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Abstract: Stability performance of cylindrical shells and providing a potential method to enhance 
the buckling stability of these structures are major concerns for designers. Carbon Fiber Reinforced 
Polymer (CFRP) composites are promising materials for application in the design and retrofit of 
such thin-walled structures. On this basis, this paper presents a comprehensive numerical study on 
the buckling behavior of CFRP-strengthened cylindrical shells under uniform external pressure 
and evaluates the effects of different parameters in the strengthening process. Numerous CFRP-
strengthened cylindrical shells with distinct reinforcement layouts in three groups of models 
having different slenderness ratios are investigated through nonlinear stability analyses using the 
ABAQUS finite element package. The application of all considered reinforcement layouts for 
strengthening purposes is found to be effective in improving the buckling stability of cylindrical 
shells. It is demonstrated that the circumferential reinforcement of the middle region of the shell 
using CFRP strips with [0°] fiber angle (in the hoop direction), in particular, is the most effective 
approach for improving the buckling performance of the CFRP-strengthened cylindrical shells 
under uniform external pressure. 
  
Keywords: Buckling; Cylindrical shell; CFRP reinforcement; Uniform external pressure; 
Numerical simulation 
 
 
 
1. Introduction 

 
Thin-walled cylindrical shells possess desirable performance under uniform pressure due to 

their geometry which makes them efficient structures for designers and engineers. Cylindrical 

shells are extensively used in a variety of industries, such as pressurized tanks and silos. Such thin-

walled structures are considerably susceptible to buckling under pressure difference during the 

discharge of internal contents resulting in loss of stability and significant strength degradation. 

Buckling failure of such structures can cause irreparable damage and great financial losses since 

these structures are used to store petroleum products, petrochemicals, and water. Therefore, it is 



essential to study the buckling phenomenon of these structures and provide an efficient strategy to 

prevent the loss of the buckling stability of these thin-walled shells by improving their buckling 

stability performance. Buckling behavior of unstrengthened cylindrical shells is investigated 

experimentally [1,2], numerically [3–5], and analytically [6–9] by many researchers. Some works 

on this field are reported here.   

Zhou et al. [10] presented an analytical formula for the critical buckling load of cylindrical 

shells with stepwise variable thicknesses subjected to uniform external pressure and compared the 

derived formula with empirical relationships found in the design standards. Chen [11] investigated 

the effect of meridional end rotations on the buckling pressure of the short cylinders shells 

subjected to external pressure, with the findings highlighting its significant influence. Aghajari et 

al. [12] reported a numerical and experimental investigation on the buckling behavior of the 

cylindrical shells with varying thickness subjected to uniform external pressure and recommended 

to use the cylinders with less thickness variation where the buckling waves distribute along the 

whole surface of the cylinder and result in an increase in the buckling pressure. Wang and Koizumi 

[13] carried out an experimental and numerical study on the buckling behavior of geometrically 

imperfect cylindrical shells with a longitudinal joint subjected to external pressure and concluded 

that the buckling pressure of the cylinders depend on the joint rigidity. In addition to this, the 

influence on the buckling pressure increases as joint rigidity decreases. Chen et al. [14] studied the 

buckling behavior of the cylindrical shells with stepwise variable thickness under uniform external 

pressure and presented a new method for predicting the buckling pressure of these structures along 

with the evaluation of the existed analytical relationships. Moreover, Ghasemi and Hajmohammad 

[15], studied the variable thickness cylinders under external pressure, with the results showing that 

the buckling pressure of the specimen with variable thickness is close to a cylinder with a uniform 

thickness of mean thickness of cylinder with variable thickness.  

Employment of stiffeners to improve the buckling stability of cylindrical shells subjected to 

external pressure is a conventional method suggested by some researchers [16–21]. Pan and Liang 

[22] reported a numerical study on the buckling behavior of cylindrical shells under external 

pressure and concluded that reinforcement rings can enhance the buckling stability performance 

of the cylinders by increasing the rigidity in the top region of the cylinders. Cherian [23] employed 

the finite element analysis to assess the effect of ring stiffeners with different geometry and 

orientation on the buckling performance of stiffened cylinders and concluded that internal ring 



stiffeners have a superior performance in comparison to other reinforcement layouts in cylindrical 

shells under external pressure. Zhu et al. [24] studied the buckling behavior of the stiffened 

cylindrical shells with the combination of small and large rings and optimized the location and size 

of the large and small rings to provide a lightweight design. Cho et al.  [25] reported an 

experimental study on the failure mode of the ring-stiffened cylindrical shells under external 

hydrostatic pressure and suggested a criterion to determine the failure mode. Forys [26] carried out 

an optimization analysis on the buckling behavior of the ring-stiffened cylindrical shells under 

external pressure, with the results showing that a single ring placed at the middle surface and three 

rings distributed along the length of cylinder is a good approach to provide an optimized and 

satisfactory stability for, respectively, short and long cylindrical shells subjected to external 

pressure. 

Corrugation is another strengthening method where no additional material as stiffener is used.  

