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Abstract: In this study, the strengthening effects of different lamination conditions on carbon fiber
reinforced polymers (CFRPs) for thin-walled storage tanks (TSTs) subjected to internal pressure under
dynamic loads were experimentally investigated. A total of three small-scale models of TSTs were
used for the investigation, including non-strengthened specimens, specimens strengthened with 0◦

CFRP layers, and specimens strengthened with 0◦/90◦ CFRP layers. There were two types of tests for
every specimen: the static and dynamic tests. A new experimental method using small steel balls
was applied to create internal pressure in the TSTs. The results show that small steel balls could be
used to increase the internal pressure compared to a normal liquid. Furthermore, the similarity rules
for small-scale TSTs with small steel balls inside were also studied to consider the applicability of the
models. The experimental results indicated that the CFRP layer could effectively restrain both static
and dynamic hoop strains in the TSTs. Moreover, the CFRP layer could also remarkably reduce the
impact of sloshing on the TST shells. The 0◦ CFRP layer proved to have better effects than the 0◦/90◦

CFRP layers on the strengthening of the TSTs against dynamic loads.
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1. Introduction

Thin-walled storage tanks have been widely used in many fields as fluid tanks for chemical,
electrical power, and food engineering, among others. TSTs are also often used as key facilities in whole
production systems. The destruction of TSTs will cause an interruption in the production process,
and can even lead to disasters. However, a large number of TSTs have appeared with increasing
signs of deterioration, reducing the load-carrying capacity, because of corrosion or aging degradations.
Moreover, large earthquakes, which have occurred frequently in recent years, especially in the Pacific
Ocean, can cause damage to not only degraded tanks, but also to existing healthy tanks [1,2]. Therefore,
strengthening these structures to improve the performance against the buckling caused by dynamic
events is necessary to ensure the sustainable development of economy and health infrastructures.

Several failure modes were observed in TSTs due to past earthquakes [3], such as anchorage
failure, tank support failure, roof failure, foundation failure, connecting piping damage, and shell
buckling. In all of these types of damage, because of the thinness of the TSTs, shell walls are susceptible
to the elasto-plastic buckling and elastic buckling under various types of loads, especially dynamic
loading. The buckling behaviors of TST shell walls have been investigated by several researchers [4–11].
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The buckling failure modes can include shear buckling and bending buckling [5]. Some cases of
bending buckling can be elephant foot buckling (EFB) or diamond buckling. The EFB, which is defined
as the outward bulge around the base of the tanks, is related to the elasto-plastic buckling of TSTs.
Furthermore, the elastic bucking of TSTs includes the shear buckling of shells or diamond buckling at
the bottom of the TSTs [10,11]. Our main interest in this study was to strengthen the effects of shell
walls in TSTs against dynamic loading in the elastic areas.

The typical and traditional solution to strengthening aging TSTs is to weld with bulky and heavy
steel plates, which are difficult to repair and are prone to corrosion. In addition, the reparation process
can interrupt the business and can cause damage to storage materials during the structural renovations.
Recently, the use of carbon fiber reinforced polymers (CFRPs) to strengthen concrete beams and columns
has been popular because CFRPs have many advanced characteristics, such as having high strength
and corrosion resistance, and being lightweight [12–15]. Moreover, the use of CFRPs to improve the
load-carrying capacity and performances of steel structures has also attracted many researchers [16–22].
As a result, CFRP strengthening is an effective way to not only improve the performances of structures,
but also to maintain the working conditions of TSTs. While the strengthening effects of CFRP in steel
structures were proved by many researchers, a limited amount of research has been reported on the
strengthening effects of CFRP for TSTs, especially TSTs subjected to dynamic loads.

Regarding studies about the strengthening effects of CFRP layers for thin-walled steel plates,
Al-Azzawi et al. [23,24] conducted a serious of experiments and numerical methods to investigate the
shear capacity and fatigue resistance of thin-walled plate girder web panels strengthened by novel
preformed-corrugated FRP panels under static and cyclic loading. They found that the ultimate load
capacity was increased by 29% for GFRP strengthening and 20% for CFRP strengthening with three
layers of CFRP and GFRP. Khazaei Poula et al. [25] carried out a series of laboratory tests to evaluate
the effect of the number of CFRP layers and the fiber orientations on a thin steel plate shear wall under
a cyclic shear load. The results showed that applying CFRP laminates can significantly increase the
yield strength, ultimate strength, and secant stiffness. In addition, the highest shear strength and
stiffness can be obtained by using the principal orientation of CFRP laminates along the direction
of the tension fields. Bambach et al. [26] investigated the strengthening effects of externally bonded
CFRP on axially compressed square hollow sections (SHSs) of cold-formed G450 steel. They concluded
that the application of CFRP to slender sections delays local buckling and subsequently results in
significant increases in elastic buckling stress, axial capacity, and the strength-to-weight ratio of the
compression members.

