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Yuri Barbosa1 • Paulo José Rocha Albuquerque1 • Nilton Andrade Chaves2

Received: 19 September 2022 / Revised: 18 April 2023 / Accepted: 28 July 2023
� The Author(s), under exclusive licence to the Iran University of Science and Technology 2023

Abstract
This article presents the results of bidirectional static loading test carried out on two drilled shafts of 1.6 m in diameter,

which were instrumented along the depth for analysis of the mechanical behavior (final lengths of 48.4 m and 48.8 m). The

tests were carried out up to the load of 18,400 and 13,200 kN, respectively. Due to the longer delay between drilling and

concreting in the first case, results of the instrumentations indicated that no tip resistance was mobilized, mobilizing its side

resistance of the upper segment up to 90 kPa, while in the second case, this value was around 60 kPa and 150 kPa for its tip

resistance. The stabilizing polymer used for drilling affected the shaft resistance of both piles. In addition, in the last case

studied, the total loss of contact at the pile–soil interface between the load application point and the instrumented level just

above allowed the evaluation of the possible existence of residual loads along the shaft. Load-transfer curves were

approximated in hyperbolic functions, and a load-transfer model was implemented for data validation and equivalent load–

displacement curve estimating, showing good agreement between load tests and simulations. This model indicated that the

upper segment load–displacement curve of the second case was displaced by 1150 kN due to the possible residual load, and

the ultimate bearing capacity for both piles under conventional loading was 23,000 and 26,600 kN, respectively.
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1 Introduction

The use of large diameter drilled shafts has grown in Brazil

due to their characteristic resistance to large loads at small

displacement rates in the superstructure. Usually, this type

of pile is used for large-scale works, such as large buildings

and bridges [1–5]—constructions that, in most cases, are

made in sedimentary soils of coastal regions. Due to the

presence of the water table at low depths in these regions

and the extensive lengths of these types of piles, the use of

stabilizing fluid is necessary during the excavation process

which, in turn, can compromise the development of skin

friction along their shafts [4–7]. In addition, the perforation

with layers of sand promotes the deposit of debris and

loose material inside the borehole, which settles at the pile

tip and impairs the mobilization of its resistance portion.

This fact makes the load capacity of the tip of large

diameter drilled shafts difficult to estimate and, despite its

high resistance potential especially when socketed in rock

profiles, a significant part of this resistance is disregarded

in designs of this type of pile [8]. For these reasons, large

diameter drilled shafts must be tested before continuing

any work to verify the estimated design load capacity.

However, due to its high load capacity, conventional static

load tests become unfeasible as they require a robust

reaction system, thus increasing the costs and safety risks

of the test, which favors the use of bidirectional tests.

The bidirectional static load test (BDSLT) began in the

1980s in Brazil with the work of Silva [9] and, at the same
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time, in the USA, with the work of Osterberg [10].

According to the authors, this methodology would have the

main advantage of separating the resistance portions of the

shaft and the tip (or dummy tip, when the set of cells is far

from the tip of the pile)—that is, there is no need for

instrumentation and of a reaction system. The bidirectional

test has been studied on several occasions, whether for

comparison of the mechanical behavior with pile loaded

from the top [1, 11, 12], interpretation of its results and

conversion to a load-settlement curve equivalent to that

obtained from the conventional load test [9, 11, 13–18] or,

even, for just measurement of the ultimate bearing capacity

of piles, mainly of large diameter drilled shafts. Despite the

separation of the resistance plots without the use of

instrumentation, the use of this technique allows a better

understanding of the mechanical behavior of each segment

and the soil–structure interaction in certain regions along

the depth. Hence, the highlight of bidirectional test

instrumentation in recent years in these types of piles,

being used since then to evaluate the setup effect over time

[19–21] to verify the bearing capacity of large diameter

drilled shafts and their due design criteria [1, 3–5, 22], to

study the influence that different excavation slurries could

have on the mechanical behavior of these piles [4], to

investigate possible adversities arising from the executive

procedure of these types of piles [5], to investigate the

influence that the post-injection phases in the shaft and/or

in the tip would exert in large diameter drilled shafts

[2, 8, 23–26] and to validate and/or compare with numer-

ical models [12, 26–28].

Given this context, this paper presents the results of

instrumented bidirectional static load tests carried out in

two large diameter drilled shafts in sedimentary soil, typ-

ical of the coastal region of southern Brazil, which are part

of the project for the VR Tower residential building, one of

the tallest to be built in the country. Full-analyses are done

through the instrumentation results and considerations are

raised about the executive procedure of both piles, such as

the loss of skin friction at the pile–soil interface, non-

mobilization of the tip resistance and the possible existence

of residual load along the shaft, a topic not yet addressed in

the literature. The implementation of a simple algorithm is

used to validate these results and, through the construction

of the equivalent curve for both cases, to verify the design

parameters according to the Brazilian standard.

2 Project Description

The VR Tower is the tallest building under construction

built so far in the city of Itapema/SC, Brazil, being the first

work of this size in the city. It is estimated that its height

reaches the measure of 208 m referring to 51 floors in total,

50 of which are above ground level and one underground.

