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Abstract: Based on the results of standard penetration tests
(SPTs) conducted in Al-Basrah governorate, this research
aims to present thematic maps and equations for estimating
the bearing capacity of driven piles having several lengths.
The work includes drilling 135 boreholes to a depth of 10 m
below the existing ground level and three standard penetra-
tion tests (SPT) at depths of 1.5, 6, and 9.5 m were conducted
in each borehole. MATLAB software and corrected SPT val-
ues were used to determine the bearing capacity of driven
piles in Al-Basrah. Several-order interpolation polynomials
are suggested to estimate the bearing capacity of driven
piles, but the first-order polynomial is considered the most
straightforward. Furthermore, the root means squared er-
ror (RMSE) for all suggested polynomials are roughly the
same. The production of thematic maps demonstrates the
variation in bearing capacity of driven piles over the en-
tire territory of Al-Basrah governorate in correlation with
different depths. The results of the statistical equations
showed that there is good agreement with those obtained
from the SPT data. When compared with the observed val-
ues from SPT, the allowable bearing capacity results for the
driven piles ranged from (-3 to +38)%. The main results of
this study showed a variation of 30% between calculated
and estimated values of bearing capacity of driven piles for
all lengths of piles at a 95% confidence interval.
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1 Introduction

One of the most prevalent and commonly utilized tests
in geotechnical engineering is the standard penetration
test. The results of this test are considered a good indi-
cator for soil geotechnical parameters like density, shear
strength, and compressibility. For earthquake planning, the
SPT can be used to determine the liquefaction risk of satu-
rated granular soils. As a result of its simplicity, low cost,
and widespread availability of SPT equipment, SPT results
have been accepted for the preliminary design of founda-
tions [1-3]. Before using the measured N-values to estimate
and calculate soil geotechnical parameters, they must un-
dergo a series of adjustments. In order to get more reliable
results, the corrected N-value should be taken into account.
Several studies have recommended using these corrections
to eliminate measurement N-value uncertainty based on
their findings, but selecting the correct modifications is crit-
ical to avoid the need for additional field measurements or
lab calculations [3-5].

Furthermore, the field conditions, the size and char-
acteristics of test equipment, and the diameter and depth
of boreholes all play a role in optimizing selected correc-
tions. All of these corrections should be investigated by
the geotechnical engineer. Several studies have found that
corrected SPT values are related to the soil geotechnical
parameters such as shear strength, density, body wave ve-
locities, and liquefaction potential. However, such param-
eters are still deemed preliminary and cannot be used in
the detailed design of foundations. The statistical tests can
be used to demonstrate a correlation between the findings
of SPTs and the results of other potential field tests such
as cone penetration test and pressure meter test, which
approves the findings of SPTs [6-12].

The main goal of study is to create thematic maps that
show the differences in bearing capacity of driven piles
concerning their geographic locations and length. MATLAB
software was used to perform several regression analyses
producing 1%, 2", 3¢ and 4™ order polynomials based
on the results of SPTs carried out in 135 boreholes drilled
to a depth of 10 meters below current ground level and
distributed over the entire area of Al-Basrah governorate.
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The findings of the study provide a simple and rapid test for
calculating the bearing capacity of driven piles, which can
be used directly in the preliminary design of foundation or
even in the detailed design of foundations for small projects
or temporary works [13-17].

2 Corrections of standard
penetration test

The standard penetration test (SPT) is one of the common
field tests suggested for various soil types, especially when
sampling and laboratory testing are problematic. The SPT
value (N-value) is the number of blows on a split spoon
sampler that penetrates 300 mm in the soil. The measured
N-value must be subject to several corrections to comply
with the standard testing process before it can be used to in-
terpret SPT results [18]. A variety of factors can influence the
measured N-values from SPTs. These factors have the poten-
tial to increase or reduce N-values, which will have a sub-
stantial impact on the soil’s predicted geotechnical prop-
erties. The geotechnical properties of soil estimated from
the SPT values are mostly underestimation, which means
a conservative property of soil will be obtained from SPT
results. As a result, many modifications to the SPT values
may be done to make them more accurate, resulting in more
reliable and widely accepted geotechnical properties of soil
estimated using SPT data [19].

The depth and diameter of boreholes, type of hammer,
diameter of drilling rod, and field parameters such as con-
fining pressure and groundwater table (GWT) can influence
the corrections. According to Fletcher [20], the following
factors can influence the measured N-values:

e Variation in the weight of hammer and height of drop;

e Using heavy drill rods with a diameter greater than 1
inch;

¢ The length of the drilling rod exceeds 50 m;

¢ Using a damaged split spoon sampler;

¢ Failure to place the sampler on undisturbed soil;

¢ (Careless in counting the number of blows.

