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Abstract: This paper investigates the compressive strength of concrete columns confined 

with a new jacketing system using high strength steel reinforced fabrics embedded in an 

inorganic matrix (SRG). A comprehensive experimental programme was conducted on 52 

cylindrical columns with SRG jackets and 15 control specimens under monotonic uniaxial 

compression load. The test specimens were designed to investigate the influence of different 

design parameters including the density of the fabric (1, 1.57, 4.72 cords/cm), number of 

layers (1, 2), overlap length (24, 36 cm), bonding agent (4 different types of mortar) and the 

concrete strength (16 to 30 MPa). The test results highlight the efficiency of the proposed 

method, where one-layered and two-layered SRG jackets could increase the strength capacity 

of the unconfined specimens by up to 122% and 193%, respectively.  

 

Keywords: Fabrics/textiles, Fibre/matrix bond, Mechanical testing, SRG Jackets 

 

1. INTRODUCTION  

Much of the existing building stock in developing countries was designed according to old 

standards (with little or no seismic provisions) using poor material and construction practices. 

Moreover, deterioration of structural elements due to ageing and aggressive environmental 

conditions is another factor that can significantly increase the vulnerability of reinforced 
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concrete (RC) structures. The retrofit of deteriorated or seismically deficient structures 

provides a feasible and economic approach to improving their load carrying capacity and 

reducing their vulnerability.  

In recent years, the use of composite materials in retrofitting of existing structures has 

been increased substantially and proved to be efficient in accommodating deterioration of 

structural elements or damages observed after strong earthquakes [e.g. 1, 2]. Externally 

Bonded Fibre Reinforced Polymers (EB-FRP) applications have gained ground due to the 

advantages such as high resistance to corrosion, excellent durability, high strength to weight 

ratio and adaptability of the technique to different types of structural members. However, 

there are a few shortcomings related to the high cost, toxicity, poor behaviour at high 

temperatures and lack of vapour permeability. The replacement of organic to inorganic 

matrix, cement-based mortars, seems to minimize these drawbacks. Within this context, the 

first applications developed with carbon sheets combined with inorganic matrix are related to 

flexural strengthening of beams [3-5]. This was further extended to confinement of concrete 

columns, where unidirectional carbon sheets with mortar matrix were utilized [6].  

In the last decade, several composite systems with inorganic binders have been developed 

for flexural and shear strengthening and confinement of RC members using different types of 

fabrics and inorganic matrixes. The most popular systems are bidirectional textiles made of 

continuous carbon fibers embedded in cement-based mortars (Textile-Reinforced Mortar 

(TRM) systems) [e.g. 7-9], high strength steel and carbon fabrics combined with inorganic 

geopolymer resins [e.g. 10-12], PBO (poliparafenilen benzobisoxazole) nets embedded in 

cementitious matrix [e.g. 13, 14] and high strength steel fabrics combined with cementitious 

grout (SRG) [e.g. 15-25]. In general, the success in these composite systems relies on the 

bond characteristics between the fabric and the binding material as well as to the penetration 

and impregnation of the fiber sheets with inorganic binders.  
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Previous studies on the effect of Steel-Reinforced Grout (SRG) jackets on confined 

concrete have shown the efficiency of the proposed system in increasing substantially both 

compressive strength and deformation capacity [17-19]. These experimental studies 

investigated the effects of density of the fabric (for an uninhibited flow of mortar) and the 

overlap length on the failure modes. However, further studies are required to obtain a balance 

between the strength of the fabric (i.e. density) and the properties of the grout, and to 

investigate the effect of using multiple layers on the compressive strength and deformation 

capacity of the specimens and the required overlap length.  

The main objective of the current study was to investigate the efficiency of SRG jackets 

when applied on plain concrete cylindrical columns using different design parameters. An 

extensive experimental study was conducted, where 52 columns confined with SRG jackets 

along with 15 control specimens were tested under monotonic uniaxial compression. The 

SRG jacketing technique proved to be very efficient in increasing both strength and 

deformation capacity.  

 

2. EXPERIMENTAL PROGRAM  

 2.1 Specimen details - Parameters of study  

Fifty-two cylindrical columns with a diameter of 150 mm and a height of 300 mm were 

wrapped with the SRG jacketing system and subjected to monotonically increasing 

concentric uniaxial compression load up to failure. The test specimens were designed to 

investigate the influence of the following design parameters: (i) the density of the fabric, (ii) 

the number of layers, (iii) the overlap length, (iv) the type of the bonding agent and (v) the 

concrete strength.  

The specimens were cast using five concrete batches corresponding to different values of 

concrete compressive strength ranged between 
/

cof =1630 MPa. The lower and upper bound 
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values are representative of the old and typical construction practice in the Mediterranean 

region and many developing countries, respectively. The variability of 
/

cof  has enabled the 

assessment of the impact of the unconfined concrete strength on the efficiency of the SRG 

system. The concrete compressive strength for each batch was measured by using three 

150×300mm cylindrical specimens (15 control specimens in total). The following average 

compressive strengths were recorded at the day of the tests: Group A: 
/

cof =23.4 MPa, Group 

B: 
/

cof =16.8 MPa, Group C: 
/

cof =20.7 MPa, Group D: 
/

cof =18.3 MPa and Group E: 
/

cof =30.0 

MPa.   

