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Abstract

In view of development and repair costs, support of structures is imperative. Several factors, for example, design and calculation 

errors, absence of appropriate installation, change of structures application, exhaustion, seismic tremor, fire and natural conditions 

diminish their strength. In such cases, structures have need of rehabilitation and restoration to achieve their original performance. 

One of the most up to date materials for retrofitting is carbon fiber reinforced polymer (CFRP) that can provide an amount of restriction 

to postpone buckling of thin steel walls. This paper provides a numerical and experimental investigation on CFRP strengthened short 

steel tubes with initial horizontal and vertical deficiency under compression. Ten square and circular specimens were tested to 

study effects of the following parameters: (1) position of deficiency, horizontal or vertical; (2) tube shape, square or circular; (3) CFRP 

strengthening. In the experiments, axial static loading was gradually applied and for the numerical study three-dimensional (3D) static 

nonlinear analysis method using ABAQUS software was performed. The results show that deficiency reduces load-bearing capacity 

of steel columns and the impact of horizontal deficiency is higher than the impact of vertical deficiency, in both square and circular 

tubes. Use of CFRP materials for strengthening of short steel columns with initial deficiency indicates that fibers play a considerable 

role on increasing load bearing capacity, reducing stress at the damage location, preventing deformation caused by deficiency and 

delaying local buckling. Both numerical and experimental outcomes are in good agreement, which underlines the accuracy of the 

models adopted.
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1 Introduction
Hollow Structural Sections can be made of different types 
of metal and have various tubular shapes, namely circu-
lar (CHS) and square (SHS). Steel hollow structural sec-
tions have been used in the construction industry more and 
more due to their favorable characteristics in terms of good 
stability and high bearing capacity. Deterioration of steel 
structures arises from several factors but perhaps corrosion 
is the most important one. It may possibly arise non-uni-
formly according to its location concerning the source of 
corrosion. Several pillars of bridges put up of tubular col-
umns are exposed to erosion due to rough environmental 
circumstances or gradual growth of fatigue cracks due to 
dynamic loading. Traditional strengthening techniques are 
section expansion and external bonding of steel plates. 
Despite the fact that these methods are effective in prac-
tice, they present some shortcomings such as increase of 

self-weight, required heavy lifting equipment to install the 
plates in position, trouble in shaping and fitting in complex 
profiles and difficulty in bonding/welding. In contrast, reha-
bilitation using carbon fiber reinforced polymer (CFRP) 
composites do not show any of these problems [1–3]. 

Teng et al. [4] reviewed CFRP-reinforced steel struc-
tures. Their research provided a critical examination of 
CFRP reinforced steel structures, including the prepara-
tion of steel surfaces for adhesive bonding and selection of 
a suitable adhesive. By studying a number of compression 
members, Harries et al. [5] found that a small amount of 
FRP materials could improve buckling resistance, energy 
absorption and final ductility. Kalavagunta et al. [6] exper-
imentally studied a CFRP bonded lipped channel column 
under axial load. It was understood that the load-bearing 
capacity in the fully reinforced section was increased by 
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16.75 % and in the web-reinforced member increased by 
10.26 %. Due to the delamination and debonding of CFRP, 
a reduction in capacity and a sudden failure was noted. It 
was concluded that surface preparation and temperature 
are two important factors for achieving proper adhesion 
between steel and fiber.

Experimental study on 18 mortar-filled FRP tubes 
with different types of steel cores was conducted by 
Feng et al. [7]. After strengthening, the mid-height fail-
ure changed to local damage at the steel ends. End local 
damage in the steel was indicated for smaller non-dimen-
sional slenderness specimens and global buckling occurred 
for greater ones. The ultimate load capacity and ductility 
improved by 44–215 % and up to 877 %, respectively. 
The use of CFRP increases the ductility and load-bearing 
capacity. The number of layers and bearing capacity are in 
direct relationship [8–10]. Investigations [11, 12] on CFRP 
jackets for retrofitting concrete-filled circular and box 
shaped short columns have shown that CFRP fibers have 
a significant effect on the increase of bearing capacity, but 
in rectangular columns this increase is small, in contrast to 
circular columns. In a study on moderate slenderness col-
umns by Wang et al. [13], a total of 24 concrete-filled speci-
mens were tested under axial loading. They concluded that 
failure was due to low cross-sectional strength for columns 
with small relative slenderness, and for columns with larger 
slenderness failure was due to instability of the columns.

