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Introduction

Storage tanks play a crucial role in supply chain management
in industries such as oil and gas, chemicals, and water storage.
However, in permafrost areas, the design and maintenance of
these tanks become more challenging due to the uneven and
unstable foundation caused by the thawing and freezing of the
permafrost. Permafrost is a permanently frozen layer of soil or
rock which acts as the natural foundation for many infrastruc-
tures in northern Canada and Alaska. The gradual thawing of per-
mafrost can result in uneven settlement, leading to foundation
instability, which can cause significant challenges for storage
tanks built in these regions.

Fitness-for-service (FFS) is a method to evaluate the structural
integrity and fitness of various types of equipment, such as stor-
age tanks, to continue to operate safely and effectively. In the con-
text of storage tanks in permafrost areas, FFS assessments can be
crucial to ensure the safe and reliable operation of these tanks.
In this article, a real-world scenario of a storage tank built in a
permafrost area will be described, highlighting the challenges of
foundation instability and how API 579/ASME FFS-1 assessment
and finite element analysis were used to address the challenges.

Description of the Problem

In a tank farm located in a permafrost area in Northern Canada,
eleven atmospheric storage tanks were installed on rig mats.
Visual inspection revealed gaps between the mats and floors of
several tanks, as shown in Figures 1-3. The following is the design
information for the tanks in the subject tank farm.

* The floors, shells, and roofs were made of
CSA G40.21-44W material.

* The nozzles, flanges, and repads were made of ASTM A1063B,
ASTM A105N, and ASTM A36 carbon steel.

* The tanks were constructed in accordance with
API 650 modified.

* The tanks were designed for hydrostatic pressure,
16 oz internal pressure, and a 0.4 0z vacuum.

Laser scan inspection of the tanks during the operation showed
that changes in tank liquid levels resulted in tank movement/
inclination. This movement can be described by the displacement
of the roof tip, as shown in Figure 4. The displacement of the roof
tip was characterized as follows:

* Based on the laser scans, midpoints of the tank floor and
tank rooftop were established.

* For each tank, the floor midpoint was projected vertically to

2 Inspectioneering Journal MAY | JUNE 2023

the same level at the roof tip and served as a reference point
for vertical position.

* The difference in positions between the roof tip and the refer-
ence point formed a displacement vector, which started at the
reference point and ended at the roof tip.

* In polar coordinates, the deflection vector was characterized
by the deflection magnitude (distance between the reference
point/vertical position of the roof tip) and its direction.

* The direction was measured by a vector angle with respect to
the North direction.

Figures 5 and 6 show the results of the measured deflection for
five of those tanks as a function of the liquid fill level in each tank.
Similar results were observed for all tanks. These results showed
that the foundation supports of these tanks are not solid.

The detailed inspection of the positioning of the tanks on the rig
mats showed the following:

» Tanks can be sitting on up to eight rig mats, depending on
the position of the tank and the rig mats.

* Each tank contained several gaps along its circumference.

* Figure 7 shows the locations of potential gaps.

Fitness-for-Service Assessment

The FFS assessment was performed using the following codes
and specifications:

1. API Standard 650, Welded Tanks for Oil Storage (2014)

2. ASME Boiler and Pressure Vessel Code, Section II, Part D
(2017)

3.API 579 / ASME FFS-1 Fitness-For-Service Assessment (2016)
4. ASME Boiler and Pressure Vessel Code, Section VIII, Div. 2
(2017)

5. ABSA AB 520 Finite Element Analysis (FEA) Requirements
Regarding the Use of FEA to Support Pressure Equipment
Design Submission (2009)

Assumptions

To perform the fitness-for-service assessment, several assump-
tions were made that were supported by the inspection documen-
tation. The major assumptions were:

¢ The tanks were built in accordance with the available
drawings.

* The material properties of the tank corresponded to the
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Figure 1. Overview of the tank farm.
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Figure 5. Deflection Distance vs. Liquid Level. (Deflection Distance: Length
of the Deflection Vector Between the Reference Point [Vertical
Position] and Roof Tip)
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Figure 6. Deflection Angle vs. Liquid Level. (Deflection Angle: Angle of the
Deflection Vector with Respect to the North Direction)
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Figure 7. Positioning of One Tank on Rig Mats. Locations
of Possible Support Gaps are Identified.
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Table 1. Applied Loads and Constraints

