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Abstract. The foundation for the new Petrobras headquarters building in Salvador, Bahia, northwest of Brazil, had barrette
pile rock socketed units chosen as the best engineering solution, due to shallow top rock, given schedule and cost. Even
though the soil strata was stiff to very stiff silt, the required design load was not able to be based on soil side resistance only,
resulting in a rock socket design. A 300 kPa ultimate shear stress was assumed by the designers and static load tests were
performed to verify this parameter. This paper evaluates the results obtained from the test without discussing the designer
assumption. Rock socket shear stress verification was made possible by placing an expanded polystyrene block below the
pile steel cage, eliminating any possible bottom resistance. Beyond the usual top instrumentation, electric retrievable
extensometers were installed along the shaft to afford depth load transfer evaluation. This paper presents the results of the
load tests as well as an application of analytical and semi-empirical methods available in the literature to prove their
usefulness and effectiveness, revealing and confirming many aspects of field behavior.
Keywords: rock socket, static load tests, barrette pile, instrumentation.

1. Introduction
Based on geological profile and subsurface investigations, a high load foundation was designed for the new
Petrobras headquarters building in Salvador, Bahia, by
means of rock socketed barrette piles. The working load
was set by the designer assuming 300 kPa of shear stress in
the rock embedment, without any soil and tip contribution.
This assumption complies with common design procedures, in which soil side and rock tip resistances are not
considered to evaluate the safety factors. Also, those
resistances could be currently considered in a less conservative approach. To verify the design assumptions two
static load tests were performed in an instrumented pile
through dial gauges and electric extensometers, described
in detail hereafter.
The city of Salvador (in the Bahia State, Brazil) is located in the Salvador Terrace Belt, which is sectioned into
two parts by the Iguatemi Fault. Most of the rock is
granulite, occurring gneisses towards eastern-north from
fault. The altitude at the jobsite area is 25 m above sea level,
on average, and it is located where the top of the bedrock
(see Fig. 1) rises sharply in a crossing lane, reaching up to
22 m above sea level. This geological profile reveals soft to
sound granulite rocks (Barbosa et. al., 2005).

2. Materials and Methods
2.1. Site characterization
The site investigation involved 11 drilled borings in
in which SPT blow counts were measured in soil strata and

retrieval of rock cores samples were carried out, wherein
RQD (rock quality designation) and recovery were determined. The locations of bore holes and pile test are shown
in Fig. 2.
The closest borehole to test pile was SM-03, which
was taken as a reference in evaluating load transfer along
depth. The overburden was characterized by clayey silt
with fine and medium sand, and even gravel, overlying
sandy silt (residual soil). The layers are shown in Fig. 3, as
well as the bedrock depth. The water table was found at a
depth of 10.7 m.
Rock samples from depth spots were tested to provide
unconfined compressive strength (qu). The qu values of all
samples (see Fig. 4) had an average of 47 MPa. A range of
35-90 MPa was taken to comply with the RDQ determined
in the SM-03 rock samples, with more than 50% located in
socket depth.
2.2. Pile data
The pile had a rectangular section, 3.15 m x 0.80 m,
7.90 m perimeter, and was located next to the main building
(see Fig. 2 for location). The excavation was made using a
truck-mounted crane and clamshell bucket for overburden
and hydromill to advance in the bedrock (see Fig. 5) using a
bentonite mud for trench stabilization. The pile had a
9.76 m length in the soil and 1.54 m length in rock. Below
the pile bottom an EPS (Expanded Polystyrene Styrofoam)
block was positioned through a steel cage, with dimensions
of 2.95 m x 0.68 m x 0.90 m (length, thickness, height). A
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E = 0.85 × 5,600 × f ck

(1)

2.3. Pile instrumentation

Figure 1 - Jobsite location and top of rock from sea level (after
Barbosa et. al., 2005).