In empirical correlations, the geotechnical and geo-
physical properties of soil are assessed using corrected SPT
values (Ny () [21]. Eq. (1) indicates the necessary correc-
tions that must be considered to the measured blow count
to produce the corrected SPT values (N 4())-

Nigoy=N-Cw-Cy-Cg-Cp-Cg )]

Where
Ny (o) — corrected SPT value for the theoretical free-fall
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hammer with 60% energy;

N — SPT value measured in the field;

Cy — overburden pressure correction factor;

Cg — correction factor for transmitted energy to the SPT
stem;

Cw — correction factor for the GWT;

Cp — correction factor for the diameter of the borehole;

Cgr — The length of SPT stem correction factor.

For rod lengths greater than 6 m, the rod correction
factor (Cg) can be taken unity; for rod lengths less than 3
m, Cg = 0.75 is recommended. In this investigation, Cg is
set to unity to keep things simple [17]. In boreholes larger
than 12 cm in diameter, the borehole diameter adjustment
should be considered, but the diameter of the drilling in
this study was 10 cm, so the correction factor (Cp) is set
to unity. The measured N-value decreases as the confining
pressure decreases due to increasing the borehole diameter.
It’s worth mentioning that many of these considerations
are overlooked during site studies [1-4].

2.1 Effect of groundwater

A linear interpolation correction factor (Cy) was suggested
by Peck et al. [19] to correct the SPT value for the groundwa-
ter effect. The creation of upward seepage pressure and soil
bed disruption caused by groundwater entering from the
borehole’s bottom should be avoided in general. When the
SPT is carried out below the GWT, the measured N-value
can be corrected further; this correction is made if N is more
than 15, and the soil resistance increases due to the nega-
tive excess pore water pressure generated during the SPT
period [22].

N’=15+%(N—15) forN > 15 )

Where
N’ — the SPT value corrected for the GWT.

2.2 Confining pressure correction (Cy)

Due to the increasing confinement of the overlying soils,
standard penetration tests conducted at significant depths
in a homogeneous soil deposit will yield higher N-values
than shallow tests (effective vertical stresses rise with
depth). As a result, the field N-value is normalized to 100
kPa reference stress at any depth using the overburden
stress correction. The overburden pressure correction fac-
tor, which is utilized for soils with a relative density of 40
to 60%, can be calculated using Eq. (3) [17].
200

N = 100+ o7,
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where 0, is the effective overburden pressure in kPa. The
soil’s saturated and dry unit weights are 17 kN/m?> and 15

kN/m3, respectively, because the soil layers at all investi-

gated sites vary from soft clay to silty clay.

2.3 Energy correction (Cg)

The energy correction is used to account for different types
of hammer testing (e.g., safety, donut, and automatic). The
SPT stem receives around 60% of the maximum free-fall

energy delivered by the safety hammer. The automated ham-

mer delivers 95 to 100% of the maximum free fall energy

to the SPT stem, whereas the donut hammer delivers 45%.

The energy correction factor (Cg) is equivalent to 0.8-1.0 in
the literature. To account for the hammer’s verticality and
free fall distance, the energy correction factor is calculated
to 0.6 in this study [19, 22].

Legend

¢  PBoreHoles
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3 Description of study area and field
tests

The study area is the governorate of Al-Basrah, which was
established in 636 AD and is located in southern Iraq at
30° 30’ 29.1672” N and 47° 47’ 0.5604" E on the Global
Positioning System (GPS). This city is home to Iraq’s main
port, Um Qasar, and numerous oil wells. The prominence
of Al-Basrah governorate stems from the city’s oil fields
and construction one of Al-Faw port on the Arabian Gulf to
the south. Boreholes were drilled to a depth of 10 meters
below ground level, with a ground surface elevation of
approximately 5 meters above sea level. Boreholes were
drilled throughout the study area, particularly along the
two sides of the Shatt Al-Arab River, which runs northwest
to southeast through the city.

The quality and level of groundwater table significantly
impact the magnitude of allowable bearing capacity of
driven piles. The fieldwork had been conducted over a large
area of Al Basrah governorate; the drilled boreholes were
mostly conducted in available free lots, which reflected
the nonuniform distribution of boreholes in the study area.

"7 o Dttt 0 gl Brs, GHENGS by o D, U, Ui, ¢ avwitoll, 050, ot 0 o 0 et el

Figure 1: Distribution of the boreholes (source: Google Maps)
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Figure 2: Borehole locations used in the analysis

Also, boreholes must be drilled in undeveloped properties
to prevent conflicts with property owners and the restricted
space available in the built area. To avoid any issues during
drilling, the crew began by locating existing facilities such
as sewage pipes, electrical cables, freshwater pipelines,
and telephone, and internet connections within the study
area. The boreholes were drilled with a flying auger with
a diameter of 10 cm and extended to a depth of 10 m be-
low ground level. Several SPTs were performed using an
automatic hammer along the depth of boreholes.