This highlights its merits in comparison to employment of stiffeners. Zhang et al. [27] conducted 

a research on the buckling response of the unstiffened and corrugated cylinders with various 

arrangements, with the comparison showing that circumferentially sine-shaped corrugation is a 

superior strategy to increase the buckling pressure. In another research, Babich et al. [28] found 

that the improvement rate in the circumferentially corrugated cylinders depends on the number 

and amplitude of half-waves. Ross [29] studied the buckling behavior of the ring-stiffened and 

circumferentially corrugated cylinders under external pressure and found that the corrugated 

method is a superior approach to enhance the buckling stability performance in comparison to ring 

stiffening especially for small specimens. Ghanbari et al. [30] investigated the buckling stability 

of the longitudinal and diagonal corrugated cylindrical shells under external pressure and 

concluded that this approach is effective in enhancing their structural stability.   

Employment of CFRP composite materials in strengthening cylindrical shells under external 

pressure loading is another innovative method to improve the buckling stability by increasing the 

buckling pressure through blocking and/or delaying the onset and evolution of buckling. The main 

advantage of CFRP strengthening method relative to the other common stiffening strategies, i.e. 

stringer and ring stiffeners, and corrugation is that it can be bonded externally without interrupting 

the structures serviceability. Furthermore, FRP material is corrosion resistant and lightweight, and 

also can possess high tensile strength as well as stiffness, and an improved ability to be shaped 

into desired configurations [31–33]. There is limited research, to the best of the authors’ 



knowledge, on the buckling behavior of the CFRP-strengthened cylindrical shells under external 

pressure. Maali et al. [34] tested fourteen unstrengthened and CFRP-strengthened thin-walled 

cylindrical shells with varying dent directions and dent depths subjected to external pressure, and 

concluded that the model with CFRP coverage in the horizontal dent region with the depth of 2t (t  

is the cylinder thickness) greatly increased the initial buckling. In another research Cuneyt Aydin 

et al. [35] concluded that dent lines and dent depth are the important factors in the buckling 

behavior of the CFRP-strengthened dented cylinders under external pressure. Furthermore, they 

revealed that in the whole surface CFRP-covered specimen, most of the buckling waves 

diminished which highlights the positive effects of CFRP strengthening methods. Reported 

research just focused on the effect of dent imperfection parameters on the stability performance of 

cylindrical shells with CFRP strips at dent locations. However, there are various parameters i.e. 

strengthening strategy, CFRP thickness, fiber angle, and optimized strengthening location (critical 

region) that may affect the efficiency of the CFRP strengthening method. On this basis, the main 

objective of this research endeavor is to investigate the effects of mentioned parameters on the 

buckling stability enhancement of cylindrical shells under uniform external pressure through finite 

element analyses. 

 
 
2. Numerical Models 

 
In this study three series of models have been considered. Each group comprised one 

unstrengthened (with no CFRP layer) and seventy strengthened (with CFRP layer) cylindrical 

shells. Fig. 1 (c) illustrates the geometrical properties of the models, all with a base radius of R = 

250 mm and height of H = 500 mm, but different steel plate thickness of ts = 0.4, 0.6, 0.8 mm 

providing respective slenderness ratios of λ (= R / ts) = 625.00, 416.67, 312.50. The detailed 

geometrical properties of each series are tabulated in Table 1.  

 
Table  1. Geometrical properties of models 

 

Series Diameter (mm) Height (mm)  Steel thickness (mm) Slenderness ratio 
S313 

500 500 
0.80 312.50 

S417 0.60 416.67 
S625 0.40 625.00 
 



  
(a) Schematic view of the circumferential strengthening mode (b) Schematic view of the meridional strengthening mode 

 
 
 
 
 

 
(c) Geometrical parameters of the cylindrical shell 

 

 

 

 

Fig. 1.  Geometrical properties of the cylindrical models 
 
As shown in Fig. 1, two CFRP strengthening strategies, i.e. circumferential and meridional, 

were considered. In the circumferential strengthening method, one region, i.e. the middle section, 

two regions, i.e. the top and bottom sections, and three regions, i.e. the top, middle, and bottom 

sections, were reinforced with 50-millimeter-wide (equivalent to 1/10 of the cylinder height) as 

well as 0.334- and 0.668-millimeter-thick CFRP layers (see Fig. 1(a)). The location of the 

strengthened regions is provided in Table 2. For the meridional reinforcement method, four and 

eight sections of the cylinder were strengthened symmetrically with CFRP strips with the length 

of 500 mm, width of 50 mm, and the thickness of 0.334 and 0.668 mm (see Fig. 1(b)). The CFRP 



layers were comprised of one or several CFRP strips with various fiber angles including [0°], [45°], 

[90°], [0°/45°], [0°/90°], [45°/90°], [0°/45°/90°] as provided in Table 3. Fig. 2 depicts the fibers’ 

direction in three main orientations, i.e. 0°, 45°, and 90°.   

The identifying labels of the models are indicative of the geometrical properties and 

strengthening strategy details. The first part of the labels of S313, S417, and S625 in each 

individual group indicates the slenderness ratios of 312.50, 416.67, and 625.00. The following 

letters and numbers are indicative of the strengthening details where the first letter refers to the 

circumferential / meridional strengthening strategy and the second number and third letter define 

the number of the strengthened regions. The fourth letter and last number are indicative, 

respectively, of the layout of the CFRP strips with different fiber angle and the overall thickness 

of the CFRP layer in each region as provided in Table 4. For instance, the specifications of S625- 

series models are tabulated in Table 4, where S625 indicates an unstrengthened model with the 

slenderness ratio of 625, while S625-C2RC1 is associated with the strengthened model with 

“Circumferential” strengthening layout in “Two regions” that belongs to “group C1” in Table 3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 2. Locations of the circumferentially-strengthened regions 
 

