Load transfer for piles in sand and the critical depth
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The authors analyzed the results from a static loadin

g test on a 11.0-m, intrumented, precast concrete pile

and presented the findings in (wo earlier papers. The findings are here extrapolated to verify the dependability
of applying the results and analysis methods to predict the detailed behavior of a similar test pile driven 5 m
away from the first pile and to a 4.0 m deeper embedment. This paper offers conclusions drawn from the analyses
of both piles with regard to residual load and resistance distribution. A primary result of the analyses is the
indication that the critical-depth concept is not valid. For full-length piles, the critical-depth concept originates
because of neglects in analysis of test data, such as omission of the residual load and testing-sequence history. For
lests on short piles and laboratory studies of model piles, a critical depth appears as a result of neglect of the
influence of shallow-depth variation of the earth pressure coefficient.
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modelling, critical-depth concept.

Les auteurs ont analysé les résultats d’un essai de chargement statique sur un pieu instrumenté de 11,0 m en
béton préfabriqué et ont présenté les résultats dans deux articles antérieurs. Les résultats sont ici extrapolés
pour vérifier le bien-fondé de I’application des résultats et des méthodes d’analyse pour prédire le comporte-
ment détaillé d’un essai sur un pieu similaire foncé 2 5 m du premier pieu et & un niveau de 4,0 m plus pro-

fond. Cet article présente des conclusions tirées des anal

yses des deux pieux en ce qui concerne le chargement

résiduel et la distribution de la résistance. Un premier résultat des analyses indique que le concept de pro-
fondeur critique n’est pas valide. Pour les pieux a pleine grandeur, le concept de profondeur critique origine de
carences dans I'analyse des données d’essai telles que I’omission du chargement résiduel et de I'histoire de la
séquence d’essai. Pour les essais sur des pieux courts et pour les ¢tudes en laboratoire sur pieux modéles, une
profondeur critique apparait par suitc de la négligence de I’influence de la variation i faible profondeur du

coefficient des terres au repos.

Mots clés : pieux instrumentés, sable, essai de chargement, chargement résiduel, transfert de charge, ¢élément
fini, modélisation de comportement, concept de profondeur critique.
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Introduction

The authors analyzed the results from a static loading
test on an instrumented, precast concrete pile (12.0 m
long; installed to a depth of 11.0 m) and presented the
findings in two papers (Altace et al. 19924, 1992b). As
expressed in the first paper, the test results were intended
to be used to predict the behavior of piles of different
length and size at the site. The first paper included an
example of extrapolation of the analysis to the load-
movement data of a similar test pile that was driven 5 m
away from the first pile and to a 4.0 m deeper embed-
ment. The measured capacity of the longer pile compared
well with the calculated capacity obtained by direct
application of the effective stress parameters derived
from the test on the shorter pile. This paper presents the
detailed results of the tests performed on the longer pile
and offers some wider conclusions drawn from the
analyses.

Soil profile
The soil profile at the site is described in the first of
the carlier two papers (Altaee et al. 1992q¢). In summary,
the soil consists of an upper, 3.0-m layer of clayey silty
sand deposited on a lower, thick layer of uniform sand
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with some silt. The area is arid, and the groundwater
table fluctuates seasonally. At the time of the test now
analyzed, i.e., July 1984, the depth to the groundwater
table was 6.0 m. Results of standard penetration (SPT)
and cone penetrometer (CPT) tests show the soil to be of a
compact (medium) condition (N-index values vary from
12 through 25 blows per 0.3 m) and to have an average
CPT friction ratio of 2.4%. Additional penetrometer tests,
not presented in the papers, show that the soil conditions
are laterally very consistent over the about 20 by 15 m
large overall test area.

Test piles and instrumentation

The test piles were square, nominally 285 mm diameter,
precast concrete piles. The pile reported here (pile 2, 15 m
embedment) was built up of one lower 10.0-m segment
and one upper 6.0-m segment connected by means of a
mechanical splice. Each pile was instrumented with strain
gauges, 11 in the spliced, longer pile. The uppermost
gauge was placed level with the ground surface to serve as a
unit for calibrating measured strain to load in the pile. Pile |
(11-m embedment) was equipped with eight strain gauges.
The earlier paper (Altaee et al. 1992a) includes details on
the gauges and their calibration.

