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Abstract

Given the deterioration of civil infrastructure throughout the world, developing more efficient repair and strengthening is essential. 

Jacketing is one of the most common methods for retrofitting reinforced concrete (RC) columns. Notably, using engineered cementitious 

composite (ECC) within the jacketing area increases the bearing capacity and significantly enhances the ductility of the columns. 

The recent development of ECC concrete with suitable compressive strength and higher ductility of about 5 % can significantly enhance 

the performance of reinforced concrete structures. The behavior of retrofitted RC columns depends heavily on the cohesion between 

the jacket and the original column as well as the mechanical properties of the jacketing materials. This study investigates jacketed 

square and circular RC columns using ECC and conventional/normal concrete (NC) using different casing techniques to retrofit RC 

columns, namely galvanized mesh, U and L-shape joints, removing the cover, core drilling, and integrated models. All specimens 

were subjected to a compression test. The results indicate that in both square and circular specimens, the use of ECC as a super 

ductile material and vertical U-shaped elements to connect the longitudinal rebars of the casing and the core leads to much higher 

ductility and bearing capacity than in NC specimens. These elements also showed suitable ductility because of using ECC as a super 

ductile material. In order to optimize these methods, finite element analysis (FEA) was conducted using Abaqus software to verify 

experimental models, as well as a parametric study to achieve an optimum design of the jacketing.
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1 Introduction
It is well acknowledged that many members of older struc-
tures cannot meet the load-bearing capacity of the original 
design due to concrete cracking, rust corrosion, or other 
factors and damage [1]. Rehabilitation of reinforced con-
crete (RC) structures is an alternative to demolition and 
rebuilding, saving operational costs and time. Among 
all RC structure reinstatement methods, several attempts 
have been made to numerical and experimentally inves-
tigate the jacketing strengthening technique as a feasible 
solution. A considerable amount of literature has focused 
on different methods of RC structure reinstatement, such 
as concrete jacketing, steel jacketing, and fiber-reinforced 
polymer (FRP) jacketing [2]. In general, one can say 
that jacketing effectively strengthens RC structures and 

enhances compressive strength, ductility, Deformation 
capacity, and toughness [3]. This technique is mainly used 
for building columns, but this method has also been used 
in Japan to strengthen the foundations of a number of 
stairs. More confinement is created by twisting or tighter 
reinforcement [4]. Concrete pods can be used to reinforce 
beams as well as columns [5]. 

Most concrete structures are repaired or reinforced with 
concrete jacketing to address structural safety concerns. 
Also, when corrosion occurs in the steel reinforcement of 
the building, structural repairs seem necessary as a prac-
tical solution. In experiments, Ersoy et al. [3] and Lehman 
et al. [6] proved the success of using concrete jacketing 
to repair RC columns. The most important aspects of the 
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study are the effect of preloading, prevention of shear fail-
ure, the effect of repair by concrete jacketing, the effect 
on ductility, and the effect of the joint surface between the 
core and casing. Lehman et al. [6] used a concrete jacket to 
repair severely damaged columns. Their results indicated 
that the RC jacketed column illustrated more stiffness and 
strength than the initial column. Vandoros and Dritsos [7] 
investigated the effect of preloading on the behavior of the 
retrofitted column.

The RC columns were subjected to axial and lateral 
loads. The results showed that preloading increases resis-
tance and deformation capacity [7]. Bett et al. [8] observed 
flexural cracks in columns reinforced with concrete jack-
ets at a relative lateral displacement level of less than one 
percent. Studies by Thermou et al. [9] showed that concrete 
jacketing increases the stiffness and strength of a struc-
tural member. The change in the deformable capacity of 
the member depends on factors such as the aspect ratio of 
the jacketed member and the limiting factors of deform-
able capacity in the initial conditions of the structure. 
Ong et al. [10] have studied the RC square columns by the 
concrete jacket method. The results indicated that the con-
crete jacket increases the axial bearing capacity; the strain 
increases at the point of maximum axial force, and the duc-
tility increases after that point. Vandoros and Dritsos [11] 
investigated the effect of different bonding methods on col-
umns enclosed by RC jackets.