On a Google Earth satellite view, Figure 1 shows drilled
boreholes’ distribution. In addition, Figure 2 shows the
study area and distribution of boreholes. The SPTs data
were used to compute the driven pile’s permitted bearing ca-
pacity. Furthermore, after 24 hours of drilling, the GWT was
measured in the field, and the density of the soil was calcu-
lated experimentally for each well. Because the groundwa-
ter level in some boreholes had not risen after 24 hours, the
GWT has no value in Table 1 and has no bearing capacity
calculation impact. Table 1 shows the measured N-values
from SPTs conducted at depths of 1.5, 6, and 9.5 m below
the existing ground surface, as well as the GWT for 135 bore-
holes. Due to the highly soft soil layers at those depths,
conducting successful SPTs in some boreholes and at spe-
cific depths, such as boreholes 80 and 84 in Table 1, is
difficult.
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4 Bearing capacity of driven piles

Predicting the bearing capacity of piles is one of the diffi-
cult tasks in geotechnical engineering. Therefore several
strategies and approaches have been developed to over-
come forecast uncertainty. Certain simplifying assumptions
and/or empirical methodologies are used in the procedures
for soil stratigraphy, soil-pile structural interaction, and
soil resistance distribution along the pile. As a result, they
are unable to generate fully quantitative results that may
be applied directly to foundation design. Five approaches
for determining pile bearing capacity can be used:

¢ In-situ dynamic testing.

e In-situ static testing.

e In-situ integrity testing.

e Theoretical calculation of bearing capacity of piles
based on soil properties and pile type and dimen-
sions.

¢ Indirect methods based on the results of in-situ in-
vestigation tests [3, 23-25].

In recent years, in-situ testing approaches have grown
rapidly in the geotechnical design of piles foundations. This
is due to the rapid development of in-situ testing devices,
a better understanding of soil behavior, and an awareness
of some of the limitations and shortcomings of traditional
laboratory testing. There are two methods for estimating
or calculating the bearing capacity of a pile: direct and
indirect ways. The use of pile-load tests and theoretical
computations are examples of direct approaches. The SPT
is one of the indirect approaches used to assess the pile
bearing capacity in this study. Filtering and averaging data
of pile resistance, failure zone around the pile base, total
stress approaches, and pile capacity in dense strata with
restricted base penetration are all factors that influence
the uncertainty of indirect methods. The bearing capacity
of driven piles estimatedfrom the results of corrected SPT
values is nearly equivalent to those calculated from static
testing [26-29].

The total number of drilled boreholes was 135; how-
ever, only 95 boreholes were chosen in this investigation to
reduce numerical dispersion caused by significant changes
in SPT values in certain places, which affected the reliabil-
ity of the MATLAB software results. The bearing capacity
of driven piles was evaluated for 95 boreholes drilled to a
depth of 10 m below ground level and spread across the
entire study area of Al-Basrah governorate. The bearing
capacity of driven piles with lengths 6, 7, 8, 9, and 10 m
estimated from polynomials generated using MATLAB were
compared with those obtained from empirical equations
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based on corrected SPT values. When calculating the allow-
able bearing capacity of driven piles, a high safety factor
of 3is considered due to the soil’s heterogeneity, high vari-
ation in GWT, and high quantities of organic matter and
garbage.

The main changes to the SPT values were the overbur-
den correction factor (Cy), as mentioned in Eq. (4), the
energy correction factor (Cg), which is equivalent to 0.7,
and the groundwater correction factor (Cy), as defined in
Eq. (2). The corrected N-values can be used to compute the
allowable bearing capacity of driven piles [26, 27]. Table 2
shows the borehole coordinates and the computed allowed
bearing capacity of driven piles using Egs. (4) to (7) with a
safety factor of 3. Due to a large amount of space required to
show such data, the enormous amount of data used in cal-
culating the ultimate bearing capacity for different depths
in 95 boreholes will not be shown in this study.

Qp (kN) = 19.7PaAp (Ngo)*>° (4)
Qs (kN) = 0.224PpL(Ngo)*° (5)
Qult = Qb + Qs (6)
Quait = Quit/ FS @

Where
Qj — end bearing resistance;

Table 1: Coordinates, GWT, and measured SPT-value of boreholes

Prediction of bearing capacity of driven piles for Basrah governatore using SPT and MATLAB

Qs — skin friction resistance;

P, — atmospheric pressure (= 100 kN);
Ay, — cross-sectional area of pile;

P - pile perimeter;

L - pile length;

Q4 — ultimate bearing capacity;

Q. — allowable bearing capacity;

FS - factor of safety = 3

5 MATLAB Modeling of SPT Data

To produce a surface indicating the variance in the allow-
able bearing capacity of driven piles of several depths in
the research region, MATLAB was used to process the data
of SPTs conducted in 135 boreholes. Because of the high
variance and may be singularities in the results of SPTs con-
ducted at several depths in 135 boreholes, it’s important to
avoid using extreme SPT values when calculating the allow-
able bearing capacity of driven piles with MATLAB. These
extremes could be the consequence of a small number of
boreholes being drilled in particular sections of the study
area or a large difference in the geotechnical properties of
soil in some locations of the study area.

