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Abstract

A Large diameter bored pile with diameter of 1.00 m and length of 34.00 m has been implemented in multi layered
soil. The pile was tested under three axially loading and unloading cycles, in order to determine the load settlement
curve and assess the ultimate pile capacity. Extensive investigation was carried out to obtain reliable soil properties
at the examined pile location, through in situ and laboratory soil tests. Twelve strain gauges were fixed on pile steel
reinforcement bars at top of each soil layer level. Moreover, four dial gauges were set up at pile head. Also, three tell-
tales were extended to three different levels inside the pile. The pile load test field measurements are presented in the
form of load settlement and load distribution curves for different loading steps. In addition, the pile ultimate capacity
is calculated using different codes criterions and compared with the loading test results.

Keywords: Large diameter bored pile, Settlement, Pile load distribution, Pile installation, Instrumentation, Full scale
pile load test, Pile behavior.

1. Introduction working piles were tested under a maximum load of
300% of its working load, in order to determine
Major number of factors influences the ultimate accurate pile ultimate capacity.
capacity of large diameter bored piles. These factors
include method of boring, method of concreting,
quality of concrete, construction staff expertise, the
ground conditions and the pile geometry. It is
recommended, through different international
geotechnical and foundation design standards, to use in
situ loading test to assess the pile capacity of large
diameter bored piles (ECP 202/4 (2005), DIN 4014
(1990) and ASHTOO LRFD (2005), although field pile
load tests are very expensive and time-consuming.

A very good opportunity is allowed to perform
loading test on well instrumented pile in one of
Egyptian mega projects (Figurel), Damietta Port new
grain silos. This project is one of Damietta Port
development requirements. It was decided to establish
metallic silos (cone Type) with storage capacities of
70,000 tons, consisting of 10 storage cells, each of them
with diameter of 25 m. Because of the large loads
acting on these silos due to their high capacities, large
diameter pile foundations are recommended. Two non-

Fig.1 Damietta Port New Grain Silos site.

The Egyptian code of practice (ECP202/4),

recommends to obtain large diameter bored pile

ultimate capacity using in situ pile loading test results.
A safety factor of (1.75-2.00) should be considered

*Corresponding author M. Ezzat is Assistant Lecturer, Geotechnical
Eng., Department of Civil Engineering, Higher Institute of

Engineering, Shorouk city, Cairo, Egypt; ORCID ID: 0000-0001-7751-
9773; DOI: https://doi.org/10.14741/ijcet.v8i01.10895

to determine the pile allowable (Design) load. In case
of impossibility to perform pile loading test at the
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design phase, Egyptian code suggests considering that
full mobilization of pile skin friction occur at a
settlement of 1% of the shaft diameter. Also, ECP202/4
suggests that pile base resistance mobilization occur at
15 cm settlement for piles resting on sandy soil. Using
these proposed settlement values, designer can
determine pile design load due to proposed values of
unit skin friction and soil bearing stress.

It was necessary to perform extensive site
investigation and soil testing in order to determine
reliable soil parameters, which are essential for pile
design load calculations.

2. Site Investigations

According to Egyptian code of practice (ECP202/2
(2005)), twelve boreholes were carried out with a
depth of 45 m each at silos locations as indicated in
Figure 2.

The twelve boreholes were performed using
mechanical rotary drilling techniques. Samples were
extracted every 1 m along each borehole depth. Figure
3 shows soil lithology for boreholes number 2, 3, 6, 7,
10 and 11 at Section (A-A) location (Figure 2). The soil
lithological section illustrates that soil layers are
consistent at the mentioned boreholes locations.

Fig.2 Soil boreholes and non- working piles’ locations
at silos site layout.

It was decided to carry out two field loading tests on
non-working piles. The locations of these two piles (1
and 2) are shown in Figure 2. One of them (Pile No. 2)
was fully instrumented to study the behavior of the
large diameter bored pile under loading. It can be seen
from Figure 2 that the non-working instrumented pile
(pile No. 2) is located near borehole number eleven
(BH 11), therefore the soil profile at BH 11 was taken
as representative to that at the instrumented pile
location.

2.1 Soil Profile at Borehole No. (11)

Figure 4, shows the primary classification of soil layers
at location of BH 11. The ground water existed at a
depth of 1.30 m below the ground surface. Description

of the encountered soil layers and their properties are
discussed in the next sections.
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2.2 Engineering Properties of Soil Layers

Extensive laboratory and in situ soil tests were carried
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out to determine the properties of the soils at BH 11.
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2.2.1 Laboratory tests
2.2.1.1 Sieve analysis test results

In order to classify soil layers, sieve analysis test has
been carried out for each 1-meter depth samples.
According to the visual inspection and the sieve
analysis test results shown in Table 1, soil layers at
location of BH 11 were primarily classified into eight
soil layers. Layer (1) starts at level (0.00) to level
(-3.00) which is fill layer consisting of fine sand, traces
of silt, and some calcareous materials. Layer (2) starts
from level (-3.00) to level (-5.00), and consists of fine
sand with graded gravel and traces of silt and seashell.
Layer (3) starts from level (-5.00) to level (-14.00), and

consists of medium to fine silty sand with traces of
calcareous materials. Layer (4) starts from level (-
14.00) to level (-29.00), and consists of soft to medium
clay with trace of calcareous materials and fine sand.
Layer (5) starts from level (-29.00) to (-39.00) and
consists of fine medium to dense silty sand with trace
of calcareous materials. Layer (6) starts from level
(-39.00) to level (-43.00), and consists of stiff to very
stiff brown Clay with trace of iron oxides. Layer (7)
starts from level (-43.00) to level (-44.00) and consists
of medium to dense silty fine sand with traces of
calcareous materials. Layer (8) starts from level (-
44.00), and extends till the end of the borehole, and
consists of medium to dense sand with traces of
calcareous materials.