It is one of the only national cases of buildings to exceed

the 200 m height mark and makes Itapema the third

Brazilian city to have a structure of this magnitude, cate-

gory previously belonging only to the cities of Balneário

Camboriú and São Paulo. When concluded, it will be the

fifth tallest building in Brazil and the tallest among resi-

dential buildings with a single apartment per floor. Given

the dimensions of the project, in-situ conditions, and con-

structive factors, large diameter drilled shafts proved to be

the best option for the foundation of the building. In all, 54

piles with a diameter of 1.60 m and a length of 50 m will

be uniformly distributed under the projection of the main

tower, each with an estimated capacity around 10,000 kN,

and another six piles with a diameter of 1.20 m and 40 m

in length distributed over the remaining area, each with an

estimated design load of 3500 kN. Figure 1 shows the

distribution of the foundation elements, the test piles (P7

and P28) and the standard penetration test (SPT) and cone

penetration test (CPT) carried out for the geotechnical

characterization of the local subsoil.

3 Geological Conditions

The local geology of the city of Itapema is composed of

three main systems. In stratigraphic order: basement dated

from the Proterozoic to the Eo-Paleozoic period; recent

continental-type sedimentary deposits, from the Pliocene to

the Holocene (neogene to Quaternary); littoral, from the

Pleistocene to the Holocene (Quaternary period) [29].

Six SPT and six CPT boreholes were drilled for subsoil

investigation. Their distribution and distances to the tested

piles are shown in Fig. 1: borehole SPT-05 is located

2.30 m from the center of pile P7 and holes SPT-01, SPT-

02, and SPT-03 are located at a distance of P28 at 8.58 m,

6.18 m, and 11.25 m, respectively. Regarding the CPT,

CPT-05 is located 1.50 m from P7 and the tests CPT-01

and CPT-06 are 8.66 m and 11.00 m away, in that order.

The subsurface profile consists of the following eight types

of soils and rocks: (1) embankment approximately 0.7 m at

the surface; (2) 14.3 m layer of sand to silty sand, little to

very compact, between 0.7 and 15 m; (3) 12 m of sandy to

silty clay, very soft to soft, between 15 and 27 m; (4) 4 m

of sand to clayey sand, medium to very compact, between

27 and 31 m; (5) 4 m of clay to silty clay, soft to hard

density, between 31 and 35 m; (6) 3 m of sand to silty

sand, with granulometry varying from fine to medium and

density from medium to very compact, between 35 and

38 m; (7) 10 m of sandy clay to sandy silt, medium to very

compact, between 38 and 48 m; and (8) segments with low

quality rock and rock alterations (Rock Quality Designa-

tion less than 25%) below 48 m. For all SPT boreholes, the
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water table level was found to be around 1.4 m. The sub-

soil profile and the values found in the CPT and SPT tests

are presented in Fig. 2, in which qc is the cone tip resis-

tance, fs is the sleeve friction of the cone, Fr is the friction

ratio (fs/qc) and NSPT,60 is the number of samplers blows

for a displacement of 30 cm, considering the energy of

60%.

4 Pile Installation, Test Setup and Field Test

The execution of the piles was done with rotary drilling

with water circulation and clay-type stabilizing polymer

MK AD until the rocky top was reached. This resulted in a

final length of 48.4 m and 48.8 m for piles P7 and P28,

respectively, and a diameter of 1.6 m for both. These

lengths were excavated until rock fragments were obtained

as excavation material, since the maximum torque of the

drill rig was not indicated for rock excavation. Further-

more, it was expected that the design load would be sup-

ported by shaft resistance, given the great depth of the

rocky top. Both piles were reinforced longitudinally with

21 bars of 25 mm in diameter and transversely with stir-

rups of 12.5 mm in diameter, spaced every 30 cm from the

tip to a depth of 8 m, a level from which corresponds the

handle and which will be demolished later for basement

construction. The handle was reinforced by 4 bars of

20 mm in diameter and stirrups of 12.5 mm in diameter

every 1.2 m. All steel cage was made with CA-50 steel

bars.

The instrumentation of the piles was carried out by a set

of CA-50 steel bars, usually called ‘‘sister bars’’ (25 mm in

diameter and 1.0 m in length), whose surfaces received

electrical extensometers—two installed diametrically

opposite in the form of a full bridge of Wheatstone in each

‘‘sister bar’’. In the field, the bars were positioned in dia-

metrically opposed pairs next to the reinforcement of the

piles in certain positions so that, after the lowering and

joining of the reinforcement sections, they reached the

previously determined levels. For each pile, a total of 5

levels were instrumented by strain gages, 4 above and 1

below the cell set for the P7 pile and 3 above and 2 below

Fig. 1 Location of test piles and SPT and CPT tests

Fig. 2 Geotechnical profile and results of SPT and CPT tests
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the cell set for the P28 pile. The instrumented bars were

installed at a considerable distance from the load applica-

tion point to avoid direct influences on them [30]. In

addition, it was decided to install the last level of instru-

mentation 1 m above the tip to ensure that it would not be

embedded in loose material, the existence of which was

checked just before the piles were poured.

