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Abstract: This paper aims to explore the behaviour of substandard reinforced concrete (RC)
columns confined with Steel-Reinforced Grout (SRG) jackets under monotonically increasing
uniaxial compression. A total of 24 specimens of short RC columns of square cross section
were designed to fail due to longitudinal reinforcement buckling. Single-layered SRG jackets
were applied to 18 of these specimens, whereas the rest served for control without SRG jackets.
Parameters of this investigation were the type and density of the steel fabric as well as the corner
radius of the cross section. The employed SRG jacketing managed to increase the strength and
strain capacity and postpone the buckling of the longitudinal steel bars to occur at higher
compressive strain level. Confinement effectiveness with respect to the lateral confining
pressure exerted by the used SRG jacketing is discussed along with the observed mode of

failure.

Keywords: Fabrics/textiles, Buckling, Fibre/matrix bond, Mechanical testing, Seismic

strengthening

1. Introduction

Old-type reinforced concrete (RC) members are characterized by poor quality of materials and
insufficient reinforcement detailing (Fig. 1(a-b)). Transverse reinforcement representative of
the construction practice before the 1970’s in South Europe comprises smooth bars with their

ends simply overlapping at the corner, placed at large distance between them which may
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increase further in case of stirrups rendered ineffective due to corrosion as shown in Fig. 1(c).
Such a sparse arrangement of stirrups results in a large unsupported length of the longitudinal
reinforcing bars, rendering them susceptible to buckling failure when subjected to a critical
compressive load. The safe performance of the whole building could be jeopardized by
localized damage in the plastic hinge regions of the columns, where sideways buckling of
compression reinforcement is expected to occur due to lateral shear distortion of the member
in that region (Fig. 1(d)).

Previous research has identified the key role of the ratio of stirrup spacing, s, to bar diameter,
Dy, in the stability of compression reinforcing bars supported laterally by stirrups [e.g. 1-5].
The values of s/Dy could range between 6 and 8 in case of high to moderate ductility RC
members [6]. For slenderness ratios higher than eight (s/Db>8), the compression reinforcing
bars could reach buckling stage when their compressive stress reaches yielding point [5].

According to the detailing of the pre-1970’s era, s/Dy could receive any value between 10 and

40 [7].
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Figure 1: (a)-(c) Reinforcement detailing of RC columns built before the 1970’s in South

Europe; (d) Failure due to reinforcement buckling; (e) Buckling of longitudinal reinforcement

in FRP-jacketed RC columns (source: personal files).

The beneficial effect on the compressive performance of substandard R/C columns, when
CFRP jackets are used effectively as external confinement, was observed in the past [8, 9].
Moreover, composite systems with inorganic (e.g. FRPs) and organic binders (e.g. TRM) are

efficient in preventing premature bar buckling and postponing it to higher ductility strain levels
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[e.g. 7, 10, 11]. When the longitudinal reinforcement reaches conditions of instability at the
critical axial strain, the bar bends laterally to maintain compatibility with the increasing axial
strain of the supporting concrete core [3]. Wrapping with the composite fabrics allows the
concrete in compression to increase its strain capacity. As long as the strain capacity of the
confined concrete is higher than the critical strain at the onset of reinforcement buckling, the
member will deform further up to the point where the stress concentrations will limit the
effectiveness of the composite jacket as lateral support of the longitudinal reinforcement (Fig.
1(e)) [6]. In a recent study of Bournas and Triantafillou [12] the superior behaviour of TRM
jackets compared to FRP jackets has been demonstrated. It has been observed that TRM jackets
allow for higher local deformations as they are able to deform outward without early fiber
rupture. Thus, during buckling, when longitudinal bars bend outward at the corners of the
section, TRM jackets receive the developed stress concentrations without failure.
Steel-Reinforced Grout (SRG) jacketing is a relatively new composite system where high
strength steel reinforced fabric is combined with cementitious grout [13]. Earlier studies
conducted on SRG confined concrete under uniaxial compression have demonstrated the
efficiency of the system in increasing strength and axial strain capacity [14-16]. In the present
study, the effectiveness of SRG jacketed lightly reinforced RC columns was experimentally
investigated. The specimens were designed as to be susceptible to rebar buckling failure with
the compression reinforcing bars losing their stability prior or close to yielding. The ratio of
stirrup spacing to longitudinal bar diameter was equal to 20. Alternative single-layered SRG
jackets were applied to 18 square cross section columns, whereas 6 more were used as control
specimens. Experimental evidence has shown that the single-layered SRG jackets increased
strength and deformation capacity. The lateral confining pressure exerted by the jackets was
sufficient to increase the compressive strain ductility, thus delaying bar buckling failure to occur

at higher compressive strain level.