The strengthening effects of CFRP for thin metallic cylindrical shells were investigated by other
researchers. Batikha et al. [27,28] numerically analyzed the impact of the buckling capacity of
thin metallic shells using CFRP sheets under two loading conditions: uniform internal pressure
accompanied by an axial load and axial loads with geometric imperfections. They found that thin
metal cylindrical shell structures are susceptible to an elasto-plastic instability failure at the base
boundary, known as EFB, and presented a method to strengthen cylindrical shells against EFB, with
a small amount of FRP used at a critical location. The results showed that FRP could eliminate the
EFB and could increase the buckling strength. Vakili and Showkati [29] also used finite element
analysis to investigate the strengthening effects of FRP for steel thin-walled cylindrical shells against
EFB under the simultaneous loading of axial compression and high internal pressure. They also
surveyed the effect of the FRP location on the capacity of strengthened tanks. The results indicated
that locating FRP in the area of the EFB occurrence, which is positioned near the base, can lead to
the best strengthening result. Bhetwal and Yamada [30] presented a novel method of strengthening
thin-walled steel cylindrical shells against buckling during axial compression by coating CFRPs on both
sides. They discussed the effects of reinforcement and the angle of fiber orientation on the buckling
strength and buckling modes of thin-walled shells using three kinds of analytical procedures: the
conventional linear eigenvalue buckling analysis, the reduced stiffness buckling analysis, and the fully
nonlinear numerical experiments. They concluded that the buckling load-carrying capacity of thin
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cylindrical shells increases with CFRP reinforcement when analyzed with linear and RS analyses. The
load-carrying capacity before buckling of thin cylindrical shells increased, depending on the thickness
of the CFRP reinforcement, by up to 70% with a 2 mm thickness and 100% with a 4 mm thickness.
This increasing amount varied according to the angle of the fiber orientation. Matsumoto et al. [31]
experimentally investigated the strengthening effects of circumferential CFRP for steel cylinders
under axial compression. The results showed that circumferential CFRP strengthening significantly
improved the carrying capacity and ductility capacity regarding axisymmetric plastic buckling. Nhut
and Matsumoto [32] numerically studied the strengthening effects of CFRP in various types of steel
cylindrical storage tanks subjected to internal pressure under a bending shear load. They concluded
that CFRP strengthening can increase the ultimate strength of steel storage tanks and the increasing
levels depend on the ratio of the tank’s radius to the tank’s thickness, and the ratio of the height of
the tanks to the tank’s radius. If the first ratios were lower and the second ratios were higher, the
strengthening by the CFRP layer was remarkably effective.

A general conclusion from the literature is that there are almost no studies concerning the
strengthening effects of CFRP for TSTs subjected to internal pressure under dynamic loads. Experiments
with full-scale TSTs under dynamic loads are impossible because of the complication and limitation
of the capacity of the shaking table machine. Moreover, the application of a normal liquid to create
internal pressures with the same amplitudes as full-scale TSTs in the experimental models is either
impossible or very difficult. The solution for small-scale TSTs, regarding the behavior investigations of
liquid-containing tanks under seismic loads, was provided by Maekawa [5]. However, a limitation of
this process is that the internal pressure created by the liquid inside the tanks was small because of the
dimensions of the small-scale TSTs. Because the volume of a normal liquid in full-scale TSTs is very
large, the real values of internal pressures in real TSTs are significantly higher than these values in
small-scale models. The small values of the internal pressure can cause difficulty for the investigations
of the strengthening effects of CFRP layers on the performance of TSTs under dynamic loads because
the impacts of internal pressure on the shells are trivial. In this study, the strengthening effects of CFRP
for TSTs under dynamic loads were investigated via experiments. A new experimental method using
small-diameter steel balls to create internal pressure for the TSTs was applied because steel balls with a
heavy weight can create a higher internal pressure compared to normal liquid substances. The steel
balls used had small and uniform diameters (around 1.2 mm). The properties of steel balls can make
them move easily under the impact of a dynamic load, which is the same behavior as a normal liquid.
Furthermore, the stress concentration of steel balls on a TST shell is also trivial because of the small and
uniform diameter of the steel balls. To develop the applicability of small steel balls toward creating
higher internal pressures for small-scale models, the similarity rules for small-scale models containing
steel balls were developed in this study. In the next steps, the strengthening effects of two types of
externally bonded CFRP sheets, including the circumferential CFRP layer (0◦) and two-directional
CFRP layers (0◦ and 90◦), on the performance of TSTs subjected to internal pressures under dynamic
loads were investigated. Finally, the strengthening effects of CFRP on TSTs impacted by sloshing were
considered using two height levels of steel balls.