chamfer was necessary to dovetail the shape of the rock surface due to the hydromill wheels geometry.
Even though the design assumption was clear, meant
not overcoming 300 kPa for rock socket shear stress, it was
decided to investigate further and be less conservative for
test worthiness. Therefore, to maintain the 12 MN ultimate
load for a rock socket 1.54 m long, instead of 5 m, a
rock-shaft shear stress of 986 kPa was required.
Taking into account concrete resistance (fck) of
25 MPa, given by 6 axial compressive tests, the pile
Young’s Modulus (E) was estimated as 23.8 GPa, according to the Brazilian Standard ABNT (2002), i.e.:

Four sensors or electric retrievable Geokon extensometers, Model A9, were placed inside a 50.8 mm (2”)
metallic pipe, casted in place inside the pile, with a top cap.
They were fixed into the pipe walls with nitrogen gas pressure through expandable anchors. The sensors were interconnected by metallic galvanized rods; their positions are
shown in Fig. 3. This type of instrumentation provides
changes of length (shortening) between each sensor, allowing thus determining the strain. An incorrect fixation of
sensor 3 occurred, which may have caused some sensor slip
inside the pipe. Therefore, imperfections on segments 2-3
and 3-4 were solved by adding these lengths and eliminating sensor 3 referential readings. Lengths from 1 to 4 were
added and became segment 1-4, corresponding to the soil
length, approximately. This total measured shortening was
correct, according to the Fugro In Situ, responsible for the
installation of the sensors (Debas, 2014). The instrumentation position layout is displayed on Fig. 6.
The top displacement was measured by four dial
gauges, with hundredths of mm precision. After the slow
maintained load, another dial gauge was added to obtain a
better average value.

3. The Static Pile Load Tests
The reaction system consisted of 8 rock socket
tieback anchors, each connected to a hydraulic jack. The
fixed length was designed using the Bustamante/Habib

Figure 2 - Geotechnical investigation and pile test location.
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Figure 3 - Test pile cross section along with data from SM 03 borehole.

method (1989) apud Hachich et al. (1998). Eight CP 190
RB type tendons were used, 15.2 mm in diameter each, with
a 1.72 MN ultimate load, through a 9 m anchor bulb length.
Free length was 12 m and all anchors were inclined 15°
from vertical axis. The setup is shown in Fig. 7.
The nearest horizontal distance between the anchorbulb axis and vertical axis of the pile was 12 m x sin(15°) =
3.11 m, thus, 1.74 times the equivalent pile diameter, i.e.,
1.79 m. The minimum value according to Brazilian standards is 1.5 m, and thus acceptable. The anchor pre-stresses
were performed with the hydraulic jacks, connected to four
pumps. Each hydraulic jack/pump/jack set was calibrated
by IPT (Instituto de Pesquisas Tecnológicas – São Paulo Brazil).
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The first static test was performed with slow maintained loading, according to Brazilian standards ABNT
(2010) and ABNT (2006). Ten increments of 1.20 MN
were applied and the readings of the dial gauges were taken
at 2, 4, 8, 15, 30, 60, 120 minutes and so on until stabilization of the displacements. No failure has occurred. The
maximum load (11.82 MN) was maintained for 12 h. The
unloading proceeded in 5 stages, with a 2.40 MN decrease.
Each load was maintained for 15 min.
Since there was no failure, a second test was done to
attain either failure or reaction system limit, whichever
could come first. The second static test was performed in
the same pile, subsequently, with quick loading according
to the same Brazilian standards. The instrumentation sensors were not reset.
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Figure 4 - Results of qu and RQD vs. elevation.

The 1.20 MN increments were applied up to 12 MN
and, afterwards, 0.6 MN increments up to the maximum reaction system (15 MN). Again, no failure occurred and increments were maintained for 10 minutes, independently of
displacement stabilization.