Table 1 Sieve analysis test results

layer Sample level S200 (%) D10 (mm) D30 (mm) D60 (mm) Cu Cc
1 -2.00 6% 0.085 0.17 0.22 2.6 1.5
2 -5.00 19% - 0.09 0.17 - -
3 -10.00 23% ] 0.09 0.19 ] ]
-13.00 22% 0.09 0.19
-16.00 95% - - - - -
4 -24.00 98% - - - - -
-28.00 99% - - - - -
-31.00 2% 0.13 0.25 0.32 2.5 1.5
5 -34.00 1% 0.14 0.23 0.32 2.3 1.2
-35.00 20% - 0.10 0.19 - -
-38.00 23% - 0.09 0.19 - -
6 -43.00 100% - - - - -
7 -45.00 19% - 0.13 0.38 - -
Where,

S200: percentage of fine material that passing from sieve number 200. (%)
D1o: the diameter in the particle-size distribution curve corresponding to 10% by weight passing, also referred to the effective
size (mm).
D3o: grain size, indicated by the gradation curve at the 30% passing level (mm).
Deo: diameter corresponding to 60% by weight passing, indicated by the gradation curve at the 60% passing level (mm).
Cu: uniformity coefficient (Dso/D10) [-]
Cc: Curvature coefficient of the gradation curve (D230/Dso *D10) [-]-

Based on sieve analysis test results, soil layers’
coefficient of permeability (Kper) was calculated for
sand soil layers using the following equation (Hazen
(1892)).

Kper = C (D10)? (1)
Where,

Kyper: coefficient of permeability (cm/sec)

C: constant, typically assumed to be 100.

Dio: grain size corresponding to 10% by weight
passing, also referred to as the effective size (mm).
2.2.1.2 Water content and Atterberg limits

Undisturbed clay samples were extracted at depths of

18.0m, 20.0m, 25.0m, 28.0m, and 41.0m below ground
surface. These samples were tested to obtain the

Atterberg limits and the natural water content to
classify the cohesive soil and to determine the relative
consistency (I) using the following equation (ECP

(202/2)).

_ LL-w.c

I
c Ip

(2)

Where,

L.L: soil liquid limit (%)
W.C: soil water content (%)
I,: plasticity index.

Based on the determined values of relative consistency
(I), clay samples were classified, and the undrained
cohesion (C,) for each clay sample was estimated and
given in Table 2.
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Table 2 Natural water content and Atterberg limits test results

Sample level (m) W.C % L.L % P.L % I Clay Classification Cu (kN\m?)
-18.0 67.06
-20.0 63.22 83.22 41.64 0.43 Soft Clay 12.5-25
-25.0 64.69
-28.0 58.09 81.66 40.19 0.52 Soft Clay 12.5-25
-41.0 38.28 61.12 31.37 0.76 Stiff Clay 50-100
Where,

Ic: relative consistency for clay samples.
Cu: clay soil undrained cohesion (kN\m?).

2.2.1.3 Consolidation Test (Oedometer Test)

Consolidation test was carried out on clay soil samples
extracted from site at depth of -20 m below ground
surface. Based on test results, soil volume
compressibility coefficient (my) was determined with
value of 2.89*10*4 m?/kN. Consequently, clay soil
constrained modulus (Es) was estimated to be 3450
kN\m? using the following equation.

Es = 1/rnv (3)

2.2.1.4 Pocket Penetrometer (PP)

The pocket penetrometer is a hand held calibrated
penetration device and is commonly used to obtain an
approximate value of clayey soils unconfined strength.
Table 3 presents predicted values of (qu) for clay
samples at variable depths using the pocket
penetrometer.

Table 3 Pocket penetrometer in-situ test results

. Undrained shear strength(qu) Undrained cohesion (Cu) Clay Classification
Sample Extraction depth (m) KN\m? KN\m?
1 16 40.0 20.0 Soft clay
2 18 60.0 30.0 Medium clay
3 21 30.0 15.0 Soft clay
4 27 70.0 35.0 Medium clay
5 41 280.0 140.0 Very Stiff clay
6 43 270.0 135.0 Very Stiff clay
7 45 210.0 105.0 Very Stiff clay

2.2.2 In-Situ Field Tests and Soil Properties
2.2.2.a Standard penetration test (SPT)

Standard penetration test was performed using a
hammer of 0.62kN weight dropped from 76.0cm height
and the number of blows required to penetrate the soil
30cm (N3o) is recorded at variable depths. The
measured values are given in Figure 4.

The required corrections due to overburden effect,
underground water table and the borehole diameter
effect, were performed according to the Egyptian code
of practice (202/1 (2005)). The corrected values are
given in Table 4. Using these values (Ncorr.), sandy soils
friction angle and undrained cohesion values of clayey
soils were determined and calculated values are listed
in Table 4.

