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Abstract

This paper presents the interpretation of bi-directional load tests performed on three auger
piles, in the city of Sdo Paulo, Brazil, using a method based on transfer functions for the
shaft and toe. Elastic shortenings of the shaft were directly measured through a displacement
indicator at the pile top and two telltales at the upper and bottom plates of the expansive
cell. The equivalent top-down load-settlement curves were estimated and compared with
two other methods from the literature, one which considers the pile infinitely rigid; and
the other, which takes the pile elastic shortening into account. The curves resulted in
good agreement considering the pile compressibility. Yet for the infinitely rigid pile, the
settlements resulted in up to 75% smaller. Furthermore, the influence of stress relief on the
toe behavior due to shaft lifting was investigated. For the cases studied, involving bored
and auger piles with the slenderness ratio (L /) greater than 20, the percentage of this
effect was generally small, up to 5% of the toe load, being negligible for practical uses.

1. Introduction

To perform the pile bi-directional load test, one or more
expansive cells (or O-cells) are usually installed near the
pile toe. They are hydraulically expanded, pushing the shaft
upward and the toe downward. Load-displacement curves
are obtained for the pile shaft and toe separately.

The resulting force in the shaft corresponds to the load
applied by the expansive cell minus the buoyant weight of
the pile shaft (Fellenius, 2021). At the pile segment below
the cell, taken as a “fictitious” toe, acts the force applied by
the cell plus the pore pressure at the cell level.

This paper presents a modification of the method
described in Dada & Massad (2018b), based on the model
of Coyle & Reese (1966), which can be used to estimate
the equivalent top-down load-settlement curve, simulating
a conventional static load test.

A practical application of the method is made on
continuous flight auger (CFA) piles installed in Sdo Paulo
City, Brazil. Displacement measurements were made at the
pile top, by a displacement indicator, and at the upper and
bottom cell plates, by means of displacement gauges and
two telltales.

In addition, the possible influence of the stress relief
on the toe behavior, due to the shaft lifting, was evaluated.

2. Methods of interpretation

To obtain the equivalent top-down load-settlement
curve, a modified version of the method based on the model
of Coyle & Reese (1966) will be used. Two other methods
will also be applied for comparisons, namely: a) the Elisio-
Osterberg’s method (Silva, 1986; Osterberg, 1998), which
considers the pile infinitely rigid; and b) the method of
Massad (2015), which contemplates pile elastic shortening.

Coyle & Reese (1966) developed a model to predict
the load-settlement curve of a pile axially loaded at the top,
based on known load transfer functions for the shaft and
the toe. The pile is divided into n elements and the soil is
replaced by independent springs that interact with the pile
in the centers of each element.

For the bi-directional test, a hyperbolic (Chin, 1970)
or an elastoplastic (Cambefort, 1964) relation is fitted to the
load-displacement curve, measured at the bottom cell plate,
and is used as the load transfer function of the “fictitious
toe”. Figure 1 illustrates the use of a hyperbolic relation.
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For the shaft, first, a hyperbola is fitted to the test curve
measured at the pile top, as shown in Figure 1. Then, the
hyperbola is translated to the center of compression, i.e., to
the level at which half of the total shaft elastic shortening
occurs. The soil surrounding the shaft pile is assumed to
consist of an equivalent layer of homogeneous soil; the subsoil
heterogeneity is incorporated by means of the coefficient ¢
of Leonards & Lovell (1979).
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Figure 1. Example of bi-directional test results (see the list of
symbols).

In effect, to obtain the translated hyperbola simulating a
pile loaded on top, the upward movement measured at the pile
top, y p , should be increased by half of the elastic shortening
for top-down loads, as given in Equation 1.

A 1

r

where y,is the shaft displacement at the center of compression.
A,and Q ', are respectively the shaft and the toe load for the
same displacement y p , as shown in Figure 1. For K _and c,
see the list of symbols.

The translated hyperbola 4, = f{3,) can be used as the
load transfer function of the shaft. It corresponds to the
modification of the method originally proposed by Dada &
Massad (2018b).

Finally, the equivalent top-down load-settlement curve
can be obtained using the model of Coyle & Reese (1966),
with the load transfer functions described above.

3. Case studies

Six continuous flight auger (CFA) piles, installed in Sao
Paulo, Brazil, were submitted to bi-directional tests. Table 1
presents the general data and some parameters related to
the shaft. The typical subsoil profile is shown in Figure 2.