Haedir and Zhao [14] evaluated the effect of retrofit-
ting with CFRP transversally and longitudinally on short 
columns and concluded that the combined use of CFRP 
in the longitudinal and transverse directions increases the 
yield capacity, and also that a greater amount of CFRP 
plays more effective role on delaying local buckling. Shaat 
and Fam [15] investigated short SHS columns strength-
ened by CFRP and found out common failure modes 
which include delamination of transverse and longitudinal 
CFRP layers and rupture of the hoop CFRP near the cor-
ners. Bambach et al. [16–20] carried out extensive research 
on steel hollow short columns strengthened with CFRP. 
In numerical and experimental study, SHS columns were 
tested under static and dynamic axial impact and compres-
sion, examined the axial capacity of the sections, and com-
pared the failure modes both in static and dynamic behav-
ior. It has been shown that the crushing energy and strength 
of steel-CFRP columns depend on the type of steel and the 
ratio of the thickness of the CFRP to its width. Also, these 
studies revealed that usage of CFRP materials increases 
ultimate carrying capacity and specific energy absorption. 

The specific energy absorption is described as the energy 
absorbed per crushed specimen weight, which is a signifi-
cant factor regarding energy absorption capability. Several 
studies on CFRP strengthening showed that retrofitting 
scheme is a vital factor in increasing the load carrying 
capacity and delaying lateral buckling [21, 22]. Theoretical 
and experimental studies of thin cylindrical shells under 
axial compression were carried out by Teng and Hu [23]. 
They concluded that retrofitting with FRP jackets is an 
effective method for elephant’s foot collapse failure mode 
and the use of FRP increases ductility, energy absorption 
and ultimate load bearing. The behavior of FRP-confined 
concrete cylinders under compression was investigated by 
Touhari and Mitiche-Kettab [24]. Two types of carbon and 
glass FRP sheets were used and parameters including num-
ber of FRP layers and strength of concrete were examined. 
The results illustrated that the use of CFRP wrapping leads 
to higher ultimate load bearing capacity in comparison to 
GFRP composites.

According to experimental studies [25], it was deter-
mined that corrosion results in decrease in steel thickness, 
mechanical strength, and weight. It also was established 
that corrosion plays an important role for overall capac-
ity reduction. Application of CFRP to rehabilitate damaged 
steel welded beams [26] has shown that the average growth 
in strength was 47 % and 83 % for single and dual wrap-
ping, respectively. Yousefi et al. [27] carried out research on 
defects in the tensile flanges of steel beams. The two-side 
deficient specimens showed the greatest reduction in load 
capacity, while the one-side deficient specimens had more 
lateral buckling. In order to prevent and control this buck-
ling, the web, in addition to the flange, was strengthened. 

Ghaemdoust et al. [28] examined the position and effect 
of defects in the structural performance of the compres-
sion members and the corresponding failure modes. They 
found that horizontal defects were more critical than ver-
tical defects, observed elephant’s foot failure in the con-
trol column and CFRP delamination at the ends of the 
strengthened columns. Huang et al. [29] repaired dam-
aged CHS sections with CFRP or grout to study compres-
sive behavior of steel columns. They understood that both 
techniques are effective for rehabilitation. Chen et al. [30] 
found out that CFRP sheets improve the ultimate strength 
of specimens and postpone local buckling. By analyzing 
the effects of static and dynamic loading on hot rolled 
steel SHS deficient columns, Hamood et al. [31] pointed 
out that the defects locations and dimensions have import-
ant impacts on column strength and performance. Shahabi 
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and Narmashiri [32] conducted a research on the effects of 
defect at the middle or bottom of the columns. They con-
cluded that the deficiencies are responsible for resistance 
and stiffness decline of these members and the middle-ver-
tical deficiency at the bottom of the steel columns is the 
most serious. It was also revealed that application of CFRP 
sheets significantly increases the resistance and limits fail-
ure around the deficiency zone. Study on CFRP strength-
ened deficient columns under combined tensile, torsional, 
and lateral loadings by Keykha [33] concluded that defi-
ciencies reduce ultimate capacity and the transverse defi-
ciency has higher impact than the longitudinal one.