The three steel reinforced fabrics, 12Χ, 3Χ2, 3X2*, used in the experimental program 

comprise unidirectional steel cords fixed to a fibreglass micromesh to facilitate installation 

(see Fig. 1). The 12X wire cord (Fig. 1(a)) is made by twisting two different individual wire 

diameters together in 12 strands with over twisting of one wire around the bundle. The 3X2 

and 3X2* wire cords have identical geometry and structure corresponding to five individual 

wires twisted together (three straight filaments wrapped by two filaments at a high twist 

angle, Fig. 1(b)). However, their mechanical properties are different as shown in Table 1. In 

the same Table, the geometrical and mechanical properties of different types of single cords 

used in this study are provided. The 12X and 3X2 steel fabrics (used in the specimens of 

Groups A and B) have a micro-fine brass coating to enhance their corrosion resistance. The 

3X2* steel fabric (used in the specimens of Groups C, D, E) has been galvanized and 

possesses high durability in a chloride, freeze-thaw and high humidity environment.  
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Figure 1:  High strength steel cord types (a) 12X; (b) 3X2; The density of the fabrics used (c) 1.0 

cord/cm; (d) 1.57 cords/cm; (e) 4.72 cords/cm. 

Table 1: Geometrical and mechanical properties of single cords as provided by the manufacturers. 

Fabric 

type 

Cord 

diameter 

(mm) 

Cord area 

(mm2) 

Break load 

(N) 

Tensile 

strength, ffu,s 

(MPa) 

Strain to 

failure, εfu,s 

(mm/mm) 

Elastic 

modulus,  Ef 

(MPa) 

Axial stiffness,  Kf 

(MPa) - single layer 

12X 0.889 0.621 1250 2014 0.019 110000 6820 (1 cord/cm) 

3X2 0.889 0.621 1539 2480 0.021 120000 7440 (1 cord/cm) 

3X2* 0.827 0.538 1506 2800 0.015 190000 
15960 (1.57 cords/cm) 

48260 (4.72 cords/cm) 
 

The spacing between successive cords, which defines the density of the steel fabric, is one 

of the key design parameters of the SRG jacketing technique as has been highlighted by 

Thermou et al. [16-20]. While the spacing should be wide enough as to provide uninhibited 

flow of the cementitious grout through the steel fabric, it should be designed to develop 

adequate bond between the fabric and the matrix. In this study, three different densities 1, 

1.57 and 4.72 cords/cm are examined as shown in Figures 1(c) to (e). The equivalent 

thickness per unit width for a single layer of steel fabric, ts, was calculated to be 0.062, 0.084 

and 0.254 mm for the 1, 1.57 and 4.72 cords/cm, respectively. The axial stiffness of the steel 

fabric, Kf (=ts·Ef), which also appears in Table 1, is directly related to the density of the fabric 

(the numbers in Table 1 should be doubled for the two-layered jackets). 

In general, the overlap length should be sufficient to avoid a premature debonding failure 

mode. Previous experimental studies [18, 19] indicated that the overlap length of 36 cm 

usually provides adequate anchorage for the single layered SRG jacketed cylindrical 

specimens to allow the tensile fracture of the fabric. To investigate this further, in the current 

(a) (b) (c) (d) (e) 
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study two different overlap lengths of 24 and 36 cm were used for the specimens with two- 

and the one-layered jackets, respectively.  

 Four different types of mortars were selected to provide different mechanical properties as 

presented in Table 2. The objective was to assess on one hand the impact of the mortar 

flexural strength on the compressive strength of SRG confined concrete and on the other hand 

the role of the adhesive bond strength on the composite behaviour of the SRG system. For the 

specimens of Groups A and B, a commercial fiber reinforced cementitious grout with 

pozzolanic additives, classified as M1 and two custom-made inorganic mortars M2 and M3 

were used. M2 comprises of NC182 cement enriched with nanoparticles N20 (nanosilica, 

surface area: BET m2/g 20025), whereas M3 uses NC182 cement with propylene fibers and 

additional anticorrosive. In Groups C, D and E, a commercial geo-mortar M4 is used which 

has a crystalline reaction geobinder base with very low petrochemical polymer content and 

free from organic fibers. The adhesive bond of the mortars M2 and M3 was measured 

according to standard BS EN 12636:1999 [26]. 

Table 2: Mechanical properties of the utilized mortars at 28 days. 

Mortar 

Modulus of 

elasticity, Em 

(MPa) 

Flexural 

strength, fmf 

(MPa) 

Compressive 

strength, fmc 

(MPa) 

Adhesive bond 

strength, fmb 

(MPa) 

M1 8030 6.78 22.10 1.88 
M2 10352 1.00 4.06 2.94 

M3 18629 4.24 20.10 4.31 

M4 25000 10.00 55.00 2.00 
 

The test specimens were given the notation GiL_N, where G stands for the group of the 

specimens (A, B, C, D, E in Table 3), i (=1 to 10) corresponds to the type of the SRG 

jacketing system, L indicates the number of fabric layers (1 and 2) and N refers to the 

specimen number for each subgroup of the identical specimens. The type of the SRG 

jacketing system is related to the type of fabric (12X, 3X2 and 3X2*), the density of the fabric 

(1, 1.57 and 4.72 cords/cm), the overlap length (24 cm and 36 cm) and the type of inorganic 

matrix (M1, M2, M3, M4) as defined in Table 3. For example, A21_1 specimen belongs to 
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the Group A and refers to the first specimen of the subgroup constructed with the one layer 

Type 2 SRG jacket which is made by using mortar M1, 3X2 steel reinforced fabric of 1 

cord/cm density and overlap length of 36 cm. The details of all test specimens are given in 

Table 3. 

It should be noted that the specimens with 12X fabric were mainly used as a pilot study 

and, therefore, their repeatability was not assessed. However, the results of these specimens 

can provide good insight to the effectiveness of SRG jacketing system using different types 

of steel fabrics as will be discussed in the next sections. 

Table 3: Specimen details. 

