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Abstract. This paper deals with the buckling behavior of thin-walled aboveground tanks under wind
load. In order to do that, the wind pressures are obtained by means of wind-tunnel experiments, while the
structural non linear response is computed by means of a finite element discretization of the tank. Wind-
tunnel models were constructed and tested to evaluate group effects in tandem configurations, i.e. one or
two tanks shielding an instrumented tank. Pressures on the roof and on the cylindrical part were measured
by pressure taps. The geometry of the target tank is similar in relative dimensions to typical tanks found
in oil storage facilities, and several group configurations were tested with blocking tanks of different sizes
and different separation between the target tank and those blocking it. The experimental results show
changes in the pressure distributions around the circumference of the tank for half diameter spacing, with
respect to an isolated tank with similar dimensions. Moreover, when the front tank of the tandem array
has a height smaller than the target tank, increments in the windward pressures were measured. From the
computational analysis, it seems that the additional stiffness provided by the roof prevents reductions in
the buckling load for cases even when increments in pressures develop in the top region of the cylinder.
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1. Introduction

This paper reports results of an experimental/computational research program aimed to evaluate
the buckling behavior of aboveground short tanks in tank farms under wind loading. Aboveground
steel tanks are arranged in various configurations in tank farms, depending mostly on land space.
Tandem arrays are commonly found with differences in the location and the distance between the
tanks. For tanks located in tandem arrays, designers frequently assume that there are reductions in
the wind pressures of the second and subsequent tanks in a row due to shielding effects, but find it
difficult to quantify such reductions. There are two main questions opened in this field, first about
the pressures acting on tanks which are part of a group, and second, the buckling of the structure
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under such pressures.

Wind tunnel experiments on silo models in tandem arrays were reported by Esslinger, et al.
(1971), using slender cylinders with ratio H/D>1, where H is the height of the cylinder and D is
the diameter. Studies concerning wind pressure distributions measured in circular stacks (H/D>10)
in tandem arrays and large spacing (S>D) have been summarized by Zdravkovich (1977) and
Tsutsui, et al. (1997). The interference effects using other cylindrical arrays (Gu and Sun 2001) and
structures with doubly curvature geometry (Orlando 2001) have also been reported in the literature.
However, such geometries are not representative of storage tanks: Low-rise tanks in the Caribbean
Region are frequently found with H/D ratios ranging between 0.25 and 0.60 (Virella 2004), and
wall to wall separation between tanks in the range of 1/2 D to D.

Thus, there seems to be a void in the technical literature regarding wind pressures in groups of
short tanks. Furthermore, the buckling of such tanks as members of a tandem array has not been
investigated and only computational buckling results for isolated tanks have been reported. The buckling
modes and geometrically nonlinear deformations of slender cylindrical shells under constant wind
pressures, with ratio H/D>5, have been considered by Greiner and Derler (1993). The buckling of
short tanks with open-top has been studied by several researchers (Kundurpi, et al. 1975, Flores and
Godoy 1998, and Schmidt, et al. 1998). Computational models have been extended to investigate
the sensitivity of such tanks with respect to geometric imperfections (Godoy and Flores 2002, Jaca
and Godoy 2003) as well as the increase in the critical buckling load of the tanks provided by ring-
stiffeners (Ressinger and Greiner 1982, Greiner 1998). The methodology used in this paper for the
computational analysis of the tanks is similar to those used by Schmidt, ef al. (1998), Portela and
Godoy (2005) in previous studies related to elastic buckling response of cylindrical structures.

A coupled experimental approach in this field would be to simulate the wind flow and the aero-
elastic response of the structure in wind tunnel experiments. A more modest approach, followed in
this work, is to decouple the flow problem from the structural problem, so that pressures are
obtained from the first and are used as an input for the second problem. In the present research, the
flow problem is modeled in a small wind tunnel to evaluate pressure distribution, and those are next
used in a static nonlinear structural model which is solved by finite element analysis. Specifically,
rigid tank models with similar and dissimilar dimensions have been studied in wind tunnel
experiments and varying the spacing between them. The buckling behavior of the target tank under
the wind pressures obtained in the experiments was next studied by means of bifurcation and
geometrically nonlinear analyses.