According to previous studies, the application of CFRP 
fibers has proven to be a successful way of enhancing struc-
tural performance of short steel columns. However, more 
research is needed to develop the use of CFRP in rehabili-
tation of damaged columns. Therefore, the purpose of this 
research is to compare different effects of deficiencies on 
CHS and SHS short columns and investigate the feasibility 
of using CFRP materials to repair damaged columns. 

2 Materials and methods
Specimens consist of ten tubular columns where five of 
them are SHS and the rest are CHS. In order for examining 
the CFRP laminate effects and strengthening performance, 
two control columns and eight deficient columns were con-
sidered, six of them bonded by using CFRP sheets.

2.1 Steel tubes
Two types of SHS and CHS steel nonslender sections 
according to AISC section classification for members [34] 
subjected to axial load were prepared to conduct this 
research. SHS tubes with section of 90 × 90 mm2 and 
length of 270 mm were used. In addition, for CHS short 
columns, steel tubes with radius 82.5 mm and length of 
240 mm were considered. All columns had wall thickness 
of 3 mm. The dimensions of the selected steel sections are 
shown in Fig. 1. With the aim of making deficiency, a hor-
izontal or vertical notch was created by CNC machine at 
the mid-height of the sections (Fig. 2), resulting in the defi-
ciency patterns shown in Fig. 3. The mechanical properties 
of the steel tubes, which were predicted by tensile test as 
shown in Fig. 4, are presented in Table 1.

2.2 CFRP
Due to their high tensile strength and ease of application, 
CFRP materials have been comprehensively used for ret-
rofitting of structural steel components. CFRP that was 

used in this research is a unidirectional woven carbon 
fiber named SikaWrap®-230 C. It is a mid-strength carbon 
fiber with modulus of elasticity of 238 kN/mm2 and tensile 
strength of 4300 N/mm2. The nominal thickness of the fiber 
is 0.131 mm. CFRP sheet properties are given in Table 2.

2.3 Adhesive
Using a two-component, high-strength and high-modu-
lus epoxy adhesive (Sikadur®-330), the CFRP materials 
were bonded to the steel columns. The adhesive is a 2-part 
epoxy impregnation resin, containing a resin and a hard-
ener with mixing ratio of 4:1, with a nominal Young's mod-
ulus of 4500 N/mm2 and a tensile strength of 30 N mm2. 
The mechanical properties of the adhesive are presented 
in Table 2.

Fig. 1 Dimensions of steel sections

Fig. 2 Making initial deficiency by CNC machine

Table 1 Mechanical properties of steel specimens

Tube 
section

Modulus of 
elasticity 

(GPa)

Yield 
strength 
(MPa)

Width- 
to-thickness 

ratio

Section 
designation 

[34]

SHS 200 190 27 Nonslender

CHS 200 315 55 Nonslender
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Table 2 CFRP and adhesive properties

Material Thickness 
(mm)

Tensile 
strength 
(MPa)

Modulus of 
elasticity 

(GPa)

Ultimate 
strain (%)

CFRP 
(SikaWrap®-230 C) 0.131 4300 238 1.8

Adhesive 
(Sikadur®-330) 0.869 30 4.5 0.9

Fig. 3 Deficiency patterns

Fig. 4 Tensile testing: (a) tensile specimens; (b) fracture of specimen; 
(c) universal testing machine

3 Specifications of specimens
In this research, ten columns with square and circular sec-
tions were studied. Two columns are non-deficient and the 
remaining have defects horizontally and vertically. For 
identification, non-deficient members were called control 
(control SHS and control CHS) and the other specimens 
were named according to the shape of the section, direction 
and dimensions of deficiency, and CFRP layers. For exam-
ple, specimen S-H 60 × 20 is a square column notched hor-
izontally within 60 × 20 mm2. Specimen C-V-2T2L is a cir-
cular column with vertical deficiency, strengthened by two 
transverse (around the tube perpendicular to the direction 
of axial load) and two longitudinal (in the direction of axial 
load) CFRP layers. It is noteworthy that the strengthening 
method is the same for all specimens (full-length wrap-
ping of the tubes). The CFRP sheets, as shown in Fig. 5, 
were overlapped by 20 mm to avoid premature failure and 
obtain good bonding behavior. Table 3 presents the speci-
mens labels, section types, deficiency details, and ultimate 
loads obtained.

