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Vertical cracks and spalling of the concrete cover in reinforced 

concrete structures are examples of failure modes of concrete 

columns due to repeated earthquake loads. Strengthening 

methods have been introduced including external jacketing 

using costly carbon FRP. This study investigated external 

strengthening of cylindrical concrete using low-cost thin steel 

confining sheets subjected to concentric axial loads. The 

experimental works in this study tested the tensile strength of the 

confining steel elements, the compressive strength of 

unconfined and confined cylindrical concrete. The composition 

of the steel confining elements is positioned in such that it could 

generate an optimal confinement effect and prevent local 

buckling. This study also developed the formulation of the 

confining stress and ultimate axial load based on the test results 

of the current study and past research data. The results showed 

that the use of steel clamp elements improves the axial strength 

and axial deformation of cylindrical concrete columns by over 

200% without buckling of the clamp elements. The external 

confinement method can reduce vertical cracks and strain 

localization that usually occur in conventional cylindrical 

concrete. The proposed formulation of the confining stress and 

the ultimate axial load provided accurate results compared to the 

experimental results. 
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1. Introduction 

Scientific research concerning the internal and external confinement of concrete 

columns has been developed for decades. Additional strengthening methods are often required 

to satisfy the lateral performance demand of structure in highly seismic intensity region [1]. 

External retrofitting methods of concrete columns include CFST (Concrete Filled Steel Tube) 

and STCC (Steel Tube Confined Concrete). Both methods serve a similar purpose but differ in 

terms of the loading application. In the CFST method, the axial loading is applied to the 

concrete and the confining steel cover, whereas in STCC, the loading is only carried by the 
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concrete column. The STCC confinement method can be full confinement or partial 

confinement. Partial confinement is considered to generate advantages in limiting buckling in 

the confinement plate that often occurs in CFST. In various research references, the procedure 

for implementing the testing of reinforced concrete columns using the STCC method is 

generally outlined for publication interests and requirements. Steel Tube Confined Concrete 

(STCC) as one of the external concrete retrofitting methods is believed to be able to increase 

the axial bearing capacity of concrete columns and increase column ductility in addition to 

limiting the buckling of the confining elements during loading. The relevant studies about 

STCC refer to the publication of [2], and one of the studies on concrete reinforcement with a 

steel clamp has been conducted [3] as depicted in Figure 1. When the concrete column 

experiences uniaxial compression loading, the column deforms vertically and horizontally. 

Axial deformation of the concrete not only causes changes in the height of the concrete but also 

causes horizontal/lateral deformation in the segment around the middle of the column span. 

This deformation occurs due to the localization of strain in the segment triggering the formation 

of shear bands [4]. The localization often occurs in concrete with the addition of [5], [6], [7] 

waste material. The formation pushes the volume composition of the concrete in the middle of 

the span expanding towards the surface. The expansion is followed by separation or dilation of 

the concrete cover as an early indication of the collapse of the column element. To prevent this 

separation, the column element needs to be laterally strengthened to limit and prevent failure 

as indicated in Figure 2. Researches into externally steel-confined concrete have been 

extensively conducted  [8], [9], [10], [11], [12], [13], [14], [15], [16], [17]. 

Experimental and analysis studies excluded the initial stress distribution by confining 

pressure of clamps towards the column surface and the frictional stress within the interface 

between clamps and concrete surface. The initial tightening stress to each clamping unit should 

be evenly applied to maintain the balancing stress to the surface. The friction stress within the 

interface should be avoided because the movement of the clamps may reduce the overall 

measured confining pressure. In previous studies on slender reinforced concrete columns [18], 

[19], the numerical work revealed that the initial and frictional stresses generated a minor effect 

on the total confining pressure under higher concrete compressive strength levels. The effect 

was graphically visible on the early loading application of all included parametric factors. This 

study aims to provide an adequate experimental description and in-depth analysis of the 

implementation of the normal strength concrete columns that are externally strengthened by 

steel clamps under uniaxial concentric compression. The experimental work takes into account 

the balancing stress distribution on the initial clamping pressure and the analysis includes the 

frictional stress to obtain the theoretical total confining pressure in retrofitting the unreinforced 

concrete specimen. The analysis formulates the stress-strain model for the specific cases of this 

study. 