Pile driving
On June 17 and 18, 1984, in a 15 x 5 m area of the
site, several piles were driven by means of a Delmag D12
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F1G. 1. Pile driving penetration resistance (PRES). (a) Piles |
and 2. (b) Piles 3-7.

diesel hammer. Two of these piles were instrumented and
subjected to static loading tests (pile 1, 11.0-m embed-
ment; pile 2, 15.0-m embedment) and five (piles 3-7)
were driven to an embedment depth of 15.0 m for the
purpose of test driving. Figure 1 presents diagrams over
the penetration resistances recorded during the driving.
Figure la shows the penetration resistances (PRES) of
piles 1 and 2 in blows per 0.25 m, as recorded. For
unknown reasons, the data do not include the pile 2 PRES
values for the last 0.75 m of driving. The difference in
penetration resistance between the depths of 5.0 and
6.5 m is considered owing to variation of cushion age and
hammer performance and not to variations in the soil.

Figure 1h shows the distribution of resistance for
piles 3-7. Again. the small variations of penetration
resistance are considered to be more the result of varia-
tions in external factors, such as change in length of use
of the hammer cushion, rather than variations in soil
density.

Static loading test

On July 15, 1984, 30 days after the end of initial driving
(EOID), a static loading test was performed on pile 2.
Although the two tests were carried out using the same
load levels, the different capacities of the two piles made
the tests very different. The load-movement diagram is
shown in Fig. 2 and compared with the load—-movement
diagram of pile 1. Pile 2 was loaded using the same pro-
cedure, load levels, and load cycles as used for pile I:
a first cycle of loading the pile in increments of 100 kN
to a maximum load of 1000 kN and then unloading. Eight
days later, on July 23, this test was repeated. Finally, on
July 27, the pile was loaded to failure, which occurred
between the applied loads of 1500 and 1600 kN.

As in the case of pile 1, a tension test followed the
three compression tests. However, the splice was weaker
than the pile uplift strength and broke already at the load
of 400 kN (pile 1 had no splice). Therefore, no data of
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Fi1G. 2. Pile head load—movement diagram.

value for load-transfer analysis were obtained from the
tension test.

All the strain gauges, but one, resisted the pile driving
and exhibited consistent readings during the static load-
ing tests. Figures 3u-3c¢ portray the load distributions
measured during the three tests. The data are presented
as recorded, that is, the reading immediately before the
start of each test was called “zero” reading. That is, no
residual loads before the start of each test are included in
the load-distribution diagrams, and the values plotted
show only the load at the gauge level due to load applied
to the pile head. The load lines marked U1, U2, and U3
indicate the loads in the pile after complete unloading at
the pile head for each of the three test cycles (in refer-
ence to the zero reading).

Analysis of test data: direct evaluation method

The earlier paper uses effective stress analysis accord-
ing to the unified method (Fellenius 19894: Goudreault
and Fellenius 1990) and applies a direct evaluation
method proposed by Fellenius (1989h) that simultane-
ously determines the load distribution in the pile and the
residual load present in the pile before the start of the
test. From the evaluation of the pile 1 test (first cycle of
loading), the effective stress parameters (density,  coef-
ficient, and toe bearing coefficient V) applicable to the
site were established (Altaee et al. 19924). Complying
with the stated intent that the pile 2 test should serve as
a verification of the analysis method, these soil parame-
ters were taken unchanged and applied to the conditions
for the longer pile (0.2 m higher groundwater table and
4.0 m deeper embedment) to calculate the capacity of the
longer pile. This constraint left the matching procedure
to work with only the value of the residual toe resistance
and the length of the vertical portion of the residual toad
distribution. The calculation returned the value of
1630 kN, which is very close to the failure range of
1500-1600 kN.

Figure 4 presents the results of the evaluation effort.
The open symbols in Fig. 4 represent the measured loads in
the pile for the applied load of 1600 kN. At the pile toe,
the residual load rises from a residual toe load of about
100 kN in parallel with the calculated true load-
distribution line. The vertical portion of the residual
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Fic;. 3. Load distribution in pile 2 as measured in (a) cycle 1, (b) cycle II, and (¢) cycle 111, Load lines UL, U2, and U3 indicate

Joads in the pile after complete unloading at the pile head.
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determined by the direct method of analysis.

foad-distribution line between the depths of about 9.0
and 13.0 m is the zone of transition from negative skin
friction and positive shaft resistance. The residual load is
calculated assuming that the negative skin friction is
equal to the positive shaft resistance used in the calcula-
tion. The solid symbols in Fig. 4 are the residual loads in
the pile calculated as the difference between the mea-
sured load values and the calculated load distribution.
The residual toe load, 100 kN, is calculated right at

TAaBLE 1. Maximum load and total shaft and toe
resistances by the direct method
Shaft Toe
Pile Max. load  resistance  resistance
No. (kN) (kN) (kN) Cycle
] 1030 670 360 First
2 1630 1160 470 Third

the toe of the pile. At the lowest gauge, 0.5 m above the
toe, the calculated residual load is about 70 kN larger.