2. Model set-up in the wind tunnel experiments

Wind tunnel experiments were carried out to obtain the pressure distributions in the cylinder and
the roof of a target tank model with conical roof, using one or two other tanks to obstruct the wind
flow in a tandem array. The tanks are rigid models constructed in a reduced geometric scale (in the
order of 1.18%) with respect to typical dimensions of tanks found in tank farms located in the
Caribbean Region (Godoy 1996). The target model was instrumented in order to measure pressure
distributions, and either one or two non-instrumented models were used to obstruct the wind flow.
In all models, the cylindrical part was made with PVC tubes, while the conical and flat roofs were
fabricated with fiberglass.

For the case of two-tank tandem array, the configuration is shown in Fig. 1, in which Tank 1 is
the instrumented target tank with conical roof and Tank 2 is the blocking tank with flat roof. H; and
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H, are the height of the shielded tank with conical roof and flat roof, respectively, and S is the wall
to wall separation between them. For the tests reported in this section, the models have identical
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Fig. 1 Tandem arrangement and notation for configurations C1 to C4
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Fig. 2 Location of pressure taps on (a) the roof and (b) the cylinder of the target model T1
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(a) Test C1(S=1D) (b) Test C2(S=1/2D)
Fig. 3 Experimental configurations used for (a) Test C1 (S=1 D) and (b) Test C2 (S=1/2 D)

(a) Test C3 (S = 1D) (b) Test C4 (S=1/2D)

Fig. 4 Experimental configurations for (a) Test C3 (S=1 D) and (b) Test C4 (S=1/2 D)

diameters D; = D, =269.2 mm. Two geometric parameters were considered to investigate changes in
pressure distributions: The height of the cylinder H, and the separation distance S between the
tanks. The target Tank 1 has a ratio Hr/H; = 0.22, where Hr is the roof elevation.

The roof was instrumented with 24 pressure taps (6 taps every 90°), and 20 pressure taps (5 taps
every 90°) were located on the cylinder, as illustrated in Fig. 2. Several tests were done in which the
model was rotated every 22.5°, in order to obtain more complete data around the circumference.

Six configurations were investigated: In the first two cases studied, the two tanks had similar
aspect ratios H,/D,= H,/D,=0.43 (H,=H,=115.7 mm), and the separation between them was S= D,
(case C1) and S=1/2 D; (case C2). The third (C3) and fourth (C4) cases correspond to two tanks
with ratios H,/D; =0.43 and H,/D, = 0.30, separated at S=D, and 1/2 D;, and with H; =115.7 mm
and H, =81 mm. The models for test C1 and C2 are presented in Fig. 3, while the set up of tests
C3 and C4 are shown in Fig. 4.

Two cases C5 and C6 considering group effects in tandem arrays were also studied, as shown in
Fig. 5. The difference in the arrangement of these two tests is the longitudinal distance (S) which
separates the target conical roof tank and the two blocking tanks with flat roof. The transverse
separation (L) between both blocking tanks was constant (L =1/2 D,). Similarly to the previous
shielding cases, pressures were measured for the same conical roof tank, since the other tanks were
not instrumented. The main features of the blocking models are H,/D, = 0.39, with diameter D, =
212.7 mm and height H, = 82.6 mm. For case C5, a distance S = D, was used, while for tests C6 the
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Fig. 5 Tandem arrangement of two tanks with flat roof shielding a tank with conical roof

(a) Test C5(S=1D,)

Fig. 6 Experimental setup for (a) Test C5 (S =1 D,) and (b) Test C6 (S = 1/2 D»)

separation was 1/2 D,. The group arrangements for three models are shown in Fig. 6.
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(b) Test C6 (S = 1/2 D)
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Finally, the target tank was also tested without any blocking tank in front of it to have a reference
configuration for an isolated tank and a summary of results is given in Appendix A. A logarithmic
mean wind speed configuration was established assuming an open terrain condition with 0.02 m full
scale roughness length. The mean pressures were measured at Reynolds number > 2.5x10° and are
expressed as pressure coefficients (Cp) referenced with respect to the mean wind velocity at a
height of 10m from the ground in an equivalent full-scale tank. Full details of the wind tunnel set

up are given in Portela (2004).
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3. Wind pressure distributions for tandem arrays: A tank with flat roof shielding
another tank with conical roof