2. Mechanical Properties of Aluminum, CFRP Layers, and CFRP-Aluminum Lamination

2.1. The Mechanical Properties of Aluminum Plates

In this study, a thin-walled aluminum plate was used to make the TSTs because aluminum plate
has a small thickness and lower elastic modulus than steel materials; therefore, the investigations of
the strengthening effects of CFRP reinforcement was easier. A rectangular aluminum plate with a
thickness of 0.4 mm was used to create the shape of the tanks, as shown in Figure 1. The overlap length
was 50 mm and was connected using high strength bolts (M8). The diameter of the cylinder was 558.8
mm and the height was 700 mm.
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Figure 1. Circle formation for a thin-walled storage tank (TST).

Material tests, with a total of ten specimens (five specimens in each direction: circumferential
and vertical direction), were conducted to determine the elastic modulus of the aluminum plate in
both directions. Figure 2 shows the experimental setup and load–strain relations obtained from the
material tests for all specimens. The test specimens had the dimension 25 × 250 mm, with a thickness
of 0.4 mm. Two strain gauges were stuck on both sides of every specimen to measure the strain values.
In Figure 2, the X-direction refers to the circumferential direction, while the Y-direction indicates the
vertical direction.
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Figure 2. Experimental setup for material tests (a) and the stress–strain relations of specimens in the
circumferential (X) direction (b) and vertical (Y) direction (c).

Tables 1 and 2 show the calculated elastic moduli of the aluminum plates in both directions. The
elastic modulus was determined in the range from 0.2 to 0.5 of the maximum loading values. The
elastic modulus was similar in both the circumferential and vertical directions (around 70 GPa).

Table 1. The calculated elastic moduli of the aluminum plates in the circumferential direction.

Specimen X1 X2 X3 X4 X5 Average value

Elastic modulus (MPa) 67,215.4 70,373.6 68,931.4 68,851.1 68,935.7 68,861.5
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Table 2. The calculated elastic modulus of the aluminum plates in the vertical direction.

Specimen Y1 Y2 Y3 Y4 Y5 Average value

Elastic modulus (MPa) 69,620.6 70,307.2 70,684.1 68,923.6 66,252.4 69,157.6

2.2. Mechanical Properties of CFRP Layers

Two kinds of commercially available, high-strength cloth carbon fiber sheets were used to
investigate the strengthening effects of TSTs under dynamic loads, namely UT70-20 and BT70-20, as
shown in Figure 3. UT70-20 is a one-directional carbon fiber sheet (0◦ fiber orientation angle) and is
used to strengthen the circumferential direction of TSTs; whereas, BT70-20 is a two-directional carbon
fiber sheet (0◦/90◦ fiber orientation angle) and is used to strengthen the circumferential and vertical
directions of TSTs. The carbon fiber was produced in Tokyo, Japan, by Toray Industries, Inc. [33].
Shaped like a sheet, this material is easy to handle and impregnate with resin. The properties of this
material were obtained from the manufacturer and are shown in Table 3. The epoxy resin, namely
E810LS (product of Konishi, Osaka, Japan), was adopted to form the CFRP laminates that covered
the TSTs. The carbon fiber sheets were bonded with the shells of TSTs using E810LS epoxy via the
vacuum-assisted resin transfer molding (VaRTM) method [34]. The elastic modulus and Poisson’s ratio
of E810LS epoxy are 3 (GPa) and 0.37, respectively, according to the manufacturer’s measurements.
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Table 3. Characteristics of the carbon fiber sheets.

Type
Direction of

Fiber
(◦)

Sheet
Thickness

(mm)

Fiber
Weight
(gr/m2)

Density
(gr/cm3)

Elastic
Modulus

(GPa)

Tensile
Strength

(GPa)

BT70-20
0 0.056 100 1.8 245 2.9
90 0.056 100 1.8 245 2.9

UT70-20 0 0.111 200 1.8 245 3.4

The carbon fiber sheets were combined by impregnating epoxy to create CFRP layers that covered
the outside of the TSTs. The material properties of the CFRP layers were calculated according to the
rules of laminae and laminates for composite materials [35], as shown in Equations (1)–(5):

Ex = υ f E f + υmEm, (1)

Ey =
1

υ f
E f

+ υm
Em

, (2)
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Gxy =
1

v f
G f

+ vm
Gm

, (3)

G f =
E f

2(1 + v f )
, Gm =

Em

2(1 + vm)
, (4)

vxy = υ f v f + υmvm, (5)

where Ef and Em are the elastic moduli of the carbon fiber and epoxy, respectively; vxy is the major
Poisson ratio; υf and υm are the volume fractions of the fiber and epoxy, respectively; and vf and vm are
the Poisson ratios of the carbon fiber and epoxy, respectively. In addition, Ex and Ey denote the elastic
modulus of the CFRP laminae in the circumferential and vertical directions, respectively, after covering
the TSTs, and Gxy represents the shear modulus of the CFRP laminate. Table 4 shows the properties of
0◦/90◦ and 0◦ CFRP layers, which are denoted by 0◦/90◦ and 0◦, respectively. In the table, tf and tm are
the thicknesses of the fiber and epoxy, respectively, and tc is the total thickness of the CFRP layers.