Table 4 Obtained soil parameters using SPT corrected values

Layer N3o Neorr. Fricti(;;l(?)ngle stli Iell(:;;tlliln(zdu)i?l\??;ﬂ Classification

1 - - - -

2 24 25.5 320-36¢ - Medium dense sand

3 i; 26 320-36¢ - Medium dense sand
11

4 3 6 - 50 Medium to stiff clay
16 8 100

5 83 28.25 320-36¢ - Medium dense sand

6 - - - -

7 41 17.75 329-36° - Medium dense sand

8 >50 20 362-40¢ - Dense sand
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Young’s modulus (Es) for sand soil layers, are 2.2.2.b Static cone penetration test (CPT)

estimated using the SPT original N-values according to

Six static cone penetration tests (CPT) were carried out
at project site, at locations shown in Figure 2. Test
steps followed ECP202/1 and ASTM D3441 (2004)
procedures. Cone tip resistance (qc) and the sleeve

the following recommended correlations by the ECP
(202/3 (2005)).

For silty sand soil, friction resistance (f;) were measured, and the
obtained values along 30m depth below the ground
Es=4 N (kg/cm?) surface are shown in Figure 5.

Robertson’s (1990) soil classification criterion

(4) shown in Figure 6, was used to classify soil layers
based on CPT test results. The obtained soil
classification from CPT number six is shown in Figure

7. It can be seen that there is agreement between the

For medium to fine sand soil,

Es = 7N (kg/cm?)

For dense sand soil, soil classification obtained from the CPT test results
Es = 10N (kg/cm?) and that obtained from visual inspections and
laboratory tests.
Sleeve
Tip Resistance qc Resistance fs
(MPa) (kPa)
0 10 20 30 40 0 100 200
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5 5 4
10 : 10
E E
£ 15 £ 15 4
o [
= [=]
20 20 4
25 25 -
30 30
(@ (b)

Fig.5 Cone penetration test in-situ measurements (according to CPT test no.6)
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Fig.6 Soil classification using CPT tip resistance values (qc), after Robertson (1990)
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Table 5 Engineering properties of the soil layers

5 )
> = X = P
g = é‘ E g = Young modulus Undrained Cohesion (Cu) Friction angle
= 2 g |z (Es) @
@ S
«
£ - - £ 2 2 o
E E E s kN/m KN/m [’
~
= o 8
= o & a2 %
£ £ | %85| 5| 5| £ | EE| g | &
@ (=] £8 @ =} ) g = 7 S
S = =
Fill consists of fine sand, traces
1 of silt, and some calcareous 0-3 3.0 16.5 25000 28000 - - - - - - 27
materials
Fine sand with graded gravel
2 and trace of silt, and trace of 3-5 2.0 16.5 30000 55000 32-36 35
hell
Medium to fine silty sand with 5-10 32 30
3 traces of calcareous materials 10-14 90 165 Y CEY 36 35
Soft to Medium gray clay with 14-22 25 19.0
4 traces of sand ar}d calcareous 22-29 15.0 16.4 5700 3450 50 332 15-35 12.5-25 -
materials
Fine Medium to dense Silty sand 29-39
5 with traces of calcareous 10.0 17.9 58000 120000 32-36 34
materials
Stiff to very Stiff Silty Brown 39-43 _ 105-
6 Clay with trace of Iron oxides 40 185 AVOY e 140 0w
Medium to dense Silty Fine sand
7 with traces of calcareous 43-44 1.0 17.9 35000 32-36
materials
g| Mediumtodensesand with 44-45 | 10 | 180 | 50000 36-40
trace of Calcareous stones

* Using Bowls equation

Soil Type
8

9 12
. ‘

Silty Sand
Sand

Sand
Silty Sand

Clay

Organic material

Organic material

Clay

Silty-Sand
Sand with grave

Fig.7 Soil type classification based on CPT test results.

Moreover, tip resistance values (qc) have been used to
determine undrained cohesion (C,) values for clay soils
in accordance with (ECP202/1) Equation 5. As
demonstrated in Table 5, the undrained strength
values calculated from CPT results are in good
agreement with those obtained from SPT results.

-For cohesive soil:
Cu= (qc- 0v)/Ni

Where,

(5)

ov: soil overburden pressure at cone tip level (kN\m?2).
Ni: correction factor considered equal (15) for
normally consolidated clay.

According to Robertson and Campanella (1983),
friction angle (@) for sand soils using CPT
measurements were determined. Also, using

measurements of CPT test, unit weight of each soil
layer was estimated according to Robertson and Cabal
(2010), and the calculated values are shown in Table 5.

Friction angle obtained values are compared with
their corresponding values that obtained from SPT test.
It was found that, friction angles determined using CPT
test results are higher than the values obtained from
SPT test. This is due to the Robertson and Campanella
method is valid for clean sand. As presented before
sieve analysis test results showed that some of sand
soil layers contains fine silty components with different
percentages. Bowles (1997) suggested an approximate
Eq. (6) to determine silty sand soil friction angle (@)
using tip resistance values q. (MPa). The calculated
friction angles using Equation (6) are given in Table
(5).

