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Abstrac: After the year 2003, the oil / gas sector evolved and gained investment. International companies of different origins
utilized heavy drilling rigs (to achieve high drilling depths) and entered our region. Meanwhile, some drilling problems were
recorded, accompanied by well-pad failure cases. This research aims to study the behavior of well-pads with different geometric
configurations, under the effects of drilling rigs with various characteristics, within the Basra province. Four case studies have
been selected to represent four fields, namely: Siba, Zubair, West Qurna-2, and Zubair-Mishrif fields. The finite element method
is utilized to conduct a stress analysis process, adopting an elastic—plastic constitutive relation for soil, based on Drucker-Prager's
yield criterion. The maximum contact pressure applied on soil (under the working loads) is compared to its bearing capacity.
When a rigid method is used to calculate the contact pressure, it is compared with the ultimate soil-bearing capacity, as calculated
by Reddy and Srinivasan's method for cohesive soils, with allowable bearing capacity taken from the Peck, Hanson, and
Thornburn's method for cohesionless soils. The contact pressure calculated via the finite element method is compared with the
ultimate soil-bearing capacity calculated using the same method, based on a settlement of 50 mm. The extreme values of the
bending moments and shear forces developed in the well-pad sections (under the factored loads), are compared with the section
capacities calculated by using the ultimate strength design method. Regarding the geotechnical side, the results indicate
insufficient safety factors against soil shear failure for some cases, especially for cohesive soil profiles. For cohesionless soil
profiles, the provided safety factors are sufficient. The finite element method reveals higher contact pressures compared to the
conventional rigid method. For cohesionless soil profiles, the Peck, Hanson, and Thornburn's method, gives a bigger safety
margin than the finite element method. The immediate settlement values are almost tolerable. Regarding the structural side, it has
been identified that a uniform section is adopted for all locations of each pad, for individual wells. In most cases, the provided
reinforcing steel is less than the minimum code requirement. This leads to a violation of the section capacity of bending, at least
near the cellar. The beam shear capacity is rarely violated. Using strip footings beneath the rig skids, permits utilizing a heavy
section that satisfies the requirements of structural safety, without violating the economic considerations.
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2. INTRODUCTION

A well site is a plot of land that is used to accommodate a drilling rig along with the necessary supporting services,
including water and waste storage, drill-pipe storage, field-services equipment, motor-vehicle parking, and
temporary office buildings [1].

The major components of each individual well site are:
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A level drilling area for placement and support of the drilling rig and related equipment, production facilities, and

storage tanks.

»  An earthen reserve pit to contain drilling fluids, drilled cuttings, and fluids produced during the drilling operation.

« An earthen flare pit for the safe ignition of flammable gases produced during testing and production operations. The
study was conducted on some pads in oil or gas fields in the Basra province, south of Irag. These fields are: Siba gas
field, which is located about 30 km south-east of Basra city. The field is approximately 21 km long and 6-13 km
wide. It was explored in 1968 and has a reserve of 1.1 trillion cubic feet [2].

»  Zubair oil field, which is one of the largest fields in the world, is located west of Basra. The field is approximately
65 km long and 18 km wide. It was discovered by the Basra Petroleum Company, an associate of the Iraq Petroleum
Company, in 1949. It has 4.5 billion barrels of proven reserves [3].

«  West Qurna 2 oil field. It is one of Irag's largest oil fields, which covers an area of 340 km? The estimated
recoverable reserves of the field are 14 billion barrels of oil, making it the second largest undeveloped field in the
world [4].

«  Zubair Mishrif oil field is located in the Basra province, about 16.82 km from Basra city [5].

Pads are classified depending on the number of wells that can be drilled on them, as single well pads, multi well

pads (cluster), or depending on the material used for their construction, such as, reinforced concrete mat, gravel

pads, wooden mat, rig mat sprayed with polyurea systems).

3. THEORETICAL BACKGROUND

3.1 Soil-Bearing Capacity for Raft Foundations

The minimum pressure applied by the foundation that causes shear failure in the supporting soil is called the

ultimate bearing capacity [6].

