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Recently, strengthening of steel sections using carbon fiber reinforced polymer (CFRP) has 

come to the attention of many researchers. For various reasons, such structures may be 

placed under combined loads. The deficiency in steel members may be due to errors caused 

by construction, fatigue cracking, and other reasons. This study investigated the behavior of 

deficient square hollow section (SHS) steel members strengthened by CFRP sheets under two 

types of the combined loads. To study the effect of CFRP strengthening on the structural 

behavior of the deficient steel members, 17 specimens, 12 of which were strengthened using 

CFRP sheets, were analyzed. To analyze the steel members, three dimensional (3D) modeling 

and nonlinear static analysis methods were applied, using ANSYS software. The results 

showed that CFRP strengthening had an impact on raising the ultimate capacity of deficient 

steel members and could recover the strength lost due to deficiency, and the impact of CFRP 

strengthening on rising and recovering the ultimate capacity of the steel members under 

loading scenario 2 was more than the steel members under scenario 1.  

1. Introduction

Nowadays, retrofitting and strengthening of
existing steel structures built within the last 
decades is one of the most important issues 
considered by structural engineers. Steel 
structures built in the past often need to be 
strengthened due to increased life loads, repair due 
to corrosion, fatigue cracking, and other reasons. In 
recent years, CFRP composite, as a strengthening 
material of steel structures, has attracted greater 
attention. CFRP composite is preferred to 
strengthen hollow steel sections due to its high 
tensile strength, high elastic modulus, low weight, 
and capability to be applied to any shape of 
structure. Several studies have been carried out to 
employ CFRP as strengthening material to 
strengthen steel structures such as flexural 
strengthening [1-9], pressure strengthening [10-
20], tensile strengthening [21], repairing and 
strengthening of structural members damaged due 
to fatigue cracking [22-26]. The results of these 
studies showed that CFRP composites used as a 
strengthening material improved the performance 
of the steel structures. 

In another study, Abdollahi Chahkand and 
Zamin Jumaat [27] investigated the structural 

behavior of CFRP strengthened SHS steel beams in 
pure torsion. Five SHS steel beams, four of which 
were strengthened with CFRP sheets in several 
different strengthening configurations, were tested 
under torsion. The results of this research showed 
that, using CFRP composite as a strengthening 
material improved the plastic and elastic torsional 
strength of SHS steel beams. 

In addition, Zhou et al. [28] tested a series of 
notched steel beams strengthened using a carbon 
fiber hybrid polymer-matrix composite. The 
results showed that the load capacity of notched 
steel beams strengthened with CFRP sheets was 
increased up to 42.9%. The results also showed 
that the load capacity of notched steel beams 
strengthened with Carbon-fiber Hybrid-polymeric 
Matrix Composite (CHMC) were increased up to 
84.9%. 

In other research, Keykha [29] investigated the 
behaviors of deficient steel beams strengthened 
with CFRP sheets under torsional load. Results 
showed that the transverse deficiencies had high 
impact on the torsional capacity of the steel beams. 
In specimens strengthened using the coverage 
percentage of CFRP sheet less than 100%, when the 
number of CFRP layers was more than two, CFRP 
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layers were not effective in increasing the torsional 
capacity of the steel beams. Also, when the 
coverage percentage of the CFRP sheet was full 
(100%), the CFRP composite could change the 
failure modes of the strengthened steel beams. 

Moreover, Keykha [30] investigated the 
behavior of defective curved steel beams 
strengthened with CFRP composite. The results 
indicated that the use of CFRP sheets for 
strengthening defective curved beams could 
recover the strength lost due to a defect, 
significantly. The results also indicated that the 
width of CFRP sheets had an impact on raising the 
ultimate capacity of defective curved beams. 