Fig. 7(a) shows pressure contours measured with the obstacle located at one diameter of separation
(case C1). Although the contour pattern is similar to that found for the isolated tank (Appendix A),
a considerable decrease in pressure was observed, especially on the wind entrance region to the
roof. For this configuration C1, the maximum mean pressures were at the center of the roof. On the
windward region, the reduction in suction compared to the isolated tank was 88%, while on the
higher zone of the roof the difference was 22% and on the leeward region the difference was 50%.

For the array with one diameter of separation and H,:D,=0.43 (case Cl), the regions with
maximum mean pressures and suctions coincide with those of the isolated tanks at angles of 0° and
90°, respectively. However, the maximum positive values are located in the higher region of the
cylinder (1 H) and the values of maximum suction at 0.75 H, as illustrated in Fig. 7(b). A reduction
in pressure occurs, with the maximum positive and maximum negative coefficients being 30% and
24% lower with respect to the maximum values in the isolated tank.

If the separation is reduced to half diameter (configuration C2, Fig. 8), the reduction of the
suctions on the windward region of the roof is more appreciable than for the previous array (Cl1),
and positive pressure values are observed (Cp =+0.25). The distribution changes in this region, with
a decrease in pressure (changing from positive to negative values) in direction toward the center of
the roof. However, from the central region to the leeward of the roof, values exceeding those found
in the previous configuration (C1) are observed. As a tank is closer to an obstacle, the pressures
tend to decrease, but this is not the case in all the regions of a tank. The maximum mean pressure
coefficients are observed at the center of the roof, representing a reduction of 11% with respect to
the isolated tank.

Fig. 8(b) shows the pressure contours on the cylinder with half diameter of separation from the
blocking tank (case C2). Similar to what was observed in configuration C1, the maximum pressures
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(b) The cylinder of the conical roof tank shielded
xR by a flat roof tank located at 1D of separation.
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(a) The roof

Fig. 7 Pressures for test C1. Mean pressure contours on (a) the roof and (b) The cylinder of the conical roof
tank shielded by a flat roof tank located at 1D of separation. Hr/D = 0.094, and H,:D, = 0.43
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Fig. 8 Pressures for test C2. Mean pressure contours on the conical roof tank shielded by a flat roof tank
located at 1/2 D of separation. (a) on the roof, (b) and (c) on the cylinder. Hr:D =0.094, and H,:D, = 0.43

(+) develop at a height 1 H and the maximum suctions (—) occur at 0.75 H, referenced from the
base of the tank. In certain regions of the cylinder, the maximum pressures and suctions obtained
exceed those found with a separation of one diameter. All coefficients at a location of 22.5° from
the windward axis show higher pressures than those at 0°, except at a height H=0.9, where a
relative constant value is sustained, as presented in Fig. 8(c). A similar behavior was described by
Esslinger, et al. (1971) in their study of group effects for silos with spherical roofs and ratio H/D>1,
with a blockage array of 1 D of separation (instead of 1/2 D) and for which the maximum suctions
were recorded between 65° and 80° with respect to the windward meridian.

The pressure coefficients obtained on the roof for test C3, representing a configuration of a
conical roof tank (H;:D;=0.43) shielded by a flat roof tank (H,:D,=0.30) separated by one
diameter, are shown in Fig. 9(a). The pressure coefficients at the entrance have a decrease of 40%
in comparison to the isolated case and an increase in the order of 275% with respect to test C1
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Fig. 9 Pressures for test C3. Mean pressure contours on the conical roof tank shielded by another with
similar diameter but lower height. (a) on the roof, (b) and (c) on the cylinder. Hr/D =0.094, S=1 D,
Hl/Dl = 043, and Hz/Dz =0.3

(shielding case with both tanks having similar aspect ratios). The values at the central zone show a
small decrease in the order of 6% compared to the pressures in the isolated case and an increase of
18% with respect to test C1.