 

Source : (Holmes et al., 2015).[3] 

Figure 1. Column Specimen Retrofitting with Steel Clamp. 
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Source : (Chen et al., 2022).[8] 

Figure 2. Purpose of Externally Confined Concrete with Steel Strips. 

 

2. Research Method 
This study involves an experimental and analytical approach to achieve the objectives 

of this study. Firstly, two experimental works are conducted to test the properties of steel and 

concrete materials. Then, the analytical method is utilized to derive the formulation based on 

previous studies and test results. The experimental test uses a cylindrical unreinforced concrete 

column with a diameter D of 110 mm and a height H of 200 mm. Two specimens of an 

unconfined concrete column, as the reference specimen, and the externally confined concrete 

column using steel clamps. The mix design of the normal-strength concrete follows the common 

mix design standard in Indonesia, SNI 03-2834-2000 [20]. The width of the steel confining unit 

hs is 25 mm and the thickness ts is 1 mm with the maximum clamping diameter of 120 mm as 

indicated in Figure 3. The diameter of the clamp is larger than the diameter of the concrete 

cylinder specimen to facilitate the installation of the clamp on the concrete cylinder. In this test, 

one concrete specimen is strengthened with 5 clamp units by maintaining a similar gap gs of 

17.5 mm. The clear distance between the top-most clamp unit and the top edge of the column 

is 2.5 mm. Hence, only the concrete surface is subjected to axial compression. Similar treatment 

was applied to the bottom edge of the column. To determine the capacity of the steel clamp and 

its tensile characteristics, a coupon test (uniaxial tensile test) is carried out based on the SNI-

07-0408-1989 standard. The size of the coupon is shown in Figure 4. 
 

 

Source : (Experimental works, 2025). 

Figure 3. Steel Clamp. 
 

 

Source : (Experimental works, 2025). 

Figure 4. Coupon Tensile Test of Steel Sheet. 
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2. Testing Instruments and Description 
 

Several test tools are utilized to obtain the appropriate output. In large-scale testing 

with a large number of measuring instruments, the accuracy in use, input, and correct 

installation are the key factors in obtaining accurate test data results. In this test, the 

measurement of test parameters (axial load, vertical and horizontal displacement, strain) uses a 

load cell, linear variable differential transformer (LVDT), and strain gauge (SG), respectively. 

Applied axial load was measured using a 100 MN load cell, whereas the vertical and horizontal 

displacements were measured using two LVDTs. In this test, two LVDTs measure the vertical 

and the horizontal deformation of a concrete cylinder subjected to axial compression. The 

vertical LVDT is placed on the load plate under the load cell distributed on the entire surface 

of the concrete specimen, while the horizontal LVDT is placed on the surface of the concrete 

cylinder right in the middle height of the concrete (z =100 mm). 

Three strain gauges were utilized to measure the strain of the middle unit of steel 

clamps. A tester is used to measure the amount of resistance in Ohms of the strain gauges. After 

the strain gauge is attached to the concrete or steel element, it is required to ensure that the 

installation is correct and the strain gauge continues to function normally after gluing [21]. The 

induction between the two fiber poles (+/-) of the copper strain gauge due to gluing or clamping 

should be avoided. The amount of resistance in the strain gauge specifications used is 118.5±0.5 

Ω.  

 

 

Source : (Experimental works, 2025). 

Figure 5.  Instrumentation of Confined Concrete Test. 

The measurement on the tester is 0.120 using a 2K scale (2000 Ω) indicating that the resistance 

is 120 Ω, slightly higher than the resistance range in the product specification. This difference 

is caused by measuring the resistance immediately after the gluing process so that the 

temperature of the adhesive still affects the measurement. In this test, axial loading is applied 

by displacement control on the upper loading plate of the UTM. The control panel will regulate 

the displacement speed (load rate) and record the amount of vertical displacement (mm) and 

the load required (kgf) to compress the concrete specimen. For strain measurement, one strain 

gauge unit (SGc) is placed on the concrete and another unit (SGs) is mounted on the steel clamp 

number 3 as shown in Figure 5. Each measuring device is connected to a data logger. For the 

accuracy of deformation measurements, two LVDT units are utilized to measure vertical 

displacements in line with the displacement control of the testing machine and horizontal 

displacements of the composite specimen. Figure 5 illustrates the instrumentation of the 

specimen within the testing machine. 
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3. Results and Discussions 