4. Results and Interpretations
4.1. Load-displacement curves at the pile top
From top instrumentation results, load x displacement
(Po x yo) curves were drawn for slow and quick tests, as il-

lustrated in Figs. 8 (a) and (b). The maximum top displacement measured from the slow test was 2.81 mm, whereas
2.13 mm for quick test.
These values represented only 0.16% and 0.12%, respectively of the equivalent pile diameter. Furthermore, the
maximum displacement measured in the slow test was 32%
higher than in the quick test, indicating probable displacements of the rock mass fractures at the end of the slow test
and prior to the reload. This phenomenon was studied in detail by Williams (1980), who performed laboratory tests on

Figure 5 - Details of the hydromill trench cutter and EPS block below the steel cage.
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concrete-rock joints, approaching it as rock-rock joints.
The tests provided information regarding the relationship

between shear stress, displacement and normal stress, in
consequence, stiffness. As long as the normal stress developed on a concrete-rock joint is high, the slip finds more resistance to occur, increasing the skin friction. This normal
stress development comes from either the Poisson effect
or/and joint dilatation (as it needs to expand to slip). More
detail of this phenomenon can be found in Carter &
Kulhawy (1988) and Musarra (2014).
4.2. Pile shortening and tip displacement. Determination of E.S

Figure 6 - Barrette test instrumentation layout.

With the data given by the instrumentation, it was
possible to obtain the shortening of the pile (De) along the
soil and rock lengths (1-4 and 4-a segments, respectively),
and the displacement of the tip (ytip). Both plots, pile shortening (De) and tip displacements (ytip) versus top load (Po),
are shown in Fig. 9.

Figure 7 - Overview of the setup for the static load tests in rock socketed barrette pile.

Figure 8 - Top load x displacement curves for slow load (a) and quick load (b).

Soils and Rocks, São Paulo, 38(2): 163-177, May-August, 2015.

167

Musarra & Massad

Figure 9 - Shortenings of segment 1-4 and fictitious tip displacements for the slow loading test.

Two behaviors could be pointed out. First, the shape
of the shortening curves for the slow and quick loads are
quite different, even though the maximum values are almost the same (rounding 1.60 mm), which could suggest
distinct pile behavior taking place by influence of the joint
concrete-rock. Second, after unloading was performed in
the slow test, a negative tip displacement occurred, indicating that a pile shortening was trapped due to the appearance
of a residual load, detailed afterward herein.
The analysis of the top load x strain curves in an instrumented pile can give useful information regarding the
resistances of the 1-4 and 4-a segments. In this case, when
the subsequent measured pair points in a segment seems to
align straight, it is known that the ultimate resistance was
reached in that segment and the product E.S can be calculated as shown on Figs. 10 (a) and (b). As the cross sectional
area (S) of the pile is known its elastic modulus (E) can be
estimated. Strain values were calculated by dividing
shortenings by segment lengths.
In fact, reporting to Fig. 10 (a), for a top load Po = 10.7
MN and microstrain of rougly 120 (i.e., a strain of
-6
~120.10 ), the total side friction reached its maximum
value Alrm above mid height of segment 1-4. This means that
the following relation holds (Massad, 2011):
. -6
Po = Alrm + E × S × me for e ³ 12010

(2)

In other words, for e ³ 120.10-6 the linear relationship
between Po and microstrain has an inclination equals to E.S.
The same reasoning may be applied to the quick load,
Fig. 10 (b). This inclination refers only to the last two
points, highlighted in Figs. 10 (a) and 10 (b), even though
some additional pair points (with higher loads and displacements) would be needed to confirm the value of E.S.
From the product E.S found in slow and quick tests,
53 and 58 GN, respectively, elastic modulus values of
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21 GPa and 23 GPa were calculated. The difference of almost 10% could be explained by the “Rüsch effect” (Rüsch,
1960), i.e., loading velocity and creep effect. These figures
are in close agreement with the results obtained in the tests
over the concrete samples, as described before, and with the
Tangent Modulus Method (Fellenius, 1989) evaluation, as
presented in Figs. 11 (a) and (b). These plots relate the tangent modulus with the deformation of the segments 1-4
(along soil length) and 4-a (along socket length). As can be
seen, the curves tend asymptotically to the same figures
presented above. Furthermore, Fig. 11 (b) (quick test) displays that the shaft-soil system would have more resistance
to develop due to the distance between the 23 GPa line and
the asymptote. This confirm that higher loads and displacements, as stated above, could lead to mobilized loads closer
to the ultimate soil skin friction.
4.3. Load distribution along the shaft and the estimation
of the unit shear stresses
The load distribution along the shaft was calculated
through the elasticity theory considering: a) the deformations of segments 1-4 and 4-a obtained from the extensometers; and b) a cross sectional area (S) equals to 2.52 m2.
Figures 12 and 13 show the results for both slow and quick
static load tests. From these figures it follows that the ultimate shaft resistance (unit shear stress) was reached along
the soil, but not on the rock embedment. The presence of residual loads at the end of the slow test and in the beginning
of the quick load test (Fig. 13) can also be seen.
To evaluate the residual load generated at the end of
the static loading, a pile model was created, represented in
Fig. 14, establishing the top of rock socket as a “fictitious”
tip, with a resistance (qp) estimated by converting the socket
mobilized side friction (fs) as follows:
f s ( rock) = q p ×