Group Notation  /

co
f

(MPa) 

Type of 

jacket 

Type of 

fabric 

Density 

(cords/cm) 

Number of 

layers 

Overlap 

length (cm) 

Type of 

Mortar 

Number of 

specimens 

G
ro

u
p

 A
 

A 

23.14 

- control - - - - 3 

A11 1 12X 1  1 36 M1 1 

A21 2 3X2 1 1 36 M1 2 

A22 2 3X2 1 2 36 M1 3 

A31 3 12X 1 1 36 M2 1 

A41 4 3X2 1 1 36 M2 2 

A42 4 3X2 1 2 36 M2 3 

A51 5 12X 1 1 36 M3 1 

A61 6 3X2 1 1 36 M3 2 

A62 6 3X2 1 2 36 M3 3 

G
ro

u
p

 B
 B 

16.62 

- control - - - - 3 

B11 1 12X 1 1 36 M1 1 

B31 2 12X 1 1 36 M2 1 

B51 3 12X 1 1 36 M3 1 

G
ro

u
p

 C
 C 

20.73 

- control - - - - 3 

C71 7 3X2* 1.57 1 24 M4 3 

C81 8 3X2* 1.57 1 36 M4 2 

C72 7 3X2* 1.57 2 24 M4 2 

C82 8 3X2* 1.57 2 36 M4 2 

G
ro

u
p

 D
 D 

18.27 

- control - - - - 3 

D81 8 3X2* 1.57 1 36 M4 3 

D72 7 3X2* 1.57 2 24 M4 3 

D91 9 3X2* 4.72  1 36 M4 3 

D102 10 3X2* 4.72  2 24 M4 2 

G
ro

u
p

 E
 E 

29.98 

- control - - - - 3 

E81 8 3X2* 1.57 1 36 M4 2 

E72 7 3X2* 1.57 2 24 M4 3 

E91 9 3X2* 4.72  1 36 M4 3 

E102 10 3X2* 4.72  2 24 M4 3 

   Total 67 

2.2 SRG jacketing method 

The SRG jacketing procedure started with the preparation of the steel reinforced fabrics. 

The sheets were cut into the desired lengths taking into account the number of layers and the 
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overlap length and then bent in order to facilitate the wrapping process (Fig. 2a). After 

removing the metallic moulds, the substrate of the unconfined cylindrical specimens was 

cleaned and saturated with water before putting a layer of the cementitious grout (Fig. 2b). In 

case of specimens of Group C, the surface was roughened manually with chisel and hammer 

to enhance the bond between the substrate and the mortar (Fig. 2c). The cementitious grout 

was applied manually with the help of a trowel directly onto the lateral surface of the 

specimens (Fig. 2d). The steel fabric was placed immediately after the application of the 

cementitious grout (Fig. 2e). The grout was then squeezed out between the steel fibers by 

applying pressure manually. After having placed one or two layers of fabric, the remaining 

length was lapped over the lateral surface. It should be mentioned that using the dense fabric 

(4.72 cords/cm) imposed some difficulties in the penetration of the mortar through the small 

gaps. Additionally, handling of the dense fabric, although it was pre-bent, was difficult due to 

its high axial stiffness.  

 

Figure 2:  SRG jacketing method: (a) Preparation of the fabric; (b) Saturation of the specimen with 

water; (c) Roughening of the interface (only in Group C); (d) Application of a thin layer of 

cementitious grout; (e) Application of the steel-reinforced fabric.  

A final layer of the cementitious grout was applied to the exposed surface. The thickness 

of the grout layer including the steel reinforced fabric was 7 and 10 mm for one- and two-

layered jackets, respectively, allowing the steel fabric to be fully embedded in the 

cementitious matrix. The SRG jackets were fabricated to be 28 cm in height leaving 1 cm gap 

between the steel bearing plates of the loading machine and the steel fabric to prevent any 

direct axial load on the jacket.    

(a) (b) (c) (d) (e) 
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2.3 Instrumentation and testing procedure  

Fig. 3 shows the experimental test-set up used in this study. The monotonic loading was 

applied at a rate of 0.15 MPa/s in load control, using a 6000 kN compression testing machine. 

The post-peak branch of the axial stress-strain curve was obtained through a controlled 

release of the hydraulic oil pressure of the testing machine to have similar displacement rate 

as that in the ascending part of the loading. The same approach has been followed by many 

researchers in the past (e.g. [27]). Axial strain was calculated from the average measurements 

of four linear variable differential transducers (LVDTs) mounted on the upper and lower steel 

frames fixed to the specimen divided by the gauge length which was equal to 150 mm (Fig. 

3). Axial load was measured by a load cell placed at the top of the specimens. Due to 

experimental constrains, it was not possible to provide accurate and reliable measurements of 

the lateral strains in the current experimental program.  

 
Figure 3:  Test setup. 

 

3. DISCUSSION OF THE TEST RESULTS  

3.1 Parametric study 

In Group A, the main objective was to study how the mechanical characteristics of the 

binding material and the number of layers affect the performance of SRG confined concrete 

for the specimens with unconfined concrete compressive strength, 
/

cof =23.4 MPa. Three types 

of mortar (M1, M2, M3 in Table 3) and one- and two-layers of SRG jackets were used in this 
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group. The Group B specimens were designed to assess the effects of using different mortars 

(M1, M2, M3 in Table) in the case of lower concrete compressive strength (
/

cof =16.8 MPa). 

In Group C, the effects of overlap length (24 and 36 cm) along with the number of layers 

(one and two) were investigated for the specimens with 1.57 cords/cm fabric and 
/

cof =20.7 

MPa. In Groups D and E, parameters of investigation were the density of the fabric (1.57 and 

4.72 cords/cm), the number of layers (one and two), and the unconfined concrete compressive 

strength (
/

cof =18 and 30 MPa). 

3.2 Failure modes 

The test specimens failed in three distinct modes of failure: (a) rupture of the steel fabrics, 

(b) debonding, and (c) mixed mode of failure where debonding was followed by rupture of 

the steel fabric in a limited height of the specimen (see Figs. 4 to 6).  