The agreement between the measured loads and the
calculated loads is very good, considering the restraints
imposed on the analysis. An optimum agreement is
achieved by keeping the N, coefficient of 30 and reduc-
ing the B coefficient from 0.65 to 0.60 below the depth
of 11.0 m. This change also has the effect of raising the
evaluated residual toe load from 100 to about 130 kN.
However, the purpose of the analysis is to show the bet-
ter than acceptable agreement obtained by using the soil
parameters “calibrated™ from the pile 1 test. Table 1 pre-
sents a summary of the results of the direct evaluation
method.

It would now be possible to compare the distribution
of residual load in piles 1 and 2 and, even, 10 analyze
and compare the load distributions during the first two
loading cycles in the two tests. However, the value of
such an exercise would be rather debatable. The direct
method of analysis has resulted in the following: (/) con-
firmed that the soil conditions at the site are sufficiently
uniform to allow an extrapolation to the longer pile:
(ii) served as a verification that the conventional effec-
tive stress method is applicable; (iii) proved that the par-
ticular B and N_ coefficients of the effective stress
method were correctly determined; and (iv) showed that
the results of the direct method will serve as independent
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TaBLE 2. Model parameters used in the analysis of piles 1 and 2

Value

Soil layer

11 T11 v
Parameter | (dry) (moist) (saturated)

Effective angle of friction (degrees)

Compressoin 32 34 34 36

Extension 32 34 34 36

Peak 32 34 34 36
Poisson’s ratio 0.3
Aspect ratio 2.0
Hardening parameter 1.0
Critical void ratio at 100 kPa 0.95
Slope of critical linc in e — In (p) plane 0.05
Unloading—reloading modulus 0.01

2000

1500

10001

LOAD (kN)

500

30 50

20
MOVEMENT (mm)

2000

1500+

1000 1 . .

LOAD (kN)

500+

0 y u -
10 20 30

MOVEMENT (mm)

Fig. 5. Applied load vs. pile head movement response;
numerical method computation (—) vs. measurements ().
(a) Pile 2. (b) Pile 1.
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reference to the main load distribution determined by
means of the numerical method as discussed below.

Analysis of test data: numerical analysis method

Analysis procedure and model parameters

The numerical method was applied to the pile 2 test
data, complying, again, with the stated intent that the
pile 2 test should serve as a verification of the analysis

methods. That is, no new calibration of the parameters
was made, but the results of the original calibration of
the pile 1 first loading cycle were taken unchanged and
applied to the conditions for the longer pile (0.2 m
higher groundwater table and 4.0 m deeper embedment).
The parameters are listed in Table 2, and further details
are contained in Altaee et al. (1992h). The computations
gave the total capacity, the load-movement, the load dis-
tributions for the applied test loads and after unloading
to zero load at the pile head, and the residual loads in
the pile.

The steps of the analysis are as follows. (i) The effect
of the installation in terms of load remaining in the pile
after the last hammer impact was modeled by imposing
downward displacement increments at the pile head until
the computed movement values indicated failure, i.e., no
increase in resistance between displacement increments.
The pile was then unloaded and the resulting elastic
rebound of the pile shaft in consort with the rcbound of
the soil below the pile toe caused the pile to move
upward, reversing the direction of forces along the pile,
i.e., changing the shear forces from positive shaft resis-
tance to negative skin friction. In this computation, the
upper 1.5-m layer of the soil was assumed weightless.
(i) To simulate the development of load in the pile after
the end of the driving, the weight of the upper 1.5-m
layer was introduced, which resulted in a residual load
distribution used as the starting point of the simulation
of the three cycles of static loading. (iii) The load distrib-
utions in the pile as a result of each of the two first com-
pression loading cycles were computed by imposing the
actual maximum loads of 1000 kN applied in the tests
and unloading to zero load at the pile head. (iv) To simu-
late the third loading cycle, the maximum movement of
33 mm was imposed (this movement imposition resulted
in a computed maximum load of 1650 kN).