From past studies, it can be observed that many 
investigations were conducted on the behavior of 
the steel members strengthened with CFRP 
composite, but it seems that there is a lack of 
understanding about the behavior of deficient 
hollow steel members under combined loads. 
Therefore, this study explored the effect of CFRP 
strengthening on the structural behaviors of 
deficient hollow steel members under combined 
loads, using numerical investigations. Loading 
scenarios applied to the SHS steel members were 
two types. Loading scenario 1 (Type 1 loading) was 
the combined compression, torsional and lateral 
loads, and loading scenario 2 (Type 2 loading) was 
the combined tensile, torsional and lateral loads. 
To obtain accurate results, 17 hollow steel 
members were analyzed (one non-strengthened 
member without deficiency as a control column, 
four non-strengthened members with different 
lengths and orientations of deficiency, and 12 CFRP 
strengthened members with different lengths and 
orientations of deficiency. The coverage length and 
the number of CFRP layers, loading scenarios, 
lengths, widths and orientations of deficiency were 
implemented to examine the ultimate capacity of 
the hollow steel members. 

2. Materials properties 

In this study, three types of materials were 
used. Type 1 of the material used was SHS steel. 
The SHS steel had a dimension of 60 mm × 60 mm. 
The length and thickness of the used SHS steel were 
1600 mm and 3 mm, respectively. Also, the 
modulus of elasticity, the yield strength, and the 
ultimate tensile strength of the used SHS steel were 
200000 N/mm2, 240 N/mm2, and 375 N/mm2, 
respectively. These values were extracted from 
studies conducted by Keykha et al. [18]. Type 2 of 
the materials used was CFRP sheet. The CFRP sheet 
used in the present research was SikaWrap-200C. 
The SikaWrap-200C is a unidirectional carbon 
fiber. This CFRP had a modulus of elasticity of 
230000 N/mm2 and a tensile strength 3900 
N/mm2. The thickness of this CFRP sheet was 0.111 
mm. These values were extracted from studies 
conducted by Abdollahi Chahkand and Zamin 

Jumaat [27]. The last material used in this study 
was adhesive used to paste CFRP sheets to SHS 
steel. The adhesive used in this study was 
suggested by the supplier of the CFRP product. The 
adhesive commonly used for the SikaWrap-200C, 
was called Sikadur-330. The Sikadur-330 is a two-
part adhesive, a hardener and a resin. The Sikadur-
330 had a modulus of elasticity about 4500 N/mm2 
and a tensile strength about 30 N/mm2. These 
values were retrieved from studies conducted by 
Keykha et al. [18, 19].  

3. Finite element analysis and 
modeling specimens 

3.1. Model description 

Nonlinear finite element models were prepared 
using ANSYS software to investigate the structural 
behavior of the SHS steel members strengthened 
with CFRP sheets in length. All models were 
prepared as steel members of fixed-pinned ends. 
The dimensions of longitudinal deficiencies were 
100 mm × 6 mm × 3 mm or 100 mm × 12 mm × 3 
mm (3 mm thickness of the SHS steel). Also, the 
dimensions of transverse deficiencies were 50 mm 
× 6 mm × 3 mm or 50 mm × 12 mm × 3 mm. Fig. 1 
shows the boundary conditions, types of 
deficiencies, loading scenarios, and CFRP 
strengthening scenarios adopted for the study of 
deficient SHS steel members in this study. 

Figure 2, for example, shows a 3D finite element 
model of the specimen under loading scenario 2 
that was strengthened with two CFRP layers and 
25% of the CFRP coverage (400 mm CFRP length). 
Due to the hollow cross-section of the specimens, 
T-load and P-load (axial loads) were applied as 
axial compression and tensile stress on cross-
section at the pinned end. To apply torsional 
momentum, four concentrated loads (S-loads) 
were evenly applied on four sides of the specimens 
at the pinned end. These loads (S-loads) were 
applied in order to organize a torsional momentum 
at the pinned end of the specimens. Also, a 
concentrated load (Q-load) was applied in mid-
span of the SHS steel members (see Fig. 2). All loads 
gradually increased until the SHS steel members 
achieved their ultimate capacity. 