-For silty sand soil:

@ =290 ++/qc - 5° (6)
Using field CPT test results. Soil Young’s modulus (E)
for sand soils are obtained using Bellotti et al. (1989)
method due to the effective overburden stresses value
at each sand layer level. In addition, Young’'s modulus
for clay soils were obtained using Duncan &
Buchignani (1987) equation (7). The calculated
Young’s modulus using CPT measurement are given in
Table 5 for the eight soil layers.

Es=K*S, (7)

Where,
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Su: undrained shear strength (kN\m?2).

K: the constant of proportionality, which is a function
of stress history (OCR) and soil plasticity index
(determined using Duncan chart to be 300).

It was noted that, soil Young’s modulus values obtained
using CPT test measurement are greater than those
obtained using SPT test measurements. This may be
attributed to the assumptions considered by ECP
202/3 in development of the empirical equations for
calculation of soil Young’s modulus from SPT N-values
in order to suit the nature of the Egyptian soils.

3. Large Diameter Bored Pile Design Load

The Egyptian code of practice (ECP202/4)
recommends to determine the ultimate load capacity of
large diameter piles from pile loading test at the design
stage. In case of impossibility to perform a pile load
test, the code suggests to use an empirical method to
predict the pile capacity. In this method, pile unit skin
friction for each soil layer is estimated from values of
SPT and then the pile side capacity is calculated based
on pile dimensions and it is considered to be fully
mobilized at a settlement value of 1% of the pile
diameter. The pile base resistance is then assumed to
be fully mobilized at a pile settlement of 15 cm for
granular soils or 10% of the pile diameter. The
Egyptian code provides a correlation between the
value of the base bearing pressure at failure and the
failure settlement from which the base resistance can
be calculated. A bilinear relation between total load
and settlement can then be constructed and the total
capacity is considered to occur at a settlement value of
10% of the pile diameter. This prediction method is
used to determine the ultimate capacity of the pile as
follows.

According to soil profile at BH 11, layer (3) from
level -5.0 m to -14.0 m, and layer (5) from -29.0 m to -
39.0 m, are sandy layers that are suitable to be the pile
bearing layer. Accordingly, during the design stage, pile
length is assumed to be either 13.0 m or 34.0 m. While
the pile diameter is assumed to be 1.0 m.

Figure 8 shows the predicted pile load settlement
results according to ECP202/4 estimations, for pile
with different lengths of 34.0 and 13.0 m. It can be seen
from Figure 8 that the pile with 34.0m length achieved
4028.6 kN friction resistance and 1779 kN bearing
resistance, with a total pile ultimate load of 5807.6 kN.
The pile with length of 13.0 m achieved 2166.6 kN
friction load, while the bearing load has the same value
of (1779 kN) with a total ultimate load of 3945.6 kN.

On the other hand, for piles of length of 13m, the
calculated pile group settlement for the silo’s raft with
pile spacing of 2.5D was larger than the allowable
settlement (120 mm) due to the large settlement of the
clay layer underlying the pile’s bearing sand layer.

Finally, because of the large loads acting on these
silos due to its high capacities and in order to optimize
the number of required piles. It was decided to use the

large diameter bored piles with length of 34.0 m and
calculated ultimate load of about 6000 kN. The
allowable pile capacity is estimated to be 3000 kN by
considering a factor of safety of 2.0.
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ad (KN) L= 34.0
Total Load (KN) L= 13.0
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Settlement (mm)
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Fig.8 Pile design load calculations according to ECP
202/4 for different pile lengths of 13.0 and 34.0 m

4. Pile Instrumentation, Installation and Testing

This section provides the method of large diameter
bored pile instillation sequence, instrumentation
erection technique and testing procedure.

4.1 Bored pile installation

Surveying tools were employed to locate the planned
position of the bored pile, core cutter machine was
used to cut a certain volume of shallow soil to provide
the required volume for displacement of the short
temporary steel casing that was with diameter slightly
larger than the planned pile diameter’s (1.0m). Steel
case was used to provide the required stability of the
shallow soil layers during the boring, also to act as a
guidance for the drilling tools, and guarantees
verticality of boring. As shown in Figure 9, mechanical
auger drilled soil inside the steel casing and additional
section of steel casing was added with progress of
drilling. The pile wall stability during drilling was also
assured by the presence of a stable suspension of
Bentonite slurry. The top surface of the bentonite was
kept at distance not less than 1.0 m above the existing
water table.

After reaching the designed depth of pile (34.0m),
the drilling tool was removed and water was pumped
to clean the drilled borehole. Reinforcement cage was
installed with welded segments according to pile shaft
length. Pipe trim was used for concrete casting with
enough length to protect concrete from segregation.
This pipe ended with inverted cone to provide steady
rate of continuous concrete pumping. Finally, the steel
temporary casing was removed at the end of concrete
casting process. Concrete cubes samples were taken
from pile casted concrete during pumping. The
determined compressive strength of the concrete after
28 curing days, was 35 MN/m?2.
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Fig.9 Sequence of drilling and concreting of piles.

4.2 Pile instrumentation

An instrumented pile load test often involves loading
the pile up to an appropriately defined failure. In this
test, pile shaft is supplied with dial gauges, and telltales
with extensometers, so that the pile load settlement
curves can be obtained. The vibrating wire strain
gauges "Sister Bar” instrumentations are also used to
allow the internal load in the tested pile shaft to be
determined  through their measured strains.
Consequently, the distribution of the pile axial load
with depth (vertical load-transfer along the pile shaft)
can be determined for different applied load
increments. Next sections provide the details of the
used instrumentations in this test.