The set of expansive cells had three cells with 50 mm of

linear course for both piles, totaling an area equal to 2886

cm2 and 1356 cm2 for piles P7 and P28, respectively. At

the end of the installation, the set of expansive cells was at

a distance of 5 and 10 m from the tip of piles P7 and P28,

in that order, with depths of 43.4 and 38.8 m below the

ground surface. Figure 3 shows the installation of the

components of the bidirectional test in the reinforcement

made in the field. After the descent of the reinforcements,

concrete was pumped from bottom to top along the shaft to

the depth of the handle of each pile (- 8 m). The con-

creting of the P7 pile was carried out the day after its

excavation and the P28 pile was concreted immediately

after its excavation. For the length of the handle, low-re-

sistance mortar was used after the concrete had cured for

subsequent cutoff. Figure 4 presents a scheme of soil dis-

tribution along the length of the piles after their comple-

tion, showing the location of the instrumentations and the

set of expansive cells for each pile. To determine the soils

in Fig. 4, borehole SPT-05 was used for pile P7, and the

average between boreholes SPT-01 and SPT-02 for pile

P28.

In Brazil, the bidirectional static load test is not stan-

dardized yet. Therefore, the tests were carried out on the

piles per the Brazilian Standard for conventional static load

testing [31]. The quick maintained load test (QMLT) was

performed, which consists of the following processes: (1)

the load must be applied in successive stages with values

equal to or less than 10% of the estimated design load

capacity and maintained for 10 min, regardless of the sta-

bilization of settlements has been reached; (2) the dis-

placement in each stage must be measured and recorded

after 1 and 10 min after load application; (3) at the end of

the last loading stage (twice the design load), the maximum

load must be maintained for 2 h before the unloading phase

begins and movement readings must be taken after 10, 30,

60, 90 and 120 min after load application; (4) the

unloading must be carried out in at least four stages in

relation to the maximum applied load, and displacement

readings must also be taken after 1 and 10 min after the

load is released; and (5) at the end of the last loading stage,

the load must be maintained for 1 h and displacement

measurements must be performed at times of 30 and

60 min. The loading stages carried out in this work were

performed with load increments of 1150 kN and 600 kN for

piles P7 and P28, respectively. Descending displacements

from the top of the lower segment were monitored by three

tell-tales positioned at the base of the set of expansive cells.

For monitoring the top of the upper segment, a fixed bar

attached to the tell-tale of the shaft, outside the pile, was

used. Figure 5 presents a scheme of the main components

used in the bidirectional test, where the distance between

the supports of the reference beam to the center of the pile

was 8 m.

5 Load Test Results and Analyses

5.1 Load–Displacement Responses

The load–displacement responses for both piles under

bidirectional loading are shown in Fig. 6. Pile P7 was

loaded to the 16th stage referring to a total load of 18,400

kN (9200 kN for each segment), at which stage the course

of an of cells was exceeded and consequently the test had

Fig. 3 Preparation of the bidirectional load test (a) installation of the set of expansive cells, b installation of the tell-tale casings, cell feed tubes

and instrumentation, and (c) lowering of the steel cage
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Fig. 4 Schematics of details of piles P7 and P28: a soil layering and instrumentation profiles, and b details of cross-sectional area for each pile

Fig. 5 Scheme for assembling the bidirectional test
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to be interrupted. In this loading, the displacements of the

upper and lower sections were equal to 5.25 and 48.73 mm,

respectively. The unloading could not be performed due to

the loss of the cell set. Pile P28 was loaded up to the 22nd

stage for a total load of 13,200 kN (6600 kN for each

segment), with displacements equal to 2.19 and 15.34 mm

for the upper and lower segments, respectively. After

unloading, the upper and lower sections showed residual

displacements equal to 2.01 and 13.57 mm, in that order,

and the test was declared concluded. It is noteworthy that

the upper segment of pile P28 did not move up to a load of

3300 kN. Upward displacements are not imposed on the

upper segment until the force applied by the expanding cell

assembly exceeds the submerged weight of that segment

plus any residual load developed along its length [1, 4, 30].

Considering the reinforced concrete specific weight of 25

kN/m3, it is estimated that the submerged weight of the P28

pile shaft is 1200 kN, which would result in approximately

2100 kN in residual loads. This value, as will be demon-

strated later in this work, does not represent reality. The

displacement delay of the upper segment is possibly linked

to the locking of the tell-tale positioned at the top of the set

of expansive cells.

It is important to note from Fig. 6 that the shafts of both

piles showed close displacement developments, although

pile P7 was loaded at higher loads and, consequently,

reached the transition range between the elastic and plastic

regimes. As for the lower segment of the two piles, pile

P28 showed less development of settlements for the same

load, which can be explained by the greater length of its

lower section and/or by better finishing conditions of its tip,

since its concreting was carried out shortly after its exca-

vation. The lower segment of the P7 pile presented an

elastic regime, with no defined failure. A similar

experience was evidenced in other works

[3, 4, 6, 11, 17, 32] and can be explained from the fol-

lowing alternatives: (1) effect of the roughness of the shaft

in the lower section, resulting in a relatively smooth sur-

face with low adhesion between the pile and the soil and/or

(2) presence of loose material at the tip [4]. The two pos-

sibilities will be discussed further later based on the

instrumentation results.

