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Abstract—The ultimate capacities of single piles utilized in ten projects in Basra-Iraq are evaluated using:   various interpretations of pile
load test results; several static methods based on site investigation programs; wave equation via (GRLWEAP) and the finite element method
via  (PLAXIS-3D).  For  the  well-behaved tests,  it  is  realized that  the  load-settlement  data  can be  best  fitted  by a  hyperbola.  Accordingly,
Rollberg method well-harmonizes the test results and allows various interpretation methods to be applied on the extrapolated curves. It is
found that, the static methods spread over a wide range of values. With a safety factor of (2.8), the allowable capacities of driven piles are
estimated properly via the wave equation. Finite element analyses exhibited good agreement to the measured values. It produces failure
loads, almost, similar to that obtained from Rollberg method. The finite element analyses revealed local settlement of (2% - 3.3%) of the pile
section width to mobilize the ultimate skin resistance. The necessary pile-head settlement for producing the ultimate frictional point
resistance is (13% - 22.4%) of the pile section width. Graphical relationships are suggested to obtain the adhesion and friction factors, deduced
from the finite element method. Utilizing those relations to predict the skin resistance component with Meyerhof's (1976) method to calculate
the bearing component, gives suitable allowable capacities by applying a safety factor of (5). The maximum related settlement is (5.5 mm)
which is equivalent to (0.6%) of the pile section width and is tolerable for most types of structures.

Index Terms— Driven piles, Ultimate capacity, Static approach, Wave equation, skin resistance, point bearing, Finite element
—————————— u   ——————————

2 INTRODUCTIONS
ILE foundations are widely used in Basra city due to the
presence of a shallow saturated soft cohesive soil layer of
variable thickness in soil profile.

In order to provide the geotechnical engineers with reliable
estimates to the ultimate compressive capacity of vertical
piles driven in Basra soil, the following tasks are
accomplished:
1. The available equations derived based on the static

approach are evaluated to select / modify the most
adequate ones.

2. The dynamic wave equation method is evaluated.
3. The methods of interpreting the static pile load test

data are assessed to indicate the most favorable ones.
4. The soil-pile interaction behavior is investigated via the

finite element models.
The  area  covered  by  the  study  is  located  within  the
administrative, commercial, and residential center of Basra
city. Ten projects utilizing driven pile foundations are
considered as case studies for the verified methods Figure
(1). The provided data sets from those projects include:
geotechnical investigation reports; driving records; and load
test data, for trial and/or working piles.

2 STATIC APPROACH
     For a pile of (n) segments and/or penetrating a soil profile
of (n) sublayers, the ultimate compressive capacity can be
expressed as [4] and [5]:

Q = Q + Q = q ∗ A + ∑ q ∗ A
Where:
Qu: ultimate load capacity
Qp: ultimate point capacity
Qs: ultimate skin resistance
qp: unit point resistance
Ap: area of the pile point
qsi: unit shaft resistance within the segment or sublayer (i)
Asi: corresponding surface area

The point resistance per unit area is usually calculated as:

P

Fig. 1. Locations of the projects taken into consideration
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Where:
 , : bearing capacity factors adjusted for depth and

shape.
: effective overburden pressure at pile point.

c : soil cohesion around pile point.
φ: soil angle of internal friction.

The (N'c) factor could be predicted using the formula [12]:
N'c = 6 + ≤ 9

Whereas the (N'q) factor can be obtained from Figure (2). The
unit point resistance can also be predicted based on the
standard penetration number as [2]:

= 40 ≤ 400

The unit skin resistance can be predicted using the following
general equation:

= α + tan =  α +

Where:
α: adhesion factor.

: effective overburden pressure at the mid-depth of
penetration in soil layer.

K: lateral earth pressure coefficient.
: friction angle between the soil and pile material.
φ: soil angle of internal friction.