Several trials were conducted using the 15 order sur-
face, 27 order surface, 3'd order surface, and 4™ order sur-
face to develop an acceptable surface representative for the

B.H GPS coordinates GWT N-Value B.H GPS coordinates GWT N-Value
Latitude Longitude (m) 1.5 6 9.5 Latitude Longitude (m) 1.5 6 9.5
degree degree m m m degree degree m m m
1 30.46324 47.76481 1.2 2 2 2 69 30.984759 47.3323 0.9 2 2 2
2 30.677667 47.737333 0.5 3 2 2 70 30.457774 47.983043 0.5 5 2 2
3 30.353224 47.736546 1 10 20 50 71 30.945994 47.270258 1 6 p i
4 30.866987 47.548848 1 7 2 2 72 30.357404 47.715029 1 6 25 50
5 30.943651 47.263842  2.25 7 2 2 73 30.985692 47.422968 1 2 2 2
6 30.498979 47.846098 1.25 23 5 2 74 30.513353 47.819846 1 10 2 2
7 30.452369 47.979893 2.1 4 2 6 75 30.532567 47.780909 1.2 8 2 2
8 30.384517 47.715239 - 41 33 28 76 30.32028 47.73586 - 23 29 34
9 30.65027 47.750105 0.25 2 2 2 77 30.42647 47.67592 - 19 16 10
10 30.97454 47.31532 2 10 7 2 78 30.36121 47.63705 1 22 26 40
11 31.01347 47.427324 1.5 10 8 2 79 30.46789 47.83228 2 3 3 i
12 30.929563 47.337608 1 2 2 2 80 30.52529 47.59003 0.5 - 6
13 30.618512 47.751902 3 8 4 2 81 30.743122 47.678118 2 2 2 2
14 30.802983 47.608714 2 7 2 2 82 30.05258 47.92583 0.5 2 2 2
15 30.5068 47.835369 1.2 4 2 2 83 30.24478 47.77606 - 31 29 27
16 30.492526 47.815992 0.5 4 4 2 84 30.40101 47.49674 0.5 - 41 43
17 30.561206 47.770233  0.75 6 4 2 85 30.575532 47.76834 1.5 2 2 2
18 30.511275 47.824614 2 8 4 2 86 30.04477 47.91889 1.5 2 2 2
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Table 1: ...continued

B.H GPS coordinates GWT N-Value B.H GPS coordinates GWT N-Value
Latitude Longitude (m) 1.5 [ 9.5 Latitude Longitude (m) 1.5 6 9.5
degree degree m m m degree degree m m m
19 30.549429 47.813952 1.2 3 3 4 87 30.19468 47.84551 - 15 24 34
20 30.519017 47.784783 1 10 10 p 88 30.49137 47.7696 1.5 8 4 2
21 30.503642 47.805022 1.95 8 3 7 89 30.43096 48.03027 2.5 2 2 2
22 30.5143 47.844199 1.2 2 2 2 90 29.582635 48.27309 1.25 2 2 2
23 30.451235 47.808062 0.25 7 3 3 91 30.487565 47.802265 1.5 8 2 3
24 30.476148 47.80068 1.25 6 2 3 92 30.43907 47.793667 0.5 3 2 3
25 30.398134 47.708611 1.5 14 18 35 93 30.498611 47.746389 0.5 2 2 2
26 30.524343 47.761026 1.5 8 4 3 94 30.558264 47.761877 0.5 2 2 2
27 30.542873 47.791312 1.5 12 6 3 95 30.410137 47.750771 - 11 19 30
28 30.545661 47.775351 2.1 8 2 5 96 30.548722 47.790806 0.75 8 3 3
29 30.528592 47.800295 0.8 9 6 3 97 30.483453 47.810493 1.5 8 2 5
30 30.444847 47.876889 1.2 2 2 2 98 30.511952 47.767686 1.5 8 4 4
31 30.562611 47.752161 1.8 7 2 2 99 30.514264 47.835641 1.2 8 5 3
32 30.46125 47.775306 1.0 6 2 3 100 30.504509 47.795087  0.95 8 2 2
33 30.492161 47.8001 1.4 10 4 3 101 30.468246 47.820135 2.1 18 13 2
34 30.528288 47.828266 1.25 8 7 11 102 30.380307 47.702145 10 34 38 35
35 30.542023 47.853618 0.25 6 4 103 30.759306 47.7045 0.25 6 2 2
36 30.490531 47.780647 1.63 8 4 4 104 30.261936 47.704736 - 9 10 17
37 30.574453 47.753307 0.5 6 2 2 105 30.485403 47.811495 1 4 3 2
38 30.388941 47.683118 1.0 12 25 50 106 30.467966 47.813826 0.6 4 4 2
39 30.5079 47.777086 0.5 8 3 3 107 30.465589 47.780119 2.1 8 3 3
40 30.369006 47.721302 10 13 18 26 108 30.28501 47.47257 1.2 8 2 3
41 30.448513 47.941167 3.5 5 2 2 109 30.543719 47.761162 2.2 8 3 4
42 30.516736 47.805846 0.9 8 2 3 110 30.315603 48.242598 2.5 2 2 2
43 30.79525 47.573028 0.25 2 2 2 111 30.541672 47.785828 0.7 9 6 5
44 30.545003 47.804686 0.5 3 4 112 30.538565 47.793098 1 10 4 2
45 30.123251 47.71726 - 50 45 42 113  30.548753 47.800998 1.1 7 6 4
46 30.506425 47.759875 0.5 4 4 6 114  30.524387 47.798975 1.1 4 4 2
47 29.973944 48.468417 - 2 2 2 115 30.578647 47.781908 1 2 2 2
48 30.719042 47.718392 1.25 6 2 2 116  30.524472 47.847061 1 6 4 2
49 30.594667 47.809473 2.1 10 8 p 117  30.114687 47.715509 - 50 48 46
50 30.458433 47.791947 1.2 4 2 4 118 30.233761 47.760731 1 46 40 35
51 30.98478 47.44377 1.0 8 7 2 119  29.971258 48.476035 1 2 2 2
52 30.489653 47.823968 3 8 3 4 120 30.44163 47.869875 2.2 6 2 2
53 30.483358 47.859833 2.1 p 2 2 121 30.732536 47.703688 1.25 6 2 2
54 30.399438 47.695805 - 33 22 35 122 30.805461 47.601909 2 6 2 2
55 30.33382 47.59058 - 50 45 42 123  30.855089 47.53756 2 2 2 2
56 30.506131 47.816672 2.1 8 2 5 124 30.981152 47.449086 0.25 7 2 2
57 30.3117 48.24045 1.5 p p 2 125 30.971853 47.382546  0.25 2 2 2
58 31.020338 47.416235 1 8 2 2 126 30.956501 47.271284  0.25 4 2 2
59 30.431172 47.942036 4 2 2 2 127 31.015355 47.429864 0.5 8 2 6
60 30.583858 47.758782 3.2 12 8 2 128 31.144262 47.43092 2.5 2 7 2
61 30.032503 47.919989 2.5 19 23 14 129 30.149344 48.373275 1 2 2 2
62 30.22773 47.773719 - 29 25 30 130 30.513148 47.82633 1.25 4 2 2
63 30.963884 47.387458 2.6 10 2 2 131  30.541316 47.812604 1.5 7 2 2
64 30.541292 47.854056 2.1 5 10 2 132  30.510489 47.805907 2 3 2 4
65 30.540332 47.772309 1.2 10 4 5 133 30.5145 47.80936 0.5 3 3 3
66 30.870981 47.52157 1.25 2 2 2 134 30.598381 47.848881 1 5 2 2
67 30.583779 47.75878 1.25 5 2 2 135 30.4876 47.7983 2.1 14 3 2
68 30.480276 47.785883 0.5 8 5 5 - - - - - - -
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Table 2: Corrected SPT values and allowable bearing capacity of driven piles