Fig. 9(b) presents the mean pressure contours measured around the cylinder in test C3. The results
show some symmetrical behavior about the windward meridian. The maximum positive pressure
coefficients were observed at the windward meridian, with a peak value of Cp =0.80 (Fig. 9(¢)),
representing a 10% decrease with respect to the isolated case. The most affected region is from 0.80
H to 1.0 H, contrary to the isolated case in which the higher magnitudes were found between 0.5 H
to 0.9 H. This behavior was also observed in test C1, but the maximum positive pressure increased
by 29% in the present configuration (C3). The maximum suctions were found close to 90° and 270°
with a Cp =—-0.75, representing a small decrease of 9% and an increase of 19% with respect to the



Shielding effects and buckling of steel tanks in tandem arrays under wind pressures 333

Wind approach

N Z NN ;
w- I NIWON )y |
NNl s\l ) 3)
Wind ::7 / /,f‘""?" \\Jj b e N
°.°“ |%/1{ I‘\‘ \\\_j/ ’f"r/\ |//“ 1 '“}-*
2 e T T2
05— | \ l'o'n}\"! \’i(/(\x \‘\‘I\\\\x\\@
0.50 — \ I"L_D. /ﬁ%:‘&bﬁ ~ " | -9&\' ), G”—@_/_f
000 +— 2 ——— A :

180.0 2025 2250 24715 2700 2925 315.0 3375 3600

(b)

(b)

Circumferential angle [degrees]

——093h —8—0.77h —&—0.55h —%—033h —%—0.10h

(c)

Fig. 10 Pressures for test C4. Mean pressure contours on the conical roof tank shielded by another with
similar diameter but lower height. (a) on the roof, (b) and (c) on the cylinder. Hr/D = 0.094, S=1/2
D, H:D;=0.43, and H,:D,=0.3

case of the isolated tank with conical roof and C3, respectively.

The results on the roof of configuration C4 (Fig. 10(a)), consisting of a conical roof tank (H;: D,
=(0.43) shielded by a flat roof tank (H,:D,=0.30) separated by 1/2 D, are very similar to those
obtained in test C3, indicating that the difference in separation (S) from D to 1/2 D does not
significantly affect the pressure distribution and magnitudes observed on the roof of a higher tank



334 Genock Portela and Luis A. Godoy

(H,=115.7 mm) shielded by a lower tank (H, =81 mm). This behavior is different from that observed
between tests C1 and C2 (same heights), where the spacing has an influence on the pressures.
Unlike the pressures in test C2, all pressure coefficients in C4 were negative on the roof.

Fig. 10(b) presents circumferential distributions for test C4. This case differs from test C2 because
of the aspect ratio (H,:D, =0.43 for case C2). The maximum pressure was found at the highest
region of the cylinder on the meridian of wind incidence, with a value of Cp=1.08. This is the
highest pressure found among all tests performed. This pressure is 21% and 37% higher than the
case of the isolated tank and C2, respectively. In the regions extending from 0° to 22.5° and 360° to
337.5°, an increment in the pressure coefficients was observed at zones of the cylinder below 0.55 H, as
shown in Fig. 10(c). This behavior was also observed in test C2, but in this case the increment in
pressure occurred in zones below heights corresponding to 0.77 H (Fig. 8(c)).

The difference in height between both configurations affects the spread of this behavior along the
height of the cylinder. For test C2 the heights are H, = H, = 115.7 mm, while in test C4, H; = 115.7
mm and H,=0.69 H, =81 mm. The maximum negative pressures were observed at an angle of
270° with a value of Cp=-0.73. Compared to the isolated tank, an 11% decrease is observed; and
regarding test C2, an increase in the order of 12% occurred. Similar to what was found in other
shielding cases, the values at the leeward region presented coefficients close to Cp=-0.10,
equivalent to a decrease in the order of 33% in comparison to the isolated tank.