Fig. 5 Scheme of CFRP arrangement for experimental tests
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4 Experimental setup
Experimental specimens were cut at the factory and the 
initial horizontal and vertical defects were created by 
CNC machine. The columns were sandblasted in the fac-
tory in order to create a clean, rough and rust free sur-
face for better adhesion between the fibers and steel. It is 
noteworthy that the time between sandblasting and CFRP 
sticking was less than 24 hours. Then, the specimens were 
cleaned by acetone to prepare CFRP bonding. Finally, 
four layers of CFRP fibers were utilized, transversely and 
longitudinally in the columns. The samples were cured at 
room temperature for at least 7 days, according to Sikadur 
instructions [35]. All columns were tested until complete 
failure under axial load. It is worth noting that a preload 
was slowly introduced in the column to prevent slipping 
of the column and fix it. After ensuring the stability of 
the column, loading was applied. Displacement obtained 
from two LVDTs and load capacity were recorded. The 
test setup and equipment are given in Fig. 6. Fig. 7 indi-
cates the overall experiment system of the short columns 
and the position of LVDTs.

5 Numerical simulation
In this research, the samples were modeled three-dimen- 
sionally using ABAQUS software. All samples were 
meshed by 3D stress 20-node quadratic brick elements 
(C3D20R) with reduced integration, which generally 
acquire good results. According to conducted convergence 

Fig. 6 Test setup and equipment

Fig. 7 columns under hydraulic jack and installation of LVDTs

tests, a mesh size of 5 mm was found to be appropriate 
to comply with experiments. The properties of steel and 
adhesive were assumed as non-linear and CFRP fibers 
were defined as orthotropic and linear since CFRP mate-
rials have unidirectional properties [36]. To define CFRP 

Table 3 Specifications, deficiency details and ultimate loads of the specimens

No Specimen 
Label Shape

Deficiency

CFRP 
Layers

CFRP 
Layers 

Direction

Load Bearing Capacity

Length 
(mm)

Width 
(mm) Direction

Experimental Numerical

Load
(kN)

Increase/ 
Decrease (%)

Load
(kN)

Increase/ 
Decrease (%)

1 Control SHS Square N/A N/A N/A N/A N/A 249 N/A 258 N/A

2 S-H-45×10 Square 45 10 Horizontal N/A N/A N/A N/A 186 27.90-

3 S-H-45×20 Square 45 20 Horizontal N/A N/A N/A N/A 186 27.90-

4 S-H-60×10 Square 60 10 Horizontal N/A N/A N/A N/A 176 -31.78

5 S-H-60×20 Square 60 20 Horizontal N/A N/A 161 -35.34 175 -32.17

6 S-H-2T2L Square 60 20 Horizontal 4 2T-2L 237 -4.81 270 4.65

7 S-V-180×20 Square 180 20 Vertical N/A N/A 173 -30.52 184 -28.68

8 S-V-2T2L Square 180 20 Vertical 4 2T-2L 252 1.20 268 3.87

9 Control CHS Circular N/A N/A N/A N/A N/A 412 N/A 459 N/A

10 C-H-100×10 Circular 100 10 Horizontal N/A N/A 333 -19.17 371 -19.17

11 C-H-2T2L Circular 100 10 Horizontal 4 2T-2L 446 8.25 462 0.65

12 C-V-150×10 Circular 150 10 Vertical N/A N/A 354 -14.07 374 -18.51

13 C-V-2T2L Circular 150 10 Vertical 4 2T-2L 438 6.31 460 0.21
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material in ABAQUS, laminar behavior was consid-
ered, with negligible magnitude for shear modulus since 
in-plane shear strength is considerably lower than the nor-
mal tensile strength. Although there might be a negligible 
slip in bonds in experiments, interaction between CFRP, 
adhesive, and steel was characterized by tie contact. 
Since all steel tubes are nonslender and short, no imper-
fection was applied in the FE model. Nonlinear effects of 
large deformations were taken into account. In order to 
verify the software, square sections from Bambach and 
Elchalakani [17] and circular sections from Teng and 
Hu [23] were used. In Fig. 8, the force-displacement curves 
of specimens 75 × 75 × 2 (Bambach and Elchalakani) and 
F0, F1 (Teng and Hu) are shown. These curves are simi-
lar to the responses obtained through software modeling, 
which illustrates acceptable accuracy of the analysis.