NOTE: In this research, the percent of CFRP 
coverage was defined as the ratio of CFRP length to 
the SHS steel member length multiplied by 100. 

3.2. Finite element analysis 

To simulate the SHS steel members, the full 
three-dimensional modeling and nonlinear static 
analysis methods were applied. The SHS steel 
member, CFRP sheet, and adhesive were simulated 
using the 3D solid triangle elements (ten-nodes 
187). Nonlinear static analysis was carried out to 
achieve the characteristics of failures in the steel 
members.  
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Fig. 1. Details of the strengthened specimens and deficiencies (not to scale).  

 

Fig. 2. FE-modeling details of a strengthened specimen having a longitudinal deficiency.
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In this case, the load was incrementally applied 
until the plastic strain in an element reached its 
ultimate limit. Subsequently, linear and nonlinear 
properties of materials were defined. The CFRP 
sheet material properties were defined as linear 
and orthotropic because CFRP materials had linear 
properties which were unidirectional. Also, the 
adhesive was defined as linear because the 
adhesive used had linear properties [31]. In 
addition, the SHS steel members were defined as 
the materials having nonlinear properties. For 
meshing, map meshing was used. Therefore, the 
solid element of 187 with mesh size of 25 was used 
for analysis of the specimens. In previous research, 
this element and meshing were used by Keykha 
[31], showing a good accuracy between the 
numerical and experimental results. 

3.3. Validity of software results 

It was necessary to validate the software 
calculations. In this study, the software results 
were validated and calibrated by the experimental 
results of Abdollahi Chahkand and Zamin Jumaat 
[27] and Keykha et al. [18, 19]. For the analysis of 
the specimens, as mentioned in the previous 
section, the solid element of 187 with the mesh size 
of 25 was used. From the studies conducted by 
Abdollahi Chahkand and Zamin Jumaat [27] and 
Keykha et al. [18, 19], the ultimate capacity of the 
Type 1 and C0 specimens, were obtained from 
experimental, theoretical, and numerical analysis 
(see Table 1). As mentioned in the Introduction 
section, Abdollahi Chahkand and Zamin Jumaat 
[27] carried out an experimental and a theoretical 
study on the behavior of CFRP strengthened SHS 
steel beams in pure torsion. As shown in Table 1, 
good accuracy is seen between the experimental 
and numerical results. Fig. 3 shows experimental 
model and finite element model of specimen Type 
1. 

3.4. Labeling specimens   

The steel members included one control 
specimen, four non-strengthened specimens with 
different lengths, widths, and orientations of 
deficiency, and 12 specimens with different lengths 
and orientations of deficiency strengthened with 
two and four CFRP layers applied on all four sides 
of the steel members. The control specimen was 
analyzed without strengthening to determine the 

rate of the ultimate capacity increase in the 
strengthened steel members. To easily identify 
each specimen, steel members were designated 
PTMQ0, PTMQ0-T6, PTMQ0-T12, PTMQ0-L6, 
PTMQ0-L12, PTMQ2-25-T6, PTMQ4-25-T6, 
PTMQ2-100-T6, PTMQ2-25-T12, PTMQ4-25-T12, 
PTMQ2-100-T12, PTMQ2-25-L6, PTMQ4-25-L6, 
PTMQ2-100-L6, PTMQ2-25-L12, PTMQ4-25-L12, 
and PTMQ2-100-L12, respectively. 

For example, the designation of PTMQ2-100-
T12 indicates that it is the steel member with a 
transverse deficiency that is strengthened by two 
CFRP layers fully wrapped around it. In this 
specimen, the transverse deficiency width was 12 
mm. The designation of PTMQ2-100-L6 indicates 
that it is the steel member with a longitudinal 
deficiency that is strengthened by two CFRP layers 
fully wrapped around it. In this specimen, the 
longitudinal deficiency width is 6 mm. The 
designation of PTMQ4-25-L6 indicates that it is a 
steel member strengthened by four layers and 25% 
of the CFRP coverage wrapped around it with a 
longitudinal deficiency, its longitudinal deficiency 
width is 6 mm. The designation of PTMQ0-T6 
specifies that it is a steel member non-
strengthened with a transverse deficiency, its 
transverse deficiency width is 6 mm. Similarly, the 
specimen PTMQ0-L12 specifies that it is a steel 
member non-strengthened with a longitudinal 
deficiency that the longitudinal deficiency width is 
12 mm. The control steel member was designated 
as PTMQ0. 