The results showed that the contact between casing and 
core is highly significant, affecting ductility and energy 
dissipation capacity [11]. The confinement created by the 
transverse reinforcement increases the concrete strength, 
strain at maximum stress, and ductility [12]. Models used to 
estimate the strength of enclosed concrete in steel can also 
be generalized to determine the strength of enclosed con-
crete with other materials. The enclosed concrete models 
have been evaluated by many researchers [12–16]. The most 
common model used to estimate the strength of enclosed 
concrete is the model proposed by Mander et al. [14, 15]. 
This model is presented for concrete enclosed by trans-
verse steel reinforcements. The energy balance method 
was used to predict the longitudinal compressive strain 
of the concrete related to the first failure of the transverse 
reinforcement. The strain energy capacity of the transverse 
reinforcement is assumed to be equal to the strain energy 
stored in the concrete due to the confinement. This theoret-
ical model is based on a laboratory study performed on 40 
axial compression tests. These experiments included circu-
lar, square, and rectangular reinforced concrete columns 
subjected to rapid and low-speed axial loading. 

Nowadays, with advancements in concrete technol-
ogy, engineers have a broader trend toward using concrete 
with high tensile properties. Therefore, some researchers 
have developed various fibers such as steel, carbon, glass, 
synthetics, and even hybrids that combine different fiber 
types [17–18]. Various fibers, even in small dosage, have 
been successfully used in improving tensile strain capac-
ity, compressive strength, and some other mechanical 
properties of these kinds of concrete, such as fiber rein-
forced concrete (FRC), ultra-high-performance fiber-rein-
forced concrete (UHPFRC) [19–21]. In general, these kinds 
of concrete do not contain any coarse aggregates in front 
of conventional concrete [22–24]. The demands for higher 
ductility caused to development of the engineered cemen-
titious composite (ECC) at the University of Michigan by 
Li [25–27] and Li et al. [28] with ideal ductility and suitable 
tensile strength. Concrete jacketing is still considered one 
of the main reinforcement methods, mainly when the other 
rehabilitation methods are impossible; this is because the 
positive effect of creating a concrete jacket around a rein-
forced concrete column has been proven both in increasing 
the bearing capacity in increasing its ductility. The behav-
ior of jacketed columns with concrete is directly related to 
the degree of cohesion of the jacket and the initial column 
and the material property of concrete used in the jacketing 
area. Because if a good connection is established at the joint 
surface of the jacket and the primary column, the behavior 
of the reinforced column will be closer to the behavior of 
the integrated specimen. Krishnaraja and Kandasamy [29] 
have evaluated the effect of ECC layers on concrete beams, 
which is similar to the purpose of this research. They have 
concluded that compared with the conventional concrete 
beam, the ECC layer presence not only leads to signifi-
cant enhancement in the cracking load, yielding load and 
ultimate load but also increases the load-bearing capacity, 
deflection, energy absorption, and ductility due to strain 
hardening of ECC layer in the concrete beam.

Additionally, using ECC as the jacketing part regard-
ing its exceptional properties, such as high tensile strain 
capacity (5%) and fine crack widths, can improve the ret-
rofitting performance. Therefore, in this research, experi-
mental and numerical investigation of the effect of differ-
ent types of jacketing using ECC concrete on retrofitting 
RC short columns have been studied.

2 Experimental program 
The main focus of the experiments performed in this 
research is to investigate the effect of using ECC concrete 
as the jacketing material instead of conventional/normal 
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concrete (NC) and how to increase the concrete continu-
ity of the core and casing. The typical mixed developed by 
Li [27] was used For ECC casting . 

Table 1 provides the typical ECC mix proportions with 
poly-vinyl-alcohol (PVA) fiber 12 mm in length and 39 µm 
in diameter (with a tensile strength of 1600 MPa, and den-
sity of 1300 kg/m3). Other Constituents of the mix are as 
follows:

Portland cement type II (ASTM C150) [30], fly ash type F 
ASTM C618-19 [31], fine sand with a maximum diam-
eter of 1.12 mm passed through sieve #16 and Type F 
water-reducing high-range polycarboxylate-based super-
plasticizer (ASTM C494) [32]. The superplasticizer used 
was AURAMIX 4450 (FOSROC), a polycarboxylic ether-
based superplasticizer.