3.1 Tensile Test Results of Steel Clamp 

The tensile strength test of 3 thin steel plate specimens begins with the provision of a 

tensile load in the form of displacement control at a speed of 0.16 mm/second by the UTM 

until the plates fail due to tensile force. In this test, the plate failed at the average tensile load 

of 335.41 kgf with a maximum deformation of 37.84 mm in 2 minutes. The raw output of the 

UTM testing machine is in the form of displacement, tensile load and duration of the test. The 

records of the mechanical characteristics of the steel plate from the test results is then 

processed to obtain the average tensile strength according to the desired units. Calculations 

are carried out to determine other parameters as presented in Table 1. The value of the elastic 

modulus of steel is assumed to be 200 GPa to obtain the yield strain and ultimate strain using 

conventional formulations 𝜀𝑦 = 𝐸𝑠𝑓𝑦 and 𝜀𝑠−𝑢𝑙𝑡 = 𝐸𝑠𝑓𝑦−𝑢𝑙𝑡. The results of the tensile tests 

show the average ultimate tensile strength of 258 MPa and the average yield strength of 181 

MPa. 

Table 1. Mechanical Properties of Thin Steel Plates from Test Results 

Specimen ts hs Lo As Py Pu fy fu ey eu 
mm mm mm mm2 N N MPa MPa   

1 
1.02 12.5 50 12.8 

2301.4 3287.8 180.5 257.9 9.03E-4 0.00129 

2 2306.6 3295.1 180.9 258.4 9.04E-4 0.00129 

3 2299.4 3284.8 181.2 258.9 9.06E-4 0.00129 

Average     2302.5 3289.2 180.9 258.4 9.04E-4 0.00129 

Source : Test results (2025). 

The displacement versus force curve obtained from the testing machine was converted 

into the tensile stress-strain curve. The load-displacement curve obtained from the test were 

refined before being used in the analysis. The refinement extends the straight/elastic segment 

until it intersects the displacement axis in Figure 6. The abscissa of the intersection is the 

quantity used in shifting the refined curve to point (0,0). If the yield stress is assumed to be 

80% of the ultimate stress, the yield point in the figure can be determined. Furthermore, 

adjustments are made to other segments with the actual yield point and the ultimate point on 

the final curve. 

 
Source : (Experimental works, 2025). 

Figure 6.  Tensile Test Curve. 

3.2. Test Results for the Unconfined Compressive Specimen 

An unconfined concrete specimen was tested to measure its concentric axial bearing 

capacity due to the strengthening mechanism and to obtain the type of failure and cracking in 

concrete. The axial loading by displacement control in this test was at a speed of 0.2 mm/min 

until the concrete failed. Figure 7 shows the failure pattern of the concrete at the ultimate 

compressive load of 10367.6 kgf, the vertical displacement of 3.04 mm after 18 minutes of 
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load applications. Based on observations, the unreinforced concrete specimen experienced 

vertical cracks in the direction of axial loading as reported [22], and the concrete cover spalled 

off due to the strain localization at the middle segment. Setting time during concrete curing is 

 

 

Source : (Experimental works, 2025). 

Figure 7.  Failure Pattern of Unconfined Concrete Specimen. 

essential to obtain optimum compressive strength [23]. The strain localization forms shear 

bands as the trigger for initial cracks. The peak load of 101.67 kN generates the compressive 

strength of 10.7 MPa. 

