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Abstract: This study evaluates the effectiveness of steel clamps as a low-cost passive confinement system for
reinforced concrete (RC) under axial compression. Cylindrical RC specimens with different unconfined strengths,
reinforcement types, and numbers of steel clamps (3, 5, and 11) were experimentally tested to investigate their
influence on failure modes, compressive strength, strain capacity, and energy dissipation. The results show that steel
clamp confinement significantly delayed cracking, improved ductility, and enhanced compressive performance.
Peak compressive strength increased by up to 77%, while strain at peak strength and ultimate strain improved by up
to 268% and 900%, respectively. Energy dissipation increased by nearly 2000% in highly confined specimens.
Based on the experimental data, nonlinear regression-based expressions were developed to predict peak strength,
peak strain, and post-peak degradation behavior, enabling accurate simulation of the full stress–strain response. The
proposed analytical model follows the ACI 440 formulation style and provides a practical design-oriented tool for
applying steel clamp confinement in RC elements.
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1. Introduction
Aging and exposure to harsh environments are major causes of deterioration in reinforced concrete

(RC) structures. This damage often appears as concrete cracking, steel corrosion, and deformation in
members, all of which reduce the structure’s functioning and safety. As a result, practical and reliable
strengthening methods are needed to restore RC structures (Ejaz et al. 2022). In many cases, structures
also require increased load-carrying capacity to support added loads ascribed to modifications in use or
extensions to existing buildings (Park et al. 2008).
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Confinement systems play a crucial role in improving the structural performance of RC members,
particularly under axial and seismic loading. By restraining lateral expansion of concrete, confinement
enhances compressive strength, ductility, and energy dissipation capacity, while delaying brittle failure
(Saingam et al. 2025). These improvements are especially important in critical regions such as plastic
hinge zones, bridge piers, and building columns subjected to earthquake, impact, or overload conditions
(Gu et al. 2012). Confinement is widely employed in the rehabilitation of aging infrastructure, seismic
retrofitting of deficient columns, upgrading of load-carrying capacity, and strengthening of members
affected by material deterioration or design deficiencies. Both internal reinforcement and external jackets
or wraps are commonly used to achieve confinement, depending on structural requirements, construction
constraints, and economic considerations. Therefore, developing efficient, economical, and
easy-to-apply confinement techniques remains a key objective in modern structural strengthening
practice.

Conventional methods for strengthening deficient RC members typically involve externally
wrapping the expected plastic hinge regions with concrete jackets (Chang et al. 2014; Vandoros and
Dritsos 2008) or steel jackets (Aboutaha et al. 1996; Chai et al. 1991; Daudey and Filiatrault 2011;
Lehman et al. 2001; Priestley and Seible 1995) However, these techniques are both labor-intensive and
time-consuming (Raza et al. 2019; Salmaninezhad and Jazayeri Moghaddas 2021). Concrete jacketing
increases the member size and adds significant weight to the structure, while steel jacketing is difficult to
handle and is susceptible to corrosion on the inner surfaces (Askar et al. 2022). These enlarged sections
and added weight can also change the stiffness of the structure, which may affect its overall behavior
(Juntanalikit et al. 2016; Raza et al. 2019). In recent times, fiber-reinforced polymers (FRPs) have
acquired wide fame for strengthening structural members (Gao et al. 2019). Their strength-to-weight
ratio is much greater than that of conventional methods using steel or RC jackets, which makes FRPs a
lighter and more efficient option (Haroun and Elsanadedy 2005). They also provide excellent resistance
to corrosion (Wang et al. 2018). Because of these advantages, FRPs have been used in many
strengthening applications, including flexural (Attari et al. 2012; Dong 2011; Erfan et al. 2021; Khalid
Ali et al. 2022; del Rey Castillo et al. 2018), shear (Baggio et al. 2014; Chen and Teng 2003; Farghaly
and Benmokrane 2013; Song et al. 2023), lap splices (Bournas and Triantafillou 2011; Bousias et al.
2004; ElGawady et al. 2009; Ghosh and Sheikh 2007; Harries et al. 2006), and compression
strengthening (Jamatia and Deb et al. 2017; Jiang et al. 2020; Rousakis et al. 2007; Zeng et al. 2017).
Experimental and numerical works consistently show that FRP confinement greatly enhances both the
strength and ductility of concrete under compression. Numerous stress-strain expressions for
FRP-confined concrete have been proposed for circular and non-circular shapes (Lim and Ozbakkaloglu
et al. 2014; Ozbakkaloglu et al. 2013), leading to a better knowledge of its compressive response.