A suitable mix design was used in this experimental 
research to obtain high composite ductility, which has been 
used successfully in the previous works by authors [20–21]. 

As a former experience by authors [19], first, fly ash 
was mixed with all the sand for approximately 3 minutes. 
Then, cement was added and dry mixed for at least 4 min-
utes. Then, water and superplasticizer were added gradu-
ally and mixing continued for an additional 4 minutes to 
improve flowability and obtain a suitable paste. PVA fiber 
was added by 2.0% of the volume to improve the mechani-
cal properties of ECC concrete, especially in terms of duc-
tility and tensile capacity (Fig. 1). 

After finishing the mixing process, ECC was poured 
into the jacketing part of cylindrical and cube molds. After 
24 hours, the specimens were removed and transferred to 
the water tank under lab temperature until the testing day. 
Cubes of 100 × 100 × 100 mm, cylinders of 100 × 200 mm, 

and dog-bone specimens, according to Fig. 2, were also 
made to determine the compressive strength and direct ten-
sile strength of ECC.

The specimens were made in a square and circular sec-
tion in this research. In general, ten types of connections 
of specimens have been considered as follows:

1. Primary specimen with NC (unjacketed specimen as 
control sample); O-Type

2. Simple jacketing using NC; S-Type
3. Simple jacketing using ECC; G-Type
4. Use of L-shaped elements on the contact surface of 

the core and casing using ECC; L-Type
5. Use of galvanized mesh on the contact surface using 

ECC; W-Type
6. Using U-shaped curved elements to connect the lon-

gitudinal rebars using ECC; B-Type
7. Use of curved U-shaped elements horizontally on 

the contact surface using ECC; U-Type
8. Removing the concrete cover of the primary column 

using ECC; C-Type
9. Creating surface holes on the primary column using 

ECC; H-Type
10. Integrated sample with NC (simultaneous concreting 

of primary column and casing); M-Type
In this study, 24 specimens were made and subjected 

to compression testing until complete failure. Specimens 
have equal dimensions, longitudinal and transverse rein-
forcement. Twelve specimens had a circular cross-sec-
tion, and the other 12 remaining specimens had a square 
cross-section. From each series of 12, 3 specimens were 
reinforced as control specimens (without making concrete 
jackets), eight specimens were retrofitted, and an inte-
grated sample using NC is also provided for comparative 
purposes. The longitudinal and transverse reinforcements 
used in the jackets were the same as the reinforcements 
used in the core. Also, the used mixing design of NC was 
the same, and only in specimens with ECC concrete, the 
materials of the casing and the initial column were differ-
ent. Table 2 lists the names of all the specimens and the 
number of each. The dimensions of the samples before and 

Table 1 ECC Mix Proportions by weight [27]

Cement Fly Ash Sand Water Superplasticizer Fiber (Vol%)

1.0 1.20 0.80 0.56 0.012 0.02

Fig. 1 Mix design for experimental test, a) ECC mixing process and b) 
Close-up view of PVA fiber

Fig. 2 Dimensions of the dog-bone specimen for direct tension test 
(unit: mm) [22]
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after jacketing were 80 × 80 × 400 mm (A = 64 × 102 mm2) 
and 120 × 120 × 400 mm (A = 144 × 102 mm2) in square col-
umns, respectively, and 90 × 400 mm (A = 63.6 × 102 mm2) 
and 135 × 400 mm (A = 143 × 102 mm2) in circular col-
umns, respectively, where A is the cross-sectional area. 
It is noteworthy that for better comparison the cross-sec-
tional areas of the specimens are almost the same. 
The typical mixing design, including Portland cement, 
fine aggregate (maximum size of 20 mm), and water (with 
w/c = 0.45), were used to make the NC for use in some of 
the specimens of this study. 