Parameter Load/Constraint Applied To
Internal Pressure Load Shell rqof, floor, nozzles,
blind flanges
Gravity Load Load All parts
Hydrostatic Head Load Floor, shell, shell no;zlgs, and blind flanges
below liquid level
External Pressure (Internal Vacuum) Load shell rgof, floor, nozzles,
blind flanges
Fixed Points Load Tanks floors

Table 2. Properties of Tank and Nozzle Materials

Maximum Allowable Membrane Stress Sm P P —
Parameter Yield Stress, Tensile Stress, away from Discontinuities, ksi Maximum Allowable
Material SMYS, MPa SMUT, MPa Combined Stress close to
' ' ASME BPVC.I1.D API 650 Discontinuities 0.8*3Sm, ksi
Microbial Favorable
Nozzles: ASTM A106 35 min 60 min N/A 171+3*0.8=41.0
Gr.B
Shell/Floor: CSA ) ) N
GLO.21-44W 44 min 65 min 18.6 25.6 18.6*3*0.8=44.6
Table 3. Comparison of Load Cases (100% Support)
Load Case Internal Pressure Vacuum Liquid level Gravity Result
LC1 16 oz N/A 0 Applied Acceptable
LC2 0 0 100% Applied Acceptable
LC3 (Worst Case) 16 0z N/A 100% Applied Acceptable
LC4A - Stress N/A 0.4 0z 0 Applied Acceptable
LC4B - Buckling N/A 0.4 0z 0 Applied Acceptable

minimum specified properties of the materials used
for construction.

* Tank materials did not experience environmental
degradation. The tanks were in sweet service and not
exposed to H S.

* Tanks contained no crack-like flaws or other unacceptable
defects and were not affected by localized corrosion.

* As tanks were assumed to be crack-free, with limited num-

bers of fill cycles, fatigue mode of failure was not considered.

* Tank welds were introduced using appropriate welding
procedures and were adequate.

* Tank welds were not radiographed, and their weld efficiency
was taken as 0.8.

* Tanks were filled with produced water (relative density=1.2).

* Several support conditions were addressed (see Figure 7):
- Full uniform support
- Uniform support, except for one 16% segment
- Uniform support, except for the 10% segment
- Uniform support, except for peripheral gaps for each
individual tank.

* Tank gaps were modeled as unsupported areas. It was
assumed that except for gaps, the remaining part of the
tank floor is flat and fully supported.
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Loads and Constraints

Table 1 shows an overview of loads and constraints used in the
assessment.

Materials Properties and Acceptance Criteria

The following tank components were addressed in this assess-
ment: the shell, the roof, the floor, and the major nozzles. Table 2
shows the mechanical properties of the tank construction mate-
rial and allowable stresses.

The following acceptance criteria were considered applicable to
the shells/floors of tanks in question:

1. Shell, roof, and floor away from nozzles, discontinuities,
and changes in support conditions: Pm < 25.60.8 = 20.5 ksi
(API 650).

2. Shell, roof, and floor close to discontinuities and changes
in support conditions: PL+PB+Q < 2.4 S = 18.6"2.4=44.6 ksi
(API 579, not addressed by API 650).

Finite Element Analysis

The tank was modeled using a linear elastic finite element analy-
sis (FEA) approach, and a 3D model of the tank was created using
shell elements. Step 1in the FEA calculations to confirm the model
validity was a design check when the floor was fully supported.
Four load cases that were combinations of different loads were
considered. The load combinations are shown in Table 3.



Stress ELE Displacement -0 %
o Mises MagnGs
IntijEez) in
79
15051 54 e
1417915
12408 78 05071987
10634 36 04437988
B8861.967 0380339
T089.573 03169992
v 0.2535993
3544787 0.1901995
1772393 0.1267397
L 0.06339983
£ -~
Y
Load Case: 1of1
Load Case: 10f 1
Memamum Vake: 17723 9 Bin2) Z
pro— Qe Madmum Valse: 0 83¥998 in
lcmlmmosmu-:. - = = g Minimum Value: 0 in PP e P
21 < LC3 100% +160Z, -
Figure 8. Stress Distribution for LC3: Acceptable . . TP -
su 3 P Figure 11. Displacement Distribution in Tank 1 at 100% Liquid Level
= @ 5
Dusplacement - = W "
S
ifopme von Mises
103128 L))
05334155 6760128
05297026 6084113
0.7250898 BA0B1
0822277 4737088
05185641 40560.75
04128513 33800 63
bt 270405
2028038
: 1037128 13520 25
6760.125
o .
|
Y
Load Case: 1of 1 z
Mzamum Value: 6TE01.3 ID6(in2)
i Kli df bl e s
. - ) RLIFACE
Figure 9. Buckling Load for LC4B: Acceptable AR |