5.2 Instrumentation Data and Load Transfer

Figure 7 presents the averages of responses of specific

deformations as a function of the loads by the strain gauges

in the five instrumented levels. For the P7 pile, the levels

SG3 (34.7 m) and SG4 (41.3 m) presented close responses,

with linear elastic behavior for strains above 8 le. This
behavior was also observed for levels SG1 (13.2 m) and

SG2 (21.5 m) throughout all loading stages. Furthermore,

the loads that reached the SG5 level (47.4 m) were not

supported by the tip (non-development of deformations in

this region). This result can be explained by the accumu-

lation of loose material at the tip of the pile due to its

location very close to the set of expansive cells and/or

concreting carried out 1 day after drilling the pile, even

after checking the cleanliness its tip. For pile P28, close

responses were found for levels SG3 (34.9 m) and SG4

(40.8 m), with the development of linear elastic behavior

from 10 le. The levels SG1 (16.4 m) and SG2 (23.4 m)

showed a decrease in the deformation gain for loads from

4800 kN; and a drop in the slope of the straight line was

observed for the five levels from 6000 kN, indicating

possible mobilization of lateral friction.

Unlike the conventional load test, the bidirectional test

does not allow soil excavation around an instrumented

Fig. 6 Load–displacement responses for (a) pile P7 and b pile P28
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level for direct reading of the stress–strain behavior, called

the reference section. Thus, the axial load transfer was

obtained by the tangent/secant modulus method or the

incremental stiffness method [30]. This method considers

the inherent non-linearity and inelastic stress–strain

response of concrete through the pile modulus as a function

of imposed strain, which, after full mobilization of skin

friction, is reduced with increasing stress or strain. Hence,

the secant modulus of the pile is derived from the linear

equation of the tangent modulus to determine the stress

related to a given state of strain imposed on an instru-

mented section. When the shaft resistance above the gage

location is fully mobilized, the tangent modulus exhibits

decreasing linear behavior, which indicates the rate of

decay of the pile’s modulus of deformation. This magni-

tude is obtained by plotting the relationship between load

increment and strain increment vs specific strain.

Figure 8 shows the tangent modulus vs deformation

curves of both piles studied. Figure 8a shows that, for pile

P7, the two sections of the upper segment closest to the

load application point (SG3 and SG4 spaced at 8.7 m and

2.1 m, respectively) converged to a straight line even for

small deformations, i.e., all the shaft resistance from the

depth of 34.7 m to the depth of 43.4 m was fully mobilized

in the first stages of loading, and this section represents the

tangent modulus of a free column with the same properties

as the pile without the effects of the adjacent soil. Linear

regression of these results for tracing the line of the tangent

module (Best fit line) provides the coefficients a and b of

the equation. In this case, the average initial tangent

modulus of the pile was 53.0 GPa, and the decay rate (slope

of the tangent line) was - 0.222 GPa/le. As can still be

seen from Fig. 8a, the SG2 level (21.5 m) was on the verge

of linear behavior and tended toward the Best Fit Line,

indicating that the section between SG3 and SG2 was close

Fig. 7 Stress–strain responses of sister bars for (a) pile P7 and b pile P28

Fig. 8 Tangent moduli as a function of strains for (a) pile P7 and b pile P28
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to mobilization. In addition, the high dispersion of the SG5

level (47.4 m) indicates that it is in loose material at the tip,

preventing the mobilization of its resistance. Likewise,

Fig. 8b shows that levels SG3 (34.9 m) and SG4 (40.8 m)

located, respectively, 3.9 m above and 2.0 m below the set

of expansive cells, converged to a straight line right in the

first load stages, at low strains, demonstrating immediate

mobilization of skin friction in these stretches. Level SG2

(23.4 m) also converged to this same line at strains around

12 le. In addition, levels SG1 (16.4 m) and SG5 (47.8 m)

showed a tangent modulus gain as strains increased, indi-

cating strain-hardening behavior. The average initial tan-

gent modulus found was equal to 45.9 GPa and the decay

rate was - 0.166 GPa/le. When compared to the defor-

mation data of pile P7, readings at the tip level concerning

pile P28 were already expected due to its greater distance

from the set of expansive cells, ensuring better cleaning in

this part, and concreting carried out right after its drilling.

The load distribution along the pile subject to the bidi-

rectional loading test is shown in Fig. 9. Figure 9a shows

that, for the lower segment of pile P7, all the load applied

by the set of expansive cells was dissipated through skin

friction due to the presence of loose material at the tip,

which affects the development of its strength. For the upper

segment, further analyses show instability in the slope of

the curve between the load application point (43.4 m) and

the SG4 level (41.3 m), indicating possible variations in

skin friction in this region. Similar behavior is observed

between levels SG4 (41.3 m) and SG3 (34.7 m) for loads

greater than 2300 kN until reaching an almost vertical

curve in the last loading stage. This performance can be

explained by the existence of slurry filter cake between the

pile and the surrounding soil, impairing its adherence and

compromising the development of skin friction in these

regions. This phenomenon was also observed in other cases

of large diameter piles excavated with stabilizing fluid in

sedimentary soils in the literature [4–6, 28] and confirmed

by several laboratory tests [33–36]. Between levels SG3

(34.7 m) and SG2 (21.5 m), SG2 (21.5 m) and SG1

(13.2 m), and SG1 (13.2 m) and the ground surface there

was a gradual development of the slope of the axial load

transfer curve, with no evidence of side friction saturation

or any possible anomaly.