2.1 Concrete testing 
Cylindrical and cube samples with dimensions of 150 × 
300 mm and 100 × 100 × 100 mm were prepared for NC and 
ECC concrete, respectively. Additionally, dog-bone shape 
samples were taken from ECC concrete for the direct tensile 
strength tests. All tests were repeated three times to obtain 
the experiments' exact mechanical properties (Fig. 3). The 
average 28-day NC and ECC concrete compressive strengths 
were measured as 17 and 40 MPa, respectively. The tensile 
stress-strain curve of ECC concrete is illustrated in Fig. 4 as 
well. The ultimate tensile strength of ECC obtained from the 
dog-bone test was 7 MPa, as shown in Fig. 4.

2.2 Steel rebars
The steel rebars in the test specimens are as follows:

• 5 mm diameter screw to make L and U-shaped ele- 
ments

• S400 class steel rebar as a longitudinal reinforcement 
of the primary column and casing with an 8 mm 
diameter

• A simple wire with a diameter of 2.5 mm as a trans-
verse reinforcement of the primary column and casing.

In order to obtain steel rebar characteristics, several 
steel rebars were selected before making columns for the 
tensile strength test. The stress-strain curve obtained from 
the test showed that the rebar yield and ultimate strengths 
are 430 MPa and 660 MPa, respectively (see Table 3).

2.3 Concreting the primary columns 
After preparing the concrete mixture, concreting is done 
in 5 layers. Jacket reinforcement is made the same way 
as in the construction of primary column reinforcement 
(see Fig. 5). 

Table 2 Studied specimens

Jacketing Type Concrete 
Type

Name
Number

Square Circular

No Jacketing

NC

S-O-1 C-O-1 6

S-O-2 C-O-2

S-O-3 C-O-3

Simple jacketing NC S-S C-S 2

Integrated NC S-M C-M 2

Simple jacketing ECC S-G C-G 2

L-Shape elements ECC S-L C-L 2

Galvanized Mesh ECC S-W C-W 2

Vertical U-Shape element ECC S-B C-B 2

Removing concrete Cover ECC S-C C-C 2

U-Shape elements ECC S-U C-U 2

Hole on surface ECC S-H C-H 2

Fig. 3 a) ECC dog- bone tension test, b) compressive strength test

Fig. 4 Tensile -strain curve for ECC specimen

Table 3 Mechanical properties of steels according to tensile tests

Diameter 
(mm)

Yield Stress 
(MPa)

Ultimate 
Stress (MPa)

Longitudinal rebar 8 430 660

Transverse rebar 2.5 240 405

Screw 5 430 550
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2.4 Connection elements
Joints are considered to investigate the increased bonding 
of the concrete core with the casing and make closer the 
behavior of jacketed columns to the behavior of integrated 
ones. The connection elements considered in this research 
are L-shaped, U-shaped, and galvanized mesh (see Fig. 6).

2.5 Experimental tests
Uniaxial compression loading tests were carried out on 
specimens after 28 days of casting. All specimens were 
tested using a testing machine with a capacity of 2000 KN. 
One millimeter/minute was used to load the specimens. 
The specimens are carefully placed in the machine's load-
ing jaw center before commencing the tests (Fig. 7). All 
retrofitted specimens were loaded until displacement of 
about 50 mm, after which the test was stopped.

3 Test results and discussion
3.1 Compressive strength 
Table 4 summarizes test results for all square and circular 
specimens. The table also shows the maximum strength, 
the maximum force of specimens after retrofitting to a 
maximum force of specimens before retrofitting, primary 
specimens (O), and energy absorption of all specimens. 
The percentage of increase in the strength of the primary 
specimen due to the jacketing has been compared. 

3.2 Fracture modes
Since different kinds of concrete (NC and ECC) and dif-
ferent jacketing methods have been used, the degree of 
damage, ductility, and ultimate strength differ in the same 
displacement created in the specimens. Damage in jack-
eted specimens initiates with the formation of cracks in 
the concrete cover of the casing, which often occur longi-
tudinally. Cracks and scaling of the concrete cover occur 
almost simultaneously. After peeling off the outer cover of 

the sample, buckling of longitudinal rebars occurs at the 
moment of reaching the final strength of the specimen. 
The next step is the failure of the transverse reinforcements, 
which significantly reduces the compressive strength of the 
sample. At the displacement of 50 mm, rupture has been 
observed in several transverse reinforcements. After the 
failure of transverse reinforcements, the structure's perfor-
mance of columns is severely reduced. As the loading con-
tinues, large deformations occur in the circular specimens, 
and the longitudinal rebars become strongly arched, and in 
most specimens, due to the creation of the shear surface, 
the halving mode is observed according to Figs. 8 and 9.