(Shaw and Andrawes 2017) performed single-point loading tests on three scaled down prestressed
concrete (PC) beams that were first failed and then externally confined with carbon fiber reinforced
polymer (CFRP) and glass fiber reinforced polymer (GFRP) wraps. Their findings showed that
externally wrapped FRP for shear could restore and also surpass the original shear strength of the
undamaged beams. (Jiang et al. 2019) conducted experiments on FRP-confined RC columns with
varying bonding situations among FRP and concrete. They concluded that while bonding changes do not
notably impact the overall response of the columns, slip at the interface can negatively influence the
length of the plastic hinge zone.(Gao et al. 2024) improved the compressive performance of seawater
sea-sand concrete by employing FRP confinement. (Saljoughian and Mostofinejad 2016) proposed a
novel corner strip-batten method for FRP to enhance the compressive response of RC columns under
eccentric loading. Synthetic FRP composites such as CFRP, GFRP, and AFRP are widely used for
strengthening RC structures. However, several practical, economic, and environmental issues limit their
broader adoption. A primary concern is their high material and installation cost, which can be several
times greater than traditional methods, making them unsuitable for small-scale or low-budget projects
(Saingam et al. 2024a; Yooprasertchai et al. 2023a). The production of synthetic FRPs is also
energy-intensive, relying heavily on petroleum-based polymers and high-temperature manufacturing
processes, which contribute to a significant carbon footprint compared to natural fiber composites (Faruk
et al. 2012). Another challenge involves health and safety risks during fabrication and application. The
resins, hardeners, and solvents used in FRP systems, particularly epoxy-based matrices, contain
chemicals such as bisphenol-A epoxy, amine hardeners, and styrene, all of which may cause skin
irritation, allergic contact dermatitis, and respiratory issues if proper protection is not used (Aljohani et al.
2025). Additionally, synthetic FRPs often exhibit poor performance at elevated temperatures, as matrix
softening or degradation can occur at relatively low thresholds (60–120°C), reducing their effectiveness
in fire conditions without additional insulation (Kodur et al. 2025). Disposal and recyclability also pose
challenges; most synthetic FRPs are non-biodegradable, and recycling techniques such as thermal or
chemical treatment are expensive, energy-demanding, and not widely available (Pickering 2006). These
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issues highlight the need for more sustainable, low-cost, and safer alternatives.
(Munir et al. 2021) used steel spiral confinement to improve the mechanical characteristics of

recycled aggregate concrete. Their results showed that although the elastic modulus decreased with
higher confinement levels, both the confined strength and its corresponding strain increased significantly.
(Rodsin et al. 2022) later introduced a low-cost confinement technique using standard steel hose clamps
to enhance the compressive behavior of recycled brick aggregate concrete (RBAC) in circular sections.
They tested cylinders with two strength grades and applied 3, 5, and 11 clamps, reporting substantial
gains in confined strength and a noticeable change in failure mode, with performance exceeding that of
concrete made with natural aggregates. More recently, (Ejaz et al. 2025) applied steel clamps to
strengthen square concrete specimens produced with either natural aggregates or RBA. They also
proposed a unified model by combining their test data with the results reported by (Rodsin et al. 2022).

In the context of rapid urbanization and the development of future cities, a large portion of existing
infrastructure is aging and requires efficient retrofit and upgrading strategies. Many RC structures in
urban environments were designed according to outdated standards and exhibit insufficient strength,
ductility, and resilience against extreme loading events. Cost-effective, easy-to-install strengthening
techniques are therefore essential for extending service life and enhancing structural safety. The
proposed steel clamp confinement system directly addresses these needs by providing a low-cost,
scalable, and practical solution suitable for urban rehabilitation projects, temporary strengthening, and
rapid retrofitting of critical infrastructure. Earlier works by (Rodsin et al. 2022) and (Ejaz et al. 2025)
confirmed that steel clamp confinement is highly effective in enhancing the compressive performance of
recycled or natural aggregate plain concrete. Although previous research has found that steel clamps can
notably enhance the compressive behavior of plain concrete, its performance in RC remains unexplored.
The presence of longitudinal and transverse reinforcement fundamentally alters stress distribution, crack
propagation, and confinement interaction within RC members, meaning that results from plain concrete
cannot be directly extended to structural elements containing steel bars. Reinforcement may either
improve or hinder the effectiveness of steel clamps, and the combined confinement mechanism between
internal steel reinforcement and external clamps is not yet understood. Since real structural members are
almost always reinforced, it is essential to evaluate whether steel clamps can provide meaningful strength
and ductility improvements under realistic conditions. Therefore, investigating steel clamp confinement
for RC elements fills an important research gap and provides practical insights for developing a low-cost,
easy-to-apply strengthening method suitable for actual structural applications. While external passive
confinement using steel clamps has been previously demonstrated for plain concrete, this study uniquely
extends the approach to reinforced concrete, addressing how internal longitudinal and transverse
reinforcement alter the confinement mechanisms and resulting strength–ductility improvements