 

3.3. Test Results for the Confined Compressive Specimen 

With a similar load rate of 0.2 mm/second, the vertical movement of the load plate of 

the testing machine axially pushes the load cell and is transmitted to the surface of the confined 

concrete specimen. As a result of the loading, the concrete specimen experiences a strain 

localization that reaches an optimum value at the middle segment of the column span leading 

to a lateral deformation of the concrete at this segment. When there are interactions between 

the concrete surface and the steel plate due to the lateral deformation of the concrete and the 

difference in Poisson's ratio between concrete and steel, the active confinement starts. The 

steel plate attempts to restrain the lateral deformation of the concrete to its ultimate tensile 

strength. If the vertical load is continuously intensified in such that the stress due to the lateral 

deformation of the concrete exceeds the tensile strength of a steel plate, the steel clamp fails 

and the overall confinement process is considered to be terminated, and the concrete is 

crushed, as shown in Figure 8. The reading on the testing machine showed the maximum load 

of 24618.1 kgf (241.4 kN) at a vertical displacement of 15.53 mm. After the peak load, the 

displacement control block was continuously increased until the maximum displacement 

reached 36.14 mm. The difference in the number of readings between the data logger (2732 

points) and the UTM (2360 points) led to a difference in the abscissa range, which may 

generate errors in strain interpretation. 

Considering the advantages of sensitivity and measurement accuracy of the loadcell 

compared to the UTM, the loadcell loading data was used with the ultimate load of the testing 

machine as the reference. The displacement and strain versus axial load in Figure 9 improve 

the reliability of the plots for stress analysis on the test specimen. The strain of the concrete 

and steel clamp was plotted in Figure 9(a), the vertical and horizontal displacement of concrete 

were plotted in Figure 9(b), whereas the stress-strain comparison of unconfined and confined 

specimens was plotted in Figure 9(c). It is seen that the maximum axial load of strain and 

displacement is identical. In contrast, the vertical and lateral behavior of concrete differs 

significantly due to the difference in Poisson’s effect in both directions of the specimen. In 

Figure 9(c), the confinement effect of the steel clamps shows remarkable stress and strain 

improvement. The axial stress of the unconfined specimen was 10.7 MPa and is enhanced to 
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Source : (Experimental works, 2025). 

Figure 8.  Failure Modes of Confined Concrete Specimen. 

nearly 25 MPa by the presence of external confinement by a steel clamp (strength 

enhancement ratio ζ = +2.33). Similarly, the axial strain at peak load is also improved from 

0.00107 to 0.00308 (ζ = +2.89). The yield strain of the clamp εsy = fy/Es = 0.000904, is slightly 

lower than the yield strain of the unconfined concrete εcy = 0.00107. Hence, the steel clamp 

was in the yield state before the concrete cracks and successfully confined the concrete 

element, but had not failed until the concrete reached its peak stress. It can certainly be 

assumed that the stress and strain improvement can be more pronounced if the clear gap 

between each clamp unit is reduced. The displacement ductility μΔ of the confined column 

specimen was determined using the ratio of the yield displacement to the total displacement 

from the axial force versus the lateral displacement of the tested specimen provided in Figure 

9(b). By the elasto-plastic approach, the yield displacement is 0.184 mm and the ultimate 

displacement is 0.982, resulting in the displacement ductility μΔ = 5.77. The displacement 

ductility relies upon the internal confinement by shear reinforcement [24] and external 

confinement as studied. 

 
Source : (Experimental works, 2025). 

Figure 9.  Strain and Displacement Versus Axial Load Curves. 
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3.4. Confining Pressure Formulation 

Confining pressure fr suggested in [25] in Eqn. (1) was derived from the energy 

balanced method [26], where Efrp is the elastic modulus of FRP, t and εh,rup represent the 

thickness and the rupture strain at hoop of FRP jacket, respectively. In contrast, the confining 

pressure in Eqn. (1) considers the full confinement method, whereas the clamp confinement 

approach of this study requires center-to-center spacing ss between steel clamps that exhibits 

a major impact on the overall capacity. Moghaddam and Samandi [27] included the spacing 

in Eqn. (2), where 𝑠𝑠 = ℎ𝑠 + 𝑔𝑠 as illustrated in Figure 10. A study [28] suggested ks and kh 

in Eqn. (3) and used ks = 1 at the tie level for circular column section and neglected the 

reduction of concrete core area Aco by the area of longitudinal reinforcement in deriving kh 

between tie level. This affects the compressive performance. Hence, Eqn. (4) takes into 

account the reduction. The placement of external confinement at the tie level and between tie 

levels also influences the pressure on to concrete surface. Figure 10 illustrates the confined 

and unconfined segments by ties and external confining steel. 