Simulation of load—movement behavior

Figures 5a and 5b present the simulated load—movement
curves for the two static loading tests with comparison to
the measured curves. For the pile 2 test, there is a slight
overestimation of the capacity: the computed maximum
load is 1650 kN at the 33 mm gross pile head movement.
However, the overall agreement between measured and
computed load—movement is excellent, verifying the
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TasrLe 3. Test load and total shaft and toe resistances
by the numerical method

Shaft Toe
Piic Test load resistance  resistance
No. (kN) (kN) (kN) Cycle
| 1000 640 360 First
1000 600 400 Second
FO00 570 430 Third
2 1000 630 370 First
1000 700 300 Sccond
1600 1100 500 Third
1650 1100 550 Third

method of analysis for determining the capacity of the
pile. and also the development of pile head movement
due to the imposed load.

Table 3 presents a summary of the results of the
numerical method computations of the ultimate shaft and
toe resistances for the three test maximum loads. To
obtain an additional comparison of the two tests, a sepa-
rate computation of the load—-movement behavior of pile 2
was made of taking the first cycle of load close to the
ultimate load, 1600 kN. The computation indicates shaft
and toe resistances of 1120 and 480 kN, respectively.

Distribution of residual load

The residual load in the pile is shown in Fig. 6 as
computed for the conditions existing immediately before
the start of the static loading test. Curve A in Fig. 6
indicates the residual load due to the installation accord-
ing to step | above. Curve RO is the combined residual
load after the residual load additionally induced in step 2
and denotes the residual load just before the start of the
static test. The RO curves suggest that the restraining of
the piles occurred both upward and downward from a
final equilibrium point located a bit above the pile toe.

The distribution of RO residual loads 1s similar in
shape for both test piles, as shown in Fig. 7. Three
observations can be made from comparing the Fig. 7 dis-
tributions of initial residual load in the two piles: (i) the
relative depth to the neutral plane is about equal for the
piles, about 75% of the embedment length; (ii) the maxi-
mum residual load is larger for the longer pile, pile 2,
about 450 kN as opposed to 280 kN for pile [; and
(iii) the residual toe load of pile 2 is 300 kN as opposed to
190 kN for pile 1.

The residual load changed as a consequence of each
loading cycle. Figure § compiles the computed distribu-
tions for pile 2. The residual load distribution before the
first cycle is denoted RO, and R1, R2, and R3 denote the
distributions after unloading for each load cycle. Similar
behavior is shown by Altaee et al. (1992b) for pile 1.

The first two load cycles to 1000 kN for pile | were
carried very close to pile failure, inducing significant
pile toe penetration, whereas for pile 2 these same loads
represented only about 60% of the failure load and very
small pile toe penctrations. Therefore, for pile 2, the
loading up to 60% of the failure load resulted in a
release of the residual load in the pile, whereas for pile |
the loading close to failure built in additional residual
toe load. Loading to failure built in additional residual
toe load.
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FiG. 6. Steps | and 2 installation residual loads of pile 2.
Residual load due to loading—unloading (A) and loading-
unloading followed by soil vertical compression (RO).
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FiG. 7. Distribution of residual load in piles 1 and 2 imme-

diately before cycle I (start of first loading test). RO is resid-
val load distribution before the first cycle.

The residual toe loads computed in the simulations of
the tests are compiled in Table 4. The release of residual
load in pile 2, which was subjected to cyclic loading
well below the failure load, is in agreement with obser-
vations made in laboratory tests performed by Chan and
Hanna (1980) and Turner and Kulhawy (1989). In con-
trast, no such release occurred for pile 1, instead there
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TarLE 4. Compilation of computed residual loads before and after test

Residual toe load (kN)

Pile Test load
No. (kN) Before After Cycle
1 1000 190 250 First
1000 250 260 Second
1000 260 290 Third
2 1000 300 260 First
1000 260 230 Second
1650 230 440 Third
LOAD (kN) coefficient K, with depth. distribution of unit shaft resis-
tance r, with depth, and the implication for the so-called
0 . 590 ) 7?0 . .1.000 critical depth concept as discussed below.
A
RO BEFORE 1ST COMPRESSION Distribution of earth pressure coefficient
R1 AFTER 1ST COMPRESSION The parameter expressing the earth pressure coefficient
AND BEFORE 2ND COMPRESSION at failure, K. is used extensively in effective stress
R2 AFTER 2ND COMPRESSION analysis of piles (Kulhawy 1984). This coefficient is
AND BEFORE 3RD COMPRESSION defined as the ratio of the horizontal effective stress at
reilubi i failure acting against the pile shaft to the initial effective