     The values or formulas for estimating the necessary
parameters, suggested by different authors are summarized
in Table (1). The unit skin resistance can also be predicted

based on the standard penetration number as [5]:
= 2

or [3]:
= (4  5)

TABLE 1
SUMMARY OF THE SKIN RESISTANCE PARAMETERS

3 WAVE EQUATION
     The wave equation analysis is based on the theory of
propagation of the linear waves (Figure 3). In this approach,
the pile behavior during driving is modelled, considering

Fig. 2. ( ′ ) values vs the angle of internal friction, [12].
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factors such as driving energy delivered to the pile at impact,
propagation of compressive and tensile waves, soil static
resistance along the pile shaft and resistance below the pile
toe,  as  well  as  dynamic behavior of  soil  as  a  viscous body.
The basic wave equations for pile driving analysis are [14]:

( , ) = ( , − 1) + ( , − 1)
( , ) = ( , )− ( + 1, )
( , ) = ( , ) + ( )

( , ) = ( , − 1) + [ ( − 1, ) + W(m)− F(m, t)−
R(m, t)]

( )

With no damping:
( , ) = [ ( , )− ( , )] ( )[1 + ( ) ( , − 1)]

With damping:
( , ) = ( )

( , ) = [ ( , )− ( , )] ( )
+ ( ) ( ) ( , − 1)]

Where:
m: element number
t: time
g: acceleration caused by gravity

( ):             spring constant for internal spring m
( ):             weight of the element m

( , ): velocity of element m at time t
( , ): displacement of element m at time t
′( , ): plastic displacement of external spring (i.e. the

surrounding ground)
m at time t

( , ): force exerted by external spring m on element m at
time t

( ): dynamic resistance of element m
( ): soil-damping constant at element m
Δt: time interval considered

( , ): compression of internal spring m at time t

′( ):  spring constant for external spring m
( , ): force in internal spring at time t
( , − 1):     velocity of element at time t-1
( , − 1): displacement of element m at time t-1
′( ):             quake for external spring m (or maximum

elastic soil deformation)
( ): ultimate static resistance of external soil spring m

A licensed package of the latest version of GRLWEAP from
PDI [6] is utilized for the present research.

4 PILE LOAD TESTS
     The most common test procedure in Iraq is the slow

maintained load test according to the ASTM-D1143 [1]. The
true failure occurs when the pile plunges down into the
ground without any further increase in load [12] but, many
settlement-based failure criteria have been defined. Other
interpretation methods have been developed like [9], [11]:
Davisson; Chin; Hansen (80% and 90%); Dee-Beer; Fuller
and Hoy; Butler and Hoy; Van der Veen; and Rollberg
methods.

Fig. 3. Wave equation analysis [14]
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5 FINITE ELEMENT METHOD
     For the three-dimensional stress analysis, the matrix
equations are [10]:

⃗ = ⃗

Where:
=global stiffness matrix

⃗ =global vector of nodal displacements
⃗ = global nodal load vector

= ∑ [ ( )]

⃗ = ⃗ +∑ ⃗ ( )
+∑ ⃗ ( )

+∑ ⃗ ( )

[ ( )] = ∭ [ ]( ) [ ][ ]

⃗ ( )
= ∭ [ ]( ) [ ] °⃗  = element load vector due

to initial strain
⃗ ( )

= ∬ [ ]( ) Φ⃑  =  element load vector due
to surface forces

⃗ ( )
= ∭ [ ]( ) ∅⃑  = element load vector due

to body forces
[ ( )]  = element stiffness matrix
⃗ = vector of concentrated loads

= the volume of the body
n = number of elements
[ ] = shape function
⃑ = vector of initial strains

= the surface of the body

A time limited license of PLAXIS-3D Foundation (2015) is
used in the current study. The soil is modeled using Mohr-
Coulomb criterion whereas, a linear elastic model is selected
to represent pile material. In order to reduce the effect of
boundaries on the results, the soil media are extended to
minimum distances of ten times pile width from the pile
edge in the lateral directions, and five times pile width below
the pile tip [4]. Soil properties are drawn from the
geotechnical investigation reports and some parameters are
specified based on correlative relations in case of lack of data
[15-34].

6 DISCUSSION TO THE RESULTS
     All the input data and output results are presented for the
first project only. For the remaining nine projects, partial
inputs / outputs are presented in the summary Tables. The
first project is a multistory surgical complex building
supported on (400mm x 400mm x 24m) precast concrete
piles, driven via a diesel hammer (Delmag D22) into the soil
profile shown in Figure (4) [15]. The measured load-

settlement curve is shown in Figure (5) [16]. The ultimate
load capacities obtained from the various interpretation
methods are shown in Figures (6) through (11).
     It is realized that a test load of (2700 kN), which is
equivalent to (300%) the design load, could not bring the pile
to plunging. The ultimate loads obtained by Davisson’s
method (2330.0 kN) and according to a net settlement of (0.25
in = 6.35 mm) (2560.0 kN), are within the range of test load.
Other methods revealed values exceeded that load, such as
Chin’s (3225.0 kN), Brinch Hansen's 80% (2887.0 kN), and
Van der Veen's (2750.0 kN) methods.
     Rollberg method has the ability to extrapolate the load-
settlement curve beyond the maximum test load to the
plunging limit. This provides the possibility to examine
many settlement-based failure criteria. Accordingly, the
ultimate capacities based on pre-assigned pile-butt
settlement values equivalent to [(6% B), (Elastic + B/30), (10%
B) and (20% B)] are [(2595.0 kN), (2693.0 kN), (2807.0 kN) and
(3230.0 kN)], respectively.