3.3 Comparison of square specimens
Fig. 10 shows the force-displacement curves of all square- 
section columns. It is clear from Fig. 10 that the highest 
load-bearing capacity is shown by the specimen S-B con-
taining ECC and U shape curved elements to connect. This 
specimen achieved a maximum resistance of 434.19 KN, 
which is 3.23 times greater than the maximum resistance 
values of the simple specimens S-O without retrofitting. The 
S-B specimen also showed 8664 KN-mm energy absorption, 

Fig. 5 a) Reinforcement, b) Placement of reinforcement in formwork

Fig. 7 Test setup for compressive experiments on short RC columns

Fig. 6 Connecting elements and different specimens before concreting 
the casing
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Fig. 8 Damaged form of circle specimens under compression test

Fig. 9 Damaged form of square specimens under compression test

4.14 times more than the simple specimens. With remov-
ing the concrete cover of the primary column, the specimen 
S-C also reached a resistance of 410.45 KN, which is 3.05 
times more than the value of the unjacketed columns (S-O). 
It has the best (maximum) energy absorption of 9064 
KN-mm compared to other methods, which is 4.33 more 
than the energy absorption of primary columns (S-O). 

Table 4 was regulated according to the maximum failure 
force recorded during the testing of specimens (S-B) with 
434.19 KN to a minimum value of failure force of speci-
mens (S-O) with 134.57 KN. Additionally, it presents the Fig. 10 Force-displacement curves for square specimens
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percentage of increase in maximum failure force of various 
jacketed specimens to maximum failure force of unjack-
eted column specimens. The most significant increase is 
shown by specimens S-B and C-B of 3.23 and 3.39 belong-
ing to square and circular jacketed columns using ECC of 
U-shaped elements on the contact surface and removing 
concrete cover method, respectively. The lowest percent-
age increases are related to the square and circular unjack-
eted specimens (S-O and C-O) with a value of 1.0. 

Other effective methods include removing the concrete 
cover of the primary column (S-C) and using galvanized 
mesh (S-W). The two NC methods, including simple jack-
eting (S-S) and integrated specimen (S-M), have the low-
est strength increases.

3.4 Comparison of circular samples 
Fig. 11 shows the force-displacement curves of all cir-
cular specimens. It is clear from Fig. 11 that the highest 
load-bearing capacity is shown by specimen C-B con-
taining U-shaped elements using ECC. This specimen 
achieved a maximum resistance of 560.45 KN, which is 
3.39 times greater than the maximum resistance values of 
the simple primary (unjacketed) specimen. This specimen 

showed 4.68 times more energy than the unjacketed spec-
imen in terms of energy absorption. 

The specimen with simple jacketing using NC (specimen 
C-S) also achieved a resistance of 270.45 KN, 1.64 times 
more than the value of the unjacketed specimen (C-O), and 
it has the weakest performance compared to other meth-
ods. In terms of energy absorption, it shows 2.00 times 
more energy than the specimen C-O. The lowest percent-
age strength increases among jacketed specimens using 
ECC is related to the simple jacketing (specimen C-G), but 
it achieved integrated bearing capacity (C-M). 

For favorable comparison, Fig. 12 shows only three 
specimens, including the using ECC beside U shape ele-
ments to connect (C-B), integrated specimen using NC 
(C-M) and also an unjacketed specimen (C-O). The use 
of ECC in the jacketing area and U shape elements on the 
contact surface makes the bearing capacity of the primary 
column considerably more than the integrated specimen 
and unjacketed specimen O as well. As it can be seen, the 
high ductility and maximum failure load of specimens 
show that using ECC and also suitable connections are 
remarkably effective techniques.