S
p×L

(3)
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Figure 10 - Estimation of pile stiffness (E.S) by instrumentation from slow (a) and quick (b) load tests.

Figure 11 - Tangent modulus of the concrete as a function of strain for slow (a) and quick (b) tests.

where S is the pile cross sectional area, p its perimeter and L
the length of rock socket (the embedment height).
Graphs displaying these data are shown in Figs. 15 (a)
(slow test) and 15 (c) (quick test) that relate the unit shear
stress or skin friction (fs) in the soil interface, as a function
of the displacement at the pile mid-height (yo - De1-4/2). Similarly, Figs. 15 (b) (slow test) and 15 (d) (quick test) relate
the “fictitious tip” reaction (qp) with its displacement (ytip).
For the slow load test, it can be seen that the unit shear
stress reached its ultimate value of 53 kPa in the soil interface (fsu), while for the quick load test this value was at least
41 kPa. On the other hand, the maximum qp values of
Figs. 15 (b) and 15 (d) are, in reality, the unit shear stress (fs)
in the rock interface (embedment). Using Eq. 3 the figures
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of 637 kPa (slow test) and 910 kPa (quick test) were found
for fs in the rock interface, with no failure. These figures are
up to 3 times 300 kPa, assumed in the design and, according
to the quick test, close to the new required value of 986 kPa,
disregarding tip and soil resistances. Table 1 summarizes
these results, as total ultimate Alr (soil) or mobilized Al
(rock) resistances and load transferred to the rock socket
embedment as a percentage of the total applied load (Pomax).
It may also be concluded that the soil contribution to the
shaft resistance amounted 100% - 65% = 35% in the slow
test and little more than 100% - 75% = 25% in the quick
test.
It is possible to validate the values of fsu on soil interface, shown in Table 1, using empirical methods based on
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Figure 12 - Load distribution along the shaft for slow load test.

Figure 13 - Load distribution along the shaft for the quick load.
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Without being extremely conservative, a C average of
1.0, which coincidentally corresponds to the proposition of
Prakoso (2002), was adopted. Equation 5 and the qu range
provided by Fig. 4 lead to fsu (rock) varying from 1,900 kPa
to 3,000 kPa, with an average of 2,200 kPa. These round
numbers are greater than the fs (rock) as shown in Table 1,
i.e., the rock in the embedment did not collapse, as mentioned before.
4.4. Load x displacement calculated by Massad’s Method:
validation of the analysis
a) Massads Mathematical Method

Figure 14 - Fictitious tip model.

SPT (N) blow counts given by boring SM-03 (Fig. 3), as
follows:
a) Aoki-Velloso’s Method (Aoki & Velloso, 1975)
• Parameters: sandy clayey silt, K = 450 kPa, a = 2.8%, average N = 17 and F2 = 3.5
f su ( soil) = a × N ×

K
= 61 kPa
F2

(4-a)

b) Décourt-Quaresmas Method (Décourt & Quaresma,
1978) and Décourt (1998)
• Parameters: average N = 17, b equal 0.60
æN
ö
f su ( soil) = b ×10 × ç + 1÷ = 40 kPa
3
è
ø