2. Materials and Methods
2.1. Specimen details and test matrix

Two main groups were formed in this work based on the type of longitudinal reinforcement, i.e.,
either plain or deformed bars of 9 mm diameter. All specimens were cylindrical in shape, having a
diameter and length of 150 mm and 300 mm, respectively. Both groups were then split in two subgroups,
depending on the unconfined concrete strength. That is, low and high strength level. It is important to
note that the term “high” is relative to the lower strength and does not mean a “high strength” concrete.
Both subgroups comprised four kinds of samples. One confined, serving as benchmark for the remaining
three. Rest of three specimen types were confined with either three, five, or eleven steel clamps. To
identify a specimen, three parts were used, as presented in Table 1. The first part represents unconfined
strength, i.e., LS or HS for low or high strength, respectively. Then, the internal reinforcement was
represented by either “P” or “D” corresponding to plain or deformed bars, respectively. Finally, the
magnitude of steel clamps was represented by “3C”, “5C”, or “11C” corresponding to three, five or
eleven clamps, respectively. Such that the name LS-D-5C shows a sample with low strength, featuring
deformed longitudinal reinforcement, and confined with 5 steel clamps. Figure 1 shows the strengthening
configuration, whereas Figure 2 depicts geometrical and structural details of specimens. Each specimen
was reinforced with four longitudinal steel bars of 9 mm diameter arranged symmetrically along the
cross-section. The bars were anchored using standard end hooks to prevent premature slip. No transverse
reinforcement was provided in order to isolate the confinement effect of external steel clamps. The
nominal yield strength and elastic modulus of the reinforcement were 420 MPa and 200 GPa,
respectively. For each configuration, three identical specimens were fabricated and tested to ensure
repeatability of results. The values reported in this study represent the average response of the tested
specimens.
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Table 1. Summary of experimental framework.
Group Subgroup ID Unconfined Strength Type Reinforcement Type Steel Clamps

1

1A

LS-P-CON LS Plain None
LS-P-3C LS Plain 3
LS-P-5C LS Plain 5
LS-P-11C LS Plain 11

1B

HS-P-CON HS Plain None
HS-P-3C HS Plain 3
HS-P-5C HS Plain 5
HS-P-11C HS Plain 11

2

2A

LS-D-CON LS Deformed None
LS-D-3C LS Deformed 3
LS-D-5C LS Deformed 5
LS-D-11C LS Deformed 11

2B

HS-D-CON HS Deformed None
HS-D-3C HS Deformed 3
HS-D-5C HS Deformed 5
HS-D-11C HS Deformed 11

Figure 1. Configuration of steel clamps (All units are in mm).



5

(a) (b)
Figure 2. Geometrical and structural details of columns with (a) plain bars and (b) deformed bars. (All
units in mm).

2.2. Material properties
Type I Portland cement conforming to relevant ASTM standards was used as the binder. Natural river

sand with a fineness modulus of approximately 2.6 was employed as fine aggregate. The concrete mixes
were proportioned to achieve target slump values of 70 mm for HS and 90 mm for LS. Coarse aggregates
with sizes between 9.5 mm and 19.5 mm were included in the mixtures. The detailed mix proportions are
provided in Table 2. Potable water was used for mixing and curing. All concrete batches were prepared
using a mechanical mixer to ensure uniformity. Standard cylindrical specimens were cast alongside test
specimens to determine the unconfined compressive strength at 28 days.

The tensile stress-strain behavior of the steel clamps was assessed following ASTM E8 (ASTM
E8/E8M-21 rt al. 2021). Each clamp had a width of 10 mm and a thickness of 1.2 mm. The typical
geometry and appearance of the clamps are shown in Figure 3(a), and their ductile stress–strain response
is illustrated in Figure 3(b). To replicate actual strengthening conditions, the fastener was kept within the
gage length during testing. These clamps were chosen because they are easy to apply and can be installed
without the need for specialized tools. The tensile capacity of steel clamps was obtained to be 627 MPa.

Table 2. Mix design of concrete.

Concrete
Type

Ingredients (��/��)

Cement Sand NCS Brick Aggregates Water
A 270 780 520 520 310
B 625 810 355 355 255
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Steel clamp image here
(a)

(b)
Figure 3. (a) Steel clamp and (b) tensile stress-strain response of a typical steel clamp.

2.3. Strengthening procedure adopted
Concrete specimens were cast in steel molds with internal dimensions of 150 mm in diameter and 300

mm in height in accordance with (ASTMC943 et al. 2017). The fresh concrete was placed in three equal
layers, and each layer was compacted using a vibration table to eliminate entrapped air and ensure proper
consolidation. After casting, the specimens were covered with plastic sheets to minimize moisture loss
and were demolded after 24 hours. Following demolding, all specimens were water-cured in a controlled
curing tank at room temperature (23 ± 2°C) for 28 days. After curing, the specimens were air-dried for 24
hours prior to strengthening.

Strengthening work began once the curing period was completed. Steel clamps were then installed at
their designated positions and secured by tightening the screws. A torque wrench was used to ensure
uniform tightening across all specimens. Consistent with the procedure used in earlier studies (Ejaz et al.
2025; Rodsin et al. 2022), each clamp was tightened to a torque of 5 N·m to provide standardized
confinement conditions. Figure 4 shows the strengthening process.
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(a) (b)
Figure 4. (a) Application of steel clamp at designated location and (b) a completely confined specimen.