Figure 9b shows that the tip strength (TR) of the lower

segment of pile P28 started to develop at the stage referring

to the 600 kN load. In the last loading stage, the tip of this

portion had a capacity of 1077 kN, representing approxi-

mately 16% of the total load of 6600 kN applied in this

segment. Furthermore, instabilities can be observed in the

slope of the curve between the expansive cell set level

(38.8 m) and the SG4 level (40.8 m). This phenomenon

can be attributed to the existence of slurry filter cake

between the pile and the soil, as mentioned earlier in the

case of pile P7. The presence of this impermeable coating

is also noted in the upper segment of pile P28, between the

set of expansive cells and the SG3 level (34.9 m), being

responsible for the decrease in the slope of this curve up to

the load of 3300 kN, where the load at the level instru-

mented equals the applied load, that is, all shaft resistance

is dissipated and the shaft acts as a free-length section. In

Fig. 9 Load distribution along the depth for (a) pile P7 and b pile P28
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the sections from SG2 to SG3 (23.4 to 34.9 m) and from

the ground surface to SG1 (0 to 16.4 m), further analyses

show that the load transfer diagram had its shape modified

up to the load of 5400 kN, indicating saturation skin fric-

tion in these segments and maintaining their inclination

until the last loading stage. The load transfer diagram for

the section located between levels SG2 (23.4 m) and SG1

(16.4 m) showed a gradual gain in inclination, indicating

that skin friction was not fully mobilized along this section

nor the occurrence of slurry filter cake in these regions.

As previously discussed, the pile section between the

expansive cell group level (38.8 m) and the SG3 level

(34.9 m) of pile P28 acted as the free-length section for

applied loads above 3000 kN. In an analogy with the

conventional static load test, SG3 acts as an instrumented

level in a reference section, free of skin friction. In this

way, the loads along the depth can be obtained directly by

the secant modulus given by the following equation:

Es ¼
P0

Ape
ð1Þ

in which P0 is the load applied by the hydraulic system and

Ap is the pile section area. Figure 10a shows the secant

modulus as a function of deformation for pile P28, high-

lighting the SG3 level and the best-fit line that describes its

behavior. For comparison purposes, Fig. 10b presents the

load distribution along the depth according to the secant

and tangent moduli methods. As can be seen, all curves

showed good similarity, regardless of the loading stage.

The secant modulus method has as its main limitation the

possible existence of residual loads on the shaft of the pile

and the determination of its ‘‘absolute zero’’, while the

tangent modulus method is not influenced by these same

residual loads to determine the loads and stresses along the

shaft [30]. Thus, the non-development of upward

displacements in the upper segment of pile P28 for loads

below 3300 kN, as previously discussed, is not due to the

existence of residual loads in the pile, but to the mal-

function of the tell-tale positioned for this reading.

5.3 Mobilized Shaft and Tip Resistances

Figure 11 illustrates the distribution of shaft resistance

along the depth for piles P7 and P28. The skin friction of a

generic layer i (si) is calculated between two levels of

consecutive strain gauges, as follows:

si ¼
DPi

pDLi
ð2Þ

in which DPi is the difference in load between two con-

secutive strain gauge levels, D is the pile diameter and Li is

the distance between two consecutive strain gage levels.

Figure 11a shows that, for most of the sections between

strain gauges, the unit stress increased as the BDSLT

loading stages. However, variations in the skin friction of

the two segments just above the set of expansive cells were

observed due to the presence of the slurry filter cake layer

between the pile and the surrounding soil formed by the

polymer, compromising the full development of the skin

friction. Similar behavior before full mobilization was also

observed in previous works [5, 23, 24]. Despite this, the

segment just above this level (41.3 to 43.4 m) showed

gradual skin friction gain after the 8050 kN load, totaling a

value equal to 89 kPa in the last loading stage. On the other

hand, the section situated between levels SG3 (34.7 m) and

SG4 (41.3 m) showed loss of unit bond stress after a

maximum value of 7.3 kPa referring to the load stage of

1725 kN, behavior of the post-peak softening type, reach-

ing 0.7 kPa at the 9200 kN loading stage. Post-peak soft-

ening of unit stress for large diameter piles drilled with

Fig. 10 a Secant modulus as a function of strain and b comparison between load distributions along the depth by the methods of secant and

tangent moduli for pile P28
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stabilizing fluid was also observed by other authors

[4, 5, 7, 28]. The three other stretches of the upper segment

between the ground surface and the SG3 level (34.7 m)

showed skin friction stabilization in the later stages, i.e., all

skin friction along this length was completely mobilized.

Post-peak softening behavior and instability in skin

friction were also obtained for pile P28 in the segments

between 34.9 m and 38.8 m (from SG3 to expansive cell

set level) and 38.8 m and 40.8 m (from expansive cell set

level to SG4), respectively, as can be seen in Fig. 11b. The

post-peak softening behavior is also explained by the

presence of slurry filter cake layer on the pile–soil inter-

face, causing the pile to lose adherence to the soil when

reaching a certain value of shaft resistance. Unlike the P7

pile, the instability of the unit shaft resistance of the P28

pile was maintained throughout the test. The behavior of

the post-peak softening type, on the other hand, presented

two peaks of skin friction: one equal to 15 kPa related to

the load stage of 1200 kN and another of 5 kPa at the 6000

kN loading stage. Between loads of 3900 kN and 5700 kN

and after the second peak, the skin friction of this segment

was zero, that is, it behaved as a free-length section. The

segments located between 0 m and 16.4 m (from the

ground surface to SG1) and between 23.4 m and 34.9 m

(from SG2 to SG3) both showed full mobilization of skin

friction, reaching maximum value around 28 kPa in the

stage referring to 5100 kN. In contrast, the segments

located from SG1 (16.4 m) to SG2 (23.4 m) and from SG4

(40.8 m) to SG5 (47.8 m) did not show skin friction

Fig. 11 Distribution of shaft resistance along the depth for a pile P7 and b pile P28
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stabilization, reaching shaft resistances of 65 kPa and

149 kPa in the last loading stage, respectively.