4. Wind pressure distributions for tandem arrays: Two tanks with flat roof
shielding another tank with conical roof

For the arrays consisting of two tanks with flat roofs in front of a tank with conical roof (cases
C5 and C6), the pressure coefficients measured on the roof of both configurations C5 and C6 with

l Wind approach

180.0 2025 2250 2415 270.0 2925 315.0 3375 3600

(b) The cylinder of the conical roof tank shielded
by a group of tanks with smaller dimensions.
Hr/D=0.094,S=1D; and L=1/2D2
(H;:D; =0.39)

X/R
(a) The roof
Fig. 11 Pressures for test C5. Mean pressure contours on (a) the roof and (b) The cylinder of the conical roof

tank shielded by a group of tanks with smaller dimensions. Hr/D =0.094, S=1 D, and L=1/2 D,
(Hz:Dz = 039)
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Fig. 12 Pressures for test C6. Mean pressure contours on (a) the roof and (b) the cylinder of a tank shielded
by a group of tanks with smaller dimensions. Hr/D =0.094, S=1/2 D, and L=1/2 D,(H,:D,=0.39)

S=D, (C5) and §=1/2 D, (C6) were similar, with maximum suctions at the windward region, as
presented in Figs. 11(a) and 12(a). The maximum suctions recorded were Cp =—-1.05 and Cp =-1.07 for
tests C5 and C6, respectively. In this entrance region, the values exceed those found in all shielding
configurations C1 to C4, but in group arrangements C5 and C6 there is no obstruction in the windward
meridian, leading to higher pressures. On the other hand, the resulting pressure coefficients at the
center of the roof show small changes in comparison with those obtained in the shielding arrays of
tanks with different heights. In this region, the closest configuration (C6) experimented pressures
(Cp=-0.92) 8% higher than those developed in test T8 (Cp =-0.85). At the leeward region, the
pressure coefficients were close to —0.15 for both arrangements. The absolute pressure magnitudes
recorded in all regions of the roof were smaller in comparison with the isolated case.

The pressure distributions around the cylinder present different patterns between tests C5 (S=D,)
and C6 (S=1/2 D,), especially at the windward region, but the magnitudes show similarity. In
general, the pressures obtained in these grouped tests were lower than those measured in the
isolated tank. For both tests C5 and C6 the peak pressures were obtained on the windward meridian
at a height of 0.75 H. For test C5, the value of Cp =+0.79 was 5% lower than the pressure recorded
during test C6 (Cp=+0.83), as shown in Figs. 11(b) and 12(b). Peak negative values developed at
90° and 270° in test C5 with a Cp =-0.78. For test C6, the maximum negative value Cp =-0.76
was recorded at 270°. Similar to the peak positive pressures and for both tests, these values were
found at 0.75 H. The pressures observed at the leeward region of the cylinder were in the range of
—0.10 to —0.15 for both cases (C5 and C6).

5. Finite element buckling analysis of a tank with conical roof shielded by a
tank with flat roof

The buckling behavior of a full-scale tank with dimensions equivalent to the target model studied
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in the wind tunnel experiments, was next investigated using finite element analysis. Typical heights
of these tanks are commonly in a range of 6 m to 20 m, and the diameters vary from 20 m to 40 m.
The specific tank investigated has a diameter of 30.48 m, a height of the cylinder # = 13.11 m, and
a roof elevation Hr =2.86 m, thus having a roof inclination angle of 10.6°. The pressure coefficients
were multiplied by a reference pressure P =2.45 KPa (based on ASCE 7-02 Recommendations) and
were changed for each case studied (C1 to C6) in order to employ the pressure distributions found
in the tests. For the static buckling response, a linear bifurcation approach and a geometric non-
linear step-by-step type analysis were performed using the computer program Abaqus (2002). The
analyses helped to identify the cases for which a bifurcation analysis may adequately represent the
first buckling load and buckling deformation of the tank. These analyses were used to study the
variations in the buckling capacity and the buckling modes in shielding configurations. A scale
parameter 4 was used as the multiplier of the initial pressures considered with which the first
buckling pressure of the tank is obtained. The buckling loads are compared with those obtained
from the analysis of the isolated tank with conical roof.