2.4. Testing procedures
All compression tests were conducted using a servo-controlled Universal Testing Machine (UTM)

with a maximum loading capacity of 2000 kN. Prior to testing, the bearing surfaces of the specimens
were carefully ground and leveled to ensure uniform stress distribution. Steel loading plates with a
thickness of 25 mm were placed at both ends of each specimen to minimize stress concentration and
eccentric loading effects. Axial deformation was measured using two Linear Variable Differential
Transformers (LVDTs) with a resolution of 0.001 mm, mounted diametrically opposite on a rigid
external frame, as illustrated in Figure 5. The average displacement from both LVDTs was used to
calculate axial strain, thereby minimizing the influence of specimen misalignment. Load data were
recorded through the UTM’s built-in load cell, while displacement data were acquired using a digital data
acquisition system synchronized with the testing machine. All signals were continuously monitored and
recorded throughout the test. Testing was continued until a significant post-peak strength reduction was
observed or until excessive specimen deformation prevented further loading. The axial strain for each
loading increment was calculated from the measured displacement divided by the original specimen
height.

(a)
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(b)
Figure 5. Test setup illustration: (a) schematics and (b) actual setup.

3. Results
3.1. Failure modes

Figure 6 presents the failure mechanisms observed in all test specimens. For clearer comparison, the
failure modes within each group are shown according to their respective confinement levels. In the
control specimens, failure was mainly characterized by splitting and crushing. Crushing was most
pronounced near the load point, whereas splitting cracks generated along the length of the specimen.
Confined specimens showed a regular failure pattern under compressive loads. No visible surface cracks
developed before the specimens reached their peak load. After the peak was exceeded, localized bulging
appeared in regions of the concrete that were not directly confined by the clamps. This bulging was
ascribed to the axial compressive stresses being transferred through the clamps. Throughout loading, the
core concrete remained essentially confined until the clamps fractured. These failure characteristics are
consistent with observations reported for steel clamp- and batten-confined concrete in previous studies.
(Rodsin et al. 2022) reported clamp rupture near fastening zones in circular recycled aggregate concrete
columns, while (Ejaz et al. 2025) observed similar localized fracture and progressive confinement loss in
square specimens. (Rong and Shi 2020) also documented stress concentration-induced failure in
angle-steel confined columns. Compared with these studies on plain concrete, the present RC specimens
exhibited more pronounced longitudinal bar buckling and interaction between internal reinforcement and
external clamps. The presence of longitudinal steel bars increased post-peak deformation capacity but
also intensified local stress demands on the clamps, leading to earlier fracture in some upper regions.

In specimens confined with three steel clamps, lateral protrusion of the concrete was limited. Clamp
failure typically occurred at or near the screw connections, and concrete crushing was primarily
concentrated in the upper half of the specimen. When five clamps were used, the bulging became more
noticeable and more uniformly distributed, reflecting improved confinement compared with the
three-clamp configuration. Specimens reinforced with eleven clamps exhibited the most effective
confinement, as indicated by extensive crushing and splitting patterns. This behavior indicates that the
eleven-clamp setup provided the highest resistance against both concrete crushing and outward
deformation. It was also observed that many of the upper clamps failed due to stress concentration in that
region. It is noted that the buckling of longitudinal bars was detected in all specimens, regardless of the
presence and magnitude of confinement. However, the extent of buckling became more pronounced as
the magnitude of confinement increased. This can be attributed to the enhanced buckling demand arising
from the improved confinement. Overall, the observed failure mechanisms confirm that steel clamp
confinement provides effective restraint up to fracture and that its performance is governed by clamp
spacing, fastening details, and interaction with internal reinforcement. These findings further
demonstrate the reliability of steel clamps as a passive confinement system while highlighting the
importance of proper installation and fastening design for practical applications.
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LS-P-CON LS-P-3C LS-P-5C LS-P-11C

HS-P-CON HS-P-3C HS-P-5C HS-P-11C

LS-D-CON LS-D-3C LS-D-5C LS-D-11C

HS-D-CON HS-D-3C HS-D-5C HS-D-11C

Figure 6. Failure of samples observed in this study.
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3.2. Experimental curves
Figure 7 depicts the stress-strain responses for all tested samples, grouped according to their

unconfined concrete strengths for improved clarity. The stress-strain curves could be approximated in 2
main segments: (1) an ascending branch that rises to the maximum stress (compressive strength), and (2)
a straight descending branch that represents the post-peak degradation. It is important to note that plain
concrete specimens under steel clamp confinement had similar features embedded in their stress-strain
curves (Ejaz et al. 2025; Rodsin et al. 2022). Across all confinement groups, an evident enhancement in
compressive strength was noted. However, the stiffness of the post-peak part, designated as Z, was more
gradual compared with that of the corresponding unconfined specimens. The elastic modulus,
representing the pre-peak stiffness (up to 40% of compressive strength), remained essentially the same
for both confined and related control specimens in all groups. This indicates that the steel clamps acted as
passive confinement, becoming effective only after the concrete began to exhibit significant lateral
expansion. Because lateral dilation is closely tied to the level of axial compressive strain in the concrete
core (Faustino et al. 2016; Hamid et al. 2021), the clamps provided little influence at low strain levels. In
addition, the strain at peak strength differed among the various groups, showing that confinement
affected both strength and deformation behavior. A detailed quantitative assessment of these parameters
is presented in the following sections. An idealized response is also presented in Figure 8. To capture the
complete compressive behavior of confined concrete, several key parameters must be approximated.
These include the peak strength ���, the corresponding peak strain ���, the elastic modulus ��, and the
stiffness of the post-peak degradation part �. In this study, separate predictive equations for these
parameters are developed and presented in Section 4.