-o= Figure 12. Stress Distribution in Tank 1 at 100% Liquid Level: Not Acceptable

- @
Y Y
Z r4
e e - 22163 60% Myoro + 16 02 A e
Figure 10. Support Condition for Tank 1 at 100% Liquid Level Figure 13. Stress Distribution in Tank 1 at 100% Liquid Level: Not Acceptable

MAY | JUNE 2023 Inspectioneering Journal 5



Figure 14. Stress Distribution in Tank 1 at 39% Liquid Level: Acceptable

Figures 8 and 9 show two examples of the results of FEA calcula-
tion (stress distribution) for LC3 and LC4B.

The maximum stresses and the acceptance criteria are shown in
Table 4.

Table 4. Maximum Stress and Acceptance Criteria: Linear Material Model
(100% Support)

Max. Stress Away From Max. Stress Close To
Discontinuities (AP 650), Discontinuities (APl 579),
Load ksi ksi
Case S, API
+ All + +
P.+P, 650 Note | P,+P,+Q | 2.4S_, | Note
LC1 <1.6 25.6 PASS n7 44.6 PASS
LC2 <17.4 25.6 PASS 7.4 446 PASS
LC3 <17.7 25.6 PASS 17.7 446 PASS
LoaA- <17 25.6 PASS 1.7 44.6 PASS
Stress

The examination of the results of FEA calculations and Table 4
show that:

* The highest stress was observed at the roof-to-shell connec-
tion and around nozzles.

* Accounting for hydrostatic pressure increases the stress at
the bottom part of the shell; the highest stress at the roof-to-
shell connection is still practically unchanged.

* Stresses were acceptable for all considered load cases.

» LC3 was the most critical load case, where the maximum
stress was observed (i.e.,, when both the hydrostatic pressure
(100% liquid level tank) and the internal pressure of 16 oz
were applied).

LC3 was selected as the most critical load case for FEA calcula-
tions of stress in tanks that are not fully supported.

Each tank was then modeled using the actual tank gap geometries
as found during the inspections. It was found that each tank con-
tained several peripheral gaps. The gaps were modeled as unsup-
ported areas. Each tank was modeled under different liquid fill

6 Inspectioneering Journal MAY | JUNE 2023

levels, namely, 30%, 60%, and 100%. An example of the modeling
for one of the tanks (Tank 1) is provided in this section.

Figure 10 shows support conditions of Tank 1 with 100% liquid
level. Figures 11 and 12 show the floor displacement and stress
distribution at 100% liquid level. Figures 13 and 14 show the stress
distribution at 60% and 39% liquid levels.

Table 5 compares the results of FEA calculations for Tank 1. The
calculations showed that for the gaps shown in Figure 11, stresses
in static conditions for Tank 1 are acceptable at the liquid level
of 39%.

Table 5. Tank 1 Maximum Stress in Different Areas vs Liquid Level

100% 60% 39%
Location Liquid Liquid Liquid Sueems ksi
Level Level Level
Shell-to-Floor 67.6 43.7 31.0 44.6
Support End 619 39.8 28.4 44.6
Mid-Gap 439 28.4 201 20.5

Note: Not acceptable stress values are shown in red.

A similar approach was used to assess all tanks with different
geometry of supported area, and the acceptable liquid levels were
calculated for each tank.

Table 6 shows the allowable fill level of tanks in static condition,
that was calculated within assumptions of this report and based
on the shape of peripheral gaps determined by visual inspection.
It was also recommended to reduce the number of liquid level
variations and internal pressure variations to reduce the likeli-
hood of dynamic failure mechanisms until the owner can reme-
diate the foundation instability.

Table 6. Allowable Fill Level of Tanks in Static Condition

Tank | Allowable Liquid Level % | Tank | Allowable Liquid Level %
0 68% 6 57%
1 39% 7 71%
2 60% 8 100%
3 100% 9 39%
4 56% 0 100%
Conclusion

Tanks with imperfect foundations were modeled using finite ele-
ment analysis and assessed for continued service using API 579/
ASME FFS-1. The maximum liquid fill level allowed for each tank
was calculated to ensure the owner-operator can safely operate
these tanks until the next shutdown when the foundation issues
can be resolved. B

For more information on this subject or the author, please email
us at inquiries@inspectioneering.com.
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