Table 4. The properties of 0◦/90◦ and 0◦ orientations of the carbon fiber reinforced polymer (CFRP) layers.

CFRP
Layer

tf (mm) tm
(mm) tc (mm) υf (%) υm(%) Ex

(MPa)
Ey

(MPa)
Gxy

(MPa)
Poisson’s

Ratio

0◦ 0.111 0.139 0.25 44.4 55.6 110448 5343 1951 0.34
0◦/90◦ 0.112 0.118 0.23 48.7 51.3 63601 63601 2111 0.031

2.3. Mechanical Properties of the CFRP-Aluminum Composite Plates

The mechanical properties of the CFRP-reinforced aluminum lamination were calculated based
on the macro-mechanical components of laminates assuming that the CFRP layers and aluminum
were perfectly bonded through the use of adhesives [35]. Furthermore, if a plate is thin and there
are no out-of-plane loads, it can be considered to be under plane stress. Therefore, the properties of
CFRP-reinforced aluminum lamination could be calculated according to plane stress conditions. The
plane stress condition for CFRP-reinforced aluminum lamination is shown in Figure 4. Consider a
laminate made of n plies, as shown in Figure 4. Each ply has a thickness of tk and the thickness of the
laminate is h. The in-plane properties of the CFRP-reinforced steel lamination can be determined using
Equations (6)–(12). Table 5 shows the resulting calculated mechanical properties of the CFRP-aluminum
lamination. In the table, UT0 denotes the aluminum section strengthened using a 0◦ CFRP layer,
whereas BT0/90 represents the aluminum section strengthened using a 0◦/90◦ CFRP layer.

ε0
x
ε0

y
ε0

xy

 =


A′11 A′12 0
A′12 A′22 0

0 0 A′66




Nx

Ny

Nxy

 (6)

E′x =
σx

ε0
x
=

Nx/h
A′11 ×Nx

=
1

A′11 × (ta + tc)
(7)

E′y =
σy

ε0
y
=

Ny/h
A′22 ×Ny

=
1

A′22 × (ta + tc)
(8)

G′xy =
σxy

ε0
xy

=
Nxy/h

A′66 ×Nxy
=

1
A′66 × (ta + tc)

(9)

v′xy = −
ε0

y

ε0
x
= −

A′12 ×Nx

A′11 ×Nx
= −

A′12

A′11
(10)
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Ai j =
2∑

k=1

[(
Qi j

)]
k

(hk − hk−1), i = 1, 2, 6; j = 1, 2, 6 (11)

h =
n∑

k=1

tk (12)
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Table 5. The mechanical properties of the CFRP-aluminum lamination.

CFRP-Aluminum Lamination E′x (MPa) E′y (MPa) G′xy (MPa) Poisson’s Ratio

UT0 85,042 45,211 17,119 0.3
BT0/90 68,145 67,956 16,952 0.205

In Equations (6)–(12), (σx, σy, σxy) and (ε0
x, ε0

y, ε0
xy) are the principal stress and mid-plane strain

components associated with the x-y plane, respectively; tc is the thickness of the CFRP layer; ta is the
thickness of the aluminum; and A′i j denotes the components of the inverse matrix Ai j.

3. Experimental Programme

3.1. Test Ring and Specimen Configurations

Figure 5a shows the test ring and specimen configurations. The aluminum plates, with a thickness
of 0.4 mm, were bent to form the TSTs and were held together using 11 high-strength M8 bolts, which
have small bolt head thicknesses (see Figure 1). The created TSTs had an outside diameter of 559.6 mm
and were 700 mm in height. These TSTs were fixed by a couple of steel cylinders at the top and bottom
of the TSTs. For each specimen, cylinder 1 (inside cylinder) had a 558.8 mm outside diameter, a 25 mm
height, and 22 mm thickness. The outside diameter of cylinder 1 was also the inside diameter of the
TST. In order to fix the TST, four quarters of cylinder 2 were used to connect to cylinder 1 using M10
screws. Cylinder 2 had a 600 mm outside diameter, a 25 mm height, and a 16 mm thickness. The TST’s
shell was kept fixed between cylinders 1 and 2. While the inner diameter of cylinder 1 was a little bit
larger than the outside dimension of each TST, the clearance could be eliminated after tightening the
M10 screws. Figure 6 shows the connection method of the specimens with the shaking table machine.
The connecting process included two steps. First, a 12 mm thick bottom steel plate was connected
to the shaking table machine using 13 M12 bolts. Then, the specimen was connected to the bottom
steel plate using 12 M10 screws through the available bolt holes in cylinder 2 and the bottom steel
plates. Figure 5b shows the positions of the stuck strain gauges to investigate the strain values of the
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specimens. The strain gauges were stuck in the circumferential direction of the TSTs to measure the
hoop strain values of the specimens. Strain gauge numbers 1 to 11 were used to investigate the strain
values in the vertical direction, while strain gauges 6 and 12 to 21 were used to survey the variation of
the strain values in the horizontal direction.
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3.2. Similarity Rules for Small-Scale Models