The bi-directional test results for the CFA Pile PCE06
are presented in Figure 1 as an illustration. Note that the
displacements were measured at three levels. The difference
between the measurements at the cell top and the pile top
gives the shaft elastic shortening Ae, which varies with 4,.
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Figure 2. CFA piles: subsoil profile inferred from SPT tests near piles PCE04, PCE06 and PCEO0S8. A similar profile was observed for

the entire workplace.
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Table 1. Bi-directional tests on 6 CFA piles - general data (adapted
from Dada et al., 2019; Dada, 2019).

D L L, Pile shaft parameters
Pile :
(m) (m) (m) K (kN/mm) ¢, ¢ ’eq=1 €,
PCE0O3 0.5 14 7 393 0.74 0.26
PCEO4 05 14 7 393 0.7 0.3
PCEO5 05 147 173 374 0.74 0.26
PCEO6 0.5 145 85 379 0.53 0.47
PCE07 0.5 16 7 344 0.72 0.28
PCEOS 04 14 5 251 0.72 0.28

See list of symbols.

For each pile, Massad’s (2015) coefficients ¢’ were
estimated with Equation 2.
c’4
Ae=—L
< )

r

The average values (c ’eq) are indicated in Table 1.

To simulate the download conventional test by the
Method of Massad (2015), y » related to 4, is settled equals
to the toe movement y’ , associated with Q° , as indicated in
Figure 1 for CFA Pile PCE06. A pairy - P of the equivalent
curve is determined by Equations 3 and 4.

o,

F=4+0, )

, c
Y, :yp+Ae?+

3)

As far as the method based on Coyle & Reese’s model is
concerned, the application of Equation 1 to the results given
in Figure 1 leads to the translated hyperbola of Equation 5,
which was used as the load transfer function of the shaft for
CFA Pile PCEO06. For its toe, the hyperbolic transfer function
is shown in Figure 1.
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The equivalent top-down curves, given by these two
methods, are shown in Figure 3 for three CFA Piles of Table 1,
revealing good convergence when compared to each other.

The application of the Elisio-Osterberg method (Silva,
1986; Osterberg, 1998), which assumes the pile as infinitely
rigid, resulted in settlements up to 75% smaller, as shown
in Figure 3 for the PCEQ6.

4. Evaluation of stress relief
Next, the influence of stress relief on the toe behavior

due to shaft lifting during the bi-directional test (up-top
loads) was evaluated.
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Figure 3. Equivalent top-down curves - CFA piles: PCE04, PCE06
and PCEOS.

4.1 Loading at the pile top (top-down loads)

For loads applied at the pile top, Martins (1945) and
Geddes (1966) developed elastic solutions to obtain the load
increase at the pile toe, due to shaft load (AQ ), by integrating
Mindlin’s (1936) influence factors. Vargas (1978) adopted
Martins’s (1945) solutions, which assumed uniform skin
friction (f) and Poisson’s ratio v = 0.5 for the soil. Poulos &
Davis (1974) suggested the use of Geddes’ (1966) solutions,
which in turn considered a linear variation of fand v=0.3.

Vargas (1978) proposed the following equation,
rewritten for this paper:

2

1
L/
r
where a.=4 /Qp; L is the pile shaft length; » is the pile radius
and, therefore, L /r is the slenderness ratio.

The term K is an influence factor at a depth 1.05-L ,
proposed by Vargas (1978), and is equal to 4.73 or 6. 70
according to Martins (1945) or Geddes (1966) solutions,
respectively. Vargas concluded that the AQ f,IS usually small
and may be disregarded. Randolph & Wroth (1978) made a
similar statement: the stress changes at the pile toe would be
uncoupled from the shaft load, adding the condition L /r> 20,
that is, slenderness ratio not less than 20.

AOr.s =K _ra
Qp zz

Q)

4.2 Bi-directional tests (up-top loads)

Analogous analyses were made for the bi-directional
tests performed on the CFA piles plus 3 others, as indicated in
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Table 2, together with some parameters (see list of symbols).
Note that the shaft loads take a negative signal in the elastic
analysis since they are upward loads.

The load relief ratios were estimated using Equation
6. Figure 4 presents the results for Martins (1945) solutions,

Table 2. Case studies - L /r ratio, maximum loads reached in
bi-directional tests and a parameter (adapted from Dada, 2019).