 
Fig. 3. Specimen Type 1: (a) experimental model [27], (a) finite 

element model. 

 

Table 1. Comparison of the ultimate capacity of specimens in laboratory, theoretical, and numerical analysis. 

Specimen label Experimental capacity Theoretical capacity Numerical capacity Error (%) 

Type 1 2.782 (kN.m) 2.720 (kN.m) 2.784 (kN.m) 0.07 

C0 31.80 (kN) 32.86 (kN) 32.060 (kN) 0.82 
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4. Results and discussion 

4.1. The results of the ultimate capacity of the 
specimens under loading scenario 1  

Various structures may be placed under 
combined loads in their lifetime. The deficiency in 
steel members may be created due to errors caused 
by construction, fatigue cracking, and other 
reasons. According to the author's information, 
there is no independent article that has 
investigated the behaviors of the CFRP 
strengthened deficient SHS steel members under 
combined loads. Therefore, this research 
investigated the CFRP strengthened steel members 
under combined loads. 

Table 2 shows the results of numerical analysis 
of the specimens without CFRP strengthening or 
with two or four CFRP layers. These specimens 
were analyzed under loading scenario 1. The 
coverage length of Type 1 CFRP strengthening was 
1600 mm (100% of the length of steel members) 
and another Type was 400 mm (25% of the length 
of steel members). The center position of CFRP 
sheet was in the center of the steel member. In 
Table 2, the ultimate capacity and the recovery 
percentage in the ultimate capacity of specimens 
are shown. To calculate the ultimate capacity and 
increase percentage or decrease in the ultimate 
capacity of specimens, the ultimate capacity of all 
specimens was compared with the ultimate 
capacity of the reference specimen (PTMQ0), while 
for a calculated recovery percentage in the ultimate 
capacity of specimens, the ultimate capacity of the 
strengthened specimens was compared with the 

ultimate capacity of the deficient specimen in its 
category. 

For example, the recovery percentage in the 
ultimate capacity of the specimen PTMQ2-25-T6 
was compared with the specimen PTMQ0-T6. As 
shown in Table 2, in this specimen (PTMQ2-25-T6), 
the recovery percentage in the ultimate 
compression capacity (PU), the ultimate lateral 
load capacity (QU), and the ultimate torsional 
capacity (MT) was 16.26%, 16.24%, and 16.32%, 
respectively. Also, the increase percentage in the 
ultimate capacity of the specimen PTMQ2-100-L12 
was compared with the specimen PTMQ0. In this 
specimen (PTMQ2-100-L12), the increase 
percentage in the ultimate compression capacity, 
the ultimate lateral load capacity, and the ultimate 
torsional capacity was 15.01%, 100.69%, and 
55.59%, respectively. The results showed, when 
the deficiency was located in the direction of the 
length (the longitudinal deficiency) and the width 
(the transverse deficiency) of the steel member, 
the deficiency had an impact on the decrease in the 
ultimate capacity of the steel members. In the 
specimens having deficiency, as shown in Table 2, 
CFRP had considerable impact on the ultimate 
capacity of these specimens. The results also 
showed, when the deficiency was located in the 
direction of the width of the steel member, the 
deficiency had high impact on the decrease in the 
ultimate capacity of the steel members. Therefore, 
in the steel member with a transverse deficiency, 
CFRP had a considerable impact on the increase in 
the ultimate capacity of the specimen.  

Table 2. Analysis results of the specimens. 