(4-b)

Once again, is noticeable the presence of a residual
load before starting to load the pile again (before quick
test), as well as in the completed unloaded condition
(Figs. 15c and 15d).
As far as the fsu on the rock interface, the following relationship was applied:
f su
æq ö
( rock) = C × ç u ÷
pa
è pa ø

A method to predict single pile performance under
vertical loading, proposed by Massad (1995 and 2001), was
employed to validate the results obtained so far by interpreting the instrumentation (sensors of Geokon extensometer type) along the shaft. The validation was carried out,
as shown hereafter, working with the pile top displacement
measured by four dial gauges, therefore in an independent
way and free from the incorrect fixation of sensor 3, as previously mentioned.
Herein, one can find a brief description of method;
more detailed information can be found in the given references. The method includes many aspects of load transfer
phenomena, like the pile compressibility, progressive failure and the residual stresses due to driving or subsequent
loadings. The solutions are analytical, in closed form, and
were derived using as load transfer functions the modified
Cambefort’s Laws (Massad, 1995 and Cambefort, 1964),
comprising the current knowledge about the shaft and tip
displacements, needed to mobilize the full resistances.
These modified laws are represented in Figs. 16 and 17.
They may be applied to bored, jacked or driven piles; first
or subsequent loading-unloading cycles. The soil is supposed to be homogeneous with depth, along the pile shaft.
A coefficient that measures the relative stiffness of the
pile-soil (shaft) system was introduced and defined as follows:
k=

n

(5)

where pa is the atmospheric pressure and C varies between
0.6 to 1.2 (see Musarra, 2014).

Alr
Kr yl

(6)

ES
h

(7)

with:
Kr =

Table 1 - Summary of results.
Pomax (kN)

fsu (soil) (kPa)

fs (rock) (kPa)

qp (**) (kPa)

Alr (soil) (kN)

Al (rock) (kN)

Al (rock)/Pomax

Slow

11837

53 (*)

637

3075

4087 (*)

7750

65%

Quick

14231

> 41

910

4400

> 3160

11070

< 75%

Loading test

Notes: (*) Ultimate values (**) Fictitious tip (See appended list of symbols).
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Figure 15 - fs and qp as a function of displacements: slow test (a, b) and quick (c, d) test.

where Alr is the ultimate shaft load; y1, the pile displacement, of the order of a few millimeters, required to mobilize
full shaft resistance (see Fig. 16); D and h are the diameter
and height of the pile; B is a Cambefort parameter; Kr is the
pile stiffness; E, the modulus of elasticity of the pile material and S its cross sectional area.
The model gave a further insight on pile behavior and
led to a new pile classification, with respect to the k values:
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“short” or rigid (k £ 2); intermediate (2 £ k £ 8); and “long”
or compressible (k ³ 8).
All Figs. 16, 17, 18 and 19 can be found in Massad
(1995 and 2001).
The residual stresses can be dealt with a magnifier
factor (m):
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• range 3-4 (progressive mobilization of shaft resistance,
from top to bottom)
Po = m × Alr ×

h - h ¢ m × Alr
+
× b¢
h
z

é (b¢) 2
yo
= ê1 2
m ×yl ë

ö
÷÷
ø

(10-b)

• range 4-5 (free development of tip resistance)

st

Figure 16 - Modified 1 Cambefort’s Law.

P
m =1 + h
Alr

ù k æ Po
ú + 2 × çç m × A
è
û
lr

(10-a)

(8)

where Ph is the residual toe load, which is in equilibrium
with the residual negative shaft resistance, supposed to be
constant with depth. For a first loading of a bored pile,
Ph = 0, then m = 1. Otherwise, as Ph £ Alr, it follows that
m £ 2. In general, this factor, when greater than 1, is upper
bounded by the smaller value between 2 and Qpr/Alr, where
Qpr = Rp.S is the toe load at failure (see also Fig. 17). Note
that the maximum and the residual unit shaft resistances (fu
and fres) are supposed to be constant along the pile shaft.
One advantage of using m is that it allows taking the residual loads as shaft loads in the model.
Reporting to Fig. 18, the load (Po)-settlement (yo)
curve at pile top may be expressed by the following equations (see Massad, 1995):
• range 0-3 (pseudo elastic)
b¢ y
(9)
Po = m × Alr × 3 × o
z my l