(a) (b)

(c) (d)
Figure 7. Stress-strain behavior: (a) Subgroup 1A, (b) Subgroup 1B, (c) Subgroup 2A, and (d) Subgroup
2B.
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Figure 8. Typical response observed, some key points identified, and an idealized response.

3.3. Compressive strength and related strain comparison
Table 3 presents the average compressive strength and corresponding strain for each sample group,

reflecting the mean response of all samples within each category. Overall, all confined groups showed
substantial improvements; however, the magnitude of enhancement varied. Subgroup 2A demonstrated
the most notable gains, with compressive strength and peak strain increasing by up to 77% and 268%,
respectively. It is important to note that the confinement ratio varied in each group. The confinement
ratio is defined as the ratio of applied confinement pressure �� by steel clamps to unconfined compressive
strength ��� (Thansirichaisree et al. 2024). Studies have shown that the effect of ��� on effectiveness of
external confinement is detrimental (Saingam et al. 2024b; Tang et al. 2020; Yooprasertchai et al. 2023b).
This is because the axial deformation of concrete is compromised by enhancing the compressive strength.
As discussed, since the passive confinement is activated under significant lateral dilation which is further
related to axial deformation, the reduction in effectiveness of steel clamps is evident.

Table 3. Compressive strength and related strain enhancement.

ID ���
(MPa)

���
(MPa)

Standard
deviation

���

���
��� ���

Standard
deviation

���

���
LS-P-3C 23.11 27.00 3.12 1.17 0.0020 0.0034 3.124 1.70
LS-P-5C 23.11 31.69 2.26 1.37 0.0020 0.0044 6.254 2.20
LS-P-11C 23.11 40.52 5.67 1.75 0.0020 0.0067 6.987 3.35
HS-P-3C 28.52 32.00 4.25 1.12 0.0022 0.0027 4.698 1.23
HS-P-5C 28.52 39.00 2.12 1.37 0.0022 0.0035 2.365 1.59
HS-P-11C 28.52 49.00 3.14 1.72 0.0022 0.0049 1.987 2.23
LS-D-3C 20.14 25.70 6.50 1.28 0.0019 0.0032 2.365 1.68
LS-D-5C 20.14 29.90 1.35 1.48 0.0019 0.0044 4.698 2.32
LS-D-11C 20.14 35.70 2.65 1.77 0.0019 0.0070 8.741 3.68
HS-D-3C 35.76 39.00 1.36 1.09 0.0023 0.0030 2.236 1.30
HS-D-5C 35.76 49.00 2.65 1.37 0.0023 0.0039 5.145 1.70
HS-D-11C 35.76 56.00 1.55 1.57 0.0023 0.0060 6.254 2.61

A direct comparison between control and confined specimens demonstrates the substantial benefits of
steel clamp confinement. For plain-bar specimens, the average compressive strength increased from
23.11MPa in LS-P-CON to 40.52MPa in LS-P-11C, representing a 75% improvement, while peak strain
increased from 0.0020 to 0.0067 (235% increase). Similarly, for high-strength plain specimens,
compressive strength increased from 28.52 MPa to 49.00 MPa (72% increase), accompanied by a 123%
increase in peak strain. For specimens reinforced with deformed bars, confinement resulted in even
greater enhancements. The compressive strength of LS-D specimens increased from 20.14 MPa to 35.70
MPa (77% increase), while peak strain increased from 0.0019 to 0.0070 (268% increase). In HS-D
specimens, compressive strength improved from 35.76 MPa to 56.00 MPa (57% increase), with a
corresponding 161% increase in peak strain. These results clearly indicate that steel clamp confinement
significantly enhances both strength and deformation capacity compared with unconfined specimens.
For calculating the confinement pressure, the widely adopted approach presented by ( Mander et al.1988)
was modified to suit the steel clamp configuration utilized in this work. Each steel clamp had a width of
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10 mm and a thickness of 1.2 mm. The center-to-center spacing for the 3-, 5-, and 11-clamp
configurations was 66 mm, 44 mm, and 24 mm, respectively, corresponding to clear spacings of 54 mm,
32 mm, and 14 mm. Since the confinement provided by discrete clamps is not continuous, the effective
confinement pressure between consecutive clamp levels must be reduced to account for the non-uniform
distribution of lateral restraint. For this purpose, an effectiveness coefficient �� was introduced, like the
method of (Mander et al. 1988), as shown in Figure 9. The effective lateral confinement stress acting on
the concrete was then determined using equation (1), expressed as:

��
' =

1
2

������ℎ 1

where ��, ��, and ��ℎ represent the confinement efficiency, the ratio of the volumes of steel clamps (per
center-to-center spacing) to that of concrete, and the yield capacity of the steel clamps, respectively.
These parameters may be given in equations (2) and (3).