Designation of 

specimen 

No. of 

CFRP 

layers 

CFRP 

coverage 

(%) 

PU: 

Compression 

capacity 

(kN) 

QU: 

Lateral 

capacity 

(kN) 

MT: 

Torsional 

capacity 

(kN.m) 

% of 

recovery in 

compression 

capacity 

% of 

recovery 

in 

lateral 

capacity 

% of 

recovery 

in 

torsional 

capacity 

PTMQ0 0 0 68.205 7.977 0.957 NA NA NA 

PTMQ0-T6 0 0 65.062 7.610 0.913 NA NA NA 

PTMQ0-T12 0 0 59.187 7.297 0.876 NA NA NA 

PTMQ0-L6 0 0 67.237 7.864 0.943 NA NA NA 

PTMQ0-L12 0 0 65.117 7.412 0.933 NA NA NA 

PTMQ2-25-T6 2 25 75.644 8.847 1.062 16.26 16.24 16.32 

PTMQ4-25-T6 4 25 75.845 9.069 1.088 16.57 19.17 19.17 

PTMQ2-100-T6 2 100 77.005 15.674 1.458 18.36 105.97 59.69 

PTMQ2-25-T12 2 25 75.582 8.840 1.061 27.70 21.15 21.12 

PTMQ4-25-T12 4 25 75.768 8.979 1.077 28.01 23.05 22.95 

PTMQ2-100-T12 2 100 76.414 14.003 1.288 29.11 91.90 47.03 

PTMQ2-25-L6 2 25 75.924 8.880 1.066 12.92 12.92 13.04 

PTMQ4-25-L6 4 25 76.687 8.969 1.076 14.05 13.94 14.10 

PTMQ2-100-L6 2 100 78.667 16.062 1.494 17.00 104.25 58.43 

PTMQ2-25-L12 2 25 75.920 8.878 1.064 16.59 19.78 14.04 

PTMQ4-25-L12 4 25 76.640 8.945 1.071 17.70 20.68 14.79 

PTMQ2-100-L12 2 100 78.441 16.009 1.489 20.46 115.99 59.59 
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In strengthened specimens, when the 
composite coverage percentage was less than 
100% and the number of CFRP layers was 4, CFRP 
was not effective in the ultimate capacity of the 
strengthened specimens. The Lack of increase in 
the ultimate capacity was due to the fact that these 
specimens had recovered with two CFRP layers. 
For the strengthened specimens, when the CFRP 
coverage was full, CFRP was more effective in the 
ultimate capacity of these specimens. In this study, 
the maximum recovery percentage in the ultimate 
compression capacity happened for the specimen 
PTMQ2-100-T12 which was 29.11%. Moreover, 
the maximum recovery percentage in the ultimate 
lateral load capacity happened for the specimen 
PTMQ2-100-L12 which was 115.99%. Also, the 
maximum recovery percentage in the ultimate 
torsional capacity happened for the specimen 
PTMQ2-100-T6 and that was 59.69% (see Table 2). 
The maximum increase percentage in the ultimate 
compression capacity, the ultimate lateral load 
capacity, and the ultimate torsional capacity 
happened for the specimen PTMQ2-100-L6 and 
they were 15.34%, 101.35%, and 56.11%, 
respectively. 

4.2. Comparison of Von Mises stress in the 
specimens under loading scenario 1 

 All specimens were subjected to combined 
axial compression, lateral and torsional load until 
failure occurred. In non-strengthened specimens 
and all specimens strengthened using two full 

layers of CFRP sheets, the maximum Von Mises 
stress was observed near the pinned end of these 
specimens (as shown in Figs. 4a and b). 

In the rest of the specimens (all specimens 
strengthened with the coverage percentage of 
CFRP composite less than 100%) the position of 
maximum Von Mises stress was observed in the 
deficiency location (as shown in Figs. 4c and d). 