6 Results and discussions
In order to investigate the effect of CFRP fibers on the 
axial capacity and study the failure modes of CFRP 
strengthened short columns, both numerical and exper-
imental methods have been carried out. The results dis-
play that the usage of CFRP fibers is very promising for 
restoring short compression members to their primary 
resistance and decrease stress intensity around the dam-
aged zone. For the reason that circular tubular members

Fig. 8 Force-Displacement validation of specimens: (a) 75 × 75 × 2 from 
Bambach and Elchalakani [17], (b) F0 and F1 from Teng and Hu [23]

show different buckling behavior compared to square 
elements, short columns were discussed by cross-sec-
tion. All results related to the failure modes, load-bearing 
capacity, and deficiencies' effects are discussed in the fol-
lowing sections.

6.1 Failure modes
All steel columns were subjected to axial compression; 
the load was gradually applied to the column until fail-
ure. Short steel columns generally failed by local buck-
ling, while for control columns elephant’s foot collapse 
occurred for both square and circular sections, as shown 
in Fig. 9. Regarding horizontally deficient columns, by 
increasing loading the amount of stresses around the defi-
ciency increased, which caused local buckling around the 
defect. For the square specimens, outward local buckling 
occurred on the flange next to the deficiency followed by 
overall buckling of the column and local buckling at the 
load location (top of the column). In the circular columns, 
buckling was symmetrical, so collapse at the edges of the 
defect and outward buckling on both sides of the defect 
occurred. Fig. 10 indicates the failure mode of horizon-
tally notched columns. The circular columns show better 
structural performance than the square ones, which exhib-
ited overall buckling.

In square specimens with vertical defect, the deficient 
flanges showed inward local buckling because of stress 
concentration; subsequently, flanges on both sides of the 
defect showed tendency to outward buckling. For circular 
samples with vertical defect, the dimensions of the defect 
increased in size with increasing stresses, which resulted 
in a considerable opening, and outward buckling appeared 
on both sides of the deficiency (Fig. 11). This opening 
caused the structural function of the column to become 
more critical. It should be noted that for the square sam-
ples the opening of the defect did not happen.

The use of CFRP fibers with regard to the confinement 
of the column is a suitable method for retrofitting, which 
delays local buckling of the column. Concerning speci-
mens with CFRP fibers, no delamination was observed 
before reaching the ultimate load state, which indicated 
good adhesive behavior between steel and fibers. Due to 
the increasing stresses surrounding the defect that were 
transmitted to the adhesive and CFRP during loading, rup-
ture and delamination were observed around the defect for 
both square and circular sections with horizontal and ver-
tical deficiency (Figs. 12 and 13). As a result of the sym-
metrical deformation of circular columns with horizontal 
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deficiency, there is a negligible amount of debonding and 
delamination at the top of the column. In contrast, square 
columns exhibited overall buckling because of local buck-
ling at the flange nearby the deficiency, which was followed 
by the rise of stresses between steel, adhesive and CFRP 
on the upper edge, that caused a significant amount of 
debonding, delamination and sometimes rupture. Fig. 14 
shows the failure modes at the top of square columns.

Fig. 13 CFRP rupture and delamination at defect zone for 
strengthened columns with vertical deficiency

Fig. 9 Experimental and numerical elephant’s foot collapse of 
control columns

Fig. 10 Experimental and numerical failure mode of 
specimens with horizontal deficiency

Fig. 11 Failure modes of tested columns with vertical deficiency

Fig. 12 CFRP rupture and delamination at defect zone for 
strengthened columns with horizontal deficiency