Po max - Po - m × Alr
1
=
m × Alr
1
1
+
y o max - y o RS K r
2K r

(11)

The coefficient b’ of Eqs. 10-a and 10-b depends on
the characteristics of the soil-pile system and is given by:
æ h¢ ö
tanhç
÷+ l
h ×z ø
è
b¢ =
æ h¢ ö
1 + l × tanhç
÷
è h ×z ø

(12)
RS

with z = k and l =

Kr
z

Figure 17 - Modified 2 Cambefort’s Law.

where l is the relative stiffness of the pile-soil (shaft and
toe) system (Massad, 1995) and h’ indicates the progressive
mobilization of shaft resistance with depth. Reporting to
Figs. 18 and 19, h’ = 0 and h’ = h correspond to points 3 and
4, respectively. In point 3 b’ = b’3.
Equations 9, 10 and 11 also apply to the unloading
ranges 6-7, 7-8, and 8-9 (Fig. 18): it is sufficient to use the
appropriate Cambefort’s parameters for rebound, as shown
in Figs. 16 and 17; moreover, if the loading stage ends further than point 4 (full mobilization of shaft friction), m = 2 at
Po = Pomax (Massad, 1995).
b) Comparison between the measured and the calculated Po
x yo curves
Table 2 summarizes the pile characteristics. The full
lines presented in Fig. 15 stand for the modified Cambeforts Laws, whose parameters are shown in Table 3.
To apply the Massads Method, the intermediate parameters were determined using Eqs. 6, 7, 8 and 12, as pre-

Figure 18 - Theoretical Load-settlement curve.

Figure 19 - fs mobilization, range 3-4.

nd
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sented in Table 4. As k < 2 and l > 1.5, the pile behaved as a
rigid pile with a great influence of the “fictitious tip”. Furthermore, the values of m were high, reaching the upper
limit of 2 at the end of unloading in the quick test, because
fres @ -fsu in the soil strata, confirming the results shown in
Fig. 15 (c).
To draw the Po x yo theoretical curves, Tables 5 to 8
were prepared for the slow and the quick tests, using Eqs. 9,
10-a and 10-b. Looking at Figs. 15 (a) and 15 (c), it is possible to see that the pseudo elastic range of the First Cambefort Law does not pass through the origin. Actually, there is
an intercept of roughly 10 kPa, which corresponds to an initial shaft load of 10 kPa x 9.76 x 7.90 = 800 kN. Therefore,
the values previously computed Po were adjusted with the
addition of the number 800 kN.

Figures 20 and 21 show the results obtained. It can be
seen that there is agreement between both curves, drawn independently, i.e., the measured (with dial gauges) and the
calculated (based on the plots of Fig. 15 that were established using data from the electric retrievable extensometers). These results validate the analysis done so far with
the electric retrievable extensometers.

5. Analysis of the Stiffness of the Rock
Embedment
Carter & Kulhawy (1988) presented an analytical
closed-form solution for pile stiffness, i.e., the relation between the load and the displacement at the top of piles embedded in rock. The authors developed equations to evaluate cases of complete (tip and side resistances) or partial

Table 2 - Pile test characteristics.
Loading test
Slow

2

Dimensions (m)

Perimeter (m)

S (m )

h (m)

E (GPa)

Kr (kN/mm)

3.10 x 0.80

7.90

2.52

9.76

21

5422

23

5939

Quick

Table 3 - Cambefort’s parameters for the pile test.
st

nd

Shaft resistance (1 Cambefort Law)

Loading test

Fictitious tip reaction (2 Cambefort Law)

fres (kPa)

fu (kPa)

y1 (mm)

y1R (mm)

Ph/S (kPa)

R (kPa/mm)

Rreb (kPa/mm)