4.3. The results of the ultimate capacity of the 
specimens under loading scenario 2 

 Table 3 shows the results of numerical analysis 
of the specimens under loading scenario 2 that 
were without CFRP strengthening or were 
strengthened with two or four CFRP layers. 
Definitions of the coverage length, CFRP position, 
the increase percentage or decrease in the ultimate 
capacity, and the recovery percentage in the 
ultimate capacity of the specimens were the same 
as those defined in section 4.1. Therefore, the 
recovery percentage in the ultimate capacity of the 
specimen PTMQ2-25-T6 was compared with the 
specimen PTMQ0-T6. As shown in Table 3, in this 
specimen (PTMQ2-25-T6), the recovery 
percentage in the ultimate tensile capacity (TU), the 
ultimate torsional capacity (MT), and the ultimate 
lateral load capacity (QU) were 50.99%, 60.64%, 
and 61.77%, respectively. Also, for example, the 
increase percentage in the ultimate capacity of the 
specimen PTMQ2-100-L12 was compared with the 
specimen PTMQ0. 

Table 3. Analysis results of the specimens under loading scenario 2. 

 

Designation of 

specimen 

No. of 

CFRP 

layers 

CFRP 

coverage 

(%) 

TU: 

Tensile 

capacity 

(kN) 

MT: 

Torsional 

capacity 

(kN.m) 

QU: 

Lateral 

capacity 

(kN) 

% of 

recovery 

in tensile 

capacity 

% of 

recovery in 

torsional 

capacity 

% of 

recovery 

in lateral 

capacity 

PTMQ0 0 0 90.134 2.704 22.533 NA NA NA 

PTMQ0-T6 0 0 55.677 1.570 12.989 NA NA NA 

PTMQ0-T12 0 0 51.918 1.558 12.900 NA NA NA 

PTMQ0-L6 0 0 77.711 2.322 19.953 NA NA NA 

PTMQ0-L12 0 0 77.463 2.233 19.441 NA NA NA 

PTMQ2-25-T6 2 25 84.050 2.522 21.012 50.99 60.64 61.77 

PTMQ4-25-T6 4 25 84.653 2.680 21.663 52.04 70.70 66.78 

PTMQ2-100-T6 2 100 185.719 5.757 61.906 233.57 266.69 376.60 

PTMQ2-25-T12 2 25 82.096 2.400 20.750 58.13 54.04 60.85 

PTMQ4-25-T12 4 25 82.910 2.499 20.778 59.69 60.40 61.15 

PTMQ2-100-T12 2 100 173.275 3.967 42.655 233.75 154.62 230.66 

PTMQ2-25-L6 2 25 88.626 2.909 21.906 14.05 25.28 9.79 

PTMQ4-25-L6 4 25 88.851 2.925 22.213 14.34 25.97 11.33 

PTMQ2-100-L6 2 100 204.896 6.352 68.299 163.66 173.56 242.30 

PTMQ2-25-L12 2 25 86.926 2.618 21.482 12.22 17.24 10.50 

PTMQ4-25-L12 4 25 87.899 2.817 21.875 13.47 26.15 12.52 

PTMQ2-100-L12 2 100 199.945 6.198 66.648 158.12 177.56 242.82 
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Fig. 4. Comparison of the Von Mises stress in the specimens 

under loading scenario 1: (a) specimen PTMQ0, (b) specimen 
PTMQ0-L12, (c) specimen PTMQ2-25-T6, (d) specimen 

PTMQ2-100-T12. 

 

In this specimen (PTMQ2-100-L12), the 
increase percentage in the ultimate tensile 
capacity, the ultimate torsional capacity, and the 
ultimate lateral load capacity were 121.83%, 
129.22%, and 195.78%, respectively. The results 
showed, when the deficiency was located in the 
direction of the length (the longitudinal deficiency) 
and the width (the transverse deficiency) of the 
steel member, the deficiency had an impact on the 
decrease in the ultimate capacity of the steel 
members. In these specimens, as shown in Table 3, 
CFRP had considerable impact on the ultimate 
capacity. The results also showed that, when the 
deficiency was located in the direction of the width 
of steel member, the deficiency had a high impact 
on the decrease in the ultimate capacity of the steel 
members. Therefore, in the steel member with a 
transverse deficiency, CFRP had a considerable 
impact on the increase of the ultimate capacity of 
the specimen. 