BH Length  Nygq) Qp Qs Quit Qai  BH Length Ny Qp Qs Quie Qan
(m) kN kN kN kN (m) kN kN kN kN
6 202.50 185.22 387.71 129.24 6 460.10 358.76 818.87 272.96
7 202.50 216.09 418.58 139.53 7 460.10 418.56 878.66 292.89
1 8 1.92 202.50 246.96 449.45 149.82 83 8 18.80 460.10 478.35 938.45 312.82
9 202.50 277.82 480.32 160.11 9 460.10 538.15 998.25 332.75
10 202.50 308.69 511.19 170.4 10 460.10 597.94 1058.04 352.68
6 379.03 306.90 685.94 228.65 6 273.59 236.02 509.61 169.87
7 379.03 358.05 737.09 245.70 7 273.59 275.36 548.95 182.98
6 8 10.97 379.03 409.21 788.24 262.75 91 8 4.44 273.59 314.69 588.28 196.09
9 379.03 460.36 839.39 279.80 9 273.59 354.03 627.62 209.21
10 379.03 511.51 890.54 296.85 10 273.59 393.37 666.96 222.32
6 278.04 239.11 517.15 172.38 6 284.79 243.78 528.57 176.19
7 278.04 278.96 557.00 185.67 7 284.79 284.41 569.20 189.73
18 8 4.64 278.04 318.81 596.85 198.95 97 8 4.96 284.79 325.04 609.83 203.28
9 278.04 358.66 636.70 212.23 9 284.79 365.67 650.46 216.82
10 278.04 398.51 676.55 225.52 10 284.79 406.30 691.09 230.36
6 202.50 185.22 387.71 129.24 6 238.87 211.58 450.45 150.15
7 202.50 216.09 418.58 139.53 7 238.87 246.84 485.71 161.90
30 8 1.92 202.50 246.96 449.45 149.82 105 8 3.04 238.87 282.11 520.98 173.66
9 202.50 277.82 480.32 160.11 9 238.87 317.37 556.24 185.41
10 202.50 308.69 511.19 170.40 10 238.87 352.63 591.50 197.17
6 390.14 314.13 704.27 234.76 6 320.23 267.93 588.16 196.05
7 390.14 366.48 756.62 252.21 7 320.23 312.59 632.81 210.94
40 8 11.89 390.14 418.84 808.98 269.66 111 8 6.87 320.23 357.24 677.47 225.82
9 390.14 471.19 861.33 287.11 9 320.23 401.90 722.12 240.71
10 390.14 523.55 913.69 304.56 10 320.23 446.55 766.78 255.59
6 244.04 215.26 459.31 153.10 6 24531 216.16 461.47 153.82
7 244,04 251.14 495.19 165.06 7 245.31 252.19 497.50 165.83
50 8 3.23 244,04 287.02 531.06 177.02 120 8 3.28 245.31 288.22 533.52 177.84
9 244,04 32290 566.94 188.98 9 245.31 324.24 569.55 189.85
10 244,04 358.77 602.82 200.94 10 245.31 360.27 605.58 201.86
6 319.50 267.44 586.94 195.65 6 228.59 204.22 432.81 144.27
7 319.50 312.01 631.51 210.50 7 228.59 238.25 466.84 155.61
60 8 6.83 319.50 356.59 676.09 225.36 130 8 2.69 228.59 272.29 500.88 166.96
9 319.50 401.16 720.66 240.22 9 228.59 306.32 534.91 178.30
10 319.50 445.73 765.23 255.08 10 228.59 340.36 568.95 189.65
6 243.86 215.14 459.00 153.00 6 237.74 210.77 448.51 149.50
7 243.86 250.99 494.85 164.95 7 237.74 245.90 483.63 161.21
70 8 3.22 243.86 286.85 530.71 176.90 133 8 3.00 237.74 281.03 518.76 172.92
9 243.86 322.70 566.57 188.86 9 237.74 316.16 553.89 184.63
10 243.86 358.56 602.42 200.81 10 237.74 351.28 589.02 196.34
6 244,59 215.65 460.24 153.41 6 314.31 263.94 578.25 192.75
7 244,59 251.59 496.18 165.39 7 314.31 307.93 622.24 207.41
77 8 3.25 244,59 287.53 532.12 177.37 135 8 6.52 351.92 351.92 351.92 222.08
9 244,59 323.48 568.06 189.35 9 314.31 395.91 710.22 236.74

