hand, parameter 7, is related to the plastic displacement
rate obtained from a stress controlled direct shear test
when the residual strength of the soil has been surpassed
(Fig. 5(c)). Plastic displacements are obtained by subtract-
ing the elastic displacements from the total ones. In this
case, the elastic modulus can be obtained from the first
load increment applied on the direct shear test as long as
it represents a small part (one fifth to one tenth) of the
shear strength of the soil sample.

According to results of some direct shear tests carried
out on Mexico City clay (Ovando, 1995), an adequate
relationship for the shear strength in a soil to soil inter-
face is given by

O'ci:Ci‘l‘O';i tan Qi (2)

where o, represents the effective normal stress applied on
the failure surface, and ¢; and ¢; are the internal friction
angle and the cohesion of the soil, respectively. The same
kind of relationship holds for the residual strength of the
soil.

In the following sections, the relationships defining the
behavior of the viscoelastic and viscoplastic models are es-
tablished.

Monotonic Loading
First of all, equations for the viscoelastic model will be
developed, following those for the viscoplastic part.
The general equation for the three parameter model
shown in Fig. 3(a) is

—'7~‘>d+ EI+EZ) =mé+Ee (3)
E E, g=MNn& 2&.

From this relation the viscoelastic strain (&) at time ¢ pro-
duced by stress o(¢) is given by
a(t) 1

t
+—S a(t)Adt’ 4)
E,  mi

E(t)=
where
E,
A=exp| —({'—1)
M
and ¢’ represents the time variable between the limits 0
and ¢. According to this expression, the displacement at
time ¢ will depend on the stress history applied up to that

time. If a monotonic loading is applied at constant rate
of magnitude a, then the strain at time ¢ is given by

e()=2+2 [t—%—l a —B)]

E, E
E,
B=exp| — ¢ |. )
m
For a creep test (c=constant), the solution to Eq. (3) is
t)— E1 +E2 g (6)
&(t)=0o L., B2

During a pile test, the total load is usually applied at
small increments and constant time intervals. In conse-

quence, loading history in this case can be considered as
the superposition of a series of creep tests and therefore
Boltzman’s superposition principle can be applied in the
form

s(t)=0'0J(t)+§ J(t—t’)%?dt )
0

where &(¢) represents the strain at instant ¢, o, the initial
stress, J(¢) the creep function at time ¢ and ¢’ the instant
at which a stress increment is applied. For the case of
stress increments of different magnitude (4;) applied at
a constant time interval A¢, the strain at the end of the n*
increment is

E\+E, » 1 ( n >
AO’[—““ AO’iC 8
E\E, ,; E, lzzn ®

&(t)=
where
E, .
C=exp _77— (n—i+1)Azr ).
1

This equation can be used to simulate a pile test at a con-
stant loading rate. It should be stressed that even if the
load increment remains constant, the stress distribution
along each section of the pile shaft will be different. Fur-
thermore, even if the values of Ag; and 4¢ remain con-
stant, the strain response of the model is non linear.

As the model stiffness depends on the loading history,
the viscoelastic tangent modulus (E,=(d0,/d¢,)) should
be determined by

_ 1
Ee_E1+E2+ 1 1 D (”il AO’,' W) D (9)
E\E, E, ( ) =140,

where
E,
D=exp<——At)
m
E, )
W=exp —%—(n—z)At .
1

When shear stresses reach the residual strength (o=a,),
the viscoplastic unit of the model will start moving and
relative displacements between pile and soil will develop.
The general equation for the viscoplastic unit (Fig. 3(b))
is

(10)

where 5p represents the viscoplastic displacement rate.
Then, the displacement occurring at time 7 is

6,=(6—0,)/1m, when o—0,>0

10
5;:(1):_5‘ (o(t)—a,)dt
H2dy

2

(11

where 7, represents the instant at which the applied stress
o(t) reaches the residual strength o,. If the applied stress-
es increase at constant rate of magnitude a, the displace-
ments will be given by

ép(t)=§7;(t—to)z. (12)
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For creep test conditions, Eq. (11) yields

1
Oop(t)=—(a—0a,)(t—1). (13)
N>
Finally, for stress increments of different magnitude
(40;) applied at constant time interval A¢, the displace-
ments are computed with
At » )
op(t)=—>  Ada,(n—j+1) (14)
n2 j=t
where 7 represents the number of stress increments ap-

plied up to time ¢ and / the stress increment number for
which ldo=a,.