Strengthened regions Bottom section  Middle section  Top section 
Starting point End point Starting point End point Starting point End point 

Position l = 100 mm l = 150 mm  l = 225 mm l = 275 mm  l = 350 mm l = 400 mm 
 
 
 
 
 
 

Table  3. Specifications of CFRP layers 
 

Group label Fiber orientation No. of layers Layer thickness (mm) Overall thickness (mm) 
A1 0° 1 0.334 0.334 
A2 0.668 0.668 
B1 45° 1 0.334 0.334 
B2 0.668 0.668 
C1 90° 1 0.334 0.334 
C2 0.668 0.668 
D1 0°/45° 2 0.167 0.334 
D2 0.334 0.668 
E1 0°/90° 2 0.167 0.334 
E2 0.334 0.668 
F1 45°/90° 2 0.167 0.334 
F2 0.334 0.668 
G1 0°/45°/90° 3 0.111 0.334 
G2 0.223 0.668 

 

 

   
(a) Fibers with angle of 0° (b) Fibers with angle of 45° (c) Fibers with angle of 90° 

 

 

 

 

Fig. 2.  Details of the fibers’ orientation 
 

 

 

 

 

 

 



 

Table  4. Specifications of S625-series models with 0.334 mm CFRP layers 

 

 
 

3. Finite Element Analysis 

 
The cylindrical shells were simulated and evaluated using the ABAQUS [36] commercial finite 

element package. In order to create geometry of the models, a 500 mm long vertical line with the 

offset of 250 mm relative to the vertical axis was revolved around the vertical axis to form a 

deformable cylindrical shell. The cylindrical shells were modeled using four-node, three-

dimensional and doubly-curved shell element (S4R) with three translational and three rotational 

Model label CFRP reinforcement Fiber orientation 
 
 
 
 
 

CFRP overall thickness (mm) Layout No. of regions 
S625 No CFRP  

S625-C1RA1 

Circumferential One region 

0°  
S625-C1RB1 45°  
S625-C1RC1 90°  
S625-C1RD1 0°/45° 0.334 
S625-C1RE1 0°/90°  
S625-C1RF1 45°/90°  
S625-C1RG1 0°/45°/90°  
S625-C2RA1 

Circumferential Two regions 

0°  
S625-C2RB1 45°  
S625-C2RC1 90°  
S625-C2RD1 0°/45° 0.334 
S625-C2RE1 0°/90°  
S625-C2RF1 45°/90°  
S625-C2RG1 0°/45°/90°  
S625-C3RA1 

Circumferential Three regions 

0°  
S625-C3RB1 45°  
S625-C3RC1 90°  
S625-C3RD1 0°/45° 0.334 
S625-C3RE1 0°/90°  
S625-C3RF1 45°/90°  
S625-C3RG1 0°/45°/90°  
S625-M4RA1 

Meridional Four regions 

0°  
S625-M4RB1 45°  
S625-M4RC1 90°  
S625-M4RD1 0°/45° 0.334 
S625-M4RE1 0°/90°  
S625-M4RF1 45°/90°  
S625-M4RG1 0°/45°/90°  
S625-M8RA1 

Meridional Eight regions 

0°  
S625-M8RB1 45°  
S625-M8RC1 90°  
S625-M8RD1 0°/45° 0.334 
S625-M8RE1 0°/90°  
S625-M8RF1 45°/90°  
S625-M8RG1 0°/45°/90°  



degrees of freedom, which is capable of analyzing large strains [36,37]. All strengthening regions 

were defined in the geometry of the cylindrical shells by creating face partitions.  

The steel material properties of the modeled cylindrical shells were obtained from a tensile 

coupon test and provided in Fig. 3 and Table 5. As shown in Table 5, bilinear hardening behavior 

was used to model the steel material by considering the elastic and plastic behaviors. The CFRP 

material was created in accordance to Table 6 as an elastic material by introducing the engineering 

constants and the damage behavior of the CFRP material was introduced in accordance to Table 7 

by considering the Hashin damage [36,38,39] to predict the damage initiation criteria through four 

failure modes (see Eqs. 1-4) where 𝜎 and 𝜏 are components of the effective stress tensor, and 𝛼 is 

a coefficient that determines the contribution of the shear stress to the fiber tensile initiation 

criterion which is equal to 1.0 in this study [36,39]. The provided CFRP mechanical properties and 

the Hashin damage parameters in Tables 6 and 7 were obtained from the manufacturer [40]. 

Composite layout technique was used to connect the CFRP layers to the defined strengthening 

regions of the cylinders surface. In this way, the interaction between the elements is based on the 

sharing node method  [36].  
 