Table 4 Experimental results of specimens

Specimen 
Name

Number of 
Specimens

Maximum Force (KN) Pretrofit/Po Energy absorption (KN-mm) Eretrofit/Eo

S C S C S C S C

Specimen B 2 434.19 560.45 3.23 3.39 8664 10215 4.14 4.68

Specimen C 2 410.45 515.49 3.05 3.12 9064 10910 4.33 4.99

Specimen W 2 395.85 507.85 2.94 3.07 7034 8794 3.36 4.02

Specimen L 2 390.40 498.56 2.90 3.02 7105 10860 3.39 4.97

Specimen U 2 385.95 495.86 2.87 3.00 7696 9828 3.68 4.50

Specimen H 2 345.80 466.55 2.57 2.82 7351 9517 3.51 4.36

Specimen G 2 338.49 448.95 2.52 2.72 7107 9355 3.40 4.28

Specimen M 2 267.18 340.15 1.99 2.06 4550 5492 2.17 2.51

Specimen S 2 215.22 270.45 1.60 1.64 3456 4373 1.65 2.00

Specimen O* 6 134.57 165.25 1.00 1.00 2093 2185 1.00 1.00

* The values have been calculated based on the average of the maximum failure load of O-1, O-2, O-3 specimens.

Fig. 11 Force-displacement curves for circular specimens
Fig. 12 Force-displacement curve of primary, integrated, and jacketed 

specimens
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3.5 Ductility and energy absorption
Structural elements with high ductility withstand larger 
inelastic deformations before failure and show a greater 
ability to absorb energy. As shown in Fig. 13, the spec-
imens with ECC jacketing exhibited significant ductil-
ity and energy absorption compared to the ductility and 
energy absorption of specimens using NC. For instance, 
a square cross-section specimen with u-shaped elements 
to connect using ECC (S-B) obtained 8664 KN-mm 
energy absorption with more than 50 mm displacement at 
failure point while the specimen using NC jacketing (S-S) 
had just 3456 KN-mm energy absorption with only 33 mm 
displacement at the failure point. From Figs. 10 and 11, 
it is clear that using ECC within the jacketing area leads to 
higher energy absorption and a more significant displace-
ment during the test and failure point.

4 Numerical simulation
Abaqus finite element software was used in the next 
step to use to model and verify experimental specimens. 
Then by altering the various input parameters (indepen-
dent variables), it was aimed to expand models and target 
variables. Since damage plays the main role in this study, 
therefore concrete damage plasticity (CDP) has been used 
to model the plastic behavior of concrete, according to 
Michal and Andrzej model [33]. The modulus of elasticity 
and the poisson ratio of concrete and steel are considered 
28Gpa, 0.2 and 210 Gpa, and 0.3, respectively. Solid ele-
ments (C3D8R) and wire elements (B31) have been used 
for rebars to model concrete. The two best types of jack-
eting regarding the experimental test results, Specimen B 
and Specimen C, have been used to verify and expand 
numerical models by altering parameters. Table 5 indi-
cates the parameters in FEA models. Fig. 14 illustrates the 
square and circular column modeled in Abaqus.

All models were subjected to compression tests in a dis-
placement-control analysis. The displacement increases 
gradually and starts from zero in a linear pattern until it 
reaches 5 mm at the end of the analysis in the dynamic/
explicit step. The reaction force of the end side of the col-
umn has been derived, and Load-displacement curves are 
as below in Fig. 15.

4.1 List of models
Since the numerical and laboratory modeling results are 
consistent, the models are expanded by changing the 
parameters. According to Table 6, by changing the param-
eters of the U-shape element's diameter and the ECC's 

strength, the effect of these parameters is discussed to 
determine which models have the best performance in the 
two selected optimal types.