Behavior under Cyclic Loading

Herein the behavior of the proposed model for the
case of cyclic loading is presented. It is considered that
the soil does not degrade due to cyclic loading. This ap-
proximation may not be adequate for many low to medi-
um plasticity clays, however there exists an increasing
bulk of experimental evidence (i.e. Romo, 1995) that
shows that the highly plastic Mexico City clays undergo
negligible degradation when loaded by as many as 50 cy-
cles with dynamic stresses as high as 80% of the clay un-
drained strength. Thus, this model limitation is of little
practical concern for highly plastic clays similar to those
of Mexico City. For other less plastic clays, degradation
effects should be accounted for. The model may readily
be modified to reproduce such effects.

Consider a cyclic stress of the form

=0 sin (wt)

1s)

acting on the model presented in Fig. 3(a), where 20,
represents the amplitude of the cyclic loading, w the fre-
quency and ¢ the time; viscoelastic strains are given by
(Flugge, 1968)

E(t)=0(E. sin (wt)+E.; cos (wt)) (16)
where
E\E, < mE; )2602
_ E1+E2 E1+E2 EI
Ea= E\E, >Z+ nk, >2 2 an
E+E) \E+E)“
E, E, )2
g Bt \E+E) | 8
2T EiE, \? E, (1)
+ I/ w2
E1+E2 E1+E2
and the tangent modulus is
E.=cos (wt)/(E. cos (wt)—E_, sin (wt)). 19)

If 6=0, viscoplastic displacements will take place.
These displacements can be determined from the analysis
of the viscoplastic unit (Fig. 3(b)) considering that it un-
dergoes a cyclic loading which reaches the critical value
o, at instant #,. Under these conditions

cos (wty) —cos (wt)
nw

ap(r)=(acy)( >+"“_”’(t—to) (20)
N2

where the cosine argument is given by

wly=sin""! [(a,—a)/ o). 1

Here o represents the sum of the static and the cyclic
stresses given by

o=04+a, sin wt. (22)

SOIL-PILE SYSTEM

The model presented here is based on the simplified
boundary elements method proposed by Poulos (1979)
for axially loaded piles. However, in the present model
the pile-soil interface behavior is represented by means of
the viscoelastic modulus that takes into account the rate
and duration of loading.

To set up the problem, the pile is divided into a num-
ber of small sections and the viscoelastic behavior of the
soil surrounding the pile is represented by the three
parameter model. The relationship between stresses on
the pile shaft and viscoelastic soil displacements is estab-
lished by means of Mindlin’s equation. In the case of
stratified soil, parameters of the model should be deter-
mined for each layer. The applied load is distributed
along the pile shaft by assuming a tip displacement and
by considering the compatibility between pile and soil dis-
placements. If equilibrium is not reached with this distri-
bution, the load is redistributed along the pile shaft by
assuming another tip displacement. This process is repeat-
ed until equilibrium and compatibility are fulfilled. In
order to take account of the loading rate the model is for-
mulated in the time domain. Accordingly, the model
would be able to simulate the load-displacement behav-
ior of a floating pile for monotonic loads applied at differ-
ent loading rates or cyclic loads applied at different fre-
quencies.

Displacements of the pile are computed at the pile
shaft or at a small distance from it when a crust of soil
appears. This surface represents the interface of
infinitesimal width mentioned above, where all the
phenomena associated with the soil take place. As sug-
gested by Poulos (1968, 1979, 1980), these displacements
may be computed with:

{ds}=[Ip]{do} (23)

where {ds} represents the soil displacement vector at
each node and [Ip] is Mindlin’s influence factors matrix.
This matrix is formed by the mid-height displacements
produced by the loads acting on each one of the sections
of the pile and divided by the shear stress at each section.
These displacements can be obtained considering that the
axial load on a pile section is distributed into the soil as a
uniform shear stress around the section’s perimeter. In
that case the influence factor can be obtained by integra-
tion of Mindlin’s equation along a section of the pile as
performed by Poulos (1968).
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Once the influence factors are defined, the viscoelastic
displacements, d,, are computed following the iteration
procedure developed by Poulos (1968, 1979, 1980).