1) (1)
ALmax Qp,max a 3)

Pile type L/r Data source

T RN) (kN)

Root (E-B3) 44 -1218 1264 -1  Dada&
Massad
(2018a)

Omega (PC-02) 24 -931® 931® -] Fellenius

Omega (PC-07) 21  -761®  761® -1 (2014)

CFA (PCE03) 56 -1095 1163 -0.9 Dadaectal,

CFA (PCE04) 56 -1095 1164 -0.9  (2019)

CFA (PCE05) 59 -1187 1260 -0.9

CFA (PCE06) 58 -1093 1165 -0.9

CFA (PCE07) 64 -1087 1165 -0.9

CFA(PCE08) 70 -772 816 -0.9

(MSign convention: upward load negative; downward load positive; ®Data as
presented by Fellenius (2014); ®u = 1, because the expansive cell applies almost
the same load to shaft and toe, due to the above-mentioned corrections. 4, and
me are compression loads.
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Figure 4. Load relief ratio (AQ /Q ), estimated with Martins’s
(1945) solution. The studied plles subjected to bi-directional tests,
are indicated with circles.

highlighting the ratio L /r = 20 and a = 1. The concept of
“fictitious toe” was considered in the analysis.

From Figure 4, when L /r = 20, the ratio AQ / Q
assumes a value of 3.7%. For Geddes’s (1966) solutlon
this ratio is 5.2% (Dada, 2019). About 75% of the studied
piles had L /r > 40; hence, in these cases, the load relief
percentages resulted in a maximum of 1%.

5. Conclusions

The method for the interpretation of bi-directional
test results presented herein, based on the model of Coyle
& Reese (1966), lead to equivalent top-down curves with
good agreement with the method of Massad (2015), which
considers pile elastic shortening. The application of the Elisio-
Osterberg Method (Silva, 1986; Osterberg, 1998), which
assumes the pile as infinitely rigid, resulted in settlements
up to 75% smaller, as was the case of CFA Pile PCE06.

Finally, load reliefs at the pile toe, due to shaft lifting,
were estimated for the CFA piles plus 3 others from the
literature. The load relief ratios (AQ, /Q ) resulted in less
than 1% for 75% of the piles, and up 'to 5% for all of them.
These values are not significant for practical purposes and
could be neglected.
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List of symbols

4, Total lateral (shaft) load.
Maximum lateral (shaft) load reached in the bi-
directional test.

L max

c Leonards & Lovell (1979) coefficient.
» Value of ¢ related to the average of elastic shortening
measurements.
c’ Correlate of ¢ for bi-directional tests (Massad, 2015).
c ’Eq Value of ¢’ related to the average of elastic shortening
measurements.
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D Pile diameter.

F Unit skin friction.

K Pile stiffness, as a structural piece.

K. Influence factor of the shaft load at the pile toe.
L Pile shaft length embedded in soil up to the toe
(real or “fictitious”) level.

Length of pile “fictitious toe”.

n Number of pile subdivision elements for iterative
calculation.

P, Load applied by the expansive cell.

P, Axial load at the pile head.

Qp Total toe load (real toe or “fictitious” toe).

o’ Total toe load of the bi-directional test (“fictitious
toe”), related to y” .

O Maximum toe load reached in the bi-directional
test (“fictitious toe”).

r Pile radius.

. Displacement of the pile at the head (pile top).

Yy, Displacement at the center of compression of the
pile shaft.

Yo Upward displacement at the expansive cell upper
plate.

v, Upward displacement of the pile head (bi-directional
test) = downward displacement of the pile toe
(downward test).

o Ratio of 4, to Qp.

Ae Pile elastic shortening.

AQ Load increase or decrease at the pile toe (real toe
or “fictitious toe”).

v Poisson’s ratio of subsoil.

References

Cambefort, H. (1964). Essai sur le Comportement en Terrain
Homogeéne des Pieux Isolés et des Groupes de Pieux.
Paris: Editions Eyrolles. (in French).

Chin, F.K. (1970). Estimation of the ultimate load of piles
not carried to failure. In Proceedings of the 2nd Southeast
Asian Conference on Soil Engineering (pp. 81-90),
Singapore. Singapore: Southeast Asian Society of Soil
Engineering/ AIT/ IES/ University of Singapore.