4.2 Results of simulation
Results indicate that the stress distribution is uniform in 
circular columns, and both horizontal and vertical rebars 
share stress tolerance. However, this uniform distribu-
tion is not observed in square columns, and most of the 

Fig. 13 Comparison of energy absorption of square and circular 
specimens

Table 5 Material parameters used in the FEA model

Concrete

Density 
(kg/m3)

Elasticity 
(GPa)

Poisson's 
Ratio fc (MPa)* ft (MPa)

2450 28 0.2 30 3.5

CDP Parameters [33]

Dilation 
Angle Eccentricity fb0/fc0 K Viscosity 

Parameter

30 0.1 1.16 0.667 0.001

Steel

Density 
(kg/m3)

Elasticity 
(GPa)

Poisson's 
Ratio

Yield Strength 
(MPa)

Yield 
strain

7850 210 0.3 430 0.00324

*Compressive strength varies from 30-55 MPa in numerical models and 
for ECC it is equal to 55 MPa.

Fig. 14 Abaqus model of square and circular columns
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stresses are borne by vertical rebars and U-shaped joints. 
In modeling performed by changing the diameter of the 
U-shaped element, the effect of the diameter of this ele-
ment on the cohesion of the casing and the core is dis-
cussed. This change is done in both circular and square 
columns. The stress contour created in models S-B and 
C-B can be seen in Fig. 16. As it illustrates, the stress is 
in the vertical rebars close to the area under maximum 
pressure. It is also observed that U-shaped elements with-
stand stress close to the yield stress, indicating that dam-
age may also occur in these areas. Therefore, by changing 
the diameter, the stress in these points can be reduced.

The result of compressive loading in Abaqus is shown 
in Fig. 17. The maximum compressive strength is derived 
from results and compared to other models.

As it is clear from the results, increasing the ECC 
strength directly affects the compressive strength of the 
jacketed column. This effect is such that in a circular col-
umn, the use of ECC with a strength of 55 MPa increases 

the compressive strength of the column by more than 40% 
compared to an ECC with a strength of 30 MPa. This ratio 
is lower for square columns and is almost 30%. Results 
also indicate that in the numerical models, increasing the 
rebar diameter may even reduce the compressive strength 
of the column. This is because by increasing the diameter 
of the u-shaped element, discontinuities may occur in the 
concrete of the column.

5 Conclusions
This study focused on investigating the effectiveness of 
jacketing square or circular columns with ECC and NC, 
and different types of connections between the casing and 
the core. The results obtained from the experiments were 
compared from different aspects such as ductility, the per-
centage increase in the initial strength of the columns, and 
the energy absorption. Additionally, to expand the mod-
els, numerical simulations by FEM used, and the effect of 
U-shaped element's diameter and the compressive strength 
of ECC were evaluated and compared with experimental 
models that the following results can be addressed: 

1. Concrete jacketing can be improved the bearing 
capacity of RC columns, especially when using ECC 
in the jacketing areas.

Table 6 List of numerical models

Vertical U-Shaped Element 
Models Replacing concrete cover by ECC

Square Circular Diameter 
(mm) Square Circular

Compressive 
strength 
(Mpa)

S-B C-B 5 S-C C-C 40

S-B1 C-B1 10 S-C1 C-C1 55

S-B2 C-B1 8 S-C2 C-C1 50

S-B3 C-B1 6 S-C3 C-C1 45

S-B4 C-B1 4 S-C4 C-C1 35

S-B5 C-B1 3 S-C5 C-C1 30

Fig. 15 Comparison of numerical and experimental modeling

Fig. 16 Stress distribution in reinforcement

(a)                                                   (b)
Fig. 17 result of parametric modeling of jacket columns with; 

a) Vertical U-Shaped elements and b) Replaced cover
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2. Jacketing of the core in RC columns increases the 
strength by 1.6 to 3.23 times for square sections, 
which is by 1.64 to 3.39 times for circular sections.

3. Using ECC as a jacketing material significantly 
increases energy absorption of the columns by 4.33 
and 4.99 times for square and circular specimens, 
respectively. 

4. In both square and circular columns, maximum 
load-bearing capacity is achieved using ECC and 
horizontal U-shaped curved elements to connect. 

Conversely, minimum load-bearing capacity in 
square and circular columns is achieved using NC 
without specific measures for concrete jacketing 
during casting. 

5. Circular sections generally showed higher strength-
ening, energy absorption, and ductility than their 
square sections under the same conditions.

6. Nonlinear numerical simulations correlated reason-
ably well with the experimental results, in particular, 
for the force- displacement curves. 
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