 

 
 

 

 

Fig. 3. Bi-linear behavior of the steel material adopted in FEA 
 
 
 
 
 
 
 
 
 
 



 
Table  5. Properties of the adopted steel material 

 

Modulus of elasticity (MPa) Poisson’s 
ratio 

Yield point  Ultimate point 
Stress 
(MPa) 

Plastic strain 
(mm/mm)  Stress 

(MPa) 
Plastic strain 

(mm/mm) 
190800 0.3 205.480 0  332.160 0.02215 

 
 

 

 

Table  6. Mechanical properties of the CFRP material [40] 
 

Modulus of elasticity (MPa) 𝐸1 = 240000 𝐸2 = 17000 𝐸3 = 17000 
(longitude direction) (lateral direction) (lateral direction) 

Poisson’s ratio 𝑣12 = 0.32 𝑣13 = 0.32  𝑣23 = 0.45  
Shear modulus (MPa) 𝐺12 = 4500 𝐺13 = 4500 𝐺23 = 2500 
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Table  7. Hashin damage parameters of the CFRP material [40] 
Longitudinal tensile strength (MPa) 𝑋𝑇 = 4950 Transverse shear strength (MPa) 𝑆𝐿 = 500 

Longitudinal compressive strength (MPa) 𝑋𝐶 = 2400 Longitudinal tensile fracture energy (N/mm) 50 
Transverse tensile strength (MPa) 𝑌𝑇 = 1800 Longitudinal compressive fracture energy (N/mm) 50 

Transverse compressive strength (MPa) 𝑌𝐶 = 1000 Transverse tensile fracture energy (N/mm) 10 
Longitudinal shear strength (MPa) 𝑆𝐿 = 500 Transverse compressive fracture energy (N/mm) 10 
 
 

Uniform external pressure was applied on the whole surface of the cylindrical shells. The 

top and bottom edges of the models were restrained against radial displacements [36,37]. In order 

to provide the stability of the shells, two parallel points (see Fig. 1(c)) in both edges were 

constrained against vertical displacements. To define an appropriate mesh size, convergence and 

mesh refinement studies were performed to ensure the high accuracy of the analysis. As an 

example, the results of the convergence study for the S625 specimen is depicted in Fig. 4. Based 

on the obtained results, the mesh elements with the uniform size of 7.5 mm were used to analyze 

the modeled cylindrical shells.  

In order to consider the nonlinearity in both geometric and material, nonlinear stability 

analysis using the Static, Riks method with the maximum number of increments of 30 was used. 



To obtain the first bucking mode and deformations of each model, linear eigenvalue buckling 

analysis was performed. The obtained results of the deformation of the first buckling mode was 

incorporated with a coefficient of 10-3 [41] in the models of the nonlinear analysis as an initial 

geometrical imperfection.  

 

 
Fig. 4. Results from convergence and mesh refinement studies for S625 specimen 

 
 
4. Validation of the Numerical Simulation    

 

In this section, the numerical results are compared with the experimental and theoretical results 

in order to validate the numerical model. Yousefi and Showkati [42] performed an experiment on 

the buckling behavior of the CFRP-strengthened cylindrical shell under uniform external pressure, 

results of which are used to validate the numerical results in this study. They [42] studied the 

buckling behavior of a cylindrical shell with slenderness of 666.67 and diameter, thickness, and 

height of 2000 mm, 1.5mm, and 1000 mm, respectively. The specimen was strengthened 

circumferentially with fourteen CFRP strips with a width of 50 mm and overall thickness of 2.338 

mm placed externally at the middle of the cylinder’s surface. The specimen was placed on the test 

apparatus consisting of two retainer plates restrained in the radial translation at both edges. The 

uniform external pressure was applied using a vacuum pump by discharging the air from inside 

the specimen. Dial indicators were used to measure the radial displacements of the experimental 

specimen; as well, Japanese-made TML/YEFLA-5 single-axial strain gauges [43], capable of 

recording large strains, were mounted on the specimen to measure the strains. Fig. 5 shows the 

overall view of the described experimental program of the CFRP- strengthened cylindrical shell.  

The authors [42] used some theoretical relationships to calculate the buckling pressure of the 



unstrengthened (steel) cylindrical shell. Fig. 6 (a, b) shows the plots of uniform external pressure 

versus radial displacement obtained from nonlinear analysis, linear analysis, experimental 

program, and theoretical relationships; as well, Fig 6 (c) depicts the plots of uniform external 

pressure versus meridional stress obtained from numerical and experimental results. A summary 

of the numerical predictions, test and analytical results are also provided in Tables 8 and 9. Both 

depicted and tabulated results confirm that there is a satisfactory agreement between the finite 

element and experimental/ theoretical results. Furthermore, Yousefi and Showkati [42] concluded 

that CFRP strips increased the buckling pressure of the strengthened specimen in comparison to 

unstrengthened cylindrical shell, which is evident in Fig. 6 (d). The provided results verify the 

accuracy of the numerical simulation.  

 
 

 
 

 

 

Fig. 5. Experimental view of a strengthened cylindrical shell at failure stage [42] 
  
 

Table  8. Summary of analytical and numerical predictions for buckling capacity of the unstrengthened cylinder 
 

Specimen 

Buckling pressure 
(kPa) Difference 

(%) 

Buckling pressure 
(kPa) Difference 

(%) Analytical 
[42] Linear analysis Analytical 

[42] Nonlinear analysis 

Unstrengthened cylinder 16.9 17.36 2.72 16.9 14.56 -13.85 
 
 
 
 
 

Table  9. Summary of test results and numerical predictions for buckling capacity of the strengthened cylinder 
 

Specimen 

Buckling pressure 
(kPa) Difference 

(%) 

Equivalent meridional stress 
(MPa) Difference 

(%) Experimental 
[42] Numerical Experimental 

[42] Numerical 

Strengthened cylinder 24.9 26.62 6.91 24.59 25.25 2.68 



 

5.    Discussion of Results 

5.1. Behavior of the meridionally strengthened cylinders     
 

Fig. 7 depicts the uniform external pressure versus radial displacement plots of 

meridionally strengthened cylinders with 0.334 mm CFRP strips at four and eight regions. It is 

evident that, in the majority cases, the plots of strengthened specimens at four regions and 

corresponding unstrengthened specimens are similar to each other in terms of stability path, 

stiffness, and buckling pressure. However, in the meridionally strengthening at eight regions 

strategy, the buckling pressure of the strengthened specimens relative to the corresponding 

unstrengthened specimens were improved. By considering the obtained results tabulated in Tables 

  
Unstrengthened  cylinder Strengthened  cylinder 

 
 

(a) Pressure-displacement curve (b) Pressure-displacement curve 
 

  
Strengthened cylinder  Numerical results 

 
 

(c) Pressure-stress curve (d) Pressure-displacement curve 
 

Fig. 6. Validation of the FEA by comparison with the experimental test [39], numerical, and analytical results.  