4.2.1 Vibrating wire strain gauges

According to Geokon instruction manual (1995), sister
bars vibrating wire strain gauges are often chosen for
cast in-place concrete piles, where concrete is casted
into a drilled shaft, because they are more rugged and
better able to maintain their alignment than
embedment type strain gages.

The Model 4911 vibrating wire Rebar Strain Meter
"Sister Bar” consists of a short length (356 mm) of high
strength steel welded between two long sections of
reinforcing bar. It is designed to be wire tied in parallel
with the structural rebar. The small diameter of the bar
minimizes its effect on the sectional modulus of the
concrete. The cable exits from the strain meter through
a small block of protective epoxy, as shown in Figure
10.

[— Instrument Cable

{—— Strain Meter Body

S e e e e e

Heat Shrink Electromagnetic Coil ‘
\ 814 mm (36 in) 1

Fig.10 Model 4911 Rebar Strain Meter "Sister Bar”

Figure 11 presents twelve vibrating wire strain gauges
erected on the reinforcing steel bars of the
instrumented pile to measure strains at four different
levels of the pile. Table 6 summarizes the quantities
and locations of the strain gauges along the pile shaft.

Table 6 Distribution of strain gauges along pile shaft

Location of Strain Level 1:; I:i::egl::;‘::i:::
Gauges (m) level
Near the pile head and top (-1.00) 3 (1,2and3)
of upper sand layer
Interface between the
upper sand layer and the (-14.00) 3 (4,5and6)
soft clay layer
Interface between the soft (-29.00)
clay layer and the lower ' 3 (7,8and9)
sand layer
Near the toe level (-33.00) 3(10,11and12)

Strain gauges were calibrated and connected with
readout device to collect and record steel bars strains
during pile loading test. Each vibrating wire rebar
strain meter was equipped with a thermistor for
reading temperature. The thermistor gives a varying
resistance output as the temperature changes.

Readout
unit |

Ground Level (0.00)
XX X X X X |
o] | ——=
3# Strain Gauges 44
3 | e
‘g N Tell - Tale
(-7.00) LHTH
dl 3
(-10.00)
(-11.00)
e 3# Strain Gauges
%] {-14.00)End Of Sand Layer
i
-
(-21.00)
W
22.00
(-22.00)| & (-22.00) { )
(-23.00) |™
RS 3# Strain Gauges
< o~ —\
o |~ \
R (-29.00)End Of Clay Layer
3# Strain Gauges
N
N, [_32.00)
(-34.00) Toe Level (-34.00)

Fig.11 Exact locations of strain gauges and Tell-Tale
distribution

4.2.2 Extensometers (Tell-Tales)

The Geokon Model A-9 of retrievable extensometer is
used for the measurement of extensions and
contractions along the concrete pile. It is particularly
useful in concrete cast in place pile testing where it can
be installed inside a PVC or steel pipe. The main
advantage of the A-9 model (Figure 12 [a]) is its ability
to be retrieved and use repeatedly, after monitoring
completion, the pneumatic pressure is released from
pressure manifold Figure 12[b] which retracts the
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anchor pistons and allows removal of the rod for
further use. as shown in Figure 12[d]. Tell-Tale is a rod
with its lower end connected to the concrete pile
(usually at the toe) and free from the pile along its
overall length by means of a PVC guide pipe
arrangement. By attaching a dial gauge at the upper
end of the rod and measuring the change of distance
between the rod top and the pile head, the shortening
of the pile during the test is monitored.

In this test, three Tell-Tales (Geokon Model A-9)
have been used to measure the pile displacement at
three different levels as indicated in Table 7 and Figure
11. Using these Tell-Tales, the displacement of the pile
at the three mentioned levels is obtained, as the
measured pile shortening subtracted from the
movement of the pile head. Extensometer’s rods were
protected from concrete by PVC (51mm diameter)
pipes, as illustrated in Fig 13. Readings are
accomplished using GK-405 readouts device (Figure 12

[cD.

L —
(b) Model 1300-3 (¢) Model GK-405
Pressure Manifold. Vibrating Wire Readout.

(a) Model A-9 Retrievable Extensometer bottom anchor, transducer with anchor,
and connecting rod.
——— |

GK-405 VW Readout  Pressure Supply/Regulator |

5 flhe
Borehole or % Pressure

PVC Pipe | B 1 Manifold
| ! +——— Anchor

T
|
LA | ’
Transducer »Lu‘i | Flle

Cable ‘

Inflation
Lines

|
Transducer ———

N

C
Rod

Downv | Inflation
directed ‘ Lines

borehole
‘J|]

Bottom
Anchor ‘HE
| =
— |

(d) Model A-9 installation technique in concrete pile.