 

𝑓𝑟 =
2𝐸𝑓𝑟𝑝𝑡𝜀ℎ−𝑟𝑢𝑝

𝐷
                                                                                                                (1) 

𝑓𝑟 =
2𝑡𝑠𝑓𝑦

𝐷

ℎ𝑠

ℎ𝑠+𝑔𝑠
             (2) 

𝑘ℎ = (1 −
𝑠′

2𝑑𝑠
)
2

 𝑘𝑠 = 1 −
2(𝑑𝑠−2𝑟)

3𝑑𝑠
2

2

 𝜅𝑒 = 𝑘ℎ𝑘𝑠       (3) 

𝑘ℎ =
𝐴𝑐𝑒

𝐴𝑐𝑜
=

𝐴𝑐𝑜−0.25𝜋(𝑑𝑠−𝑠′ 2⁄ )2

0.25𝜋(𝑑𝑠
2−𝑛𝑏𝜙

2)
2 =

(1−
𝑠′

2𝑑𝑠
)
2

(1−𝑛𝑏
𝜙2

𝑑𝑠
)
2         (4) 

 

 

 

 

 

 

 

 

 

 

Source : (Analytical study, 2025). 

Figure 10.  Internal and External Confinement States. 
 

In CFST [29], the increasing axial load application led to the lateral expansion of concrete 

core and steel sheets experiencing longitudinal stress l,  skin friction stress z and hoop stress 

i. The outward expansion of the concrete causes the concrete core to experience triaxial 

stress called confining stress fr. Although the skin friction stress z between concrete surfaces 
and the steel clamps insignificantly affected the confining pressure in most cases, the analysis 

of this study includes z to show the interaction between the interfaces. By the application of 

bolt tightening, an additional hoop stress b is also considered, as shown in Figure 11(a), 

where  is the sum of i and b. To compute all the stresses acting on the system, the 

clamp 
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confining stress equations for a cylindrical concrete column confined by a steel clamp were 

derived from Von Mises failure criteria at yield in Eqn. (5) with the addition of  the 

corresponding frictional stress during interface contact σz and κe. Assume z = 0 at yield, the 

maximum value for r and  is given in Eqn. (7) and Eqn. (8). 

 
Source : (Analytical study, 2025). 

Figure 11.  Shear Friction Stress between Concrete and Steel Clamp. 

 

𝑓 = 𝜎𝑟
2 + 𝜎𝑟

2 + 𝜎𝜃
2 − 𝜎𝑟𝜎𝜃 − 𝜎𝜃𝜎𝑧 − 𝜎𝑧𝜎𝑟 = 𝑓𝑦

2         (5) 

𝜎𝑟 =
2(𝜀𝜃𝐸𝜃)𝑡𝑠ℎ𝑠𝜅𝑒

𝑠𝑠𝐷
                               (6) 

𝜎𝑟 = √𝑓𝑦2 − 𝜎𝜃
2 (1 −

2𝑡𝑠ℎ𝑠𝜅𝑒

𝑠𝑠𝐷
)          (7) 

𝜎𝜃 = √
𝑓𝑦
2−𝜎𝑟

2

(1−
2𝑡𝑠ℎ𝑠𝜅𝑒
𝑠𝑠𝐷

)
            (8) 

The axial stress distribution is assumed to be linear up to the mid-height of the steel sheet. 

Once the slip occurred, the axial stress remains unchanged in the interface. Therefore, it is wise 

to average the axial stress along the height of the clamp as shown in Figure 11(c). The axial 

stress in the clamp can be defined by limiting the shear stress to its maximum condition as 

shown in Figure 11(c). When z ≠ 0, Mises’ failure criterion can be rewritten as: 
 

(1 −
2𝑡𝑠ℎ𝑠𝜅𝑒

𝑠𝑠𝐷
)𝜎𝜃

2 − (𝜎𝑧 + 𝜎𝑧
2𝑡𝑠ℎ𝑠𝜅𝑒

𝑠𝑠𝐷
)𝜎𝜃 = 𝑓𝑦

2 − 𝜎𝑟
2 − 𝜎𝑧

2       (9) 

 