3.1 .1 Cohesive soils

The ultimate net bearing capacity is calculated as:

(Quihnet=5.14c,(1+s;'+d.") 1)
Qui: Ultimate bearing capacity
c.: Undrained cohesions of the soil

SC' : Dimensionless shape factor = 0.2 B/L. d.": dimensionless depth factor. d.' = 0.4x,

K = Df/B for D¢#B <1,
« = tan™ (D¢/B) for (D¢B)>1.
Ds: Footing embedment depth
B: Footing width, L: footing length
Another approach is by adopting the Reddy and Srinivasan's method for foundations on two-cohesive layers under
undrained conditions [7]:
(Quinet =Cuz N¢ (1+sc'+ dc") 2

Figure 1: Nc-values for a two-layer system (¢ = 0) conditions

Cu1,Cu2: Undrained cohesions of the first and second layers, respectively.

N.: Bearing capacity factor.

d: Depth to the upper surface of second layer, measured from the foundation level.
b: B/2.

A combination of the methods was used to calculate the most critical value.

3.1.2 Cohesionless soils
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The bearing capacity equations give high values for foundations having large widths (B-value), such as, raft
foundations. Peck, Hanson, and Thornburn's method was adopted to calculate the bearing capacity based on the
results of the standard penetration test (SPT) [8], Figure 2.
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Figure 2: Design chart for proportioning footings on sand [8]

3.2 Bearing capacity by the Finite Element Method
The finite element method (FEM) can be used to estimate the ultimate bearing pressure, by analyzing the foundation
under increasing load. Soil failure is detected when the numerical solution does not achieve convergence. Also, the
failure load can be taken as the load causing specified maximum settlement.
3.3 Foundation Settlement
The immediate (elastic) settlement is calculated under the applied working load simultaneously during the analysis
by the FEM. With regard to the consolidation settlement, it is not taken into consideration due to the short loading
period.

3.5 Pile-Raft Foundation
This type of foundation is adopted when the raft foundation does not meet the bearing capacity and/or settlement
requirements. The pad is treated as a plate resting on an elastic continuum (the soil) and discrete springs (the piles).

4. STRESS ANALYSES VIA THE FINITE ELEMENT METHOD
As the structure is composed of several finite elements, the individual element stiffness matrices and load vectors
are to be assembled in a suitable manner and the overall equilibrium equations have to be formulated as in [Rao]:
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[k]¢ =P @ 4.7)
Where:
(K] =3r,[Kk@] @

[K] = global stiffness matrix

Q = global vector of nodal displacements
P

= global nodal load vector

In this research, concrete is treated as an elastic material and the soil is treated as an Elasto-plastic material modeled
by the Drucker-Prager yield function.

1. 5. ANALYSES AND RESULTS
For each case, the geotechnical analysis is performed under the working loads, whereas, the structural analysis is
performed under the ultimate loads resulting from multiplying dead loads by 1.4 and live loads by 1.7, according to
the ACI-Code 318-95. The theory of flexure was utilized to transmit the rig loads to the concrete pad. The
responses of the foundation systems were presented in terms of the generated displacement fields, in addition to the
internal reactions represented by shear forces, bending moments, and torques in the concrete pad.
5.1 Siba Gas Field
The site of a well pad (5) is considered is a typical case of this field. The geotechnical data of the site is taken from
[Engineering Consulting Bureau - college of engineering - University of Basra]. Table 1 shows the concrete pad
properties. The drilling rig (of Chinese origin) used applies an eccentric load of 10906 kN. Figure 3 illustrates the
general layout of the concrete pad with supporting skids and shows the distribution of loads transmitted to the pad.
The contours of vertical displacement under the ultimate loads are shown in Figure 4. Figures 5 and 6 illustrate the

contours and response values in terms of bending moments.
Table 1 Pad properties for Siba-5 site

Parameter Symbol Unit Description/ Value
Material Model - - Linear-Isotropic
Thickness t m 1
Plan dimensions B* L m 14*20.5
Modulus of elasticity E E MPa 23500
Poisson ratio v - 0.2
Unit weight Y kN/m? 25
Specific concrete fe MPa 25

compressive strength
Yield strength of fy MPa 413

reinforcing steel

- - 3-layeres of

Reinforcement details ¢ 16mm@,150mm
in both directions
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Figure 3 Factored load (kN/m?) distribution of the Chinese rig in Siba-5 gas field.

