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Abstract: Structural integrity analysis of spherical tank is presented based on use of experimental results, together with the analytical and numerical ones. Analytical 
calculation of stresses in the scope of design process is shortly presented. Numerical analysis was performed by using the Finite Element Method (FEM) to identify areas 
with high stress concentration, indicating that stress values near supports reach the yield stress. FEM results were verified by the experiment, indicating that it was not 
necessary to reinforce the spherical tank supports, since its integrity was not jeopardized in normal working conditions. This was also proved by repeating the experiment 
after 8 months of exploitation.  
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1 INTRODUCTION  
 

Structural integrity is relatively new scientific disci-
pline, based on fracture mechanics principles, which goes 
beyond common design rules to take into account cracks 
and other unacceptable defects, as shown in different 
aspects in [1-8]. Yet another step into more safe operation 
of critical components, like pressure vessels, was the 
introduction of risk based analysis, in combination with 
fracture mechanics and structural integrity assessment, [9-
11]. Among them, paper [9] is of special interest, since the 
novel procedure of pressure vessels integrity assessment 
was introduced and explained. In any case, these analyses 
are based on the stress state calculations, as done by 
analytical and finite element method (FEM) [12-14].  

In this paper the spherical tank for propane-butane gas 
(Fig. 1) was analysed, using a combination of analytical and 
FEM calculation, as well as experimental testing, to define 
stress and strain state as precise as possible as presented also 
in [15-18].  

 

 
Figure 1 Spherical tank 

One important aim of this analysis is to indicate areas 
where the equivalent stress reaches and/or exceeds the yield 
stress, and what would be the consequences, as also shown 
in [15-22]. Toward this aim, FEM is the most efficient and 
reliable engineering tool, but one should keep in mind that 
its accuracy depends on mesh quality, proper constraints, as 
well as loads and boundary conditions, [17-19]. Therefore, 
experimental verification of FEM results is of utmost 
interest, especially in the critical areas, [20]. Combination of 
analytical procedure with FEM analysis and experimental 
testing of spherical tank gives a more detailed insight into 
the behaviour of tank construction in most critical areas in 
comparison to a design process which relies solely on 
analytical results thus ensuring optimum design and safe 
usage during envisioned working life time. Basic data for the 
analysis was: 
• Outer Radius 5260 mm 
• Thickness 24 mm 
• Material high strength low alloy steel NIOVAL 47 

(yield strength 470 MPa, tensile strength 590 MPa) 
• Working pressure 1.67 MPa. 

 
2 ANALYTICAL CALCULATIONS 

 
Analytical calculation of the spherical tank stress state, 

represented as the thin shell under membrane load, Fig. 2, 
is presented in details in [23-26]. Here, only basic equilib-
rium equations are presented in the following form: 
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By solving Eqs. (1a-c) one can get solutions for 
displacements, strains and stresses, as presented in more 
details in [23-26]. 
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a) 

 
b) 

Figure 2 a) Position of the shell in the form of surface of revolution; b) Internal 
forces in the element of the shell, [26] 

 
3 FINITE ELEMENT METHOD 

 
Fig. 3 shows the finite element mesh and basic data of 

the storage tank, supported on 8 symmetrically placed legs, 
analyzed for two cases. 

In the first case, the tank is supported on 8 supports 
symmetrically placed, so that only one-eighth of the tank 
can be analyzed. An angle α = 90° is adopted here, and 
fixed points of support are indicated by reinforced lines 
(between nodes 38 and 47, etc.). An overpressure of pg = 
16.7 bar, hydrostatic pressure-height of liquid H1 = R and 
own weight were taken into account in both cases. 

In the second case, the support is performed along a 
circular line (nodes 38, 46). 

Working internal pressure was pg = 16.7 bar, whereas 
hydrostatic pressure due to fluid with height H1 = R and 
storage tank own weight were taken into account 
additionally. Typical results for displacements are shown 
in Fig. 4, i.e. radius enlargement, including hydrostatic 
pressure effects, such as an increase from 8.85 mm to 9.76 
mm. Uneven distribution of displacement can be explained 
by the effect of the supports. 

Fig. 5 presents distribution of the first principal stress 
σ1 for the vertical plane. One can see that the principal 
stress σ1 increased in the case of line support due to 
constraint along the line 38-46. 

The uniform distribution of the principal stress is due 
to the membrane state of the stress and that only constraint 
along the line 38-46 makes some difference. 