Fig. 4. Soil-pile profile (project No. 1)
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-settlement curve is shown in Figure (5) [16]. The ultimate
load capacities obtained from the various interpretation
methods are shown in Figures (6) through (11).
     It is realized that a test load of (2700 kN), which is
equivalent to (300%) the design load, could not bring the pile
to plunging. The ultimate loads obtained by Davisson’s
method (2330.0 kN) and according to a net settlement of (0.25
in = 6.35 mm) (2560.0 kN), are within the range of test load.
Other methods revealed values exceeded that load, such as
Chin’s (3225.0 kN), Brinch Hansen's 80% (2887.0 kN), and
Van der Veen's (2750.0 kN) methods.
     Rollberg method has the ability to extrapolate the load-
settlement curve beyond the maximum test load to the
plunging limit. This provides the possibility to examine
many settlement-based failure criteria. Accordingly, the
ultimate capacities based on pre-assigned pile-butt
settlement values equivalent to [(6% B), (Elastic + B/30), (10%
B) and (20% B)] are [(2595.0 kN), (2693.0 kN), (2807.0 kN) and
(3230.0 kN)], respectively.
     It is clear that, the Chin’s capacity is very close to the
plunging load, as calculated via Rollberg extrapolated curve
at a settlement of (80 mm = 20% B). The ultimate Vander
Veen’s and Brinch Hansen's 80% capacities are very close to
the Rollberg's value associated with a settlement of (40 mm
= 10% B).

Fig. 5. Ultimate pile capacity by Davisson’s method
 (project No. 1)

Fig. 6. Ultimate pile capacity by Davisson’s method

(project No. 1)

Fig. 7. Ultimate pile capacity by Chin’s method
(project No. 1).
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Fig. 8. Ultimate pile capacity by Brinch Hansen’s 80%
method (project No. 1).

Fig. 9. Ultimate pile capacity by Vander-Veen’s method
(project No. 1)

Fig. 10. Ultimate pile capacity based on net-settlement
criterion (project No. 1).

Fig. 11. Ultimate pile capacity by Rollberg’s method
(project No. 1).
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     The ultimate capacities, produced by Davisson’s method
and the net settlement criterion, are the most conservative
among the values obtained from the applicable methods.
The  range  of  test  load  and  the  produced  slopes  rendered
Brinch Hansen's 90%, De Beer’s, Fuller & Hoy’s and Butler
& Hoy’s methods inapplicable for this project.
     The existence of numerous static methods for skin and
point resistances estimation produce a big number of
combinations for pile capacities. The maximum and
minimum capacities are summarized in Table (2).

TABLE 2
Ultimate extremum values by the static methods

(project No. 1).

The minimum ultimate static load underestimates
the true capacity whereas, the maximum value is very close
to its load-test counterpart, obtained from the (16% B)
settlement criterion. The skin resistance component ranges
from (970.4 kN) to (1243.4 kN) while, the point bearing
component ranges from (216.0 kN) to (1836.3 kN). These two
components shall be further discussed after the presentation
of the finite element results.

     The results of the wave equation shown in Figure (12)
gives an ultimate capacity of (3100.0 kN), which is close to
the plunging load, with a skin resistance of about (43% Qu
=1333 kN) and a point bearing of (57% Qu =1767 kN). It is
also shown that, the pile driving induced compressive
stresses in the pile material reached (36.75 MPa), which
exceeds the recommended allowable value [2] of (0.85   =
34.0 MPa). This gives an indication of overdriving (very low
set value).

The input parameters for the finite element analysis
are listed in Table (3). The finite element mesh is shown in
Figure (13) whereas, the displacement contours are
demonstrated in Figure (14) for a sample load. The predicted

behavior  is  compared  to  the  measured  one  in  Figure  (15)
whereas, the computed load-settlement curves for the
different resistance components are shown in Figure (16).
The analysis is terminated at an ultimate load of (3157.9 kN).