Failure mode (a): In case of the one-layered jackets with 1 and 1.57 cords/cm and 36 cm 

overlap length, the rupture of the fabric was the most observed failure mode (Fig. 4). The 

only exceptions were two of the D81 sub-group specimens that failed in a mixed mode, 

mainly due to the fact that some of the steel cords were not well-embedded in the mortar 

matrix. All SRG jacketed specimens with two layers of 1 and 1.57 cords/cm fabrics (with 

overlap length of 24 and 36 cm) failed due to tensile fracture of the steel cords as well. This 

indicates that the gap between successive steel cords was adequate to allow the mortar 

penetrate through the fabric and develop of an interlocking mechanism between the steel 

cords and the inorganic matrix. Unlike the FRP confinement, the failure of SRG jackets was 

ductile due to the progressive fracture of the steel cords as it is also evident from the stress-

strain curves shown in Fig.7.  
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Figure 4: SRG jacketed specimens at failure due to tensile fracture of the steel cords of the fabric. 

Failure mode (b): In the specimens with 1 layer of 1.57 cords/cm and 24 cm overlap 

length (C71), the debonding failure mode was observed mainly due to insufficient overlap 

length (Fig. 5 (a)). The specimens with 1 layer of 4.72 cords/cm (dense fabric) and 36 cm 

overlap length also failed due to debonding (Figs. 5 (b) and (c)).   

 

   

 

 

 

 

 

 

 

Figure 5: SRG jacketed specimens at failure due to debonding (a) one layer of 1.57 cords/cm density; 

(b), (c) one layer of 4.72 cords/cm density steel fabric.  

Failure mode (c): As shown in Fig 6, the columns wrapped with two layers of the 4.72 

cords/cm fabric exhibited a mixed mode of failure, where the external and internal layer of 

the jacket failed due to debonding and rupture of the steel fabric (along almost 1/3 of the 

specimen height), respectively. This failure mode can be attributed to the fact that, due to the 

high axial stiffness of the dense fabric (4.72 cords/cm), high tensile stresses were developed 

in the steel fabric, which could not be balanced by the shear strength of the mortar. However, 

the internal layer failed in rupture since the anchorage length was long enough (almost equal 

to the perimeter of the column) to prevent debonding. At the end of these tests, the steel cords 

were well embedded in the mortar along the debonding length (Lb=24 cm), which indicates 

(a) (b) (c) (d) 

(b) (c) (a) 
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that despite some difficulties in the application of the dense fabrics (see section 2.2), the 

mortar penetrated successfully through the steel fabric.  

   

 

 

 

 

 

 

Figure 6: SRG jacketed specimens with a mixed mode of failure (a), (b) two layers; and (c) one layer 

of 4.72 cords/cm steel fabric.  

 

3.3 Enhancement in strength and ultimate strain  

The average stress-strain curves for the five selected groups of columns (see Table 3) are 

depicted in Fig. 7. In general, the results show that SRG jacketing improved substantially 

both the strength and the deformation capacity of the specimens. For better comparison, the 

results for all tested specimen are summarised in Table 4. The information provided includes 

the compressive strength of the unconfined concrete (
/

cof ), the confined concrete compressive 

strength (
/

ccf ) and the corresponding strain (εcc), the ultimate compressive strength 

corresponding to 20% drop in the compressive strength of confined concrete (
/

ccu,80%f =0.80·

/

ccf ) and the corresponding strain (εccu,80%), and the strain ductility (µ ε). The gain in the 

compressive strength and the ultimate strain are defined as (
/

ccf -
/

cof )/
/

cof  and (εccu,80%-εco)/εco, 

respectively, where εco is considered to be 2‰. In the following, the results are discussed in 

details for each group of SRG confined columns. 

 Group A: Specimens with mortar M1, one layer of 3X2 steel fabric managed to increase the 

compressive strength by 40%, while two layers of fabric increased the compressive strength 

by 67% (see Fig. 7(a), Table 4). Similar results were obtained for the specimens with mortar 

M3 (39% and 64% for one and two layers, respectively) as shown in Fig. 7(c). However, Fig. 

(a) (b) (c) 
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7(b) shows that the strength increase was slightly less in the specimens with mortar M2 (30% 

and 47% for one and two layers, respectively). This small difference is believed to be 

attributed to the lower flexural strength of mortar M2 compared to that of mortars M1 and 

M3. The interfacial shear stresses developed between the fabric and the substrate at the 

overlap length seem not to have exceeded the bond stress of the mortar since the failure mode 

was always due to the rupture of the steel fabric. This implies that even for the low adhesive 

bond strength (1.88 MPa as shown in Table 2), the debonding failure mode can be prevented 

using an overlap length of 36 cm. It is shown in Table 4 that, on average, using one layer and 

two layers of steel fabric could increase the ultimate strain capacity of the specimens by 

almost 250% and 350%, respectively.  

Group B: As discussed before, all specimens in this group failed due to rupture of the 

fabric. Despite the small number of specimens in this group, the results are in good 

agreement with Group A. Therefore, it can be concluded that the type of mortar does not 

considerably influence the strength and deformation capacity of the SRG confined specimens 

when the failure mode is due to the rupture of steel fabric. 