 
Figure 3 Finite element mesh  

 

 
Figure 4 Displacement distribution in radial direction 

 

 
Figure 5 Main stress diagram (daN /cm2) 
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4 EXPERIMENTAL VERIFICATION 
 
Analytical and FEM results are verified by 

experimental testing performed with water pressurizing. 
The experiment was carried out by measuring stresses at 7 
measuring points with 21 strain gauges, by using the 
measuring equipment HBM UPM 100, as shown in Fig. 6. 
This type of strain gauges setup makes measuring easier 
and does not require knowledge of the direction of the 
principal stresses. The strain gauges placed near supports 
are shown in Fig. 7. 

 

 
Figure 6 The layout of the measuring points, [26] 

 

 
Figure 7 Strain gauges MM4÷MM7, [26] 

 

Stress values for the working pressure of 1.67 MPa, 
obtained analytically, by FEM and experimentally, are 
presented in Tab. 1. 

 
Table 1 Analytical, numerical and experimental stresses (working pressure), [26] 

Measuring 
site 

σe / MPa 
Analytical 

σe / MPa 
FEM 

σe / MPa 
Experimental 

MM 1 185.3 183.5 169.6 
MM 2 192.4 190.1 175.6 
MM 3 199.1 197.0 182.3 
MM 4 - 334.8 343.1 
MM 5 194.6 199.5 201.0 
MM 6 195.7 194.3 180.1 
MM 7 196.6 195.4 182.3 

 
Tab. 2 presents differences in analytical and numerical 

equivalent stresses, as compared with experimental ones. 
 

Table 2 Percent difference of equivalent stresses (working pressure), [26] 

Measuring site 
Difference 

analytically / % 
Difference 
FEM / % 

MM 1 9.3 8.2 
MM 2 9.6 8.3 
MM 3 9.2 8.1 
MM 4 - 2.4 
MM 5 3.2 0.7 
MM 6 8.7 7.9 
MM 7 7.8 7.2 

The equivalent stresses obtained by the test pressure of 
2.5 MPa are shown in Tab. 3, whereas the differences of 
analytical and numerical results, as compared to experi-
mental ones are shown in Tab. 4. One should notice the 
experimental values are typically lower than the analytical 
ones, up to 12.6%, as well as compared with the numerical 
ones, but only up to 6.7%, if MM4 is excluded. This mea-
suring point requires special attention, since the equivalent 
stress is significantly higher than elsewhere. In this case 
experimental value is 8.1% higher than numerical one. 
Analytical value is missing due to the limits of procedure 
applied, so that stress concentration cannot be handled. It 
is also clear that the numerical results are not precise 
enough since the mesh was not refined accordingly in the 
area of high stress concentration. 

 
Table 3 Analytical, numerical and experimental stresses (test pressure), [26] 
Measuring 

site 
σe / MPa 

Analytical 
σe / MPa 

FEM 
σe / MPa 

Experimental 
MM 1 277.4 274.1 256.9 
MM 2 284.4 250.3 262.9 
MM 3 291.2 288.5 272.9 
MM 4 - 444.1 483.4 
MM 5 287.8 265.5 282.3 
MM 6 289.6 257.9 257.3 
MM 7 290.8 259.6 261.6 

 
Table 4 Percent difference of equivalent stresses (working pressure), [26] 
Measuring site Deviation analytically / % Deviation  FEM / % 

MM 1 8.0 6.7 
MM 2 8.2 4.8 
MM 3 6.7 5.7 
MM 4 - 8.1 
MM 5 1.9 6.0 
MM 6 12.6 0.2 
MM 7 11.2 0.8 

 
From Tab. 2 and Tab. 4 one can see that numerical 

results match experimental ones much better than analy-
tical results. Also, one should notice that the equivalent 
stress at measuring point MM4 is close to the yield stress. 
Having this in mind, one can also explain slight deviation 
from proportionality of stress values in Tabs. 1 and 3. 
Anyhow, plastic strain, if any, is localized, and no defor-
mation was visible after removing the load.  