10 and 11, it is found that the maximum increase rate for the strengthened specimens at four regions 

for S313 series is 2.21%, for S417 series is 11.44, and for S625 series is 7.88%. As well, the 

improvement percentage of buckling pressure for strengthened specimens at eight regions for S313 

series is 9.80%, for S417 series is 31.29%, and for S625 series is 41.85%. In strengthened 

specimens at four and eight regions, the maximum increase in buckling pressure relative to their 

corresponding unreinforced specimens occurred, respectively, in S417 series and S625 series 

specimens, while the minimum occurred in the S313 series specimens. Results suggest that 

slenderness ratio affects the CFRP strengthening method. The maximum increase in buckling 

pressure for strengthened specimens at four regions occurred in the specimens with fibers’ angle 

of [0°/45°] for S313 and S417 series and fibers’ angle of [0°] for S625 series. As well, for the 

strengthened specimens at eight regions occurred in the specimens with fibers’ angle of [0°/45°] 

for S313 series, [0°] for S417 series, and [90°] for S625 series. The results indicate that there is no 

constant trend for the fiber angle of all the meridionally strengthened specimens, however, the 

fibers’ angle of [0°], [90°], and [0°/45°] resulted in an improved buckling pressure.  

 
 
 
 
 
 
 
 

Table 10. Results for strengthened cylindrical shells with meridional 0.334 mm CFRP strips at four regions. 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-M4RA1 53.21 1.70 S417-M4RA1 27.60 5.77 S625-M4RA1 10.00 7.88 
S313- M4RB1 53.11 1.51 S417- M4RB1 27.72 6.20 S625- M4RB1 9.62 3.66 
S313-M4RC1 52.20 -0.23 S417-M4RC1 27.66 5.98 S625-M4RC1 9.66 4.09 
S313-M4RD1 53.48 2.21 S417-M4RD1 29.09 11.44 S625-M4RD1 9.69 4.50 
S313-M4RE1 52.98 1.26 S417-M4RE1 28.89 10.71 S625-M4RE1 9.59 3.42 
S313-M4RF1 52.67 0.66 S417-M4RF1 26.87 2.96 S625-M4RF1 9.55 2.90 
S313-M4RG1 53.15 1.58 S417-M4RG1 28.86 10.59 S625-M4RG1 9.63 3.79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 11. Results for strengthened cylindrical shells with meridional 0.334 mm CFRP strips at eight regions. 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-M8RA1 54.23 3.64 S417-M8RA1 34.27 31.29 S625-M8RA1 11.47 23.71 
S313- M8RB1 54.06 3.33 S417- M8RB1 28.20 8.05 S625- M8RB1 10.59 14.14 
S313-M8RC1 54.32 3.81 S417-M8RC1 27.19 4.18 S625-M8RC1 13.16 41.85 
S313-M8RD1 57.45 9.80 S417-M8RD1 32.85 25.87 S625-M8RD1 11.30 21.82 
S313-M8RE1 55.39 5.87 S417-M8RE1 32.59 24.88 S625-M8RE1 11.48 23.79 
S313-M8RF1 53.03 1.36 S417-M8RF1 27.04 3.61 S625-M8RF1 10.48 12.97 
S313-M8RG1 54.02 3.24 S417-M8RG1 31.48 20.63 S625-M8RG1 11.01 18.70 



  
Strengthened in four regions Strengthened in eight regions 

(a) S313 series 

  
Strengthened in four regions Strengthened in eight regions 

(b) S417 series 

  
Strengthened in four regions Strengthened in eight regions 

(c) S625 series 
Fig. 7. Pressure-displacement plots for meridionally-strengthened models with 0.334 mm CFRP strips. 



5.2. Behavior of the circumferentially-strengthened cylinders    
 

In order to evaluate the performance of the circumferential strengthening strategy i.e. 

strengthening in one, two, and three regions with 0.334 mm CFRP strips, the plots of the uniform 

external pressure versus radial displacement for the models of all series are provided in Fig. 8 and 

the obtained buckling pressure of all models are tabulated in Tables 12-14 as well. The results 

show that in all regions, strengthened cylinders with CFRP strips result in a higher bucking 

strength in comparison to the unstrengthened cylinder in the same group. The buckling capacities 

of the S313-C1RA1, S417-C1RA1, and S625-C1RA1 models were increased by maximum 

29.88%, 41.47%, and 68.73%, respectively, due to the circumferential strengthening of one region. 