Group C: One-layered jackets with 24 cm overlap length failed due to debonding despite 

roughening of the concrete interface (Fig. 2(c)), whereas 36 cm overlap length provided 

adequate anchorage to reach the tensile fracture of the fabric. This shows that the 36 cm 

overlap length suggested by Thermou et al. [18] for one layer of less dense fabric (1 cord/cm 

density) is also adequate for the 1.57 cords/cm density fabric. The two-layered jackets with 

both 24 and 36 cm overlap length failed due to rupture, which implies that they require a 

lower overlap length to prevent debonding failure. It is shown in Fig. 7(e) and Table 4 that 

the strength and strain increase in the case of one-layered SRG jacket was 64% and 428%, 

respectively. Two-layered SRG jackets with 24 cm overlap length managed to increase the 

strength and strain capacity by 94% and 555%, respectively, whereas in case of 36 cm 

overlap length the strength and strain capacity increased by 115% and 650%, respectively.    
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Table 4: Experimental test results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No Specimen 

Compr. 

strength,      
/

cof  (MPa) 

Compr. 

strength,      
/

ccf  (MPa) 

Ult. compr. 

strength, 
/

ccu,80%f (MPa) 

Strain, εcc 
Ultimate strain, 

εccu,80% 
/

ccf /
/

cof  
εccu,80%/

εco
# 

Strain 

ductility, µε 
Failure 

mode 

value value mean value mean value mean value mean value mean 

1 A11 23.14 28.75 28.75 23.00 23.00 0.0035 0.0035 0.0069 0.0069 1.24 3.45 2.47 2.5 R 

2 A21-1 
23.14 

31.79 
32.30 

54.43 
40.34 

0.0038 
0.0035 

0.0076 
0.0071 1.40 3.55 

2.41 
2.3 

R 

3 A21-2 32.81 26.25 0.0032 0.0066 2.27 R 

4 A22-1 

23.14 

35.96 

38.56 

28.77 

31.80 

0.0080 

0.0095 

0.0095 

0.0103 1.67 5.17 

3.25 

3.2 

R  

5 A22-2 40.61 32.49 0.0102 0.0106 3.16 R 

6 A22-3 39.11 34.13 0.0104 0.0109 3.20 R 

7 A31 23.14 29.80 29.80 23.84 23.84 0.0043 0.0043 0.0058 0.0058 1.29 2.90 1.98 2.0 R  

8 A41-1 
23.14 

31.72 
30.12 

25.38 
24.10 

0.0034 
0.0040 

0.0052 
0.0073 1.30 3.18 

1.60 
3.1 

R 

9 A41-2 28.51 22.81 0.0045 0.0093 4.61 R 

10 A42-1  35.73 

34.02 

28.58 

27.22 

0.0068 

0.0072 

0.0072 

0.0079 1.47 3.97 

2.19 

2.1 

R 

11 A42-2 23.14 31.56 25.25 0.0082 0.0087 1.66 R 

12 A42-3  34.77 27.82 0.0067 0.0079 2.50 R 

13 A51 23.14 33.07 33.07 26.46 26.46 0.0047 0.0047 0.0059 0.0059 1.43 2.95 2.01 2.0 R 

14 A61-1 
23.14 

30.00 
32.15 

24.01 
25.73 

0.0046 
0.0045 

0.0082 
0.0076 1.39 3.78 

2.81 
2.3 

R 

15 A61-2 34.30 27.44 0.0044 0.0069 1.86 R 

16 A62-1 

23.14 

37.51 

38.02 

30.01 

30.42 

0.008 

0.0080 

0.0088 

0.0086 1.64 4.30 

2.13 

1.9 

R  

17 A62-2 40.39 32.31 0.0085 0.0089 1.82 R 

18 A62-3 36.17 28.94 0.0074 0.0081 1.78 R 

19 B11 

16.62 

30.45 30.45 24.37 24.37 0.0042 0.0042 0.0069 0.0069 1.83 3.45 2.28 2.3 R  

20 B21 26.64 26.64 21.31 21.31 0.0049 0.0049 0.0055 0.0055 1.60 2.75 2.31 2.3 R 

21 B32 28.32 28.32 22.66 22.66 0.0056 0.0056 0.0077 0.0077 1.70 3.85 2.43 2.4 R 

22 C71-1* 

20.73 

30.71 

31.36 

24.22 

24.64 

0.0066 

0.0071 

0.0092 

0.0121 1.51 3.45 

- 

 - 

D 

23 C71-2* 31.83 23.49 0.0097 0.0121 - D 

24 C71-3* 31.55 26.22 0.0051 0.0151 - D 

25 C81-1 
20.73 

33.82 
34.10 

26.77 
26.58 

0.011 
0.0095 

0.0111 
0.0106 1.64 5.28 

6.71  R 

26 C81-2 34.38 26.38 0.0079 0.0100 8.61 7.7 R 

# A common value for εco  equal to 2 ‰ is considered in order for the εccu,80% values of columns to be compared. The symbol (*) identifies the 

columns that failed due to debonding. R: rupture failure mode, D: debonding failure mode, M: mixed mode of failure 
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Table 4-cont.: Experimental test results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No Specimen 

Compr. 

strength,      
/

cof  (MPa) 

Compr. 

strength,      
/

ccf  (MPa) 

Ult. compr. 

strength, 
/

ccu,80%f (MPa) 