 
5  STRUCTURAL INTEGRITY ANALYSIS 
 

Structural integrity analysis is based on linear elastic 
fracture mechanics parameter, the stress intensity factor, 
KI, representing load and structural geometry, including 
crack, while its critical value, KIc, is a material property. 
Using this interpretation, one can establish simple criteria 
for structural integrity: 
 
KI  KIc - structure is safe from brittle fracture,        (2a) 

 
KI > KIc - brittle fracture is possible.         (2b) 

 
On the other side, constructions made of ductile steels, 

including welded joints, although less susceptible to brittle 
fracture, are sensitive to the plastic collapse. Therefore, 
more general, two-parameter approach, is used here, based 
on the Failure Analysis Diagram (FAD), including the limit 
curve, [9]: 
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where Kr = KI/KIc, KI = a,  is remote stress, a crack 
length, KIc fracture toughness, Sr = net/c, net net stress in 
cracked cross-section and c yield criterion, commonly 
taken as half the value of yield and tensile strength. Reason-
ing behind this approach is that a completely ductile material 
will fail due to plastic collapse at Sr = 1, while a completely 
brittle material will fracture at Kr = 1. Anyhow, most of 
materials would fail in between these two extremes if the 
working point (Kr, Sr) is above the limit curve, defined by 
the Eq. (3), Fig. 8. On the other side, a structure is safe, if the 
working point is below the limit line, Fig. 8. One should 
notice that if a point is close to 0, the likelihood of failure is 
also close to 0, while for a point close to limit line the like-
lihood is close to 1, as introduced and explained in [9]. 

The FAD is now used to assess structural integrity of the 
storage tank presented here. The fracture toughness KIc for 
the weld metal is taken as 1580 MPamm, [9]. For the case 
of a crack-like defect with length a = 1 mm (actually depth, 
for a long crack along any of the weldments), the stress 
intensity factor can be calculated as follows: 

 
KI = Y(a/W)a    
 
where Y(a/W) ≈ 1 in the case of short crack, i.e. small 
values of a/W (0.035 for a = 1 mm, W = 24 mm - thickness), 
 = 343.1 MPa (Tab. 1), R = 5260 mm, resulting in the ratio 
KI/KIc = 608.1/1580 = 0.38. 

Ratio between critical cross-section stress and critical 
stress (half of the sum of yield stress, 470 MPa, and tensile 
strength, 590 MPa) is calculated as follows:  
 
SR = net/c = 357.4/530 = 0.68. 

  
The coordinates of the point in the FAD (0.68; 0.38) 

are in the safe area, Fig. 8, at the level of fracture 
probability approximately 0.68.  

 

 
Figure 8 Failure analysis diagram 

 

In the case of testing pressure (corresponding stress  
= 483.4 MPa) the coordinates are (0.95; 0.54) which is 
very close to the limit line, with fracture probability of 
96%. Therefore, the critical pressure would be just 4% 
higher, i.e. 2.6 MPa (corresponding stress 503.5 MPa). 

This is yet another example of how damaging water over-
pressure can be and how unnecessary it is, as explained 
also in [11]. Simple fact is that the only effect of over-
pressure is possible damage and crack initiation in other-
wise sound material that can cause failure later on. This is 
especially problem for welded joints. One should keep in 
mind that welded joints are already tested by NDT, 100% 
in case of "critical" pressure vessels, making over-pressure 
completely useless! 

Finally, the application of risk-based assessment of 
cracked pressure vessels can be performed by applying the 
risk matrix to estimate risk level according to the likelihood 
and consequence of failure, as shown in [9]. Brief descrip-
tion of consequence categories is given elsewhere, [10], 
while here we just state that consequences are high.  

 
Table 5 Risk levels in relation to consequences and probability in risk matrix, [12] 

 
Consequence category 

1 very 
low 

2 
low 

3 
med. 

4 
high 

5 very 
high 

Risk level 

P
ro

ba
bi

li
ty
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at

eg
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≤ 0.2 
very low 

  
 
 

  Very low 

0.2-0.4 
low 

     Low 

0.4-0.6 
medium 

     Medium 

0.6-0.8 
high 

   work 
load 

 High 

0.8-1.0 
very high 

  
 
 

test 
load 

 Very high 

 
One can see that assumed crack of 1 mm in depth is a 

bit of a problem from the structural integrity point of view, 
since it produces high level of risk, but is still on the safe 
side. Contrary to that, testing load is a big problem since its 
point in FAD is very close to the limit line and risk is very 
high. One should also notice that even a slighty longer 
crack would make the test load a dangereous event.  

 
6 CONCLUSIONS 
 

Based on the results presented here, one can conclude 
the following: 
• Analytical methods cannot provide precise results in 

the areas of stress concentration. Contrary to that 
numerical results are very close to experimental ones. 

• From the structural integrity point of view spherical 
tank analysed here is safe enough even with 1 mm deep 
crack, but only under working load. If the test load is 
performed made with over-pressure 50%, very high 
risk is the consequence, with likelihood close to 1. 
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