==

Fig. 12 Extensometers components and Operating
Principle

Table 7 Distribution of Tell-Tales along the pile shaft

Location of Strain Level Number of Tell-Tales
Gauges (m) per Level
In the middle of the (-7.00) 1
upper sand layer
In the middle of the soft (-22.00) 1
clay layer
Near the toe level (-33.00) 1

Fig.13 Extensometers devices and the rods before and
after pile concrete casting

4.3 Loading test of the instrumented large diameter
bored pile

Reaction system with a loading crown ring beam was
provided and restrained by nine ground anchors
group, which were uniformly distributed around the
pile. Anchors were inclined with equal angles (ranging
from 99 to 129) to the vertical axis. With these angles, it
was assured that the distance between the pile and the
center of gravity of grout body of any anchor was more
than five times the pile diameter (5D) as required by
the Egyptian code. (ECP 202/4).

Load was applied by two hydraulic jacks placed
between the pile head and the anchored loading crown,
the maximum capacity of each jack is about 6000 kN.
The arrangements of the loading test are shown in
Figure 14. Pile was tested under a maximum load of
9000 kN, which is three times the design load. The
loading and unloading procedures followed in the pile
test are given in Table 8. Also, pile settlement was
measured using the four dial gauges at pile head level
and using the three Tell-Tales at the mentioned levels
in Table 7. The strain gauges readings were also
recorded for each loading step.

[ i 1
I Loading rown E

(1.00) |

y--f
H L ‘ Hydraulic Jack (s)

Test Plate

Reference @1.490m

0.00,

Datum Beam

p9°to @12°

Test Pile 1

Anchor Free
Length

5.80m to 7.30m
>5D

-34.00,

Fig.14 Reaction system and pile loading test
arrangement

Table 8 Loading/unloading cycle's

Cycle (1) Cycle (2) Cycle (3)
Load Time Load time Load Time
[KN] [kN] [kN]

0 3000 3hrs 6000 3 hrs.
750 1hr. 3750 3hrs 6750 3 hrs.
1500 1 hr. 4500 3hrs 7500 3 hrs.
2250 1hr. 5250 3hrs 8250 3 hrs.
3000 12hrs 6000 12hrs 9000 12hrs
2250 15min 5250 15min 8250 15mins
1500 15min 4500 15min 7500 15mins
750 15min 3750 15min 6750 15mins
0.0 4 hrs. 3000 15min 6000 15mins

2250 15min 5250 15mins
1500 15min 4500 15mins
750 15min 3750 15mins
0.0 4 hrs. 3000 15mins

2250 15mins

1500 15mins

750 15mins

0.0 4 hrs.
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5. Test Results and Analysis
5.1 Measurements of pile settlement

Figure 15 shows the pile settlement average values
that was measured by the four dial gauges (precision of
0.01mm) at pile head level, under each loading and
unloading increment.

Test Load (kN)
0 2000 4000 6000 8000 10000
0.00
=g Settlement Av.
Reading(mm)

5.00

10.00

15.00

Settlement Reading (mm)

20.00

25.00

Fig.15 Pile settlement average measured values under
three loading and unloading cycles.

It can be seen from Fig. 15 that pile settlement was
about 4.0 mm at a load of 4500 kN (150% of its
working load), 7.0 mm under load of 6000 kN (200 %
of its working load) and, about 23.50 mm under load of
9000 kN (300% of its working load). It can be noted
that at 9000 kN applied load the induced settlement is
about 2.4% the pile diameter(2.4%D), which is nearly
equal to the allowable settlement under 1.5 times the
allowable load (3000 kN).

The settlement at three different levels of (-7.00) m,
(-22.00) m and (-33.00) m are measured through the
Tell-Tales’ readings during the loading procedure and
the measured values are presented in Figure 16.

Load (kN)
6000

0 3000

9000 12000

0.000

5.000
£
E 10.000
oy
=
Q
g 15.000
g
Q
wv
20.000 113
--m--TL2
25.000

Fig.16 Tell-Tales readings of pile settlement

Figure 16 shows that measured settlement values
decrease as the Tell-Tales levels increase. Moreover,
Tell-Tales recorded values were lower than pile-head
settlement recorded by the dial gauges that were
installed at the pile head level. The difference between
dial gauges and Tell-Tales’ readings is due to the load
transferred by friction to the surrounded soil layers at
different levels of pile shaft.

5.2 Pile load distribution

Figure 17 demonstrates strain measurements of the
twelve gauges under each loading and unloading
increment. Using these measured strain values, the pile
axial load can be calculated along shaft length at the
gauges levels of -1,00 m, -14.00 m, -29.00, and -33.00 m
(see Fig.11).

=== Strain 1 === Strain 2 Strain3 === Strain 4
=== Strain 5 Strain 6 == Strain 7 e Strain8
e Strain 9 === Strain 10 === Strain 11 === Strain 12

10000
9000
8000
7000
6000

5000

Load (kN)

4000

3000

2000

1000

0 -100 -200 -300
Micro Strain

Fig 17Relation between applied load and strain gauges
readings

Elastic theory (Conventional method) assumes that
there is no slippage between the concrete and the steel
bars at all cross-sections. The pile axial force (P) can be
expressed in terms of the strain (g) as given by
Equation 8.

P=¢ (Es As + Ec Ac) (8)

Where,

€: Steel bars strains

Es: Steel Young’s modulus (kN/m?)

Ec: Concrete modulus of elasticity (kN/m?2),

As: Steel reinforcement cross sectional area (m?)
Ac: Pile cross sectional area (m?2).

The elastic modulus of steel is (21*107 kN/m?), and the
concrete modulus of elasticity is estimated using the
following equation (ECP 201 (2001)). Thus, pile load
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distribution along shaft at each loading increment was
calculated and presented in Figure 18.