Similar to the loading scenario 1, in the loading 
scenario 2, when the composite coverage 
percentage in the strengthened specimen was less 
than 100% and the number of CFRP layers was 4, 
CFRP was not effective in the ultimate capacity of 
the strengthened specimens. The Lack of the 
increase in the ultimate capacity was due to the fact 
that these specimens had recovered with two CFRP 
layers. For the strengthened specimens, when the 
CFRP coverage was full (100%), CFRP was more 
effective in the ultimate capacity of these 
specimens. In this study, the maximum recovery 
percentage in the ultimate tensile capacity 
happened for the specimen PTMQ2-100-T12 and 
was 233.75%. The maximum recovery percentage 
in the ultimate torsional capacity and the ultimate 
lateral load capacity happened for the specimen 
PTMQ2-100-T6 and were 266.69% and 376.60%, 
respectively (see Table 3). The maximum increase 
percentage in the ultimate tensile capacity, the 
ultimate torsional capacity, and the ultimate lateral 
load capacity happened for the specimen PTMQ2-
100-L6 and were 127.32%, 134.91%, and 
203.11%, respectively. 

The reason for this result is because the CFRP 
materials have high tensile strengths, and the 
loading scenario 2 included the tensile load, so 
CFRP sheets are more effective in the loading 
scenario 2 than the loading scenario 1.  

4.4. Comparison of Von Mises stress in the 
specimens under loading scenario 2 

In this loading scenario (loading scenario 2), all 
specimens were subjected to combined tensile, 
lateral and torsional load until failure happened. In 
the control steel member (the specimen PTMQ0), 
the maximum Von Mises stress was observed near 
the pinned end this specimen (see Fig. 5a). In the 
rest of the specimens, the non-strengthened 
specimen and all specimens strengthened using 
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CFRP sheets, the position of maximum Von Mises 
stress was observed in the deficiency location (as 
shown in Figs. 5b- d).  

Comparison of Tables 2 and 3 shows that, the 
CFRP sheets in loading scenario 2 are more 
effective in increasing and recovering the ultimate 
capacity of the steel members than loading 
scenario 1.  

5. Conclusions  

In this study, 17 specimens were analyzed (one 
non-strengthened specimen without deficiency as 
a control column, four non-strengthened 
specimens with different lengths, widths, and 
orientations of deficiencies, and 12 specimens with 
different lengths and orientations of deficiencies 
that were strengthened with CFRP layer). The 
CFRP sheets with two types of length (400 mm and 
1600 mm) and number of CFRP layers (two and 
four layers) were wrapped around the SHS steel 
members having initial longitudinal or transverse 
deficiencies. Based on results obtained, the 
ultimate capacity, the increase percentage in the 
ultimate capacity, the recovery percentage in the 
ultimate capacity, and the comparison of the Von 
Mises stress in the SHS steel members (with an 
initial deficiency or without deficiency) were 
discussed, and the following conclusions were 
drawn: 

• The initial deficiencies in the non-
strengthened SHS steel members decreased the 
ultimate carrying capacity of these steel members. 
When the deficiency was located in the direction of 
the width of the steel member (the transverse 
deficiency), the deficiency had a high impact on the 
decrease in the ultimate capacity of the steel 
members. In loading scenario 1, the maximum 
decrease percentage in the ultimate compression 
capacity, the ultimate lateral load capacity, and the 
ultimate torsional capacity happened for the 
specimen PTMQ0-T12 and were 13.22%, 8.52%, 
and 8.46%, respectively. Also, in loading scenario 
2, the maximum decrease percentage in the 
ultimate tensile capacity, the ultimate torsional 
capacity, and the ultimate lateral load capacity 
happened for the specimen PTMQ0-T12 and were 
42.40%, 42.38%, and 42.75%, respectively. 