To compute the corresponding viscoplastic displace-
ments, it is necessary first to evaluate the residual or criti-
cal shear strength at each node of the pile. This strength
can be obtained from Eq. (2) written in the form

on=cn+ (Ko, +do,—u;) tan ¢ 24)

where ¢, ¢ and K; represent the residual cohesion, the
residual internal friction angle and the lateral earth pres-
sure coefficient of the soil at level i, respectively; a,, do,
and u, represent the total vertical stress, the radial stress
increment given by Mindlin’s solution and the pore water
pressure at depth z, respectively.

According to Eq. (24), pile bearing capacity increases
with the applied load as radial stresses grow with each
load increment. Once the critical stress is surpassed, dis-
placements tend to increase rapidly.

The critical bearing capacity of the pile base (where
z=1,, pile length) is considered to be given by

0r=9¢;+ 0. +do,—u, (25)

where do, is the vertical stress increment at base depth.
This increment is also computed using Mindlin’s solu-
tion.

LABORATORY SOIL TEST REQUIRED

Soil parameters Ey, E,, n; and #, can be obtained from
two ordinary laboratory tests. For Ej, E, and 7, a creep
triaxial test is needed. While determination of parameter
n, requires a stress controlled direct shear test. The creep
test should be performed using small stress increments so
that the results can be used to evaluate the viscoelastic be-
havior of the soil. In general, a load increment of one
fifth to one tenth of the failure load is adequate. Special
care should be taken on the loading system of the triaxial
chamber in order to avoid or minimize the influence of
friction.

For the direct shear test, several load increments are
needed. The sample should be loaded beyond the resid-
ual strength as it has been stated that plastic displace-
ments appear solely when the residual shear strength of
the soil is surpassed. The first load increment describes
the viscoelastic behavior of the soil and therefore a small
load increment (one fifth to one tenth of the failure load)
is required. Viscoplastic displacements can be obtained
by subtracting from the total displacements the elastic
ones resulting from the first load increment. Additional
direct shear tests of the strain controlled type provide the
residual shear strength parameters ¢, and c,. In the
presence of water, piezometric measurements at different
depths along the pile are needed to determine the pore
pressure distribution.

On the other hand, and according to the third hypothe-
sis of the model, for most cases (unless the pile loading
process is excessively slow) it can be assumed that
v;=0.5. Finally, the value of K; should be established.

The best way of doing this is by direct measurements at
the site; when this is not possible one may resort to empir-
ical correlations (Mayne and Kulhawy, 1982). It should
be mentioned that in applying these correlations, due con-
sideration to the effects of preboring and pile driving
should be given.

CONSIDERATIONS OF PILE DRIVING ON SOIL
PARAMETERS

Pile driving operations induce important changes in
the initial conditions of the soil influencing the behavior
of friction piles. Some of the most important phenomena
involved during pile driving are the following.

1) A radial stress relaxation on the walls of the hole
when preboring is performed.

2) Downdrag and plastification of soil around the pile
shaft during driving.

3) Pore pressure increase in saturated soils.

4) Reconsolidation of the soil due to pore pressure dissi-
pation.

5) In the case of concrete piles, adherence of a fine crust
of material.

6) Development of positive and negative residual fric-
tion loads once the pile has been installed.

The complexity of the phenomena described above
makes it very difficult to take into account each one of
them during the analysis. On the other hand, soil samples
are usually taken from the site before piles have been
driven, therefore parameters obtained from these sam-
ples may not represent the current conditions of the soil,
as has been reported by several researchers. For example,
Marsal et al. (1953) observed that the shear strength of
the soil nearer to the shaft is reduced half its original
strength just after pile driving. Thereafter, the soil start-
ed to gain strength with a tendency to its original value.
Zeevaert (1973) reported that highly plastic preconsoli-
dated soils could lose 60% of their original strength.
Orrje and Broms (1967) observed that sensitive clayey
soils regain their original strength some months after the
driving. Finally, Peck (1965) reported that for some ma-
terials the original strength of the soil could be surpassed
after a certain time. Even if these observations may seem
contradictory, they simply indicate that the strength
regain of a remolded soil will be highly dependent on the
driving process and type of soil. Therefore, it cannot be
easily estimated without an ample experimental program.