Ec.=14000VFcu 9)
Where,
concrete material

Fcu: Compressive strength of

(kg/cm?).
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Fig 18 Calculated pile load distribution using elastic
conventional method

Figure 18 indicates that the rate of load transfer to the
soil in the first 1 m is about 8 times that for the
following 13 m. This might be attribute to the
conventional method used to interpret the results that
assumes that the loads are linearly proportional to the
measured strain with constant elastic
moduli. Fellenius (2001) noted that although the
modulus of elasticity for steel is constant, the modulus
of elasticity of concrete can vary within a wide range
and is function of the imposed load.

As noted by Fellenius, over the large stress range
imposed during a static loading test, the difference
between the initial and the final moduli for the pile
material can be substantial.

According to Jack Hayes, conventional methods used to
estimate the modulus of elasticity of concrete can lead
to errors up to 40% in loads computed from strain

data. In addition, Jack Hayes and many researches
recommended to use the tangent modulus analytical
technique described by Fellenius for assessing pile
axial load from strain values.

Fellenius stated that, the tangent modulus should
be calculated using strain readings of the upper gauges
that located near the pile head (at level -1.0m) because
they are unaffected by shaft resistance. Using equation
10, the tangent modulus of the composite material is
separately calculated using each of the upper three
strain gauges’ readings at depth of 1.00 m below
ground surface (strain gauge No. 1, 2, and 3). The
tangential modulus (M;) was determined using each
strain gauge measurements by dividing the change of
stress from one load increment to the next (on+1 - 01)
by the change of strain from one load increment to the
next (en+1- €1) (see Figure 17). Thus, the relation
between measured strain and calculated tangent
modulus can be plotted according to the three
mentioned strain gauges readings, as presented in
Figure 19. Equation (10) of tangential modulus can be

integrated to o = (%) €% + Be (the integration constant
is zero to satisfy zero stress is calculated for zero
strain). Since o =Es ¢, the secant modulus (Es) can be
represented by Equation 11.

As indicated in Fig.19, the values converge to a
straight line represented by the “Best Fit Line”. this line
inclination formula is used to establish the expression
for the secant elastic modulus as given in Equation 11.
The slope of the tangent-modulus line represents
coefficient (A) and its y-intercept represents the
coefficient (B).

#5train Gauge 1 W Strain Gauge 2 Strain Gauge 3
MICRO STRAIN
-100
-90 c
-80 =
0 = &
-60 e SR . * 3
S N anm 3
30 ., ’. ‘t“?. ,,’ g
40 | ] Vs b ~§£ﬁt1 =
30 01y, e S
X -6 Z
-20 6.714 =
-10
0
0 -50 -100 -150 -200 -250

Fig.19 Relation between micro Strain and calculated
tangent modulus

M= ($)=Ae+B (10)
E.=05Ae+B (11)
o=Es¢ (12)
Where,

Mg Tangent modulus of composite pile material
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Es: Secant modulus of composite pile material

o: Vertical stress (kN/m?2)

€: measured strain (pe)

do :(ons1 - o01), change of stress from one load
increment to the next (kN/m?2)

de :(en+1- €1), change of strain from one load increment
to the next (pe).

A: slope of the tangent modulus line

B: y-intercept of the tangent modulus line.

Every measured strain value can therefore be
converted to stress and load via its corresponding
strain dependent secant modulus using Equation 12.
Consequently, pile load distribution along shaft is
calculated and plotted in Figure 20.
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Fig.20 Calculated pile load distribution using Fellenius
(2001) method

Significant difference of about 27% to 40% is apparent
from Figures 18 and 20 between the obtained pile load
distribution values using conventional and Fellenius
methods. The calculated pile axial load using
conventional method is lower than the calculated one
using tangent modulus analytical technique.

According to the calculated pile distribution
presented in Figure 20, about 46% of the applied load
was transferred by friction to the surrounding sand
layers at levels from 0.0 m to -14.00 m, and about 16%
of the applied load was transferred by friction to the

soft to medium clay layer at levels from -14.00m to -
29.00 m. About 21% of the applied load was
transferred by friction to lower sand layer at levels
from -29.00m to -34.00m. Also, about 17% of total
applied load was carried by bearing.

5.3 Pile side and base resistances

Pile bearing load was calculated at each loading
increment using strain measurement of gauges at level
near the pile base (see Fig. 20). The calculated bearing
load was deducted from total applied load in order to
determine pile total friction load at each loading
increment. Relation between pile settlement, pile side
and base resistances under every loading increments
was obtained and plotted in Figure 21.

10000
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8000
7000
g 6000
= 5000
3 1000 —+— Field Bearing Load (KN)
000 W —@— Field Total Load (KN)
2000 ri Field Friction Load (EN)
1000 ,W
oF
0.00 500 1000 1500 2000  25.00

Settlement [mm)

Fig.21 Relation between bearing and friction pile load
with measured settlement at every loading increment

As can be seen from Figure 21, at the initial loading
increments, were the settlement was less than 5mm,
most of the applied load is transferred to soil by
friction and very low value (about 1%) of load is
transferred by bearing. When pile settlement increased
to be about 12 mm under load of 7500 kN, about 8% of
applied load is transferred by bearing, and 92% by
friction.