Fig. 14 Delamination, debonding, and rupture at the top of square 
columns
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6.2 Load-bearing capacity
The main factors investigated in this paper are the effect 
of deficiencies, the influence of CFRP fibers on the ulti-
mate carrying capacity of steel columns. Table 3 shows 
the axial capacity of all tested columns, along with the 
corresponding variation of the load capacity relative to the 
control columns in percentage. The results indicate that 
the maximum reduction in bearing capacity occurs in the 
S-H-60 × 20 specimen with a decrease of 35.34 %. This 
specimen presented the highest reduction in cross-section 
(perpendicular to the axial load) which led to smaller area 
of section. This decline in area of section caused a higher 
level of stress distributed around deficiency which conse-
quently induced a decrease of strength. Nevertheless, the 
column behavior is significantly improved by using four 
CFRP layers, which compensate completely the weakness 
due to defects. From the comparison of the results, it can 
be seen that horizontal defects create a more critical state 
than vertical defects for both circular and square sections. 
It was also noticeable that for specimens S-H-45 × 10, 
S-H-45 × 20, S-H-60 × 10, and S-H-60 × 20, by increas-
ing the dimension of deficiency perpendicular to the axial 
load, the ultimate load reduces more; however, this was 
not seen for the dimension parallel to the axial load since 
the increase of stresses nearby defects brings about yield-
ing. In the column S-H-60 × 10 with horizontal defect, the 
ratio between the defect length and the perimeter of the 
cross-section is 16.67 %, and for the column C-H-100 × 10, 
this ratio is 19.29 %. According to Table 3, although this 
ratio is higher in the circular column, the decrease of bear-
ing capacity for the square column is more considerable, 
while both sections have the same thickness. This indi-
cates better structural performance of the deficient circu-
lar columns in comparison with the square ones. Carbon 
composites used to reinforce the columns increased the 
carrying capacity by 23.7 to 47.2 %. From Figs. 15–18, by 
comparing axial force-displacement curves obtained by 
experiments, it can be seen that the use of CFRP fibers 
postpones local buckling and gains load bearing capac-
ity which consequently leads to structural improvement of 
the short columns.

6.3 Effect of artificial deficiencies
Table 3 shows that deficiencies created in steel columns sig-
nificantly reduce the resistance of square tubes and circular 
ones up to 35.34 % and 19.17 %, respectively. In addition to 
ten specimens, three more numerical cases (S-H-45 × 10, 
S-H-45 × 20, S-H-60 × 10) were examined to assess the 

effect of deficiency width. By comparing the orientations 
of deficiency, it can be observed that the reduction of resis-
tance is much more critical for specimens with horizontal 
defects than for those with vertical defects. 

Fig. 15 Experimental force-displacement curves for square specimens 
with horizontal deficiency

Fig. 16 Experimental force-displacement curves for square specimens 
with vertical deficiency

Fig. 17 Experimental force-displacement curves for circular specimens 
with horizontal deficiency
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Fig. 18 Experimental force-displacement curves for circular specimens 
with vertical deficiency

7 Conclusions
The effects of CFRP retrofitting on steel circular and 
square short deficient columns were studied. In the mod-
eling of the columns by using the ABAQUS finite element 
software, nonlinear analysis was used to determine the 
failure mode and observe post-buckling failure. The col-
umns were examined with initial vertical and horizontal 
defects, and strengthened with four layers of CFRP fibers. 
In column samples, the effect of the horizontal defect was 
very significant compared to the vertical one, meaning that 
further increase in the defect dimension perpendicular to 

the load will decrease sharply the ultimate load capacity.  
The declines observed were 35.34 % for square columns 
and 19.17 % for circular columns. At the beginning of 
the loading, due to the fact that, for horizontal defect, a 
large part of the deficient cross-section is perpendicular 
to the loading, the axial load-resistance level has been 
reduced and the intensity of stresses around the defect has 
increased, resulting in shrinkage of the defect edges. In 
order to compensate the reduced load capacity, four CFRP 
layers were used transversally and longitudinally. Use of 
CFRP materials increased the ultimate bearing capacity 
up to 47.2 %. The results showed that the fibers not only 
compensated the reduced bearing capacity, but also had a 
significant effect on reducing the stress around the defect 
and preventing the expansion of defects, and in general, 
these fibers had a direct effect on the increase of ductility 
and delaying local buckling. For strengthened columns, 
the failure modes included rupture, delamination and 
debonding at the ends of the columns.
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