To show the influence of parameter values on model be-
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. S EJE, =10 .~ EEy=1 Slow test
o 500 £ L P
g 400 . o2 Slow test
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4 2004
< 10044
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0 5 10 15 20 25 30 35
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Fig. 6. Influence of ratio E,/E,

NI | -El ectronic Library Service



The Japanese Geot echni cal

Soci ety

SOIL-PILE INTERFACE MODEL 41
Z 600, [1.00m
. 500 STEEL PIPE CASING_ T [+ 5 oom
E 400 + E1/n = 0.0005 WATER —-= UNDRAINED o ‘::Gv..\i'l-‘- ’
STRENGTH, B P
9 300 E1/n1=0.0 CONTENT, % yuTeST, in kPa 3.00m
200 P static = 300 kN. e :
3l 100 P cyclic = 200 kN, 5 200 400 60 100 140 160/-.},-_ 1
0 5 10 15 20 13 85=2.25| 4 / / //
DISPLACEMENTS, mm E LT 27/ 5//
Fig. 7. Infi £ A= Y/ 10.00m
ig. 7. Influence of parameter 7, o = Se=2.26| 7, /, /
g 3 1 ,{ 7 / }Stlff
}_% 2*/ j 4 777)Nayer
.~ = ¥
Z 600 15l | S¢=2.26 7% /f/f/f
< n2 = 1500 kN (sec) / cm®
‘500 !
2 ggg nz2 = 15 kN (sec)/ cm® 0 200 400 600 800
g 200 .
< 100 Clay Sit m@Sand e=Fill
é 0 % ‘ ; ' — Fig. 9. Test site (from Jaime, Romo, Resendiz, 1990)
0 200 400 600 800 1000

DISPLACEMENTS, mm

Fig. 8. Influence of parameter 7,

havior Figs. 6 to 8 are presented. In Fig. 6 the influence
of ratio E,/E, varying from 1 to 10 for slow (¢=2 hr/
inc) and fast (=4 sec/inc) rate tests can be observed. As
the ratio E;/E, increases, pile behavior becomes stiffer.
On the other hand #, is responsible for energy dissipation
as can be observed in Fig. 7. More energy is dissipated as
the ratio E1/#; reduces from 0.0005 to 0.05. Finally, as
observed in Fig. 8, #, influences the plastic strain incre-
ment when the residual strength is surpassed.

EVALUATION OF THE MODEL

In this section, theoretical results are compared with
results of well documented friction pile tests carried out
in Mexico City clay (Jaime et al. 1990). Square concrete
piles 30 cm by side and 16 m long were used in the field
tests.

Pile Tests

Tests were performed in one of the areas most
damaged during the 1985 earthquake in Mexico City.
Figure 9 shows the site stratigraphy. From this figure it
can be observed that between 5 and 15.5 m depth there
are three clayey layers with water contents ranging from
250 to 450% alternated with thin sand deposits. Given
that the first five meters were constituted by a very heter-
ogeneous fill which could complicate the interpretation
of the test results, it was decided to introduce a steel tube
50 cm in diameter and five meters long which would al-
low the pile to be in contact only with the clayey soil. In
this way the effective pile length was only 10 m.

Pile loading was applied by a hydraulic jack. On top of
the pile a ball and socket joint was placed in order to
avoid the transmission of flexural stresses. Monotonic

Instantaneous
displacements

vy (slow test)

o

—Fast test

z

4|0

Load Q, in ton

20

/

1 1 1 A/ | i {

o 10 20 0 40
Displacements, in mm

Fig. 10. Monotonic loading tests

loading tests started four months after pile driving.
Thereafter piles were left at rest for at least five weeks be-
fore cyclic loading was applied. Detailed information
about the test procedure can be found in Jaime et al.
(1990).