Finally, under the last applied load (9000 kN). The
pile carried about 7553 kN (83% of total applied load)
by friction resistance and about 1448 kN (17% of total
applied load) by bearing resistance. The observed
increase in pile bearing and friction resistances with
pile loading could be interpreted as pile didn’t achieve
its ultimate capacity and still can carry loads larger
than 9000 kN.

6. Calculation of Pile Design Load using In-situ
Loading Test Results

According to Egyptian code of deep foundation
(ECP202/4), if field loading test results didn't show
apparent failure value, the ultimate load can be
estimated as the average values that are obtained from
modified Chin (1970) and Hansen (1963) methods.
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Based upon, the two mentioned methods were used to
calculate pile ultimate capacity using field test
measurements (Figures 22 and 23, respectively).

The pile ultimate load is calculated as 10904 kN and
9215 kN using modified Chin method and Hansen
method, respectively. Consequently, the pile ultimate
load will be the average of these two results (10060
kN). By considering a safety factor of 2.0, the pile
allowable load will be about (5000) kN.
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Fig 22 Relation between pile settlement and
settlement/applied load ratio. According to modified
Chin (1970) method
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Fig 23 Relation between pile settlement and applied
load according to Hansen (1963) method
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Fig.24 Large diameter bored pile ultimate capacity
estimated from different methods

Figure 24 pinpoints a difference of about 18% between
the calculated ultimate load using modified Chin and
Hansen’s methods. The two methods assumptions may

be responsible of this difference. Also, the Figure
highlights that the predicted pile ultimate capacity
using ECP (202/4) criteria (5807.6 kN) is about 60% of
the ultimate load obtained from the loading test results
(10060 kN).

7. Comparative Analyses of Large Diameter Bored
Piles using International Codes

Pile ultimate capacity is recalculated using German
standard (DIN 4014) and AASHTO LRFD Bridges
criterions for large diameter bored pile utilizing the
same soil parameters determined from soil laboratory
and field tests (Table 5).

Figure 25 presents a comparison between the
calculated pile ultimate capacity using in-situ test
results with that obtained using different international
codes criterions.

12000
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8000
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Z 4000
=
g 2000
-
0 ;
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AASHTO
caleulated - ECP 151\ 4014  LRED
using in 202/4
. 2005
situ test
measure
ments
M Ultimate Capacity 10059 5807.6 6956.2 7630.67
B Friction Load 7553 4028.6 5606.2 6800.67
[ Bearing Load 1447 1779 1350 830

Fig.25 Comparison between pile ultimate capacity
calculated using Egyptian Code, DIN 4014, AASHTO
and ultimate load obtained from the loading test
results

The calculated ultimate pile capacity using the
Egyptian Code is apparently more conservative
compared to DIN 4014 and AASHTO LRFD 2005 codes
results. The pile capacity obtained using ECP202
criteria is about 76% and 83% of that obtained from
the AASHTO LRFD2005 and DIN 4014 respectively.

Although, the ultimate load obtained using AASHTO
method is higher than those obtained using other
codes criterions, it is about 75 % of the ultimate load
obtained from pile loading test. It is clear that the
proposed methods using different codes criterions
underestimate the large diameter bored pile ultimate
capacity.

Conclusions

Form the study performed, the following conclusions
are drawn:

97| International Journal of Current Engineering and Technology, Vol.8, No.1 (Jan/Feb 2018)



M. Eid et al

Full-Scale Well Instrumented Large Diameter Bored Pile Load Test in Multi Layered Soil

e Well instrumented loading test is essential to
obtain the ultimate capacity of large diameter
bored piles.

e Predicting the apparent failure in an in-situ loading
tests of large diameter bored piles is very difficult
due to the large loads that these piles can carry.

e In static pile loading test, the difference between
the initial and the final modulus of elasticity for the
pile concrete material is substantial. The tangent
modulus analytical technique described by
Fellenius (2001) is believed to provide a good
solution for assessing pile load distribution from
strain data, as it takes into consideration the effect
of concrete material nonlinearity. Using the
conventional method to predict the load
distribution can lead to load difference up to 40%
of loads computed using tangent modulus.

e According to in-situ loading test results, the tested
pile can safely sustain higher loads than the design
load (3000kN). The settlement that occurred
under load of 200% of the working load was less
than the allowable settlement according to the
ECP.

e In-situ loading test results revealed that the pile
carried about 83% of total applied load by friction
resistance and about 17% of total applied load by
bearing resistance at the maximum applied load
which was close to failure load.

e For the tested large diameter pile, side resistance
started to mobilize from the start of test, however
the bearing resistance started to mobilize only
after pile-head settlement of about 0.5% of pile
diameter occurred.

o The calculated ultimate load using modified Chin
(1970) is higher than ultimate load that is
calculated using Hansen (1963) with a difference
about 18%. The predicted pile ultimate capacity
using Egyptian code of practice (ECP 202/4)
criteria was about 60% of the ultimate load
obtained from the loading test results.

e The calculated ultimate pile capacity using the
Egyptian code (ECP202/4) is mostly more
conservative compared to DIN 4014 and AASHTO
LRFD 2005 codes results.

e ECP202/4, DIN4014 and AASHTO LRFD2005
proposed methods wunderestimate the large
diameter bored pile ultimate capacity.
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