�� =
��

��
=

�
4 ��

2 1 −
�'

2��

2

���
2

4

2

�� =
������
�
4 ��

2�
=

4���

���
3

where �� is the effective area of confined concrete at the midpoint among steel clamp levels, �� is the
cylinder diameter, ��� is the cross-sectional area of a single clamp, � is the center-to-center spacing of the
clamps, and �� cross-sectional area of concrete. The effective confining pressures for the 3-, 5-, and
11-clamp configurations were determined as 1.53 MPa, 2.72 MPa, and 5.64 MPa, respectively.

Figure 9. Assumed variation in confinement along the height of sample.

As shown in Figure 10, the confinement ratio effect is shown on both normalized compressive
strength and related strain (confined samples). It is interesting to observe that both compressive strength
and related strain are enhanced by improving the confinement ratio. From this visual observation, the
trend seems to follow a parabolic curve in both cases. Interestingly, specimens with plain and deformed
bars seem to follow the same trend and it could be deduced that the kind of internal reinforcement does
not impact the axial capacity of confined specimens. Moreover, the corresponding ductility is also not
affected by the kind of internal reinforcement. Based on these findings, the corresponding modeling is
adopted. It is seen that specimens with deformed bars offered the wider range of confinement ratios
(shown by circular points in Figure 10). Therefore, deformed bar specimens were used for statistical
modeling, whereas the proposed models in Section 4 will be verified for both Group 1 and Group 2
specimens.
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(a) (b)
Figure 10. Effect of confinement ratio on normalized: (a) compressive strength and (b) related strain.

3.4. Dissipated energy and ultimate strain
The ultimate strain is given as the strain that corresponds to a 50% decrease from the peak

compressive strength (Yang et al. 2014). The dissipated energy was calculated as the area under
stress-strain curves up to this ultimate strain. Table 4 provides the calculated values of these parameters.
In Group 1, up to 722.22% and 440.74% enhancement in ultimate strain was noted for LS and HS type
specimens, respectively. Likewise, the enhancement in ultimate strain was observed for all magnitudes of
steel clamp confinement. Similarly, up to 900% and 786.86% enhancement in ultimate strain was noted
for Group 2 LS and HS specimens, respectively. Interestingly, the improvement in dissipated energy was
more pronounced with Group 1 LS and HS specimens showing up to 902.08% and 1173.47%,
respectively. While Group 2 LS and HS specimens demonstrated this improvement by up to 2017.65%
and 1978.72%, respectively.

Table 4. Compressive strength and related strain enhancement.

ID Ultimate
Strain

Enhancement in
Ultimate Strain

Dissipated Energy
(MPa)

Enhancement in
Dissipated Energy

LS-P-CON 0.0027 - 0.048 -
LS-P-3C 0.0101 274.07 0.221 360.42
LS-P-5C 0.0131 385.19 0.343 614.58
LS-P-11C 0.0222 722.22 0.481 902.08
HS-P-CON 0.0026 - 0.049 -
HS-P-3C 0.0082 203.70 0.214 336.73
HS-P-5C 0.0112 314.81 0.281 473.47
HS-P-11C 0.0146 440.74 0.624 1173.47
LS-D-CON 0.0023 - 0.034 -
LS-D-3C 0.0071 208.70 0.151 344.12
LS-D-5C 0.0169 634.78 0.446 1211.76
LS-D-11C 0.0230 900.00 0.720 2017.65
HS-D-CON 0.0023 - 0.047 -
HS-D-3C 0.0106 360.87 0.335 612.77
HS-D-5C 0.0125 443.48 0.512 989.36
HS-D-11C 0.0204 786.96 0.977 1978.72

Compared with control specimens, steel clamp confinement led to remarkable improvements in
ductility and energy absorption capacity. In Group 1 (plain bars), ultimate strain increased from 0.0027 in
LS-P-CON to 0.0222 in LS-P-11C, corresponding to a more than sevenfold increase, while dissipated
energy increased from 0.048 MPa to 0.481 MPa (over 900% improvement). For HS-P specimens,
dissipated energy increased from 0.049 MPa to 0.624 MPa, representing an enhancement of
approximately 1170%. In Group 2 (deformed bars), ultimate strain increased from 0.0023 in LS-D-CON
to 0.0230 in LS-D-11C (900% increase), while dissipated energy increased from 0.034 MPa to 0.720
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MPa (over 2000% increase). Similar trends were observed in HS-D specimens, confirming that steel
clamp confinement significantly improves post-peak deformation capacity and energy dissipation
compared with unconfined concrete.

4. Analytical modeling
This part presents the derivation of expressions for estimating the compressive strength, strain at peak

strength, and post-peak stiffness Z of concrete confined with steel clamps. Earlier results showed that
improvements in both peak strength and the corresponding strain are governed by the concrete’s
confinement ratio. These factors were therefore employed to establish the full compressive stress-strain
relationship for concrete confined by steel clamp. Since the proposed confinement method is novel in
sense that it has not previously been applied to RC sections, conventional passive confinement models
cannot accurately capture the distinct behavior of steel clamps. In this regard, the modeling approach
proposed by (Popovics et al. 1973) was found to best represent the ascending portion of the compressive
response. Notably, Eq. (4) has also been utilized by (Cusson and Paultre et al.1995) to characterize the
stress-strain behavior of internally confined concrete.