Strain, εcc  
Ultimate strain, 

εccu,80%  
/

ccf /
/

cof  
εccu,80%/

εco
# 

Strain 

ductility, µε 
Failure 

mode 

value value mean value mean value mean value mean value mean 

27 C72-1 
20.73 

41.05 
40.24 

32.88 
31.02 

0.0088 
0.0104 

0.0125 
0.0131 1.94 6.55 

9.40 
9.7 

R 

28 C72-2 39.43 29.16 0.012 0.0137 10.00 R 

29 C82-1 
20.73 

42.66 
44.63 

33.99 
35.69 

0.0143 
0.0124 

0.0163 
0.0150 2.15 7.50 

10.35 
10.1 

R 

30 C82-2 46.60 37.38 0.0104 0.0137 9.80 R 

31 D81-1 

18.27 

27.53 

 27.68 

22.02 

22.14 

0.0102 

0.0099 

0.0112 

0.0136 1.51 6.82 

12.95 

14.0 

R 

32 D81-2 27.08 21.66 0.0035 0.0129 13.95 M 

33 D81-3 28.42 22.73 0.016 0.0168 15.12 M 

34 D72-1 

18.27 

34.99 

36.44 

27.99 

29.15 

0.009 

0.0102 

0.0149 

0.0130 1.99 6.48 

13.47 

11.9 

R 

35 D72-2 36.33 29.06 0.011 0.013 11.90 R 

36 D72-3 38.00 30.40 0.0105 0.011 10.42 R 

37 D91-1* 

18.27 

46.47 

 40.64 

37.18 

35.21 

0.015 

0.0090 

0.0154 

0.0098 2.22  4.92 

- 

- 

D 

38 D91-2* 40.56 40.56 0.006 0.006 - D 

39 D91-3* 34.88 27.90 0.006 0.00809 - D 

40 D102-1 
18.27 

47.00 
53.53 

47.00 
47.53 

0.0120 
0.01750 

0.0120 
0.0180 2.93  9.00 

2.80 
8.6 

M 

41 D102-2 60.06 48.05 0.0230 0.0240 14.3 M 

42 E81-1 
29.98 

40.90 
40.51 

32.72 
32.41 

0.0045 
0.0035 

0.0133 
0.0133 1.35 6.65 

16.74 
 16.7 

R 

43 E81-2 40.12 32.09 0.0024 - - R 

44 E72-1 

29.98 

44.58 

45.21 

35.66 

36.17 

0.004 

0.0077 

0.0112 

0.0123 1.51 6.15 

6.82 

6.3 

R 

45 E72-2 46.25 37.00 0.008 0.0133 6.50 R 

46 E72-3 44.80 35.84 0.011 0.0124 5.44 R 

47 E91-1* 

29.98 

49.03 

 45.87 

39.23 

36.70 

0.0045 

0.0047 

0.0045 

0.0065 1.53 3.23 

-   

-  

  

D 

48 E91-2* 46.02 36.82 0.003 0.0084 - D 

49 E91-3* 42.57 34.06 0.0065 0.0065 - D 

50 E102-1 

29.98 

68.42 

64.19 

54.74 

 51.35 

0.0112 

0.0091 

0.01417 

0.0105 2.14 5.27 

7.64 

5.0 

M 

51 E102-2 64.52 51.62 0.009 0.01033 5.32 M 

52 E102-3 59.62 47.70 0.007 0.0071 2.05 M 

# A common value for εco equal to 2 ‰ is considered in order for the εccu,80% values of columns to be compared. The symbol (*) identifies the 

columns that failed due to debonding. R: rupture failure mode, D: debonding failure mode, M: mixed mode of failure 
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Groups D and E: In general, a good agreement was observed in the failure mode of the one- 

and two-layered SRG jackets between Groups D and E as discussed in the previous section. It 

is shown in Table 4 that the ultimate strain increase ranged between 548% and 755% in 

Group D and between 427% and 565% in Group E. The strength increase for the same sub-

group of specimens ranged between 51% and 193% in Group D and between 35% and 114% 

in Group E. The above results show that the effectiveness of SRG jackets increases as the 

unconfined concrete strength decreases, which is in line with the observations made by [e.g. 

7, 18, 19].   

Figure 7: Comparison of the average stress – strain curves for the SRG-jacketed specimens of: (a), 

(b), (c) Group A using different mortars, (d) Group B, (e) Group C, (f) Group D and (g) Group E.  
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3.4 Effects of key design parameters 

In this section, the effects of key design parameters including the density of the steel 

fabrics, number of layers and concrete compressive strength on the performance of SRG 

jacketing system is investigated. For better comparisons, the average increase in the strength 

and deformation capacity of the specimens were estimated for the subgroups with the same 

concrete compressive strength, density and number of layers as shown in Table 5. The 

effectiveness of various SRG jacketing arrangements with different fabric densities and 

number of layers can be assessed by considering their axial stiffness, kf (see Table 1). 

Table 5: Average strength and strain increase of the specimens tested. 

Group 
Compr. strength,

/

cof  (MPa) 
Fabric 

type 

Density 

(cords/cm) 
Layers 

Strength 

increase (%) 

Strain 

increase (%) 

Mode of 

failure 

A 23.14 

12X 1  1 32 210 R 

3X2 1  1 36 250 R 

3X2 1  2 59 348 R 

B 16.62 12X 1  1 71 235 R 

C 20.73 
3X2* 1.57   1 64 428 R 

3X2* 1.57   2 105 603 R 

D 18.27 

3X2* 1.57  1 51 582 R/M 

3X2* 1.57  2 99 548 R 

3X2* 4.72  2 193 755 M 

E 29.98 

3X2* 1.57  1 35 565 R 

3X2* 1.57  2 51 515 R 

3X2* 4.72  2 114 427 M 

Comparisons are made only between sub-group of specimens that failed due to rupture of 

the fabric and mixed mode of failure. As discussed before, the type of mortar did not seem to 

influence considerably the strength and deformation capacity of the specimens when the 

failure mode was due to the rupture of steel fabric. Therefore, the effect of using mortars with 

different characteristics was not considered in this section. Previous research has shown that 

the axial stiffness of steel fabrics plays an important role in the compressive strength and 

strain capacity of SRG jacketed specimens [18, 19]. Therefore, for a better comparison, the 

results are also discussed based on the axial stiffness ratio, kf, which is defined as the ratio of 
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the axial stiffness of the stronger to the weaker SRG system. The specimens tested in this 

study were designed to cover the axial stiffness ratios of kf=2, 3 and 6. 

Axial stiffness ratio kf=2: The response of one- and two-layered SRG jackets with the 

same fabric density are compared. In Group A (1 cord/cm 3X2 fabric and 
/

cof =23.1 MPa), the 

two-layered SRG jackets on average increased the strength and ultimate strain capacity of the 

specimens by 64% and 39%, respectively. Almost the same level of strength and strain 

increase (64% and 41%) was observed in Group C, which has a lower average concrete 

strength (
/

cof =20.7 MPa) and stiffer fabric (1.57 cords/cm 3X2*). Adding a second layer of 

steel fabric to the specimens in Group D (1.57 cords/cm 3X2* fabric and 
/

cof =18MPa), 

increased the axial strength by 94%. However, for the same SRG jacket configuration but 

with the concrete compressive strength of 
/

cof =30 MPa (Group E), the second layer of steel 

fabric could increase the axial strength only by 46%. Adding the second layer of SRG jacket 

in Groups D and E did not considerably change the ultimate strain capacity of the specimens. 