Slow

0

53

1.35

1.15

0

2434

4528

Quick

-46

> 41

0.55

0.69

3035

4528

4598

Table 4 - Intermediate results.
Loading test

Alr (kN)

Loading

Unloading (rebound)

k

l

b’3

m

k

l

b’3

m

Slow

53x9.76x7.9 = 4086

0.56

1.51

1.1

1.0

0.66

2.60

1.19

1.77

Quick

> 41x9.76x7.9 = 3161

0.97

1.95

1.09

1.77

0.77

2.22

1.14

2.00

Table 5 - Po x yo values from Massad’s Model - slow loading test.
yo (mm)

h’ (m)

z.h’/h

tgh(z.h’/h)

b’

Po (adjusted)
(kN)

0

-

-

-

-

800

5995

1.35

9.8

0.75

0.63

1.10

6795

7448

1.71

7.0

0.54

0.49

1.15

8248

8612

2.03

5.0

0.38

0.37

1.21

9412

9577

2.33

3.5

0.27

0.26

1.27

10377

10657

2.67

2.0

0.15

0.15

1.35

11457

11132

2.83

1.4

0.11

0.11

1.40

11932

12358

3.25

0.0

0.00

0.00

1.51

13158

Po (kN)
0
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Table 6 - Po x yo values from Massad’s Model - slow unloading test.
h’ (m)

z.h’/h

tgh(z.h’/h)

b’

-

-

-

-

-

7070

1.35

-

-

-

2.60

1.48

8606

1.71

6.0

0.50

0.46

1.39

1476

0.81

10456

2.16

4.0

0.33

0.32

1.59

58

0.56

11874

2.52

2.8

0.23

0.23

1.77

Po (kN)

yo (mm)

Pomax – Po (kN) yomax – yo (mm)

11932

2.83

0

4862

2.16

3325

Table 7 - Po x yo values from Massad’s Model - quick loading test.
yo (mm)

h’ (m)

z.h’/h

tgh(z.h’/h)

b’

Po (adjusted) (kN)

-

-

-

-

-

800

6893

1.08

9.8

0.98

0.75

1.09

7693

8848

1.42

7.3

0.74

0.63

1.16

9648

11002

1.86

5.0

0.50

0.47

1.27

11802

12660

2.23

3.5

0.35

0.34

1.38

13460

14242

2.61

2.3

0.23

0.23

1.51

15042

18472

3.66

0.0

0.00

0.00

1.95

19272

Po (kN)
0

Table 8 - Po x yo values from Massad’s Model - quick unloading test.
Pomax – Po (kN) yomax – yo (mm)

h’ (m)

z.h’/h

tgh(z.h’/h)

b’

-

-

-

-

Po (kN)

yo (mm)

15042

2.61

-

9095

1.61

1.00

5947

-

-

-

1.14

4639

0.82

1.78

10403

7.3

0.66

0.58

1.23

1997

0.26

2.34

13045

4.9

0.44

0.41

1.37

146

-0.16

2.77

14896

3.5

0.31

0.30

1.51

0

Figure 20 - Validation of instrumentation analysis - slow test.
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Figure 21 - Validation of instrumentation analysis - quick test.
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embedment (side only), with development based on the
prior work of Randolph & Wroth (1978).
For the latter case, concerning the barrette rock socket
pile test, these authors came up with the following expression for the pile stiffness in the elastic range of the loaddisplacement relation:
RS =

p× Er × L
(1 + n r ) z

(13)

where Er and nr are the Elasticity Modulus an the Poissons
ratio of the rock mass and:
Lö
æ
z = lnç 5 × (1 - n r ) × ÷
Dø
è

(14)