�� = ���

�
��

���

� − 1 +
��

���

� ��� �� ≤ ��� 4

� =
��

�� − ���
���

5

In Equations (4) and (5), the elastic stiffness of concrete �� is determined determined by expression
suggested by ACI 318 (ACI Committee 318 et al. 2019) for normal strength concrete, i.e., �� =
4700 ��� in MPa.

4.1. Proposed expression for confined compressive strength ���
Section 3 showed that the confinement ratio ��/��� had a positive impact on the enhancement of the

peak compressive strength ��� of steel clamp-confined concrete. The increase in ��� was found to be
unaffected by the type of internal reinforcement used in the specimens. It was further noted that the
specimens reinforced with deformed bars exhibited the largest range of confinement ratios. Since both
deformed-bar and plain-bar specimens demonstrated a similar trend with respect to the confinement ratio,
only the deformed-bar specimens were used in formulating the proposed expressions, while the resulting
equations were later validated for both reinforcement types. Using nonlinear regression utilizing the
Gauss–Newton method, Eq. (6) is proposed.

���

���
= 1 + 1.942

��

���

0.676

6

The proposed Eq. (6) achieved a coefficient of determination �2 = 0.93 , showing a strong
correlation between the predicted and experimental findings. As illustrated in Figure 11(a), the equation
effectively captures the experimentally observed enhancement in compressive strength, demonstrating
its suitability for modeling the response of steel clamp-confined concrete.

4.2. Proposed expression for strain at confined compressive strength ���
Similarly, the confinement ratio exerted a significant influence on the strain at peak strength. The

strain at peak strength, ��� , is a key parameter in defining the compressive stress-strain response of
concrete, as illustrated in Figure 8. Considering the relevant independent variables, Eq. (7) is proposed as
follows:

���

���
= 1 + 7.201

��

���

0.777

7

The proposed Eq. (8) yielded an �2 value of 0.94, and its efficiency is illustrated in Figure 11(b). This
equation closely captures the experimentally observed improvement in the strains at peak strength.
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4.3. Proposed expression post-peak modulus �
From Section 3, it was observed that the degree of post-peak strength reduction declined as the level

of steel clamp confinement improved, as illustrated in Figure 7. Furthermore, higher unconfined concrete
strength also contributed to a slower rate of strength degradation. To quantify this behavior, Eq. (9) is
presented to predict the post-peak degradation slope � as:

� =− 159.017 × ��� +
���

��

���

80.510

0.009

9

The proposed Eq. (9) also yielded an �2 value of 0.94, and its effectiveness is illustrated in Figure
11(c). This equation closely captures the experimentally observed strength degradation after achieving
the compressive strength. Importantly, it is observed from Figure 11 that although proposed expressions
were regression-derived from data of specimens with deformed bars only, these expressions could also
trace the trend of improvement in compressive strength, corresponding strain, and post-peak moduli of
specimens with plain bars as well.

(a) (b)

(c)
Figure 11. Comparison of experimental parameters with predicted trend as a function of confinement
ratio: (a) compressive strength, (b) strain at compressive strength, and (c) post-peak elastic modulus.

4.4. Comparison of experimental response with predicted curves
Figure 12 presents a systematic comparison between the experimentally measured and analytically
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predicted compressive stress–strain responses for all specimen groups. The comparison indicates that the
proposed model accurately reproduces the key stages of behavior, including the initial elastic response,
peak compressive strength, corresponding peak strain, and post-peak degradation. For all confinement
levels, the predicted peak strength and peak strain closely matched the experimental values, with only
minor deviations observed in the post-peak region.

It is repeated that the proposed approach was based on experimental data of specimens in Group 2
only, i.e., specimens with deformed bars only. However, since plain and deformed bar specimens were
found to follow a similar trend vs confinement ratio, the proposed method was supposed to predict the
response of specimens in Group 1 as well. It is important to note that the predicted response in the
post-peak region was terminated when a 20% reduction in compressive strength was achieved. Figure
12(a) and 12(b) confirm that the proposed method and expressions, though derived from deformed bar
specimens, are able to predict the response of specimens with plain bars as well. The expressions
proposed in this study follow the same practical formulation style adopted in ACI 440 (ACI Committee
440 rt al. 2017), ensuring familiarity and ease of use for practicing engineers. As a result, engineers
experienced with ACI 440 procedures can readily apply the developed model without requiring
additional modifications or specialized interpretation. Compared with existing confinement models
developed for FRP-confined concrete e.g., (Lim and Ozbakkaloglu et al.2014; Ozbakkaloglu et al. 2013)
and steel-based confinement systems (Rodsin et al. 2022; Rong and Shi 2020), the present model offers
improved consistency in capturing post-peak behavior for discrete steel clamp configurations. While
many conventional models primarily focus on peak strength enhancement, they often underestimate
post-peak ductility for discontinuous confinement systems. In contrast, the proposed approach explicitly
incorporates the influence of confinement ratio on post-peak stiffness, enabling more accurate
representation of strength degradation. Despite the good predictive performance, the proposed model has
certain limitations. The regression-based expressions were derived from a limited experimental dataset
involving cylindrical specimens under monotonic axial loading. The effects of cyclic loading, eccentric
compression, long-term degradation, and large-scale structural behavior were not considered. Therefore,
the proposed model should be applied with caution beyond the investigated parameter ranges. Further
experimental and numerical studies are recommended to extend its applicability.