Overall, these results suggest that, for the same axial stiffness ratio, the second layer of steel 

fabric can be considerably more efficient for the specimens with lower unconfined concrete 

compressive strength. This is in agreement with the observation made in section 3.2 that the 

effectiveness of SRG jackets in general increases as the unconfined concrete strength 

decreases.  

Axial stiffness ratio kf=3: This value corresponds to the two-layered SRG jackets made 

by 4.72 and 1.57 cords/cm fabrics. It is shown that using the denser fabric in this case could 

increase the strength capacity of the two-layered specimens by 95% and 124% for the 

specimens of Group D and E, respectively. However, the denser fabric did not always 

improve the strain capacity of the confined specimens. While the strain capacity increased by 

38% for Group D, a reduction of 17% was observed for the specimens of Group E.   
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Axial stiffness ratio kf=6: The specimens with two-layered 4.72 cord/cm jackets are 

compared with those with one-layered of 1.57 cords/cm jacket. The strength capacity increase 

for this axial stiffness ratio was 275% and 226% for the specimens of Group D and Group E, 

respectively. Following a similar trend as the previous case, the strain capacity increased by 

30% for the specimens of Group D, whereas a reduction of 24% was observed for the 

specimens of Group E. 

The results discussed above indicate that using higher density fabrics (two layered of 4.72 

cords/cm fabrics) can considerably increase the axial strength of the SRG jacketed systems, 

while it may reduce the strain capacity of the specimens with higher compressive strength. 

This can be attributed to the fact that these specimens exhibited a mixed mode of failure (as 

discussed in previous sections), and therefore, the maximum strain capacity was not reached.  

 

4. ANALYTICAL INVESTIGATION 

4.1 Interpretation of the modes of failure 

 

The critical mode of failure in SRG jacketing system is directly linked to the mechanical 

characteristics of the fabric and the mortar as well as to the bond mechanism between the 

concrete and the mortar, and the mortar and the steel cords. The limiting transverse effective 

stress, fs,eff, in the steel reinforced fabric can be defined by the minimum of the transverse 

stress corresponding to the rupture of the steel reinforced fabric, fs,rupt, and the debonding 

stress between the jacket and the mortar, fs,deb, along the overlap length, Lb. The effects of 

using different overlap lengths in providing adequate anchorage of the high strength steel 

fabric have been investigated in the previous studies on concrete confinement of cylindrical 

columns [17, 18]. 

The debonding stress fs,deb is influenced by both the characteristics of the mortar 

(interfacial bond stress) and the thickness of the fabric. The mortar is considered as the weak 
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link of the composite system developing a brittle mode of failure when the ultimate shear 

strength (bond stress), fmb, is reached [18]. Therefore, the proposed composite system is 

considered successful when rupture of the fabric occurs before mortar reaches its ultimate 

shear strength. This type of failure was observed in the majority of the current experimental 

programme (83% of the SRG jacketed specimens failed due to fabric rupture). Considering 

the force equilibrium along the overlap length, Lb, rupture of the fabric is expected when:   

        ,  < b mb
s rupt

s f

L f

t E
 


                                                               (1)                

where ts is the equivalent thickness of the fabric, Ef is the modulus of elasticity and fmb is the 

ultimate shear stress of the mortar. εs,rupt is the strain at which rupture of the fabric occurs 

given as a fraction of the ultimate strain capacity of the steel fabric, εfu,s (see Table 1). The 

strain efficiency factor, kε(=εs,rupt/εfu,s), adopted herein is 0.55 which corresponds to the 

average kε value evaluated experimentally for the Steel-Reinforced Polymer (SRP) jacketed 

cylinders (i.e. steel fabrics combined with organic matrix (resin)) [28, 29]. It is noted that 

further studies are needed for determining the strain efficiency factor in case of 

square/rectangular cross sections as suggested by Nisticò and Monti [30] and Nisticò [31]. 

Subsequently, the lateral confining pressure provided by the steel fabric with the cords 

circumferentially aligned and covering the total concrete surface can be calculated by the 

following equation originally developed for FRP confinement [32] (see Fig. 8): 

     ,

1

2
lat eff SRG f s ruptK E                                               (2) 

where ρSRG (=4·ts/D) is the volumetric ratio of the SRG jacket, Ef is the modulus of elasticity, 

εs,rupt is the rupture strain of the fabric. Keff is the effectiveness coefficient taken equal to one 

for all fabrics examined herein considering that the effectiveness of confinement along the 

height of the specimen is not influenced by the finite gaps between cords [18]. Hence, the 
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steel fabric was considered as a continuous fabric along the height of the specimen with an 

equivalent thickness ts. The lateral confining pressure can be further simplified to:  

         
,

2
lat s f s rupt

t E
D

                                                         (3) 

where D(=150 mm) is the diameter of the cylindrical column. The term (ts·Ef) in Eqs. (1) and 

(3) corresponds to the axial stiffness of the steel fabric, Kf, which also controls the mode of 

failure. For comparison purposes, the axial stiffness of a commonly used carbon fabric in 

practice is estimated equal to 25300 N/mm (=0.11×230000, where 0.11 mm is the thickness 

of the fabric and 230000 MPa is the modulus of elasticity). This implies that two layers of 

1.57 cord/cm can provide comparable axial stiffness values to CFRP jackets. 

 
 

 

 

 

 

 

Figure 8: Lateral confining pressure, σlat, exerted by the steel cord. 