2. Experimental program

2.1 Test specimens and material properties

The experimental program comprised twenty-four RC column specimens representative of the
construction practice before the 1970’s in South Europe. These specimens had a 150 mm square
cross section representing a 1:2 scaled model of a prototype column with a 300 mm square
cross section. The height of the specimens was defined at 600 mm due to restriction imposed
by the available loading frame. With the aspect ratio being equal to 4 (=h/b=600/150=4, where
h is the height of the specimen, b is the width of the cross section) no stability problems were

expected to occur [17,18].
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Figure 2: Geometry and reinforcement detailing of the columns (dimensions in mm).

The specimens, with a geometry in mm as shown in Fig. 2, featured a low percentage of
longitudinal reinforcement and sparse transverse reinforcement, representative of old type
detailing. Longitudinal reinforcement comprised four corner 10 mm diameter bars (410,
longitudinal reinforcement ratio, p¢=1.4%) and 6 mm diameter stirrups with their ends bent at
90° spaced at s=200 mm (26/200). The s/Dy ratio was selected to be high (s/Dy=20) complying
with old type detailing requirements of that era. As seen in Fig. 2, three additional 8 mm stirrups
(tie ends were welded) were placed at the specimen ends near the loading surfaces, to prevent

local cracking of concrete due to stress concentrations. The concrete cover was equal to 15 mm.



The twenty-four columns were divided into two groups based on whether the four corners
of the square cross section were rounded off or not. Fifteen out of the twenty-four columns had
their corners rounded off by a corner radius r=25 mm. Parameters of investigation were apart
from the corner radius, the type (12X, 3X2) and the density of the fabric (1 cord/cm, 2 cords/cm)
(Fig. 3). The geometrical and mechanical properties of a single cord 12X and 3X2 as measured
in tests conducted are presented in Table 2 [15] and the average stress — strain curves appear in
Fig. 4. The density was 1 cord/cm and 2 cords/cm corresponding to an equivalent thickness of
0.062 mm and 0.124 mm, respectively. The axial stiffness of the 1 cord/cm and 2 cords/cm steel
fabric utilized herein is equal to about 1/3 and 2/3 of the axial stiffness of a common carbon

fabric (25000 N/mm, Table 2).
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Figure 3: Steel fabric: (a) 12X; (b) 3X2; (c) low density: 1 cord/cm; (d) medium density: 2

cords/cm.

Table 2: Geometrical and mechanical properties of single cord as defined by tests [15].

Axial stiffness, Axial stiffness,

Fabric Cord diameter Break Tensile strength  Strain to failure K., (N/mm): K. (N/mm):

type (mm) (N) fiuss MPa Efus» (MM/MM) 1 cord/cm 2 cords/cm
12X 0.889 1160 1870 0.016
3X2 0.889 1357 2187 0.020 8069.3 16138.6
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Figure 4: Average stress-strain tensile diagram for the high strength steel cords.

Six specimens (3 from each group) served as control specimens. The rest of the specimens
(18 in total) were strengthened with a single-layered SRG jacket with an overlap length that
covered three full sides of the specimen [16].

The 24 columns were cast in one batch and tested in two consecutive days. The average
compressive strength at the days of the tests was equal to19.4 MPa. The 10 mm diameter ribbed
bars had a yield stress of f3=555 MPa, ultimate stress fu=629 MPa corresponding to StIlIb
used in seismic applications in the 1970s. The 6 mm diameter smooth bar reinforcement used
for the stirrups had a yield stress of fs;=360 MPa, ultimate stress fsu=467 MPa corresponding to
Stl which was used extensively for shear reinforcement.

The binding material utilized in the SRG jacketing application was a commercial one-
component fiber reinforced cementitious grout. The mechanical characteristics at 28 days
according to the manufacturer are flexural strength 6.78 MPa, compressive strength 22.1 MPa,
adhesion to dry concrete 1.88 MPa and modulus of elasticity 8.03 GPa.

Regarding the notation given to the columns, S and R stand for the square specimens with
sharp and rounded edges, respectively. The type of the fabric is defined by its name,12X or
3X2, whereas the terms £ and m correspond to the low and medium density fabrics, respectively

(€: 1 cord/cm and m: 2 cords/cm). All column tests were performed in triplicate (3 columns for



each type of jacket, Table 1). For example, the R3X2m_2 column corresponds to the second
specimen of the square specimens with rounded edges wrapped with the 2 cords/cm 3X2 fabric.

Table 1: Column details.