It is worth noting that the term inside the brackets of
this equation is the ratio between the influence radius of the
pile to the pile radius.
The values of Cambeforts parameter R of Fig. 17, related to the embedment of the barrette pile test, can be obtained from the data of Figs. 15 (b) and 15 (d). They are
presented in Table 9 showing also the estimated Er values,
using Eqs. 13 and 14.
The difference between the Er values in slow and
quick tests could be explained by the volume variation of
rock mass, with the closing of the joints (fractures), as mentioned above. The Er of the slow test is about 53% of the Er
of the quick test. This may be validated by the correlations
presented in the literature that for RQD in the range of 80 to
90%, as displayed by the SM3-03 boring (see Fig. 3), this
relation averages 50%.
Furthermore, Rowe & Armitage (1987) proposed the
following equation to estimate Er (in MPa) based only on qu
(in MPa), i.e., the unconfined compressive strength:
E r = 215 × q u

(15)

The data from Fig. 4 lead to Er varying in the range of
1,250 MPa to 2,040 MPa, with an average of 1,500 MPa.
These numbers validate the Er of the slow test (see Table 9).

6. Conclusions
The static load tests presented in this paper are believed to be some of the first performed in an instrumented
rock socketed barrette pile in Brazil. The tests were carried
out successfully; both in regard to measurements made in
the top of the pile as well as by instrumentation along its
shaft, where side mobilized resistances were calculated.
Table 9 - Modulus of Elasticity of the rock mass.
Loading test

R (kPa/mm)

R.S (kN/mm)

Er (MPa)

Slow

2434 (load)

6134

1879

Quick

176

4528 (load)

11411

3496

4598 (unload)

11587

3550

The probable fixation error in one sensor did not affect the
overall interpretation of the data. The results also displayed
a different rock mass behavior in quick loading, followed
by prior slow loading, probably due to residual loads and
the irreversible closure of fractures. In this context, the rock
mass elastic modulus increased from 1,900 MPa (slow test)
to 3,500 MPa (quick test), in round numbers.
The unit shear stress in rock socket increased up to
900 kPa, three times the value assumed in the first design
(300 kPa), but much smaller than the estimated value at
failure of 2,200 kPa, based on average uniaxial compressive strength of the rock. These results were used for design
parameters review and, therefore, shorter socket lengths
have been adopted than assumed initially. The soil resistance contribution was 35% in the slow test and little more
than 25% in the quick test. These figures were, nevertheless, in accordance with estimations of the ultimate unit
shear stress of the soil strata by the Aoki-Velloso and
Décourt-Quaresma methods.
Finally, the use of analytical methods available in the
literature proved to be useful and effective, confirming in
many aspects the instrumentation results from the electric
retrievable extensometers, validated by the measured
load-settlement curves, given by the dial gauges.
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List of Symbols
Al: Shaft load
Alr: Ultimate shaft load
c: Leonard’s & Lovell coefficient
C2: Elastic shortening of the pile
C3: Elastic displacement of the tip of the pile or the toe
quake
D: Equivalent diameter of the barrette pile
E: Modulus of Elasticity of the concrete
Er: Modulus of Elasticity of the rock mass
fck: Characteristic stress resistance of concrete
fres: Residual negative shaft resistance
fs: Unit shear stress or skin friction
fsu: Ultimate unit shear stress
h: Pile heigth
h’: Heigth associated to the progressive mobilization of fsu
k: Relative stiffness of the pile-soil (shaft) system
Kr: Pile stiffness (E.S/h)
L: Length of rock socket
N: Average value of SPT
NSPT: Blow counts from SPT test
p: Nominal perimeter of the cross section of the pile
Ph: Residual load at the pile tip
Po: Pile top load
Pomax: Maximum value of Po
qp: Reaction stress at the fictitious tip
Qpr: Toe load at failure
qu: Uniaxial compressive strength of rock
R: Parameter of the Second Law of Cambefort
RQD: Rock quality designation
S: Nominal cross sectional area of the pile
SM: Core barrel and SPT blow counts sounding
SPT: Standard Penetration Test
y1: Shaft quake
y2: Tip quake
yo: Pile top displacement
ytip: Displacement of the fictitious tip of the pile
De: Elastic shortening of the pile (the same as C2)
m: Shaft friction magnifier factor due to residual loads
me: Microstrain
l: Relative stiffness of the pile-soil (shaft and toe) system
nr: Poisson ratio of the rock mass
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