Monotonic loading tests were performed in four differ-
ent piles at two loading rates: at fast rate, reaching a max-
imum value of 73 tons in 55 seconds and at slow rate, ap-
plying increments of 5 tons every two hours and reaching
a maximum loading of 55 tons in a little more than 22
hours. During the slow rate test the ““instantaneous’’ dis-
placement (displacement at one minute after the load in-
crement was applied) was registered. It is interesting to
observe that when the “‘instantaneous’’ displacement is
plotted against the applied load a very similar curve to
the fast rate type test is obtained (Fig. 10). For the cyclic
loading tests, a static load was applied prior to the 30
loading-unloading cycles. This load was applied 15
minutes before cycling.

After each cyclic loading, the pile was allowed to rest
for 10 minutes, during which only the static load
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remained; afterwards, another 30 cycles of higher ampli-
tude were given. This procedure was repeated until
failure was reached. The frequency of the cyclic loads var-
ied from 1 to 0.01 cycles per second due to the restraint
capacity of the hydraulic pump feeding the jack.

Test Site Parameters Determination

Several tests were performed on undisturbed soil sam-
ples including monotonic and cyclic simple shear tests.
However, no direct shear nor triaxial creep tests were car-
ried out at that time.

Therefore, in order to obtain the missing information
required by the model, a reconstituted material from soil
samples of similar clay deposits was prepared. This soil
was consolidated in a large consolidometer at a vertical
stress corresponding to that reported at 10 m depth in the
site (o, =55 kPa). This practice of forming artificial soil
has been used in a number of studies where it has been
shown that its stress-strain-strength behavior is very simi-
lar to that of equivalent natural soil (Mendoza, 1997).
The characteristics of the artificial soil (water content
w=262%, specific weight p,=1.20t/m?3 and undrained
strength ¢,=38 kPa) were similar to those of the natural
soil (w=250%, y,=1.20t/m®y ¢,=35 kPa). Results of
the creep and direct shear tests, as well as the procedures
to define E\, E,, 11, and 7, are shown in Figs. 11 and 12, re-
spectively. The values of these parameters are: £;,=14.0
MPa, E,=17.2MPa, 7,=1.86x 10" kN(sec)/cm® and
7,=1270 kN(sec)/ cm?. Pile elastic modulus was taken as
E,=1.45x10° MPa; the lateral earth pressure was esti-
mated from field test measurements carried out by
Zeevaert (1957) on concrete piles in Mexico City clay
K=0.70, the Poisson’s ratio was assumed to be v=0.5,
and the soil strength parameters were determined from

direct shear tests on clay-concrete intefaces (Ovando, .

Roque, Castellanos, 1995). Their values were ¢,=33% and
¢,=2.0 kPa.

Model Versus Experimental Results
Monotonic tests

Once the parameters of the model are known it is possi-
ble to simulate the behavior of axially loaded friction
piles subject to different loading conditions. In Fig. 13

0.0015
CREEP TEST
1 —
=
: -0.001
/ LOAD INCREMENT=10N, G=10kPa
| | 1
o E4=0/d1=0.1/0.00072=14 MPa
Ez=ﬁld2=0.1lo.00058 =17.2 MPa —1-0.0005
d1 )
14=°/q1=0.1/5.3E-7=1.860kN sec/cn
L .
0 20 40 60 80 100 120

TIME,min

Fig. 11. Creep test results

the theoretical and experimental results are compared for
the fast and slow monotonic loading tests. These results
show that the model adequately reproduces the response
of the pile under slow loading conditions. However, for
the case of rapid loading, the model underpredicts the ini-
tial stiffness of the soil-pile system. Nevertheless the main
features of the displacement-load curve are fairly well
reproduced.

It is seen that the measured capacity is accurately
predicted by the model only for the slow test condition.
The lower stiffnesses predicted by the model seem to be
the main source of discrepancies between theoretical and
experimental results. This could be explained, at least in
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Fig. 12. Direct shear test results
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Fig. 13. Experimental and theoretical results
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part, by the generally accepted knowledge about the stiff-
ness increase of the soil-pile interface with time after pile
driving operations. Observed behavior of an instrument-
ed pile-box foundation in Mexico City clay lends support
to this assumption (Mendoza and Romo, 1997).