10 244,59 359.42 604.00 201.33 10 314.31 439.90 754.21 251.40
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Table 3: Parameters of suggested polynomials were used to determine the allowable bearing capacity of 6 m length driven piles

DE GRUYTER

Fit Number Sum of square errors (SSE), R2 Decision feedback equalizer  Adjusted RMSE,
Order  ofterms kN (DFE) R2 kN

1 3 7.2287e+04 0.6379 89 0.6175 28.4993

2 6 6.2497e+04 0.6869 85 0.6537 27.1157

3 10 6.2497e+04 0.6869 85 0.6537 27.1157

4 15 0.8606e+04 0.7565 80 0.7139 24.6491

Table 4: Parameters defing four polynomials suggested for caluculations of the allowable bearing capacity driven pile of 6 m length

First-order model

Second-order model

Third-order model

Fourth-order model

Factor Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av.
Poo 312.1 379 345.5 422 657 539.5 -160.1 457.4 148.7 -2256 303.6 -976.1
P10 -343.2 -137 -240.1 -1377 -239.9 -808.6 -1616 3075 729.5 -6334 14560 4116
Po1 -405.8 -248.9 -327.3 -1943 -923.3  -1433 2253 5019 2253 6334 35050 20710
Pyo - - -1119 316.7 -401.3 -10210 5372 -2419 -34660 52770 9054
P11 1737 4875 3306 -15620 3372 -6123 -199900 40910 -79500
Po2 -50.6 1059 504.1 -16740 -2197 -9470 -138600 56960 -97780
P30 - - -1068 12310 5623 -169900 69220 -50320
Py -26790 7554 -9618 -195100 351900 78370
P1> 7676 48710 28200 39580 496800 268200
Pos -1458 8410 3476 71280 261700 166500
Pso - - -12940 172800 79950
P3; -416500 131200 -142700
P2a -545100 639600 47240
P13 -599200 -140400 -369800
Pos4 -1.20500 -11390 -6.5930

fluctuation of bearing capacity of driven piles having sev-
eral lengths with spatial coordinates. The bearing capacity
of driven piles from produced surfaces can be calculated us-
ing Egs. (8) to (11). Tables 3 and 4 contain the corresponding
parameters for each equation. More accurate findings are
obtained by increasing the order of the polynomial repre-
senting the surface depicting the fluctuation of the bearing
capacity of driven piles. However, such a surface will in-
crease the number of parameters required to compute the
bearing capacity, making the procedure more difficult. The
number of parameters increases from three to fifteen when
the polynomial order is changed from first to fourth, as
shown in Table 3, while the root means square error (RMSE)
remains unchanged. Figures 3 to 6 illustrate the surfaces
created using 1%, 29, 3", and 4™ order polynomials for
variation in bearing capacity of a driven pile of 6 m length

tive estimates of the allowable bearing capacity of driven
piles, especially around inflection point surfaces. As a re-
sult, adopting 1st-order interpolation, where the surface
polynomial has just three parameters and an acceptable
root mean squared error (RMSE) when predicting the al-
lowed bearing capacity of driven piles, is advised to save
time and effort. R? is also the fraction of the dependent
variable’s variation that can be predicted by the indepen-
dent variable(s), and it ranges from 0.6379 to 0.7565. As
the order of the polynomial used to represent experimental
data increased, the value of R? increased. This was due to a
closer match between the pile’s projected allowed bearing
capacity and determined SPT values. The adjusted R? is a
type of R? that has been adjusted to account for the model’s
number of predictors.