Figure 4 Contours of vertical displacement (mm) due to working loads (Siba-5)
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Figure 5 Contours of the bending moment (kN.m/m) in x-direction due to factored loads (Siba-5)
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Figure 6 Contours of the bending moment (kN.m/m) in Y -direction due to factored loads (Siba-5)
5.2 Zubair Oil Field

The geotechnical data of the site is drawn from [Engineering Consulting Bureau - college of engineering -
University of Basra]. Table 2 lists the concrete pad properties. The super structure is an Italian rig, which transfers
its load to the pad by its skids, the applied load in case 1 consists of the operation load plus a pressure due to 59.264
km/hour wind blowing from the right side. The pressure distributions are shown in Figure 7. The distribution of
vertical displacement around the cellar is shown in Figure 8 while Figures 9 and 10 show the distribution and values
of shear forces.

Table 2 Pad properties for the Zubair site

Parameter Symbol Unit Description/ value
Material Model - - Linear-Isotropic
Thickness t m 0.8
Dimension B*L m 15*30
Modulus of elasticity
E MPa 23500
E
Poisson ratio v - 0.2
o kN/m
Unit weight v 5 25
Specific concrete .
] fc MPa 25
compressive strength
Yield strength fy MPa 413
2-layers of
¢ 16@200 mm
Reinforcement details - - top and bottom
in both directions
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Figure 7 load distribution of Italian rig in Zubair site (case -1)
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Figure 10 Resultant shear force (KN/m) in yz-direction diagram due to factored loads (Zubair case -1)

In case 2, the applied load consists of the operation load plus the pressure due to a 59.264 km/hour wind blowing
from the left side. The pressure distribution and magnitudes are shown in Figure 11. The distribution of vertical

79



W IE Wasit Journal
- of Engineering Sciences VOLUME: ( 7 ).NoO.:( 1 ) EEIEEE

displacement around the cellar is shown in Figure 12, even as Figures 13 and 14 show the distribution and values of
the shear forces.

Figure 11 Load distribution (kN/m?) of Italian rig in Zubair site (case-2)

Figure 12 Contours of vertical displacement (mm) due to working loads (Zubair case -2)

B & kB Y

Figure 13 Resultant shear force (kN/m) in xz-direction diagram due to factored loads (Zubair case-2)
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Figure 14 Resultant shear force (kN/m) in yz-direction diagram due to factored loads (Zubair case -2)
5.3 West Qurna-2 Oil Field
Site (Cluster 5) is taken as a case study of this field. The geotechnical data of the site is taken from [Amir F.
Ibrahim]. The concrete pad properties are illustrated in Table 3.

Table 3 Pad properties for West Qurna-2 site

Parameter Symbol | Units Description/value
Material Model - - Linear-Isotropic
Thickness t m 0.85
Dimension B*L m 3.74 *193 for each side
Modulus of elasticity E E MPa 23500
Poisson ratio v - 0.2
Unit weight Y kl\i/m 25
Specific concrete compressive
strength f. MPa 25
Yield strength of reinforcing f, MPa 413
steel

¢20 @ 160 mm top (x-direction)
$25 @ 160 mm bottom
(x-direction)
¢20 @ 200 mm top and bottom
(Y- direction)

Reinforcement details - -

The drilling rig used was of Chinese origin, moving on a cluster to drill twelve wells, with an applied load of
11217.4 kKN with the distributions shown in Figure 15. Figure 16 shows the distribution of the immediate settlement
below the foundation, under the working loads, even as Figure 17 shows the resultant torsion diagram due to
factored loads.
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Figure 15 Load distribution (kN/m?) of Chinese rig in West Qurna-2 site

Figure 16 Contours of vertical displacement (mm) due to working loads (West Qurna-2)
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Figure 17 Resultant torsion (kN.m/m) diagram due to factored loads (West Qurna-2)