Cyclic tests

Results of two piles tested under cyclic loading are
shown in Figs. 14 to 16. Pile 1 was tested under a static
load of 250 kN and a cyclic loading level of 350 kN (Fig.
14). Cyclic loading was applied during 40 cycles at the fre-
quency indicated in each figure.

Then the pile was left to rest for a one month period.
Afterwards it was monotonically loaded to a static load
of 400 kN and left to reach displacement stabilization. Fi-
nally, a cyclic loading of 210 kN was applied; the results
are shown in Fig. 15.

Finally Fig. 16 shows the response of pile 2 subjected
to a static load of 400 kN and cyclic loading of 240 kN.
The testing conditions are included in the figure.

From these comparisons it can be observed that the
model reproduces adequately well the main aspects of the
pile load-displacement response.

One of the most important differences for cyclic load-
ing is that theoretical and experimental results do not
start at the same displacement at the beginning of the cy-
cling, being larger than those computed by the model.

This may be explained, at least partially, on the
grounds of the lower model-predicted stiffnesses which
would lead to larger plastic strains due to sustained load-
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ing. Another difference can be observed at higher cyclic
loading levels where the experimental rate of plastic
deformations tends to increase with every cycle, probably
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due to some degradation of the soil properties, a 4 Instant at which o=0,
phenomenon not included in the model. u, Pore pressure at depth z
da, Radial stress increment
Ao Stress increment
CONCLUSIONS o Displacement
M1, N2 Soil viscous parameters
1. Based on the observed behavior of axially loaded v Soil Poisson’s ratio
friction piles, a rheological model for the pile-soil inter-  ¢» Residual friction angle at level i
face has been advanced. The analysis is carried out witha ¢ Interface stress ) .
1§ lati for fricti des based . [ Half the amplitude of the cyclic stress loading
general formu ation for friction piles based on a sim-~ ° Residual shear strength
plified boundary element approach, similar to that 4, Sustained static load
proposed by Poulos (1979). a, Vertical total stress
2. Parameters of the model can be established from @ Cyclic loading frequency
creep triaxial and direct shear tests. Ideally, soil samples
for these tests should be retrieved from the ground near ACKNOWLEDGMENTS

the pile shaft. However, this practice is not usually fol-
lowed and parameters from undisturbed soil samples are
generally used. This implies some approximations.

3. The model proposed is able to reproduce the most
important aspects of the behavior of floating piles sub-
jected to monotonic and cyclic axial loading. At its
present stage, the model accounts only for cases where
the load-displacement curve depicts a strain hardening
behavior.

4. From the parametric study it was observed that an
increase of the order of 30% in the values of E; and E; al-
lowed a much better correspondence between theoretical
and experimental results. This would support the idea
that the soil near the pile becomes stiffer because of the
consolidation phenomenon.

NOTATION

Ap Lateral area of each section of the pile

Ar Cross section of the pile

c Depth of load in Mindlin’s solution

Cri Residual soil cohesion at level i

CP(i,j) Pile compression matrix

db Pile tip displacement

dh; Vertical deformation of section i of the pile

dl; Vertical deformation increment of section i of the pile

dpP; Vertical load increment in section i of the pile

ds; Soil displacement increment at level /

daz Vertical displacement of the soil at depth z

e Base of natural logarithm

E, Pile elastic modulus

E; Soil elastic modulus

E, E, Parameters of the viscoelastic part of the model related to
the elastic modulus of the soil

E, Tangent elastic modulus

Ip(i,j) Deformation factor at level i produced by a load applied at
level j

K; Lateral earth-pressure coefficient at level i

) Number of load increments of magnitude Ao such that
IAo=a,

Pile length

Length of each section of the pile

Number of load increments applied up to time ¢
Number of sections of the pile

Number of loading cycles

Applied load at depth ¢ in Mindlin’s solution

ry Pile radius

“gzZEP-QN
<

R, R, Radial distances in Mindlin’s solution
S@,J) Addition matrix
t Time
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