The 1% order polynomial with 95% confidence bounds

for 95 boreholes. is:

The first- and second-order interpolation polynomials Quu(kN) = Pgo + P1o* X + Pp1 * Y (8)
almost 1nv.ar1'ably ¥esult in flat surfaces, Wthh ess§nt1ally The 2 order polynomial with 95% confidence bounds
reflect variations in the allowable bearing capacity as a is:

function of coordinates and length. Furthermore, while
applying the equation with less parameters is simple, em-
ploying third- and fourth-order interpolations will result
in surfaces with several folds, resulting in extremely sensi-

Quu(kN) = Pog + P1o - X + Poy - Y + Py - X?
+P11'X'Y+P()2'Y

€)
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The 3™ order polynomial with 95% confidence bounds
is:
Quu(kN) = Poo + P1o * X + Po1 + Y + Pag - X° (10)
+P11-X-Y+Pyy - Y>+P30-X> +Py - X>- Y
+P1-X Y2 4Py3 Y

The 4 order polynomial with 95% confidence bounds
is:

Qa”(kN) = Poo + P10 X+ P01 <Y+ on . Xz (11)

+P11-X-Y+Poy Y2 +P30-X>+ Py - X>-Y
+P1 X Y2 4Py3- Y +Pyo-X*+P51- XY
+Py X2 Y2 4P;3-X- Y2 +Py, Y

g
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Figure 3: Variation of the allowable bearing capacity of driven piles
(6 m length) using 15t order polynomial
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Figure 4: Variation of the allowable bearing capacity of driven piles
(6 m length) using 2"d order polynomial
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Figure 5: Variation the allowable bearing capacity of driven pile (6 m
length) using 3" order polynomial
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Figure 6: Variation the allowable bearing capacity of driven pile (6 m
length) using 4" order polynomial

6 Results and discussion

Using the coordinates of 95 boreholes and the corrected
N-values obtained from SPTs, the first-order interpolation
outlined in the preceding section will be used to estimate
the allowable bearing capacity of driven piles with lengths
of 6, 7, 8, 9, and 10 m. The first-order polynomial in Eq. (8)
will be used to determine the allowable bearing capacity of
driven piles having several depths. The parameters defin-
ing the polynomial for all investigated lengths of driven
piles are given in Table 5. Because of the large range of
recorded SPT values, there was no uniformity in the val-
ues of a parameter defining the 1 order polynomials [3].
The SPT values generally increased with depth; however,
the soft layer stratification caused the SPT values to de-
crease in some boreholes. To avoid the uncertainty caused
by SPT values and seasonal oscillations in the GWT, the
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Table 5: Parameters of 15t order polynomials used to estimate the allowable bearing capacity of piles
Length Poo P10 P01
(m) Min. Max. Av. Min. Max. Av. Min. Max. Av.
6 312.1 379 345.5 -343.2 -137 -240.1 -405.8 -248.9 -327.3
7 334.6 406 370.3 -366 -145.9 -256 -432.7 -265.3 -349
8 357 433 395 -388.8 -145.9 -271.8 -459.7 -281.7 -370.7
9 379.5 459.9 419.7 -411.6 -163.8 -287.7 -486.7 -298.1 -392.4
10 402 486.9 444.4 -434.4 -172.8 -303.6 -513.6 -314.6 -414.1
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Figure 7: Surface defining the variation of the allowable bearing
capacity of the driven pile having 7 m length
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Figure 8: Surface defining the variation of the allowable bearing
capacity of the driven pile having 8 m length

overburden pressure is calculated using the effective unit
weight in this study. The surfaces representing the change
in allowable bearing capacity of several lengths of driven
piles are planes, as shown in Figures 7 to 10. The disparity
revealed that the northern study area authorized bearing
capacity of driven piles is higher than the southern parts
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Figure 9: Surface defining the variation of the allowable bearing
capacity of the driven pile having 9 m length
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Figure 10: Surface defining the variation of the allowable bearing
capacity of the driven pile having 10 m length

of the study area. Table 6 shows comparison between the
results of bearing capacity of driven piles calculated from
SPTs and proposed 1% order polynomial.