The anticipated mode of failure was evaluated for all tested specimens based on Eq. (1). In 

general, the predicted failure modes were in very good agreement with the experimental 

observations. Based on the analytical calculations, the debonding failure mode is expected in 

the case of one- and two-layered jackets when the 4.72 cords/cm 3X2* fabric is used. For the 

case of two-layered 1.57 cords/cm 3X2* fabric with 24 cm overlap length, the εs,rupt was equal 

to (Lb·fmb/ts·Ef), and therefore, both modes of failure could be practically observed. The 

dominant failure mode for the rest of the specimens was predicted to be due to the rupture of 

the steel fabrics.  

4.2 Confinement effectiveness  

The confinement effectiveness of columns jacketed with composite fabrics (e.g. FRPs) can 

be assessed by estimating the Modified Confinement Ratio (MCR) as suggested by Mirmiran 

Steel Cord 

fs,eff fs,eff 

D 

σlat 
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et al. [33]. In case of cylindrical columns, the confinement ratio is defined as the ratio
/

lat coσ f , 

where σlat is the lateral confining pressure exerted by composite jackets and 
/

cof  is the 

compressive strength of unconfined concrete. In the study of Spoelstra and Monti [34] a 

minimum value of 
/

lat coσ f =0.07 was suggested for sufficient confinement in case of FRP 

wrapping. This limit value was also adopted by Teng et al. [35].  

Fig 9(a) shows the normalized compressive strength, 
/ /

cc cof f , versus the MCR of the 

specimens that failed due to rupture of the steel fabric and the mixed mode of failure. It is 

observed that for the 1 cord/cm fabric with 
/

cof  ranging between 16 to 23 MPa (Groups A and 

B), the MCR was between 0.04 to 0.10.  For the 1.57 and 4.72 cords/cm fabrics with
/

cof

=1830 MPa (Groups C to E), the MCR was 0.06 to 0.19 and 0.35 to 0.58, respectively. This 

implies that in case of SRG jackets sufficient confinement could be provided even for 

confinement ratio values lower than 0.07 which is the limit identified for FRP confined 

concrete.  

Figure 9: (a) Normalized compressive strength,
/ /

cc cof f , and (b) strain ductility, με, vs Modified 

Confinement Ratio (MCR) for SRG jacketed specimens tested in current study.  
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Strain ductility, με, was also estimated for assessing the confinement effect of the SRG-

jacketed systems used in this study. Similar to the ASCE/SEI Standard 41-06 

recommendations [36], the experimental axial stress-strain response curve was idealized by a 

bilinear curve as shown in Fig. 10. The yield stress was determined on the condition that the 

secant slope intersects the actual envelope curve at 60% of the nominal yield stress, while the 

area enclosed by the bilinear curve was equal to that enclosed by the original curve bounded 

by the peak strain corresponding to 20% drop from the peak stress. Similar to the previous 

case, only specimens that failed due to the rupture of the fabric and the mixed mode of failure 

were considered. The normalized compressive strength, 
/ /

cc cof f , versus the strain ductility, 

με, values are plotted in Fig. 9(b). It is shown that in general the strain ductility was higher for 

MCR values ranging between 0.06 to 0.19 (with an upper limit of με=16.17). This range 

corresponds to SRG jacketing systems with 1.57 cords/cm fabric and
/

cof =1830 MPa. In 

addition, as a general trend, it can be observed that increasing the MCR was usually 

accompanied by a decrease in the strain ductility. In the light of the results in Fig. 9, it can be 

concluded that the SRG jackets with 1.57 cords/cm fabric and mortar M4 exhibited the best 

performance in terms of strength and strain ductility enhancement.   

 

Figure 10: Bilinearization of the response curve – Definition of the ductility ratio. 
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5. CONCLUSIONS  

An extensive experimental study was conducted to investigate the effectiveness of SRG 

jacketing system in improving the compressive strength and ultimate strain capacity of 

concrete columns. The SRG jacketing was applied to 52 cylindrical concrete specimens 

subjected to monotonic uniaxial compression load. The effects of different design parameters 

were studied, including the density, overlap length and number of layers of steel reinforced 

fabric, the type of binding mortar and the concrete compressive strength. Based on the results 

presented in this paper, the following conclusions can be drawn:   

1. The use of 36 cm overlap length in one-layered 1 and 1.57 cords/cm density SRG jackets 

always led to rupture of the fabric, while in case of the higher density fabric (4.72 

cords/cm) debonding was the dominant mode of failure. The two-layered 1 and 1.57 

cords/cm SRG jackets failed due to rupture of the fabric for an overlap length of 24 cm. 

For the same overlap length, however, the two-layered 4.72 cords/cm SRG jackets 

exhibited a mixed mode of failure.  

2. It was shown that one-layered SRG jackets could increase the strength capacity of the 

unconfined specimens by up to 40%, 64% and 122% for 1, 1.57 and 4.72 cords/cm steel 

fabrics, respectively. By adding the second layer of SRG jackets, these numbers were 

increased to 67%, 115% and 193%, respectively. Similarly, one-layered SRG jackets 

improved the ultimate strain of the unconfined specimens by up to 278% and 582% for 1 

and 1.57 cords/cm fabrics (debonding failure occurred in the case of 4.72 cords/cm fabric). 

Using two-layered SRG jackets increased the ultimate strain of the unconfined specimens 

by up to 417%, 650% and 755% for 1, 1.57 and 4.72 cords/cm fabrics, respectively.  

3. The comparisons made between the specimens with the same SRG jacketing showed that 

in general the effectiveness of SRG jackets increases as the unconfined concrete strength 

decreases. The type of mortar did not considerably influence the strength and deformation 
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capacity of the specimens when the failure mode was due to the rupture of steel fabric. 

However, the improvement in compressive strength and ultimate strain is slightly higher 

when a mortar with higher flexural strength is utilized.  
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