— S overburden stress. Usually, test results are characterized

£ by a single average value for K. The literature shows

~ significant variation of values, ranging from values cor-

T responding to the active earth pressure coefficient

E through the passive carth pressure coefficient and,

] numerically, from about 0.1 through about 5.

o 10 Figure 10 presents the distribution of the earth pres-
sure coefficient K, for both piles. The distributions are
almost identical for the two piles, i.e.. highest ncar the
ground surface, reduced to a relatively constant value
along most of the pile shaft, and drastically reduced necar
the pile toe. When loading the pile. the stress path fol-
lowed by the soil along the pile shaft is that of simple

15 y PILE TOE shear, constant-volume deformation. Near the ground sur-

FiG. 8. Effect of loading history on residual load of pile 2.

was an increase. To compare, a separate computation was
made for pile 2 of the first cycle of load-movement
behavior for the simulation of taking the load beyond
1000 kN and up to 1600 kN, i.e., very close to the fail-
ure load, which is the situation for pile 1. This resulted
in a residual toe load of 400 kN.

Load distribution

Figures 9a-9¢ present the complete load distributions
in pile 2 during the three load cycles: (i) the computed
residual loads before the start of each loading cycle,
identified by R; (ii) the measured loads at the maximum
load applied for each loading cycle, identified by T;
(iii) the simulated measured loads at the maximum load
applied, identified by TP; (iv) the computed true loads at
the maximum load applied, identified by F, where F =
TP + RO.

The agreement between the measured and computed
load-distribution curves, T and TP, demonstrates, even
more convincingly than the load—movement development
of the pile head shown in Fig. 5, that the numerical
method has correctly described the behavior of the pile.
The additional information that can be gleaned out of the
computations consists of distribution of earth pressure

face, the initial stresses are relatively small and the soil
has therefore a higher tendency toward dilatency, i.c.,
volume increase. The constant-volume constraint, how-
ever, results in the development of larger horizontal
stress against the pile and a corresponding large value of
the earth pressure coefficient K,. Farther down the pile,
the initial effective stresses are larger and. therefore, the
tendency toward dilatency is smaller. Consequently, K, is
smaller.

The soil below the pile toe experiences a downward
and radial deformation that also affects the soil some dis-
tance above the pile toe. Close to the pile toe, the hori-
zontal effective stress against the pile approaches zero.
Therefore, the stress path near the pile toe deviates from
the simple shear, constant-volume behavior.

The relatively high value of K, near the ground surface
is of little importance for the tests on piles | and 2,
which are full-scale field tests on full-length piles.
However, tests on a very short pile, say 3-4 m in length,
would result in high values of average K|, perhaps some-
what offset by the reduction near the pile toe, whereas
the average value for a long pile would be closer to the
value along the major portion of the pile. This may
explain some of the large variation of the average K,
found in the literature. Furthermore, the analysis results
suggest that field tests on short-length piles are per-
formed under nonconstant and nonrepresentative condi-
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tions of distribution of the earth pressure coefficient K.
Therefore, such tests are not directly applicable to the
behavior of full-scale piles unless the variation of K is
considered in the analysis. Of course, tests on laboratory-
scale, model piles deviate even more from reality,
because the distribution of K, is not a function of the pile
length and, theretfore, not of the length to diameter ratio.

Distribution of unit shaft resistance

The effect of the variation of K, is demonstrated in
Fig. 11, which shows the computed distribution of unit
shaft resistance r, along the pile shaft for the two test
piles at failure in the third cycle compression test. For

Fic. |l. Distribution of unit shaft resistance in piles 1
and 2 at cycle IIL

both piles, the unit shaft resistance increases with depth,
i.e., is proportional to the effective overburden stress.
There is a slight “bulge” near the ground surface due to
the increased horizontal stress in this zone. However,
because of the relatively small effective overburden
stress in the upper portion, the large value of K has only a
marginal influence on the development of r_ along the
two test piles. Near the pile toe, however, the effect of
the reduced K, is one of drastic reduction of the unit
shaft resistance at failure.