On the other hand, the circumferential strengthening of two and three regions resulted in 29.12% 

and 60.77% capacity increase for the S313-C2RA1 and S313-C3RA1 models, 39.92% and 81.96% 

capacity increase for the S417-C2RA1 and S417-C3RA1 models, and 71.22% and 149.75% 

capacity increase for the S625-C2RA1 and S625-C3RA1 models, respectively. Consistent with the 

three modes of circumferential strengthening, the maximum and minimum buckling capacity 

increases occurred in S625 and S313 series, respectively, which is indicative of the effect of 

slenderness ratio on the circumferential strengthening strategy. Current results suggest that in 

circumferentially-strengthened models, increase of slenderness ratio results in improvement of the 

buckling strength. However, further investigations are required to determine the extent of 

variations of the slenderness ratio. 

In case of the meridional strengthening method, the buckling capacities of the S313-

M8RD1, S417-M8RA1, and S625-M8RC1 models with the maximum CFRP area of 200000 mm2 

were increased by maximum 9.80%, 31.29%, and 41.85%, respectively, due to reinforcement of 

the eight regions. It is noted that circumferential reinforcement of only one region with the 

minimum CFRP area of 78500 mm2 was found to be quite effective in improving the buckling 

capacity. Based on the results of this study, it can be concluded that circumferential strengthening 

method, in general, including the reinforcement of one, two, and three regions, is more effective 

relative to the meridional strengthening method in improving the buckling pressure of such thin-

walled structures.   

 
 
 
 



 
 
 
 

Table 12. Results for strengthened cylindrical shells with circumferential 0.334 mm CFRP strips at one region. 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-C1RA1 67.96 29.88 S417-C1RA1 36.92 41.47 S625-C1RA1 15.65 68.73 
S313- C1RB1 55.37 5.84 S417- C1RB1 28.25 8.23 S625- C1RB1 10.98 18.38 
S313-C1RC1 55.01 5.14 S417-C1RC1 28.01 7.32 S625-C1RC1 10.51 13.27 
S313-C1RD1 60.82 16.25 S417-C1RD1 32.07 22.87 S625-C1RD1 13.06 40.84 
S313-C1RE1 60.76 16.12 S417-C1RE1 31.60 21.06 S625-C1RE1 12.46 34.36 
S313-C1RF1 55.29 5.68 S417-C1RF1 28.01 7.31 S625-C1RF1 10.76 15.96 
S313-C1RG1 58.55 11.90 S417-C1RG1 30.29 16.06 S625-C1RG1 11.96 28.94 

 
 

Table 13. Results for strengthened cylindrical shells with circumferential 0.334 mm CFRP strips at two regions. 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-C2RA1 67.55 29.12 S417-C2RA1 36.52 39.92 S625-C2RA1 15.88 71.22 
S313- C2RB1 55.93 6.90 S417- C2RB1 28.58 9.49 S625- C2RB1 11.66 25.71 
S313-C2RC1 55.65 6.37 S417-C2RC1 28.57 9.45 S625-C2RC1 10.44 12.58 
S313-C2RD1 61.17 16.92 S417-C2RD1 32.19 23.34 S625-C2RD1 12.89 38.98 
S313-C2RE1 60.76 16.12 S417-C2RE1 31.11 19.19 S625-C2RE1 12.49 34.64 
S313-C2RF1 55.38 5.84 S417-C2RF1 28.43 8.94 S625-C2RF1 10.84 16.82 
S313-C2RG1 59.00 12.78 S417-C2RG1 30.31 16.13 S625-C2RG1 12.04 29.85 

  

Table 14. Results for strengthened cylindrical shells with circumferential 0.334 mm CFRP strips at three regions. 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-C3RA1 84.12 60.77 S417-C3RA1 47.49 81.96 S625-C3RA1 23.17 149.75 
S313- C3RB1 66.05 26.23 S417- C3RB1 30.88 18.32 S625- C3RB1 13.00 40.20 
S313-C3RC1 58.59 11.98 S417-C3RC1 30.57 17.11 S625-C3RC1 11.84 27.65 
S313-C3RD1 70.10 33.98 S417-C3RD1 37.71 44.48 S625-C3RD1 18.30 97.28 
S313-C3RE1 69.32 32.49 S417-C3RE1 36.77 40.87 S625-C3RE1 16.32 75.92 
S313-C3RF1 58.51 11.83 S417-C3RF1 30.79 17.98 S625-C3RF1 12.43 33.99 
S313-C3RG1 65.23 24.67 S417-C3RG1 35.00 34.13 S625-C3RG1 15.05 62.26 

  
 
 
 



   
S313 series S417 series S625 series 

(a) Strengthening one region 

   
S313 series S417 series S625 series 

(b) Strengthening two regions 

 

   
S313 series S417 series S625 series 

(c) Strengthening three regions 
Fig. 8. Pressure-displacement plots for circumferentially-strengthened models with 0.334 mm CFRP strips. 

 
As shown in Fig. 8 and the tabulated results in Tables 12-14, the fiber angle of the CFRP 

layers in the strengthened specimens affects the buckling behavior, with the results showing that 

the fiber direction is an important factor in the CFRP strengthening process and should be 



considered during the analysis and design of the strengthened cylindrical shells. Due to the 

provided results in Tables 12-14, it is evident that the fiber angle of 0° is the most efficient angle 

in increasing the buckling pressure and enhancing the buckling behavior of the circumferentially- 

strengthened cylindrical shells.  