5.4 Zubair Mishrif Oil Field
The geotechnical data of the site is drawn from [Engineering Consulting Bureau - college of engineering -
University of Basra]. Table 4 lists the concrete pad properties. The pad layout for the Halliburton rig and the
distribution of loads transmitted to the pad are shown in Figure 18. Figure 19 show the contours of vertical
displacement due to working loads, even as Figure 20 explains the contours of vertical stresses due to working

loads.
Table (4) Pad properties for Zubair Mishrif site
Parameter Symbol Unit Description/ value
Material Model - - Linear-Isotropic
Thickness t (m) 0.6
Dimension B* L (m) 14*28
Modulus of elasticity E E MPa 23500
Poisson ratio v - 0.2
Unit weight Y kN/m? 25
Specific concrete .
. fc MPa 25
compressive strength
Yield strength for
f, MPa 413

reinforcing steel

Two layers of
$16@200 mm
Reinforcement details - - top and bottom

in both direction
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Figur

Figure (20) Contours of vertical stresses (kN/m?) due to working loads (Zubair Mishrif)

6.SUMMARY OF RESULTS
The results of geotechnical analyses are summarized in Table 5 and the results of structural analyses are summarized

in Table 6
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Table 5 Summary of the geotechnical analyses [under working loads]

Conventional Finite Element Method
Well-pad
Bearing capacity | (Clapp)max . Quit (Qapp)max . Settl.
kPa kPa ) kPa kPa ) mm
Siba -5 Ouit 170.49 111.49 1.53 490 331 1.48 39.8
Zubair
(case -1) Ganl 475 75.46 960 131 7.3 13
(case -2) 475 70.11 2150 222 9.6 18
West Qurna -2 Cuit 176 50 3.52 640 %4 6.80 18
Gan
Zubair Mishrif 300 46.40 450 105 4.3 17
Table 6 Summary of the structural analyses [under factored loads]
We”'pad B.M. max P furnished B.M. resist. Vmax Vresist.
Siba -5 1217 0.00157 475.8 499.4 579.5
Zubair
(case -1) 348 0.00147 261.0 421 452.0
(case -2) 1146 0.00147 261.0 1130 452.0
Zubair Mishrif 509.3 0.00197 186.5 564 324.49
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6. CONCLUSIONS

The conduction of this research regarding reinforced concrete well-pads at various fields in the Basra province

produced the following conclusions associated with different design policies adopted by international companies:

1. The geotechnical investigation program does not take it to its full extent, where there is still some shortage
regarding the number of boreholes and sampling processes of soft soils.

2. The provided safety factors against soil shear failure are not sufficient in some instances, especially for cohesive
soil profiles. For cohesionless profiles, the available safety factors are usually sufficient.

3. The maximum contact pressure values applied, under working loads, which resulted from the finite element
analyses, exceed those of their counterparts, as calculated based on the traditional rigid method.

4. For cohesionless soil profiles, the safety margins against soil shear failure, according to Peck, Hanson, and
Thornburn's method, are 1.7, 1.4, and 3.0 times those calculated via the finite element method, based on a
specified settlement, for Zubair and Zubair Mishrif loading cases, respectively.

5.  The immediate settlement values were, in general, within acceptable limits.

6. For individual wells, it is common practice to adopt a uniform section (thickness and reinforcement) at all
locations of the pad.

7. In most cases, the provided reinforcing steel for bending is less than the minimum code's requirements. The
provided ratios are 0.46, 0.43, and 0.58, the minimum required values for Siba-5, Zubair, and Zubair Mishrif
pads, respectively.

8. In many cases, the section capacity of bending is violated at least at narrow regions near the cellar.

9. On an odd occasion, the section capacity in the beam shear is violated.

10. Utilizing strip footings under the skids, permits using heavy sections to satisfy the requirements of structural
safety, without violating the economic considerations.
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NOMENCLATURE
Symbol Description unit
B footing width m
b B/2 m
Cy undrained cohesions of kPa
the soil.
Cu1,Cu2 undrained cohesions of kPa
the first and second
layers, respectively.
Ds footing embedment depth m
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d depth to the upper m
surface of second layer,
measured from
foundation level
d' depth factor
E Modulus of elasticity MPa
fe' cylinder ultimate MPa
compression strength of
concrete
[K] global stiffness matrix
[K] elements stiffness matrix
L footing length m
N standard penetration blow
number
Ne¢ bearing capacity factor
n number of elements
P global nodal load vector
Qurt ultimate bearing capacity kPa
v Poisson's ratio
ve Poisson's ratio of
concrete
Vs Poisson's ratio of soil
@ friction angle of soil degree
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