(a) (b)

(c) (d)
Figure 12. Comparison of predicted and experimental response: (a) Subgroup 1A, Subgroup 1B,
Subgroup 2A, and (d) Subgroup 2B.
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4.5. Model validation and uncertainty analysis
To evaluate the predictive performance of the proposed regression-based models, statistical validation
was conducted using standard error indices, including the mean absolute percentage error (MAPE), root
mean square error (RMSE), and mean bias error (MBE).

Table 5 provides the calculated values of these parameters. For peak compressive strength prediction,
the model achieved a MAPE of 4.21% and an RMSE of 0.065, indicating excellent agreement between
experimental and predicted values. The prediction of strain at peak strength also showed good accuracy,
with a MAPE of 7.34% and an RMSE of 0.219. These results confirm the reliability of the proposed
expressions in capturing both strength and deformation characteristics.

For the post-peak stiffness parameter Z, a relatively higher MAPE of 17.13%was obtained, reflecting
the inherent variability associated with post-peak behavior and damage localization. Nevertheless, the
model was able to capture the overall degradation trend with acceptable accuracy.
The mean bias errors for all parameters remained close to zero, indicating the absence of significant
systematic overestimation or underestimation. Overall, the validation results demonstrate that the
proposed analytical expressions provide reliable and robust predictions within the investigated parameter
range.

Table 5. Statistical validation of proposed regression models.
Parameter �� MAPE (%) RMSE MBE
���/��� 0.93 4.21 0.065 0.012
���/��� 0.94 7.33 0.218 -0.030
Z 0.94 17.13 140.101 -56.560

5. Conclusions
In this study, RC specimens with varying unconfined strengths and different numbers of steel clamps

were cast and tested under axial compression. Both plain and deformed longitudinal reinforcement were
included. The mechanical properties of the steel clamps were characterized through tensile testing. All
concrete specimens were cast, cured, confined with steel clamps, and instrumented with LVDTs to
measure axial deformation. The compressive response, including peak strength, strain at peak, post-peak
behavior, and failure modes, was recorded and analyzed for each specimen. The following conclusions
were derived.
1. Steel clamp confinement significantly enhanced the compressive performance of reinforced

concrete by improving strength, ductility, and energy dissipation. Peak compressive strength, strain
at peak strength, ultimate strain, and dissipated energy increased by up to 77%, 268%, 900%, and
nearly 2000%, respectively, compared with unconfined specimens

2. The stress-strain analysis revealed that steel clamp confinement notably improved the compressive
strength of concrete while leaving the initial elastic modulus largely unchanged, confirming its role
as a passive confinement system.

3. The results indicate that steel clamp confinement extensively improved both compressive strength
and peak strain across all specimen groups, with subgroup 2A showing the largest gains of 77% and
268%, respectively. The effectiveness of confinement was influenced by the confinement ratio (��/
���), with higher unconfined concrete strength reducing the relative enhancement. This reduction
occurs because passive steel clamp confinement is activated only under substantial lateral dilation,
which is constrained in higher-strength concrete, highlighting the interaction between concrete
strength and confinement effectiveness.

4. Regression-based predictive expressions were developed to estimate peak strength, peak strain, and
post-peak stiffness, enabling accurate simulation of the full stress–strain response of steel
clamp-confined concrete. The proposed model demonstrated strong agreement with experimental
results and was applicable to both plain- and deformed-bar specimens

This study was limited to small-scale specimens, specifically cylindrical samples with a diameter of
150 mm and a length of 300 mm, aimed at developing material models under monotonic axial load. The
findings may not fully translate to larger-scale applications or real-world scenarios. Further studies
should focus on large-scale columns subjected to lateral cyclic loads to better understand the
performance and effectiveness of steel clamp confinement in more complex loading conditions. This
would enhance the applicability and reliability of the proposed material models. Although the present
study demonstrates the effectiveness of steel clamp confinement for enhancing the compressive
performance of RC, several aspects warrant further investigation. Future research should examine the
long-term durability of steel clamps under environmental exposure, including corrosion, temperature
variation, and moisture effects. The behavior of steel clamp-confined RC members under cyclic and
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seismic loading conditions should also be explored to assess their applicability in earthquake-resistant
design. In addition, the influence of different clamp materials, geometries, and fastening systems on
confinement efficiency deserves systematic evaluation. Further studies involving full-scale structural
members, such as columns and bridge piers, are recommended to validate the proposed model under
realistic boundary conditions and loading scenarios. Moreover, numerical modeling and parametric
analyses could be conducted to optimize clamp spacing and installation procedures. These efforts would
contribute to refining the design guidelines and expanding the practical application of steel clamp
confinement in structural rehabilitation and strengthening projects. Additional sources of uncertainty
include potential misalignment during loading, variations in concrete mixing and curing processes, and
differences in the mechanical properties of the steel clamps, all of which could impact the experimental
results and their generalizability.
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