In order to assess the effect of the CFRP strips thickness in the performance of the 

circumferentially-strengthened specimens, the plots of the uniform external pressure versus radial 

displacement of the circumferentially-strengthened specimens with 0.668 mm CFRP strips in one, 

two, and three regions for different fiber angle are shown in Fig. 9 and tabulated in Tables 15-17. 

In the circumferential strengthening method in one region, the maximum increase percentage in 

the buckling pressure for the S313-C1RA2, S417-C1RA2, and S625-C1RA2 are 65.08%, 

102.15%, and 142.29%, respectively. As well, for two and three regions are, respectively, 67.50% 

and 135.58% for S313-C2RA2 and S313-C3RA2, 99.26% and 217.62% for S417-C2RA2 and 

S417-C3RA2, and 178.64% and 406.98% for S625-C2RA2 and S625-C3RA2. Like the 

circumferential reinforcement with 0.334 mm CFRP strips, the maximum and minimum increase 

in buckling pressure is for S625 series and S313 series specimens, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Table 15. Results for strengthened cylindrical shells with circumferential 0.668 mm CFRP strips at one region 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-C1RA2 86.37 65.08 S417-C1RA2 52.76 102.15 S625-C1RA2 22.47 142.29 
S313- C1RB2 59.80 14.29 S417- C1RB2 31.77 21.71 S625- C1RB2 13.73 48.00 
S313-C1RC2 59.45 13.63 S417-C1RC2 31.78 21.76 S625-C1RC2 13.32 43.65 
S313-C1RD2 71.00 35.71 S417-C1RD2 38.84 48.80 S625-C1RD2 18.36 97.99 
S313-C1RE2 69.52 32.87 S417-C1RE2 37.95 45.38 S625-C1RE2 17.19 85.32 
S313-C1RF2 60.21 15.08 S417-C1RF2 32.61 24.94 S625-C1RF2 14.11 52.08 
S313-C1RG2 66.09 26.32 S417-C1RG2 35.95 37.74 S625-C1RG2 16.09 73.47 

 
Table 16. Results for strengthened cylindrical shells with circumferential 0.668 mm CFRP strips at two regions 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-C2RA2 87.64 67.50 S417-C2RA2 52.00 99.26 S625-C2RA2 25.85 178.64 
S313- C2RB2 61.27 17.11 S417- C2RB2 32.75 25.50 S625- C2RB2 15.21 64.00 
S313-C2RC2 62.07 18.63 S417-C2RC2 31.17 19.42 S625-C2RC2 13.40 44.51 
S313-C2RD2 72.37 38.31 S417-C2RD2 39.73 52.22 S625-C2RD2 19.04 105.27 
S313-C2RE2 68.77 31.43 S417-C2RE2 37.55 43.88 S625-C2RE2 18.09 95.02 
S313-C2RF2 60.55 15.73 S417-C2RF2 33.68 29.05 S625-C2RF2 14.20 53.13 
S313-C2RG2 66.60 27.28 S417-C2RG2 36.24 38.86 S625-C2RG2 16.55 78.47 

 

Table 17. Results for strengthened cylindrical shells with circumferential 0.668 mm CFRP strips at three regions 
 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 

Specimen 
Buckling 
pressure 

(kPa) 

Increase 
in 

buckling 
pressure 

(%) 
S313 52.32 - S417 26.10 - S625 9.28 - 

S313-C3RA2 123.26 135.58 S417-C3RA2 82.90 217.62 S625-C3RA2 47.03 406.98 
S313- C3RB2 90.30 72.58 S417- C3RB2 38.09 45.94 S625- C3RB2 19.02 105.05 
S313-C3RC2 66.82 27.71 S417-C3RC2 37.57 43.96 S625-C3RC2 18.58 100.29 
S313-C3RD2 91.89 75.63 S417-C3RD2 52.68 101.86 S625-C3RD2 26.45 185.18 
S313-C3RE2 87.53 67.29 S417-C3RE2 50.69 94.22 S625-C3RE2 25.79 178.01 
S313-C3RF2 69.21 32.28 S417-C3RF2 38.96 49.28 S625-C3RF2 19.17 106.71 
S313-C3RG2 81.91 56.55 S417-C3RG2 46.39 77.74 S625-C3RG2 23.29 151.06 

  
 



   
S313 series S417 series S625 series 

(a) Strengthening one region 

   
S313 series S417 series S625 series 

(b) Strengthening two regions 

 

   
S313 series S417 series S625 series 

(c) Strengthening three regions 
Fig. 9. Pressure-displacement plots for circumferentially-strengthened models with 0.668 mm CFRP strips 

 
 

In order to define the critical region where the buckling is susceptible, the von Mises stress contour 

and stress distribution in the S625 specimen is depicted in Fig. 10, as an example. It is evident that 



higher stresses develop at the middle region of the cylindrical shells under uniform external 

pressure which results in a critical region to be formed at the middle region.   

 
 
 
 

  
(a) von Mises stress contour (b) von Mises stress distribution at different vertical locations 

 

 

 

Fig. 10. Stress distribution and propagation over the height of the S625 specimen at buckling stage 
 
In Fig. 11, the effect of the CFRP layers on the circumferentially strengthening method 

with the fiber angle of 0° is compared. The results show that doubling the thickness of the CFRP 

layers, results in further increase in buckling pressure with the average increase percentage of 

23.69%, 44.97%, and 74.69%, respectively, for the one, two, and three strengthened regions.  