The complete shaft mobilization, skin friction instabil-

ities, and post-peak softening behavior mentioned above

are best visualized in the plot of mobilized shaft resistance

vs relative pile–soil displacement shown in Figs. 12 and 13

for piles P7 and P28, respectively. The relative displace-

ment of the shaft of a pile segment is estimated using

Eqs. (3) and (4) as follows:

z1 ¼ z0 �
Dz1
2

ð3Þ

zi ¼ z0 �
Xi�1

1

zj �
Dzi
2

ð4Þ

in which z1 and zi (i = 2, 3, 4, …) are the relative move-

ments of the shaft of the first section and any section i,

respectively, z0 is the displacement at the load application

point, and Dz1 and Dzi are the shortenings of the first

section and any section i, in that order. It is noteworthy that

Eqs. (3) and (4) apply to both the upper and lower seg-

ments and that, for the same load, both will not necessarily

present the same displacement at the application point w0.

The shortening of any section i of the upper segment was

calculated proportionally to its length Li concerning the

total shortening above the set of expansive cells [37], as

shown in Eq. (5). The total shortening of the upper seg-

ment can be obtained directly from the bidirectional test by

the difference between the upward displacement at the

level of the expanding cell cluster and the displacement at

the pile head. For the lower segment sections, the elastic

shortening given by Eq. (6) was calculated as follows:

Dzi ¼
Li
Lup

Dz ð5Þ

Dzi ¼
Pt;i � Pb;i

2EpAp
DLi ð6Þ

in which DLi is the length of the segment i, i.e., the dis-

tance between two consecutive strain gauge levels, Lup is

the total length of the upper segment of the pile, Dz is the

total shortening of the upper segment of the pile, Pt,i is the

load at the top of a pile segment i, Pb,i is the load at the base

of a pile segment i, Ep is the modulus of elasticity of the

pile (in the present work the average of the secant modulus

given previously was used) and Ap is the area of the cross

section of the pile.

Figure 12a shows the relation relative displacement of

pile–soil vs shaft resistance for the upper segment of pile

P7. As mentioned earlier, the first three stretches from the

ground surface showed gradual development followed by

full mobilization of skin friction up to 16.6, 47.4, and

79.2 kPa, respectively. The instability of the shaft resis-

tance between the SG4 level (41.3 m) and the load appli-

cation point (43.4 m) can be seen in Fig. 12a through the

four peaks presented for frictions equal to 30.1, 23.3, 29.9

and 50.0 kPa at relative displacements of 0, 0.18, 0.85 and

50.04 mm, respectively, followed by hardening behavior in

the last two loading stages. This instability is due to the

presence of slurry filter cake in the pile–soil interface

which, despite influencing the development of skin friction,

did not restrain its mobilization in the last loading stages.

Furthermore, there were no relative movements in this

section until the fourth stage of loading. Post-peak soft-

ening behavior is also presented for the section between

34.7 and 41.3 m (SG3 to SG4), with peak friction equal to

5.1 kPa and residual friction of 0.7 kPa. Figure 12b pre-

sents the relationship relative displacement vs resistance of

the shaft for the lower segment of pile P7, i.e., between the

expansive cell array level and the SG5 level (47.4 m). As

can be seen, the behavior of this section was elastic–linear,

Fig. 12 Relationship between mobilized shaft resistance and relative pile–soil displacement for pile P7 in (a) upper and b lower segments
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mainly for friction above 100 kPa. The relationship relative

displacement vs resistance of the lower segment tip (true

pile tip) was not presented, because there was no devel-

opment of tip resistance at any load stage.

Figure 13a shows the relationship relative pile–soil

displacement vs shaft resistance for the upper segment of

pile P28. The first and third stretches from the ground

surface (0 to 16.4 m and 23.4 to 34.9 m, respectively)

showed gradual development of skin friction until they

were fully mobilized at 28 kPa with relative displacements

around 0.36 and 0.48 mm, in that order. The second stretch

(16.4 to 23.4 m) did not show shaft resistance mobilization,

reaching 64.7 kPa referring to a relative displacement of

1 mm in the last loading stage. The section between the

SG3 level (34.9 m) and the expansive cell set (38.8 m) did

not develop skin friction except for two peaks equal to 15.4

and 5.4 kPa at relative movements of 0 and 0.97 mm,

respectively. This post-peak softening type behavior was

observed in the same region for pile P7, formed mainly by

sand and silty sand of medium to high compactness. Fig-

ure 13b shows the relative pile–soil displacement vs shaft

resistance of the lower segment of pile P28, as well as the

displacement of its tip vs true tip resistance. Instability in

skin friction between the expansive cell set level (38.8 m)

and the SG4 level (40.8 m) was also observed, with peaks

of 17.1, 19.4, 22.2 and 36.6 kPa referring to the relative

displacements of 0.64, 4.40, 6.22 and 11.83 mm, respec-

tively. The section between 40.8 and 47.8 m (SG4 to SG5)

showed practically elastic–linear behavior for friction

above 40 kPa. Unlike the P7 pile, the P28 pile showed the

development of tip resistance without being fully mobi-

lized, reaching a peak of 540 kPa with a displacement of

13.53 mm in the last load stage.