Additionally, as soil depth increases, its allowable bear-
ing capacity increases. The five depths studied all followed
the same pattern. According to the allowable bearing ca-
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Table 6: Comparison of allowable bearing capacity of driven piles predicated from 1st order polynomial and those calculated from SPTs

BH Length Quu % BH Length Qun %
(No.) of pile SPT- 1st order difference (No.) of pile SPT- 1st order difference
(m) Test model (m) Test model
6 129.24 195.76 33.98 6 272.96 264.56 -3.17
7 139.53 210.63 31.60 7 292.89 284.00 -3.13
1 8 149.82 225.44 33.54 83 8 312.82 303.37 -3.11
9 160.11 240.21 33.33 9 332.75 322.71 -3.11
10 170.4 254.99 33.17 10 352.68 342.044 -3.11
6 228.65 164.54 -38.96 6 169.87 178.81 4.99
7 245.70 177.35 -38.61 7 182.98 192.56 4.97
6 8 262.75 190.09 -38.22 91 8 196.09 206.24 4,96
9 279.80 202.81 -37.96 9 209.21 219.90 4.87
10 296.85 215.51 -37.34 10 222.32 233.55 4.81
6 172.38 165.68 -4.06 6 176.19 178.17 1.15
7 185.67 178.56 -3.99 7 189.73 191.88 1.12
18 8 198.95 191.38 -3.95 97 8 203.28 205.53 1.09
9 212.23 204.16 -3.83 9 216.82 219.14 1.06
10 225.52 216.94 -3.71 10 230.36 232.75 1.03
6 129.24 174.87 26.09 6 150.15 177.30 15.31
7 139.53 188.36 25.92 7 161.90 190.95 15.21
30 8 149.82 201.79 25.66 105 8 173.66 204.53 15.09
9 160.11 215.19 25.59 9 185.41 218.09 14.98
10 170.40 228.58 25.45 10 197.17 231.65 14.88
6 234.76 237.04 0.96 6 196.05 165.04 -18.81
7 252.21 254.66 0.96 7 210.94 177.88 -18.58
40 8 269.66 272.20 0.93 111 8 225.82 190.65 -18.46
9 287.11 289.71 0.89 9 240.71 203.40 -18.34
10 304.56 307.08 0.82 10 255.59 216.14 -18.25
6 153.10 190.81 19.76 6 153.82 177.61 13.40
7 165.06 205.36 19.62 7 165.83 191.28 13.30
50 8 177.02 219.84 19.51 120 8 177.84 204.89 13.20
9 188.98 234.29 19.33 9 189.85 218.47 13.10
10 200.94 248.74 19.21 10 201.86 232.05 13.00
6 195.65 157.73 -24.04 6 144.27 164.65 12.37
7 210.50 170.08 -23.76 7 155.61 177.47 12.31
60 8 225.36 182.36 -23.57 130 8 166.96 190.22 12.22
9 240.22 194.62 -23.42 9 178.30 202.93 12.14
10 255.08 206.87 -23.26 10 189.65 215.65 12.05
6 153.00 145.15 -5.40 6 149.50 168.29 11.16
7 164.95 156.67 -5.31 7 161.21 181.34 11.10
70 8 176.90 168.15 -5.20 133 8 172.92 194.33 11.01
9 188.86 179.58 -5.17 9 184.63 207.29 10.93
10 200.81 191.00 -5.13 10 196.34 220.24 10.85
6 153.41 229.14 33.04 6 192.75 179.75 -7.23
7 165.39 246.23 32.80 7 207.41 193.56 -7.15
77 8 177.37 263.23 32.62 135 8 222.08 207.31 -7.12
9 189.35 280.22 32.42 9 236.74 221.02 -7.11

10 201.33 297.21 32.26 10 251.40 234.74 -7.09
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pacity of driven piles, the weak zone is in the southeast
corner of the city.

Qa“(kN) = P()O + P10 (E - 475) +p01(N - 302) (12)

Where X = E-47.5and Y = N-30.2; E is longitude (easting)
in degrees; N is latitude (northing) in degrees, and Q; is
the allowable bearing capacity of the driven pile (kPa).

7 Conclusions

Production of thematic surfaces showing the variation of
bearing capacity of driven piles in Al-Basrah governorate
is the main objective of this study. The thematic surfaces
produced by MATLAB software depending on the results of
SPTs conducted in the study area. The SPTs conducted at
depth 1.5, 6, and 9.5 m in 135 boreholes drilled to a depth of
10 m. Based on the results of study, a preliminary estimation
of bearing capacity of driven piles can be easily estimated
from the proposed equations. The following points can be
concluded from the results of this study:

¢ The results of SPTs conducted in the study area give
a comprehensive idea about the geotechnical proper-
ties of soil in the study area and can be used safely
to estimate the allowable bearing capacity of driven
piles across Al-Basrah’s governorate.

¢ In the preliminary design of piles, geotechnical pa-
rameters of the soil can be used.

¢ One of the promising techniques using MATLAB soft-
ware to create a three-dimensional surface that illus-
trates the change in allowable bearing capacity of
driven piles as a function of geographic coordinates
and length.

¢ The first-order polynomial, with only three parame-
ters and an RMSE of 28.4993 kN, was the simplest and
easiest to calculate the allowable bearing capacity of
driven piles.

¢ The allowable bearing capacity of driven piles ob-
tained from the proposed Eq. (12) were in good agree-
ment with those calculated from the SPT data. The
difference in the allowable bearing capacity of driven
piles calculated from proposed equation and those
calculated from SPTs ranged from (-3%) to (+38%).

e (Calculating the allowable bearing capacity of driven
piles using the suggested equation will save time and
money, especially for small projects.
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