 

 

 

 

 



  
(a) Strengthened in one region (b) Strengthened in two regions 

 

 
(c) Strengthened in three regions 

 

 

Fig. 11. Effect of CFRP thickness in circumferentially-strengthened cylinders 
 

To investigate the effectiveness of the circumferential strengthening at one, two, and three 

regions, the bar graph of the increase in the buckling pressure of the three strategies in the 

circumferential strengthening method for two different thicknesses of CFRP layers is shown in 

Fig. 12. In order to provide a like-for-like comparison, the increase in buckling pressure was 

divided to the volume of the used CFRP material. The results indicate that the CFRP strengthening 

in the circumferential direction with the fiber angle of 0° at the middle region (= critical region) is 

the most effective CFRP strengthening strategy for the cylindrical shells subjected to uniform 

external pressure. By employment of this strategy, the increase percentage in buckling pressure of 

the strengthened specimens in series of S313, S417, S625 with the CFRP strips with the thickness 

of 0.668 mm, respectively, are 65.08%, 102.15%, and 142.29%. Failure modes of Hashin’s 

damage criteria for S417-C1RC2 at the strengthened region (middle region) are shown in Fig. 13. 



As shown in this figure, all criteria factors at buckling stage are much smaller than one, which are 

indicative of no damage occurred in the CFRP strips.    

  
(a) Strengthened with CFRP layers with the thickness of 

0.334 mm 
(b) Strengthened with CFRP layers with the thickness of 

0.668 mm 
 

Fig. 12. Effectiveness of reinforced regions in circumferential strengthening method 
 

 

  
(a) Fiber tensile initiation criterion (b) Fiber compressive initiation criterion 

  
(c) Matrix tensile initiation criterion (d) Matrix compressive initiation criterion 

Fig. 13. Hashin’s damage criteria of the S417-C1RC2 specimen at buckling stage 
 



In Fig. 14, the final sectional radial displacement of S417, S417-C1RA1, and S417-C1RA2 

specimens at three different locations along the height of the cylinder i.e. l = 125 mm (within the 

strengthened bottom region), l = 250 mm (within the strengthened middle region), and l = 375 mm 

(within the strengthened top region) at buckling pressure loading stage of unstrengthened specimen 

where the external pressure is 26.10 kPa, is presented. The results show that strengthening the 

middle region of the cylinder reduced the deformations in the unstrengthened regions i.e. top and 

bottom regions as well in the strengthened region. As shown in Fig, 14, by increasing the CFRP 

layers, the deformations at both strengthened and unstrengthened regions decrease further.   

 

 

   

(a) l = 125 mm  (b) l = 250 mm  (c) l = 375 mm 
 

 

 

 

Fig. 14. Effect of CFRP layers on cross-sectional deformation of the S417 series at different heights. 
 
 

The stiffness performances of one typical unstrengthened (S625) and two typical 

circumferentially-strengthened (S625-C1RA1 and S625-C1RA2) cylindrical shells are illustrated 

in Fig. 15. As seen in the figure, the strengthened specimens possess higher axial stiffness in 

comparison to the unstrengthened one, with the comparison showing that increasing the number 

and thickness of the CFRP layers results in further increasing of the stiffness.    

 
 



 
 
 

 

 

Fig. 15. Stiffness performances of unstrengthened and strengthened cylindrical shells 
 

6.  Conclusion 

 
In this paper, the buckling stability of CFRP-strengthened cylindrical shells subjected to 

uniform external pressure was investigated through a set of finite element analyses. The effects of 

different parameters, i.e. circumferential and meridional reinforcement layouts, reinforcing CFRP 

strips location, fiber orientation, and CFRP layers thickness, on the buckling stability performance 

of the cylindrical shells were investigated. Accuracy of the numerical model was verified through 

comparison of the experimental results and numerical predictions. The most significant findings 

are: 

 

▪ The circumferential and meridional CFRP-strengthening strategies were both effective in 

increasing the buckling pressure of the cylindrical shells. The increase rate in buckling pressure 

is closely related to the strengthening mode and its details.  

▪ Cylindrical shells subjected to uniform external pressure were found to be susceptible to 

circumferential buckling at the middle region due to development of relatively higher stresses 

in this so-called critical region. 

▪ Circumferential reinforcement was found to be the superior strengthening strategy in 

comparison to the meridional reinforcement in increasing the buckling pressure. 

▪ Under like-for-like comparison, the circumferential reinforcement of the middle region of the 

cylinder was found to be more effective compared to the circumferential reinforcement of the 

other two and three regions. 



▪ Fiber angle, CFRP strip thickness, and slenderness ratio of the shells were found to be the most 

effective parameters in enhancing the buckling performance of the CFRP-strengthened 

cylindrical shells. Doubling the thickness of the CFRP layers was shown to result in further 

respective increase of 23.69%, 44.97%, and 74.69%, on average, in buckling pressure of the 

cylindrical shells with one, two, and three circumferentially-strengthened region(s). 

▪ Strengthened cylinders experienced smaller radial displacements relative to the corresponding 

unstrengthened models in each series at the same loading stage. Increasing of the reinforcement 

layout thickness resulted in further deformation decrease.  

▪ Circumferential reinforcement of the middle, critical region of the cylinder with 0° fiber angle 

was found to be the most effective strengthening strategy for improving the buckling stability 

performance of the cylindrical shell. This strengthening strategy increased the stiffness as well 

as the buckling pressure and decreased the deformation of the cylindrical shell with no damage 

occurring in CFRP material.   
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