Several authors suggest that, while complete mobiliza-

tion of skin friction is achieved for displacements of a few

millimeters, the tip resistance is only fully mobilized for

large displacements, on the order of 10–15% of its diam-

eter [30, 38–41]. From Figs. 12b and 13b, it can be

understood that the entire length below the set of expansive

cells behaved as a pile tip for pile P7, especially because of

its length. This idea is reinforced by the fact that its lower

segment did not showed total mobilization, even for large

relative displacements.

5.4 Algorithm for Load–Displacement Analysis
of Bidirectional Static Load Tests

For a better understanding of the mechanisms involved, a

load-transfer model was implemented for comparison with

the results obtained in the field [42]. Due to the large

variation in behavior, the load-transfer data were approxi-

mated to conventional hyperbolic functions [28], given by

Eq. (7) and represented in Figs. 12 and 13 by the dashed

lines:

f ¼ kmz

1þ kmz
tm

� �hd
� �1=d ð7Þ

in which f describes the mobilization of the shaft (s) or tip
(qb) as a function of displacement z, km is the maximum

soil stiffness (at z = 0), tm is the coefficient related to

maximum resistance, d the unitary resistance degradation

parameter and h is the unit strength hardening parameter.

The calibrated parameters for the load-transfer model are

shown in Table 1 and were obtained by interpolation

between the instrumentation data and the non-linear model

given by the equation. The parameters for the true pile tip

Fig. 13 Relationship between mobilized shaft resistance and relative pile–soil displacement and between true tip resistance and true tip

displacement for pile P28 in (a) upper and b lower segments
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of pile P7 and between the depths of 34.9 m and 38.8 m of

pile P28 are not presented, because they were considered

zero in the simulation. In addition, the parameters deter-

mined for the segment between 43.4 m and 48.4 m of pile

P7 describe the linear behavior presented during the test.

The load–displacement response of the pile submitted to

the bidirectional test and performed in multilayer soils can

be analyzed by sectioning each segment into n sections

from the point of application of the load to its opposite

extreme (pile tip for the lower segment and pile head for

the upper segment). Figures 14a and 14b show the division

scheme for the lower and upper segments, respectively.

Thus, the load and the displacement at the load application

point can be obtained from any base displacement zb

employing the flowchart shown in Fig. 15. The load–dis-

placement curve is built from the algorithm processing for

different base displacements. In Figs. 14 and 15, D is the

pile diameter; Ep is the modulus of elasticity of the pile; Ap

is the area of the pile section; Qb is the load at the base of

the analyzed segment (equal to zero for the upper seg-

ment); qb(zb) is the unit base resistance of the analyzed

segment, given by Eq. (7) for any displacement of the base

zb; si(zm,i) is the lateral friction of any element i, given by

Eq. (7) for any displacement in the middle of element zm,i;

zb,i, zm,i, zt,i are the displacements at the base, middle and

top of any element i, respectively; z’m,i is the new dis-

placement found in the middle of any element i; Pb,i and Pt,i
are the loads at the base and at the top of any element i,

respectively; DPi is the difference between the loads at the

top and at the bottom of any element i; Dzi is the elastic

shortening; and DLi is the length of any element i. In this

Table 1 Calibrated parameters for load-transfer model

Pile Segment km
(kPa/mm)

tm
(kPa)

d h

P7 0 m–13.2 m 403 25 0.47 1

13.2 m–21.5 m 136 55 0.98 1

21.5 m–34.7 m 329 90 0.83 1

34.7 m–41.3 m 61 8.3 1 1.38

41.3 m–43.4 m 137 20 1 0.56

43.4 m–47.4 m 9.02 – – 0

P28 0 m–16.4 m 6610 35 0.49 1

16.4 m–23.4 m 366 16 5 0.58

23.4 m–34.9 m 6.2 106 35 0.25 1

38.8 m–40.8 m 13 10 1 0.56

40.8 m–48.8 m 309,428 1 1 0.68

True pile tip 139 570 1.66 1

Fig. 14 Pile division scheme for load-transfer model for (a) lower and
b upper segments Fig. 15 Flowchart for implementing the algorithm
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work, the modulus of elasticity was considered constant

along the depth and equal to 53 and 45 GPa for piles P7 and

P28, respectively.

Figure 16 shows the comparison between the results of

the field test and the load-transfer model for the upper and

lower segments of both tests. In general, the simulation

showed good agreement with the field results, except the

upper segment of pile P28. This discrepancy results from

the tell–tale jamming for reading the upward movements of

this pile. Despite this, shifting the field results at 1150 kN

down, there is a good similarity with the load-transfer

model in the last six loading stages. Furthermore, it can be

seen from Fig. 16a that the lowest value of the simulated

load–displacement curve is limited to a load of 4000 kN.

This occurs, because the model starts from a displacement

of the base of the shaft, i.e., it is assumed that lateral

friction has been minimally mobilized along the entire

shaft. To work around this situation, the simulation curve

was extrapolated.