According to API 650: Welded Steel Tanks for Oil Storage [36], the real diameter of the TST
prototype can range from 5 m to more than 20 m, depending on the storage requirement of the materials
inside. The ratio of the diameter and thickness (d/t) of the TSTs varied from 600 to 3000. In this study,
the scale factor λ was calculated using the ratio of the diameter of the real-world prototype and a
small-scale TST (dp/dm), or the ratio of the height level of the storage liquid in the real-world prototype
and small-scale TST (hlp/hlm), as shown in Equation (13). The selected small-scale models in the paper
had a ratio of d/t around 1400, which is the average value in the API 650 standard. The scale factors of
the models were around 1/10 to 1/40, depending on the real-world prototype of the TSTs.

The pressure measured in a small-scale model should be scaled up to the real-scale. Froude scaling
is commonly used in the sloshing model test [37,38]. A small-scale model test was conducted based on
the assumption that a test using Froude scaling can reproduce sloshing impacts that are representative
of the real-world prototype. The similarity rules for small-scale TSTs in this study were determined
based on Froude number F, as shown in Equation (14). Similarity parameters, including the elastic
modulus E and pressure p, were calculated by using the Cauchy number C and Euler number Ee,
respectively (Equations (15)–(18)). These values were determined based on the results of the Froude
number regarding the characteristic velocity V [38].

λ =
Lp

Lm
=

dp

dm
=

hlp

hlm
(13)

F =
V

(gL)1/2
(14)

C =
0.95ρV2

E
(15)

Ee =
p
ρV2 (16)
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Em = Ep
ρm

λρp
(17)

pm = pp
ρm

λρp
(18)

In Equations (13)–(18), L is the characteristic length and the subscripts p and m denote the prototype
and model, respectively. V is the characteristic velocity, E is the elastic modulus, g is the gravitational
acceleration, and ρ is the liquid density.

It is clear from Equation (18) that using steel balls that have high densities can create a higher
pressure for small-scale models compared to a normal liquid. The pressure created from the normal
liquid is very small if the same liquid in the model and prototype is used, and the impact of a liquid on
small-scale TSTs is trivial. Therefore, the steel balls that replace a normal liquid can be used effectively
to evaluate the impact of storage materials in TSTs. Table 6 shows the similarity rules for small-scale
models with scale factors of 1/10 and 1/40. The values of the similarity parameters, including the elastic
modulus and pressure, were modified by their multiplication with the volume fraction of the steel
balls (υs). This is because there are distances between the steel balls, while there is almost no distance
between the liquid particles. It can be seen that the elastic modulus of small-scale models was smaller
than this value from the real-world prototype. Therefore, aluminum material in the small-scale models
was chosen to replace the steel material in the real-world prototype of the TSTs. The ratio of the elastic
modulus of the small-scale model and real prototype was around 0.35.

Table 6. Similarity rules for small-scale models.

Parameters
Similarity Rules in 1 g (Model/Prototype)

Scale: 1/λ Scale: 1/10 Scale: 1/40

Elastic modulus
ρmυs
λρp

0.46 0.12

Pressure
ρmυs
λρp

0.46 0.12
Acceleration 1 1 1

3.3. The Suitability of Small-Scale Models Compared to the Full-Scale Prototype of the TSTs

Due to the different storage materials, the suitability of the small-scale model needed to be
validated with a full-scale prototype of the TST. While the density of steel balls is larger than a normal
liquid, the volume of the steel balls in the small-scale model was far smaller than the volume of a normal
liquid in a full-scale prototype. Therefore, the pressure caused by small steel balls in the small-scale
model was expected to be equivalent to the pressure caused by a normal liquid in a full-scale prototype.
A simple calculation was conducted to confirm the suitability of using a small-scale model to replicate
a full-scale TST. The chosen real-world prototype, for comparison purposes, was the model highlighted
in the paper by Praveen et al. [39]. The real prototype was a steel tank with a radius of 10 m and a total
height of 9.6 m. The equivalent uniform thickness of the tank’s wall was 9.6 mm. The total mass of
the water in the tank (ml) was 2.51 × 106 kg. The total mass of the tank wall (mw) was 4.3 × 104 kg,
and the mass of the tank’s roof (mr) was 2.5 × 104 kg. Table 7 shows the ratio between the mass of
the water/steel balls to the total mass of the roof and tank wall of the small-scale tank and real-world
prototype. The mass of the roof in the small-scale tank was the mass of the top of cylinders 1 and 2.
The calculated results show that the ratios were nearly equivalent. Therefore, the small-scale model
could be used for testing.
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Table 7. Comparison between the small-scale model and a real-world prototype.