• The width of deficiency in the SHS steel 
members with the transverse deficiency was more 
effective in the decrease of the ultimate capacity of 
the steel members than in the SHS steel members 
with the longitudinal deficiency.   

• In the strengthened SHS steel members 
having initial deficiencies, CFRP had a considerable 
impact on the increase of the ultimate capacity of 
these specimens.   

 

 
Fig. 5. Comparison of the Von Mises stress in the specimens 

under loading scenario 2: (a) specimen PTMQ0, (b) specimen 
PTMQ0-L6, (c) specimen PTMQ2-25-T12, (d) specimen 

PTMQ2-100-T12 
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• In specimens strengthened using CFRP 
sheets, when the deficiency was located in the 
direction of the width of the steel member, the 
CFRP sheets were more effective in the increasing 
and recovering of the ultimate capacity of the steel 
members than in the case when the deficiency was 
located in the direction of the length of the steel 
member. 

• When the coverage percentage of the 
CFRP composite was less than 100%, the number 
of CFRP layers exceeding four was not effective in 
the ultimate capacity of the steel members. The 
Lack of the increase in the ultimate capacity was 
due to the fact that the specimens strengthened 
with the coverage percentage of the CFRP 
composite less than 100% had recovered with two 
CFRP layers. 

• In loading scenario 1, the maximum 
recovery percentage in the ultimate compression 
capacity happened for the specimen PTMQ2-100-
T12 which was 29.11%. The maximum recovery 
percentage in the ultimate lateral load capacity 
happened for the specimen PTMQ2-100-L12 and 
was 115.99%. Also, the maximum recovery 
percentage in the ultimate torsional capacity 
happened for the specimen PTMQ2-100-T6 and 
was 59.69%. The maximum increase percentage in 
the ultimate compression capacity, the ultimate 
lateral load capacity, and the ultimate torsional 
capacity happened for the specimen PTMQ2-100-
L6 and were 15.34%, 101.35%, and 56.11%, 
respectively. 

• In loading scenario 2, the maximum 
recovery percentage in the ultimate tensile 
capacity happened for the specimen PTMQ2-100-
T12 and was 233.75%. In addition, the maximum 
recovery percentage in the ultimate torsional 
capacity and the ultimate lateral load capacity 
happened for the specimen PTMQ2-100-T6 and 
were 266.69% and 376.60%, respectively. Also, the 
maximum increase percentage in the ultimate 
tensile capacity, the ultimate torsional capacity, 
and the ultimate lateral load capacity happened for 
the specimen PTMQ2-100-L6 and were 127.32%, 
134.91%, and 203.11%, respectively. 

• In loading scenario 1, in non-strengthened 
specimens and all specimens strengthened using 
two full layers of CFRP sheets, the maximum Von 
Mises stress was observed near the pinned end 
these specimens. In all specimens strengthened 
with the coverage percentage of CFRP composite 
less than 100%, the position of maximum Von 
Mises stress was observed in the deficiency 
location. In loading scenario 2, in the control 
specimen, the maximum Von Mises stress was 
observed near the pinned end this specimen. In the 
rest of the specimens, the non-strengthened 
specimen and all specimens strengthened using 

CFRP sheets, the position of maximum Von Mises 
stress was observed in the deficiency location. 

• Generally, the results obtained for the 
specimens under loading scenarios 1 and 2 showed 
that, the CFRP sheets in loading scenario 2 were 
more effective in increasing and recovering the 
ultimate capacity of the steel members than 
loading scenario 1. The reason for this result was 
because the CFRP materials had high tensile 
strengths, and on the other hand, due to the fact 
that loading scenario 2 included the tensile load as 
well, therefore CFRP sheets were more effective in 
the loading scenario 2 than the loading scenario 1.  
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