5.5 Equivalent Conversion Results

As the bidirectional test does not directly provide the

ultimate load of the pile and the Brazilian standard does not

provide a failure criterion for this test, it was decided to

convert the results to those of a conventional test to eval-

uate the maximum load that the pile resists. For this, the

traditional method of conversion [15, 16] was employed in

which, for the same displacement, two loads are assigned,

one for each segment, which are then added together. The

elastic shortening related to the load applied to the upper

segment was obtained through the test results (Fig. 6) and

then added to the adopted initial displacement. This

procedure was repeated for different adopted displace-

ments, limited to the maximum displacement of the upper

segment obtained in the test.

Figure 17 shows the equivalent curves which, for both

cases, were far below the estimated ultimate load capacity

(twice the design load of 11,500 and 6600 kN for piles P7

and P28, respectively) due to the low mobilization of the

upper segment, resulting in a maximum test load of 9850

and 6150 kN for piles P7 and P28, in that order. To

overcome this situation, the previously adopted load-

transfer model was applied considering the load applied to

the ground surface, that is, both segments moving from top

to bottom simultaneously as a single pile. The same load-

transfer functions and parameters used for the simulation of

the bidirectional test were used [Eq. (7) and Table 1,

respectively]. Adopting that the mechanical behavior of the

pile–soil system is similar both in the upward and down-

ward direction can provide minimally conservative results

[12]. Furthermore, obtained considerable similarity in

behavior between both displacements [11]. The simulation

results are also shown in Fig. 17, showing good agreement

with the equivalent curves within the displacement limit.

The Brazilian standard NBR 6122 [43] defines the failure

of the pile subjected to the conventional test as the load that

intercepts the failure line given by Eq. (8). In this sense,

the failure loads found for piles P7 and P28 were 23,000

and 26,600 kN, respectively, obeying a minimum load of

twice the design load:

f ¼ D

30
þ P0L

ApEp
ð8Þ

Fig. 16 Comparison between field test and load-transfer model results for (a) upper and b lower segments
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6 Summary and Conclusions

In this study, two large diameter drilled shafts with stabi-

lizing polymer in highly heterogeneous sedimentary soil in

the city of Itapema/SC, Brazil, were subjected to a bidi-

rectional test to determine their ultimate load capacity. The

same procedure was used for the execution of the two piles,

with the difference between them restricted to the con-

creting of the P28 pile, carried out on the same day of its

drilling, while in the P7 pile, the concreting was carried out

on the following day. For analysis of the mechanical

behavior, electrical extensometers were installed along the

depth of the two piles. The load-transfer curves resulting

from the instrumentation were approximated to hyperbolic

functions and an algorithm based on the load-transfer

model was implemented for the case of bidirectional load

applied along the pile shaft. Curves equivalent to the

conventional static load test were built using the field

results and the processed algorithm—the results were used

to determine the ultimate load capacities according to the

Brazilian standard. Given the results and analyses carried

out, it is concluded:

– The load-settlement curves of both piles showed the

development of larger settlements in the segments

below the set of expansive cells. For pile P7, the linear

behavior of this section indicates the presence of loose

material at its tip, which was later confirmed by the

analysis of instrumentation results. When compared to

the P28 pile, such behavior may be the result of the

longer time between the end of drilling and the

concreting of the excavation and/or the positioning of

the set of expansive cells closer to the tip, which may

have made it difficult to properly clean its tip;

– The results of the ascending load-settlement curve of

pile P28 indicated the possibility of developing residual

loads along its shaft. The portion between the load

application point and the instrumented level just above

acted as a free-length section due to the existence of a

slurry filter cake, behaving as a reference section. The

load distribution along the depth was calculated by

secant modulus method [30], whose main limitation is

the existence of residual loads, and was compared to the

distribution obtained by the same author’s tangent

modulus method, which is not influenced by such loads.

The similarity between the two results obtained rules

out the possibility of the existence of residual loads on

this pile; such responses of the load–displacement curve

were attributed to the possible jamming of the tell-tale

responsible for reading the ascending movements;

– Both piles showed instabilities in the development of

lateral friction and post-peak softening behavior. This is

a result of the deposition of slurry filter cake on the

pile–soil interface, compromising the mobilization of

lateral friction. Despite this, the lateral friction of most

of the instrumented segments of the two piles reached

complete mobilization;

– The hyperbolic model adopted to describe the load-

transfer curves proved adequate. Its application in the

implemented algorithm resulted in load-settlement

curves in good agreement with the results of the

bidirectional test, except for the case of the upward

movements of pile P28, a correction for this curve

being suggested.

– Due to the low displacements presented by the upper

segments of both piles, it was not possible to determine

the ultimate load capacities employing equivalent load-

settlement curves constructed through field tests. The

algorithm resulting from the hyperbolic model

employed was used to construct the equivalent load-

settlement curves for loads and displacements sufficient

for determining the breaking load according to the

Brazilian standard. The results succeeded to values

higher than the estimated ones, even considering

minimally conservative assumptions for the simulation.
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Letters 7:152–160. https://doi.org/10.1680/jgele.16.00081

29. Pires JDTS, Merege RCCB (2010) Project ‘‘Social-environmental

diagnosis for creation of a conservation unit in Itapema/SC’’ -
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