Parameters Notation Small-Scale Model Real-World Prototype

Mass of water/steel balls (kg) ml 600 2,510,000
Mass of roof and tank wall

(kg) mr + mw 14.37 68,000

Ratio ml/(mr + mw) 41.8 36.9

Another problem that needs to be considered when using steel balls to replace a normal liquid is
that steel balls can cause a stress concentration on thin-walled shells. However, because the diameters
of the applied steel balls were very small (only 1.2 mm) and had uniform circular shapes, the movement
of the steel balls was smooth. Therefore, the stress concentration was very small. Moreover, 5 mm
strain gauges were used to measure the strain values on thin-walled shells and the lengths of the strain
gauges were much larger than the diameters of the steel balls. According to the results, the measured
strain values could eliminate the stress concentration value if it occurs. Many points inside the strain
gauges were measured and the final values are the average values from all the positions.

3.4. Molding Process

The CFRP layers were connected with TST shells using the vacuum-assisted resin transfer
molding (VaRTM) method. The VaRTM method has many advanced characteristics, such as being
cost-effective, easy to mold for many kinds of shapes, and having no complicated steel surface
preparations needed [34,40–42]. In addition, one of the most outstanding advantages of the VaRTM
method is that this method can create a thin lamination with a high fiber content. In this study, two
types of carbon fiber sheets (UT70-20G and BT70-20G) were used to strengthen the aluminum tanks.
Carbon fiber sheets almost entirely covered the perimeter of the tank, except for the overlap length
(M8 bolts positions). This overlap position was covered by carbon fiber sheets using the hand-layup
method. Figure 7 shows the molding process using the VaRTM and hand-layup methods.
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3.5. Shaking Table System and Dynamic Data Logger

The shaking table machine [43] used in the experiments was a three-dimensional shaking table
system, SPT3D-15K-85L-50T. The actuators of the shaking table machine were SSV-850L, with a
maximum acceleration of 19.6 m/s2 and maximum displacement of 400 mmP-P when there was no
applied load. The maximum applied acceleration was decreased by the weight of the specimens and
steel balls. Strain gauges were connected to a dynamic data logger to read and transfer strain values to
the computer. The used data logger was the Multi-channel Dynamic Strainmeter DS-50A [44], which
allowed for 50 connected channels with simultaneous sampling measurement. One accelerometer,
called ARF-20A, which had a maximum acceleration measurement capacity of 20 m/s2 (a product of
Tokyo Sokki Kenkyujo Co., Ltd, Tokyo, Japan), was stuck on the bottom steel plate to measure the real
excitation with a high accuracy (see Figure 5).

3.6. Testing Procedures

Three specimens were used for the tests to investigate the strengthening effects of the CFRP layers
for TSTs under a dynamic load: non-strengthened specimen, specimen strengthened using a 0◦ CFRP
layer, and a specimen strengthened using a 0◦/90◦ CFRP layer. Figure 8a shows the strengthened
specimen after connecting it with the shaking table machine, and Figure 8b shows the specimen filled
with steel balls. In the experiments, the steel balls had 1.2 mm diameters and the volume fraction of
the steel balls was 58.8%. There were two height levels of steel balls in the investigation: 530 mm
and 265 mm from the bottom steel plate, with the total weight of the steel balls being 600 kg and 300
kg, respectively.
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There were three kinds of measurements. First, the static strain values of the specimens were
measured after placing the steel balls into the tanks. As the steel balls were tested to replace a normal
liquid and were expected to create higher internal pressures, these static strain values were used to
compare them with theoretically calculated values and to confirm the applicability of the steel balls. In
this step, the static strain values of non-strengthened and strengthened specimens were also compared
to investigate the strengthening effect of the CFRP layers. In the next step, one-directional excitation
was applied to all specimens that were filled to a 530 mm height of steel balls to consider the dynamic
strain values and dynamic strengthening effects of CFRP layers on the performance of TSTs. Finally,
one-directional excitation was applied to all the specimens that were filled to a 265 mm height of the
steel balls to investigate the strengthening effects of CFRP layers for TSTs under the impact of sloshing.
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When the volume of the steel balls decreased to half, the maximum applied acceleration was increased
and the sloshing of the steel balls occurred more easily. Each type of dynamic testing was conducted
three times with the same conditions to investigate the variation of the experimental results. Table 8
shows the types of specimens being tested, the number of tests, and the notations for the specimens.

Table 8. Summary of the types of tests for all the specimens.

Name of
Specimen CFRP Layer Height Level of the

Steel Balls (mm) Testing Condition Number of Tests

SNS —- 530 Static 1
SUT0 0◦ 530 Static 1

SBT0/90 0◦/90◦ 530 Static 1
DNS-530 — 530 Dynamic 3

DUT0-530 0◦ 530 Dynamic 3
DBT0/90-530 0◦/90◦ 530 Dynamic 3

DNS-265 — 265 Dynamic 3
DUT0-265 0◦ 265 Dynamic 3

DBT0/90-265 0◦/90◦ 265 Dynamic 3

3.7. Applied Dynamic Load

Horizontal one-directional excitation was applied for the specimens containing steel balls. Figures 9
and 10 shows the input excitation using a 1.2755 Hz sine wave for the specimens that were filled to
heights of 530 mm and 265 mm with steel balls, respectively. The vibration frequency of the model
tank was increased by gradually increasing the input acceleration from 0 to 5.98 m/s2 for 530 mm filling
height specimens and from 0 to 7.1 m/s2 for 265 mm filling height specimens.
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4. Results and Discussion