The pressure distributions for model C1 are based on a tank shielded by another one of similar
dimensions (H;:D; = 0.43) but with a flat roof and located at a distance D; in front of it. Fig. 13(a)
presents the first mode obtained from an eigenvalue analysis and Fig. 13(b) shows the deflections in
the tank from a nonlinear analysis at the first critical point. From the eigenvalue analysis, a wind
pressure critical factor of 4 =2.03 was obtained, practically exceeding twice the value reached for
the isolated case and being 4% smaller than the pressure factor computed from the step-by-step
analysis (1=1.95). The critical value from the nonlinear analysis is related to a reference wind
velocity of 90.5 m/s, and the nonlinear response of the tank follows an unstable behavior, after the
critical state, as observed in Fig, 14.

A smaller bifurcation load factor resulted from the shielding configuration separated by 1/2 D (C2),
with a value of A=1.75. Similar to the C1 model, and as seen in Fig. 15(a), a higher number of
circumferential waves are obtained in comparison to the isolated model, and the maximum modal
displacements are not on the windward region of the tank. This behavior was also obtained in the
deformed shape reached by the tank at its first critical point with a more realistic nonlinear
approach, as presented in Fig. 15(b). This behavior seems to be caused by the shifting (22.5°)
observed in the maximum positive pressures developed in the experimental tests (Fig. 8(b)). Moreover,
this behavior shows that the pressure pattern has an important influence on buckling mode shapes.

Windward
(a) Eigenvalue analysis (b) Nonlinear analysis

Windward

Fig. 13 Mode shapes in model C1 (a) eigenvalue analysis and (b) nonlinear analysis
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Fig. 15 Buckling mode shapes in model C2 (a) eigenvalue analysis and (b) nonlinear analysis

(a) Eigenvalue analysis (b) Nonlinear analysis

Fig. 16 Buckling mode shapes in model C3 (a) eigenvalue analysis and (b) nonlinear analysis

Fig. 14 depicts the resulting nonlinear response of model C2, for which a pressure factor of
A =1.62 was observed, corresponding to a 7.2% reduction in comparison to the eigenvalue analysis.
Again, the post-buckling equilibrium path is unstable.
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Fig. 17 Buckling mode shapes in model C4 (a) eigenvalue analysis and (b) nonlinear analysis

The first buckling mode shapes in tanks shielded by other tanks with smaller aspect ratios (H,: D,
=(0.3) are presented in Fig. 16 (C3) and Fig. 17 (C4). The deformed shapes at the first critical point
obtained by means of eigenvalue as well as nonlinear analyses are quite similar for the model C3
and for C4. A critical eigenvalue 41=1.49 was obtained for model C3 (44% higher than in the
isolated tank), while a first critical point with 4= 1.40 was obtained from the nonlinear path in Fig.
14 (6% smaller than the eigenvalue found from the bifurcation analysis).

Based on the results of the positive pressure coefficients obtained experimentally for this case (Cp
=0.80), a lower buckling factor would be expected. However, as observed in the pressure pattern,
the maximum experimental positive values developed at elevations between 80% to 100% of the
height H of the cylinder, while for the isolated case, the maximum values occur in a region
between 50% to 75% H. Apparently, the peak values were near to the cylinder-roof discontinuity
in slope which, as observed from the mode shapes, is a very stiff zone of the tank. This behavior
was even more evident for model C4, where the maximum positive pressure was found from all
the cases studied with Cp =1.08. Again, these pressures are computed in the higher regions of
the tank, ranging between 90% to 100% of the height of the cylinder. Contrary to the experimental
pressures, the pressure factor from the eigenvalue analysis was 4= 1.19, which is 15% higher than
in the isolated case and 7.6% higher than in the nonlinear results of Fig. 14 (1=1.10). The
maximum pressure computed in the nonlinear analysis is related to a reference wind velocity
V=68 m/s.