Providing 𝑚 =
2𝑡𝑠ℎ𝑠𝜅𝑒

𝑠𝑠𝐷
, 𝐴 = (1 −𝑚), 𝐵 = −(𝜎𝑧 + 𝜎𝑧𝑚) and 𝐶 = −(𝑓𝑦

2 − 𝜎𝑟
2 − 𝜎𝑧

2) yields a 

quadratic form that can be factorized for   and fr. The validation of Eqn. (9) requires trials for 

consistent results of the confining pressure. For the current confined specimen, the confining 

pressure formula yields 9.28 MPa. The formula was also validated against relevant 

experimental results [13], [15], [30] as shown in Figure 12, for circular columns with the 

characteristic axial strength under 120 MPa. It is worth noting that the axial strength ratio of 

the confined concrete differs with the change of the characteristic compressive strength and the 

yield strength of the confining steel [18]. The regression analysis in Figure 12 shows that the 

axial strength of confined high-strength concrete (HSC) follows Eqn. (10), whereas that of 

confined normal strength concrete (NSC) follows Eqn. (11). Using the fr value, the peak axial 

compressive strength of the strengthened specimen is 24.99 MPa, which perfectly fits the test 

result. It can be seen in the figure that the prediction of peak axial strength is more accurate at 

a lower fr/fc ratio of NSC and HSC. Both formulations can be further rewritten for the peak axial 

load.  

𝑓𝑐𝑐 𝑓𝑐 = 3.32
𝑓𝑟

𝑓𝑐
⁄ + 1         (10) 
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𝑓𝑐𝑐 𝑓𝑐 = 1.54
𝑓𝑟

𝑓𝑐
⁄ + 1         (11) 

 

Source : (Analytical study, 2025). 

Figure 12.  Confining Pressure and Strength Ratio of NSC and HSC. 

 

Researchers [16], [31] introduced the confinement factor η as the load ratio of the confining 

steel and concrete section in Eqn. (12) representing the confining steel sectional area As and 

the concrete sectional area Ac. This study uses a database comprising 52 experimental results 

shown in Figure 12 to obtain the correlation between η and fcc as illustrated in Figure 13. 

Regression analysis yields the R2 value of 96% indicating the strong relationship between 

the confining factor and fcc by Eqn. (13). In contrast, the linear relationship only reaches 76% 

for HSC indicating that the relationship tends to be in quadratic form. Given that the axial 

stress of the confined concrete is determined using the conventional stress formula 𝑓𝑐𝑐 =

𝑃𝑢 𝐴𝑐⁄ , then the ultimate axial load can be derived for the normal strength confined concrete 

using Eqn. (14). For the tested specimen, with η = 0.617, Ac = 9498.5 mm2, the peak axial 

load using Eqn. (14) yields 240.22 kN, which is comparable to the test result. 

𝜂 =
𝐴𝑠𝑓𝑦

𝐴𝑐𝑓𝑐
           (12) 

𝑓𝑐𝑐 = (2.21𝜂 + 1)𝑓𝑐         (13) 

𝑃𝑢 = (2.21𝜂 + 1)𝑓𝑐𝐴𝑐         (14) 

 

Source : (Analytical study, 2025). 

Figure 13.  Peak Confining Stress of NSC and HSC. 
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4. Conclusions and Suggestions 

4.1 Conclusion 

Cylindrical concrete columns with external confinement using a steel clamps have been 

investigated with concentric axial loading. Based on the test results and previous research data, 

the formulation of confining stress and peak axial load has been developed. Several conclusions 

can be drawn from the results of this study. External confinement using steel clamp increases 

the axial bearing capacity of concrete with a strength increase ratio of +2.33. The ultimate axial 

load increases from 101.67 kN to 241.4 kN (+2.37) and the ultimate axial deformation of 

concrete increases with a ratio of 2.89. Steel confinement clamps reach the yield state before 

concrete cracks and do not fail until the concrete reaches its ultimate strength. Vertical cracks, 

strain localization and cover spalling of the confined specimen are significantly reduced by the 

proposed confinement method since the internal stress of the concrete is evenly distributed 

along the height of the column. The proposed confining pressure and peak axial load 

formulations show a good fit to the experimental results of current and past studies.  

 

 

4.2 Suggestion 

Further studies should be conducted to consider the presence of opening gap that may 

degrade the actual axial strength and to develop the stress-strain model for the proposed 

confinement technique. 
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