4.1. Static Hoop Strains and Strengthening Effects of CFRP Layers on the Restraint of Static Strain Values

The static hoop strains of the specimens were recorded from strain gauges and were read using
the data logger after placing all the steel balls into the tanks. These experimental values were compared
to the theoretical calculations to estimate the replacement ability of steel balls for a normal liquid in
dynamic experiments. The static hoop stress and hoop strain of the non-strengthened tanks could be
calculated using Equations (19) and (20); meanwhile, the values of the strengthened specimens could
be determined using Equations (21) and (22). The static hoop stress in the specimens in Equations (19)
and (21) were calculated similarly with a normal liquid and the density of the normal liquid (ρl) being
replaced by the density of the steel balls and multiplying it by the volume fraction of the steel balls
(υs.ρs). Two parameters, ρl and υs.ρs, have equivalent meanings because there are clearances between
the steel balls, while there are almost no distances between liquid molecular particles.

σh =
υs.ρs.g.hl.d

2ta
(19)

εh =
σh
Ex

(20)

σh =
υs.ρs.g.hl.d

2h
(21)

εh =
σh
E′x

, (22)

In Equations (19)–(22), ρs is the density of the steel balls (ρs = 7850 kg/m3), υs is the volume fraction
of the steel balls (υs = 58.8%), g is the acceleration due to gravity (g = 9.81 m/s2), hl is the distance
from the free surface of the steel ball to the calculated point (see Figure 5), d is the inside diameter
of the tanks (d = 588.8 mm), ta is the thickness of the aluminum shells, h is the total thickness of the
CFRP-aluminum lamination, Ex is the circumferential elastic modulus of the aluminum tanks, E’x is
the circumferential elastic modulus of the CFRP-aluminum lamination, σh is the hoop stress of the
tanks, and εh is the hoop strain of the tanks.

Figure 11 shows the static hoop strains in the vertical direction (strain gauges 1 to 11) and Figure 12
shows these values in the horizontal direction (strain gauges 6 and 12 to 21). The experimental strain
values were compared to the theoretical values. In Figure 11, z is the distance from the bottom steel
plate to the calculated points (z = 0 at the bottom steel plate). It can be seen that the static hoop strains
obtained from the experiments matched well with the theoretical calculations. A few differences were
apparent at the top and bottom of the SNS specimen. This was because the SNS specimen was very
thin; therefore, geometrical imperfection occurred after connecting the aluminum tank with the test
rings (cylinder 1 and 2). The initially calculated results show that the hoop strain/stress created by the
steel balls could be evaluated by using the theory of a normal liquid. Therefore, the use of steel balls, as
a replacement for a normal liquid, is an equivalent way to create a higher internal pressure in testing.

Table 9 shows the effects of CFRP layers on the restraint of the static hoop strain values for all
specimens that were tested. The values of static hoop strains decreased from about 35% to 62% when
using 0◦/90◦ CFRP strengthening, whereas these values decreased from 48% to 65% for 0◦ CFRP
strengthening. The results of the two bottom strain gauges were excluded because the measured values
were unstable, which were caused by geometrical imperfections.
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Figure 11. Static hoop strains in the vertical direction (Exp: experimental result, Theo: theoretical
calculation).
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Figure 12. Static hoop strains in the horizontal direction (µstrain).

Table 9. The effects of the CFRP layers on the restraint of static and dynamic hoop strains.

z (mm)
Strain Decrease Level of Each Specimen

SUT0 SBT0/90 DUT0-530 DBT0/90-530 DUT0-265 DBT0/90-265

450 65.28% 62.22% 54.43% 36.49%
420 64.47% 50.79% 52.42% 34.95%
375 49.44% 42.70% 51.66% 37.14%
330 57.39% 40.87% 55.76% 40.71%
285 53.85% 46.38% 56.42% 42.36%
240 48.92% 27.95% 50.22% 41.06% 43.23% 29.71%
195 51.15% 35.52% 46.64% 39.64% 38.36% 27.42%
150 47.57% 44.86% 43.34% 44.74% 38.86% 32.77%
105 55.23% 46.65% 42.22% 41.99% 38.21% 27.18%
60 37.79% 17.83% 35.83% 38.95% 30.48% 25.18%
15 45.40% 24.87% 22.78% 29.38% 32.40% 19.47%