Coyle, H.M., & Reese, L.C. (1966). Load transfer for axially
loaded piles in clay. Journal of the Soil Mechanics
and Foundations Division, 92(2), 1-26. http://dx.doi.
org/10.1061/JSFEAQ.0000850.

Dada, T.L. (2019). Bi-directional load testing on bored
cast-in-situ piles: technical procedures and methods of
interpretation, including case studies [Master’s thesis,
University of Sdo Paulo]. University of Sdo Paulo’s
repository (in Portuguese). https://doi.org/10.11606/D.3.2019.
tde-21102019-153221.

Dada, T.L., & Massad, F. (2018a). Ensaio bidirecional:
caracteristicas, interpretagdo e estudos de casos de estacas
moldadas in loco no Brasil. Geofecnia, 143,29-54. http://
dx.doi.org/10.24849/j.geot.2018.143.03.

Dada & Massad, Soils and Rocks 44(2):¢2021062021 (2021)

Dada, T.L., & Massad, F. (2018b). Proposta de novo
método para obtengdo da curva equivalente do ensaio
bidirecional em estacas escavadas. In Proceedings of
the 19th Brazilian Conference on Soil Mechanics and
Geotechnical Engineering (pp. 1-10), Salvador. Sao
Paulo: ABMS. (in Portuguese).

Dada, T.L., Resende, A.S., & Massad, F. (2019). Analise
de ensaios bidirecionais com medida de encurtamento
elastico em estacas hélice continua. In Proceedings of
the 9th Seminar on Special Foundations Engineering and
Geotechnics (pp. 1-10), Sao Paulo. Sdo Paulo: ABEF.
(in Portuguese).

Fellenius, B.H. (2014). Analysis of results from routine static
loading tests with emphasis on the bidirectional test. In
Proceedings of the 17th Brazilian Conference on Soil
Mechanics and Geotechnical Engineering (pp. 1-22),
Goiania. Sdo Paulo: ABMS.

Fellenius, B.H. (January, 2021). Basics of foundation design.
Retrieved in January 7, 2021, from www.fellenius.net/
papers.html

Geddes, J.D. (1966). Stresses in foundation soils due to
vertical subsurface loading. Geotechnique, 16(3), 231-
255. http://dx.doi.org/10.1680/geot.1966.16.3.231.

Leonards, G.A., & Lovell, D. (1979). Interpretation of load
tests on high-capacity driven piles. In R. Lundgren
(Ed.), Behavior of deep foundations (pp. 388-415).
West Conshohocken: ASTM International. https://doi.
org/10.1520/STP337418S.

Martins, H.A. (1945). Stresses transmitted to the subsoil
by the pile: integral of the Mindlin’s formula for the
hypothesis of constant friction along the pile. Revista
Politécnica, 41, 365-372. (in Portuguese).

Massad, F. (2015). On the interpretation of the bidirectional
static load test. Soils and Rocks, 38(3), 249-262.

Mindlin, R.D. (1936). Force at a Point in the Interior of a
Semi-Infinite Solid. Journal of Applied Physics, 7(5),
195-202. http://dx.doi.org/10.1063/1.1745385.

Osterberg, J.0. (1998). The Osterberg load test method for
bored and driven piles: the first ten years. In Proceedings
of the 7th International Conference & Exhibition on Piling
and Deep Foundations (pp. 1-17), Vienna. Rickmansworth:
Westgrade Group.

Poulos, H.G., & Davis, E.H. (1974). Elastic solutions for soil
and rock mechanics. New-York: John Wiley & Sons Inc.

Randolph, M.F., & Wroth, C.P. (1978). Analysis of deformation
of vertically loaded piles. Journal of the Geotechnical
Engineering Division, 104(12), 1465-1487.

Silva, P.E.C.A.F. (1986). Célula expansiva hidrodindmica: uma
nova maneira de executar provas de carga. In Proceedings
of the 8th Brazilian Conference on Soil Mechanics and
Foundation Engineering (Vol. 6, pp. 223-241), Porto
Alegre. Sao Paulo: ABMS. (in Portuguese).

Vargas, M. (1978). Uma experiéncia brasileira em fundagdes
por estacas: 1* Parte - Teoria das estacas verticais carregadas
axialmente. Geotecnia, 23, 3-33. (in Portuguese).