Figure (17) illustrate the load transferred from pile
to soil, whereas the variations of pile displacement with
depth are illustrated in Figure (18), for various multiples of
the design load. It is realized that at the design load, the point
bearing has no contribution in load resistance which is
restricted to the skin component, which is fully mobilized at
a butt settlement of around (11mm = 2.8% B) or local
displacement around (9mm = 2.3% B), and an applied load
of (250% Qdesign). The point bearing component continues to
increase and reaching its maximum value at a butt
settlement of around (89 mm = 22.2% B), which is associated
with plunging.
     The contributions of soil layers in skin resistance are
calculated from the load differences at layer boundaries. The
results are listed in Table (4). According to the transferred
force within each layer and the associated pile surface area,
the skin resistance parameters (αi and ) are back calculated
for the static method, from the finite element results, as:
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and  the  results  are  listed  in  Table  (5).  Adhesion  factors  of
(1.04)  for  medium  stiff  clay  is  uncommon  value,  whereas,
values of (1.23) and (1.14) for soft clayey layers of cohesion
(19kN/m2) and (25kN/m2), respectively are frequent. In
addition to that, the predicted -value gives high unit shear
stress within the cohesionless layer that exceeds the limit of
(100 kPa), which is recommended by many references.

Conclusions
     For the studied ten projects, the following conclusions can
be drawn:
1.  Pile  load tests  in Basrah are usually used as proof tests,
even for the trial piles. Piles are rarely
    tested to failure.
2. For a well-conducted tests (with no problems), the load-

settlement data can be fitted with a  considerable degree
of accuracy by a hyperbola. According to that, Rollberg
method simulates the test results in a good manner and
permits the application of many interpretation criteria on
the extrapolated curves.
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Fig. 12. Ultimate pile capacity by the wave equation (project No. 1)
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TABLE 3
Input parameters of Finite element analysis (project No. 1).

Fig. 13.  Finite element mesh (project 1)
Fig. 14. Displacement contours at an applied load of

(1700.0 kN) (project No. 1). [12].
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Fig. 15. Predicted load-settlement curve vs measured
one (project No. 1).

Fig. 16. Predicted ultimate capacities (project No. 1).

Fig. 17. Load transfer vs depth (project No. 1)

Fig. 18. Pile displacement versus depth (project No. 1)
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TABLE 4
Contributions of soil layers in load resistance (project No. 1)

TABLE 5
Predicted skin resistance parameters (project No. 1).

TABLE 6
Summary of the interpretations, static, and dynamic methods
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TABLE 7
Summary of the finite element method

3. Davisson’s, Brinch Hansen 90%, De-Beer’s, Fuller-Hoy’s,
and Butler-Hoy’s methods could not be applied for small
settlement load test data ranges.  The same is applicable
for the (0.25 in) net-settlement criterion.

4. The ultimate pile capacities obtained from the load tests
using Chin’s method are almost equal to their
counterparts obtained from Rollberg method at failure
(plunging). Brinch-Hansen's (80%) and Van der Veen's
methods give lower values.

5. The ultimate pile capacities obtained using the various
static methods of predicting skin resistance and point
bearing components, spread over a wide range.

6.  Performing the analyses via the wave equation, as a
dynamic method, produces good results. With a safety
factor of (2.8), the allowable capacities of the driven piles
are well estimated.

7. The results of GRLWEAP, revealed high stress levels
induced in pile materials for some projects. It is
recommended  to  consider  (12  blows/in.)  as  a  refusal
condition.

8. The  finite  element  analyses  via  PLAXIS  show  good
agreement to the measured data. They produce failure

loads, almost, similar to that obtained from Rollberg
interpretation method.

9. The finite element analyses revealed local settlement of
(2%B - 3.3%B) to mobilize the ultimate skin resistance.
The  computed  unit  skin  friction  ranges  between  (98
kPa) and (217 kPa).

10. The butt settlement values necessary to produce the
ultimate frictional point resistance are (13%B - 22.4%B).
The ultimate bearing stress range is (7250 kPa – 8815
kPa).

11. The suggested relations to predict the adhesion factors
and skin friction parameters, as obtained from the finite
element method, are shown in Figures (19 and 20).

12. Utilizing Figures (19 and 20) in calculating the ultimate
skin resistance and Meyerhof's (1976) method in
calculating the point bearing component, give
appropriate allowable capacities, by applying a safety
factor of (5). The maximum related settlement is (5.5
mm), which is equivalent to (0.6%B), and is accepted for
most structures.
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