4.2. Strengthening Effects of the CFRP Layers on the Restraint of Strain Values on the Tanks Under Dynamic
Excitation

Figures 13 and 14 show the sloshing behaviors of all the specimens that were filled to heights of
530 mm and 265 mm with steel balls, respectively. Sloshing only occurred in small amounts in the final
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seconds of the excitation in the 530 mm filling height specimens. However, sloshing occurred more
strongly in the 265 mm filling height specimens because the maximum excitations were higher in these
cases. Figures 15 and 16 show the dynamic hoop strains in the vertical direction for all the specimens
that were filled to 530 mm and 265 mm heights, respectively. Figures 17–22 show the dynamic hoop
strains in the horizontal direction for these specimens. The maximum values of the dynamic hoop
strains in the horizontal direction were almost in the excitation direction. A small difference occurred
for DUT0-530 and DBT0/90-530, where the maximum values of the dynamic hoop strains were on the
right side of the excitation direction position (see Figures 18 and 19). The difference was caused by
the geometrical imperfections when installing the specimens and were confirmed by the values of
the static strains (Figure 12) since the static strain values on the right side of the excitation direction
position were also higher compared to the excitation direction position. However, these differences
were very small and the maximum dynamic strain values could also be considered to be located
in the excitation direction position for the DUT0-530 and DBT0/90-530 specimens. While the same
experimental conditions were applied for the DNS-530, DUT0-530, and DBT0/90-530 specimens, the
difference did not occur for DNS-530 specimens because the strain values were much higher in the
DNS-530 specimen compared to the DUT0-530 and DBT0/90-530 specimens. Therefore, the maximum
dynamic strain values could be seen in the excitation direction position for the DNS-530 specimen.
The maximum values of the dynamic hoop strains in the horizontal direction were in the excitation
direction for all 265 mm filling height specimens because the specimens were highly impacted by
stronger sloshing.
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Figure 13. Sloshing behaviors for the 530 mm filling height specimens.
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Figure 14. Sloshing behaviors for the 265 mm filling height specimens.
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Figure 17. Dynamic hoop strains in the horizontal direction (µstrain) for the DNS-530 specimen.
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Figure 22. Dynamic hoop strains in the horizontal direction (µstrain) for the DBT0/90-265 specimen.

The effects of the CFRP layers on the restraint of the dynamic hoop strain values for all specimens
are also shown in Table 9. The dynamic strain values are the average values of the three tests. When
strengthened using CFRP layers, the restraint effects of the dynamic hoop strains in the tank were up
to 54.43% with a 0◦ CFRP layer and to 42.36% with a 0◦/90◦ CFRP layer. A 0◦ CFRP layer was shown to
be more effective than the 0◦/90◦ CFRP layer at decreasing dynamic strains. As can be seen in Figure 15,
the dynamic strain distribution in the DBT0/90-530 specimen had a similar behavior to the DNS-530
specimen. The dynamic strain values at the top and bottom were equal in each specimen and were
larger than the strain values in the middle sections. High values for the dynamic strain were obtained
at the top because of the impact of sloshing. The dynamic strain behavior of the DUT0-530 specimen
was different from other specimens when the dynamic strains were smaller at the top of the specimen.
Therefore, the strengthening effect of the 0◦ CFRP layer against the impacts of sloshing was also better
than the 0◦/90◦ CFRP layer.

To investigate the strengthening effects of CFRP for TSTs under the impact of sloshing, 265 mm
filling height specimens were used because the sloshing occurred more strongly at this height level of
steel balls. Table 9 shows the strain decrease levels in the strengthened specimens under the impact
of sloshing. The strengthening effects were up to 43.23% for the specimen strengthened using the 0◦

CFRP layer and to 32.77% when using 0◦/90◦ CFRP strengthening. Therefore, the 0◦ CFRP layer had
higher strengthening effects on the restraint of dynamic hoop strains under dynamic loads.
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5. Conclusions

In this paper, the strengthening effects of CFRP layers for thin-walled storage tanks under dynamic
loads were experimentally investigated. The main conclusions are as follows.

• Small diameter steel balls could be used as a suitable solution to replace a normal liquid in the
experiments of small-scale specimens under dynamic loads. Good correspondences were found
between static hoop strains obtained from experiments and the values that were calculated using
theory. In this way, higher internal pressures could be created for the small-scale tanks containing
materials inside. The testing method for small-scale tanks containing a high-density material
under a dynamic load was developed with the similarity rules for small-scale models, making the
testing easier to perform with small-scale models.

• The CFRP layers could restrain both static and dynamic hoop strains in TSTs, especially for the 0◦

CFRP layer. The restraint levels of static strains could be up to 65% for the 0◦ CFRP layer and
62% for the 0◦/90◦ CFRP layer. The restraint of the static strains could be calculated exactly using
theoretical equations. Additionally, the 0◦ CFRP layer had better strengthening effects than the
0◦/90◦ CFRP layer in dynamic tests (a 54% strain restraint compared with 42%).

• Both the 0◦ and 0◦/90◦ CFRP layers proved the strengthening effects of TSTs under the impact of
sloshing by effectively decreasing the dynamic hoop strains. Better strengthening effects were
also be found using the 0◦ CFRP layer.
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