The buckling response of a taller tank was computed to study the influence of the pressures
near to the roof (Fig. 18(a)). The diameter and geometry of the tank remains the same, while the
height was increased from 13.1 m to 18.3 m (H/D =0.60). New thicknesses were used for the
different plates of the shell, as defined by the API 650 recommendations (1991). The pressure
contours obtained for the experimental test C4 were extrapolated in the new upper regions of the
tank. The eigenvalue is reduced to A= 1.03, representing a 13% reduction in comparison to C4
and a value in the same order to that obtained for the isolated model. The nonlinear response of
the tank is presented in Fig. 14, where 4= 0.96 (wind speed V= 63.5 m/s). This wind velocity is
2% lower than the reference value used to establish the wind profile. These results suggest that if a
lower obstacle is located in front of the tank studied in a tandem configuration, it would develop
high external wind pressures at a region far enough from the roof. Under this behavior, the
buckling load would be significantly reduced. The buckling mode shapes from the eigenvalue
analysis presented in Fig. 18(b) represent well the nonlinear deformations shown in Fig. 18(c),
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Windward

Fig. 18 Tall tank with ratio H: D = 0.6 and the pressure distributions obtained for the experimental test C4 (a)
computational model, (b) eigenvalue analysis and (c) nonlinear analysis

where it is seen that (contrary to the previous lower tanks studied) the first buckling mode has
significant deflections over a zone between 45% to 100% of the height of the tank.

6. Finite element buckling analysis of a tank with conical roof shielded by two
tanks with flat roof

For the configuration CS5, loaded with the experimental pressures obtained from the group
configuration separated at 1.0 D, the bifurcation load was A =1.33, while a 41 =1.296 was computed
for configuration C6 spaced at 1/2 D. Similar buckling modes are also observed, as depicted in
Figs. 19(a) and 20(a).

Load factors A=1.27 and A=1.16 were obtained from the nonlinear analysis of configurations
CS and C6 (Fig. 21), which are 4.6% and 10.5% smaller than the resulting eigenvalues for these
models. The deformations computed for these tanks (C5 and C6) at the first buckling point, shown
in Fig. 19(b) and 20(b), are similar in shape to those computed in the eigenvalue approach, but with
more circumferential waves around the cylinder.
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Fig. 19 Buckling mode shapes in model C5 (a) eigenvalue analysis and (b) nonlinear analysis

; . Windward : . Windward
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Fig. 20 Buckling mode shapes in model C6 (a) eigenvalue analysis and (b) nonlinear analysis
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Fig. 21 Load - displacement equilibrium paths for models C5 and C6
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7. Conclusions

A tank in front of another tank blocks the flow and can reduce the pressures in some zones of the
second tank. However, this effect depends on the relative geometric features and on the separation
between the tanks involved. In the worst configuration considered in this paper, with the front tank
shorter than the second tank and spaced at 1/2 D, the results show an increase in pressures of the order of
20% and a change in pressure distributions on the windward meridian with respect to the isolated tank.

Group effects are usually responsible for asymmetric distributions of pressures on the cylindrical
part of a tank. Furthermore, for close two-tank configurations (i.e. S=1/2 D) with the same H:D
ratio, the largest positive pressures are not coincident with the windward meridian.

For slender tanks with ratio H: D = 0.6 (and this may also be applicable to lower obstacles) the critical
load is reduced if the maximum positive external pressures acting on the tank are separated enough
from the cylinder-roof transition. The results shown in this paper are limited to few tank geometries and
group configurations, but they illustrate that tandem configurations with obstacles lower than the
blocked tank may induce higher wind pressure patterns and also may reduce the stability capacity of the
tank, depending on the location of such high pressures on the height of the cylinder.
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Appendix A. Wind tunnel pressures and buckling for an isolated tank

The main body of the paper refers to tanks in tandem configuration; however, the results of such

l Wind approach
-125
AN - \59
7
/P

125 135.0 157.5 180.0

Wind

180.0 202.5 2250 2475 270.0 2925 315.0 3375 3600

(b) Cylinder of the isolated tank with conical roof

(a) Roof

Fig. 22 Mean pressures on the (a) roof and (b) cylinder of the isolated tank with conical roof
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configurations are compared with those obtained for an isolated tank to have an idea of changes in pressures
and buckling behavior. This appendix shows the pressures obtained in a wind tunnel experiment for just one
tank with conical roof, which was later used for the tandem configurations. The results are fully described in
Portela (2004). The distribution of pressures is given in Fig. 22.

Buckling studies similar to those reported in Figs. 13~21 were also carried out for the isolated tank. The
critical load from the eigenvalue analysis was 4= 1.04 (Portela 2004).
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