Notation Unconfined Confined Corner radius Fabric/Density Number of

(mm) code name cords/cm specimens
R \ 25 N/A N/A 3
R12X¢ V 25 12X/low 1 cord/cm 3
R12Xm \ 25 12X/medium 2 cords/cm 3
R3X2( v 25 3X2/low 1 cord/cm 3
R3X2m \ 25 3X2/medium 2 cords/cm 3
S \ 0 N/A N/A 3
S12X( v 0 12X/low 1 cord/cm 3
S3X2¢0 V 0 3X2/low 1 cord/cm 3
Total number of specimens: 24

2.2 The SRG jacketing technique

The high strength steel sheets were pre-bent before being applied taking into account the 25
mm corner radius in case of the R-Group columns (Fig. 5(a)). Two pieces of fabric were used
along the height of each specimen leaving 1 cm gap between the steel bearing plates of the
loading machine and the steel fabric so as to prevent direct axial loading of the jacket. The
cementitious grout was applied manually with the help of a trowel directly onto the cleaned and
saturated with water lateral surface of the specimens (Fig. 5(b)). The metallic fabric was placed
immediately after the application of the cementitious grout (Fig. 5(c)). The grout was squeezed
out between the steel fibers by applying pressure manually (Fig. 5(d)-(e)). The bottom jacket
was placed first and the upper one followed. One layer of the steel fabric was applied and three
full sides of the column were used as an overlap length (Fig. 5(f)). A final coat of the
cementitious grout was applied to the exposed surface. The effect on the geometric dimensions
of the jacketed specimens was small. The grout layer including the steel reinforced jackets was
7-10 mm thick. The thickness of the grout layer was such as to guarantee that the steel fabric

was fully embedded in the cementitious matrix.
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Figure 5: (a) Preparation of the steel fabric; (b) Application of the cementitious grout directly
the cleaned and saturated with water lateral surface of the specimen; Application of the (c)
bottom jacket and (d) upper layer of the fabric; (e) The specimen after the application of the
SRG jacket; (f) Three full sides used as an overlap length.

2.3 Test setup

The specimens were subjected to monotonically increasing concentric uniaxial compression
load up to failure. The loading was applied at a rate 0.15 MPa/sec in load control, using a 6000
kN compression testing machine. Axial strain was calculated using the measurements of four
linear variable differential transducers (LVDTs) mounted on a top stiff metallic circular plate
placed between the load cell and the concrete specimen (Fig. 6(a)). These transducers were
placed in the same symmetric way at each one of the four sides for all specimens as shown in

Fig. 6(b). The axial load was measured from a load cell placed at the top of the specimen (Fig.

6(a)).
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Figure 6: (a) Test setup; (b) Location of LVDTs for axial strain measurements.

3. Test results

3.1 Performance under monotonic axial load

Symmetrical buckling of the longitudinal reinforcing bars either at the top or bottom stirrup
spacing was the mode of failure observed in the control specimens owing to the large
unsupported length of the bars (Fig. 7, R and S columns).

In general, the SRG confined columns failed due to rupture of the fabric which started from
the column corners due to stress concentration. The mode of failure was differentiated to that
of debonding for four out of six specimens when the dense fabric of medium density (2
cords/cm) was utilized (Groups R12Xm and R3X2m). The letter (s) has been added at the end
of the code-name assigned to these specimens to denote the debonding mode of failure (see
Table 3). This debonding mode of failure is believed to have been accelerated by imperfections
related to the pre-bending of the fabric to form the steel cage as well as by the small size of the
gaps between the steel cords of the dense fabric, a fact that imposed further difficulties in the
penetration of the mortar through these gaps [19].

For column cross-sections having larger dimensions than the ones used in the tested
specimens the stiffness of the steel jacket will be less prohibiting in forming less imperfect steel
jacket than the ones used. This combined with a strict quality control pre-bending of the fabric

process could make this influence less significant and improved the final bonding process. An
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additional issue is that of the size of the steel jacket mesh. The small opening of the mesh
contributes in an increase of the steel cage stiffness. In this way, it results in making the pre-
bending process relatively more difficult thus having the detrimental effect in the bonding
process that was discussed before. Additionally, the small size of the mesh makes relatively
more difficult the penetration of the bonding matrix, thus facilitating the debonding process.
These factors should be considered in the construction of this type of jacketing for prototype
structural elements when employing steel cages with high axial stiffness.

Failure occurred rather locally by the rupture of the SRG jackets at the sides of the column
where only one ply of the fabric was applied. It is pointed out that three full sides of the
specimen were used as an overlap length for the steel fabric (Fig. 5(f)). This mode of failure

was not influenced by the change in the shape of the cross section.

2
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Figure 7: Unconfined and SRG-jacketed RC columns at failure.

Representative SRG confined specimens which failed due to fabric rupture are depicted in

Fig. 7. The open stirrups placed at 200 mm distance provided poor support to the longitudinal
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reinforcement thus the steel jacket was stretched both by concrete dilation and the outwards
buckling of the longitudinal bars. Similar was the mode of failure observed in FRP and TRM
confined columns [e.g. 7, 10]. In most of the confined columns, rupture of the fabric occurred
at height equal to the stirrup spacing (Fig. 7). Failure occurred gradually since the fracture of

the individual steel cords was progressive.

3.2 Strength and strain capacity increase
All the specimens were tested to failure under monotonically increasing concentric
compression. The most important mechanical response indices measured during the load tests
appear in Table 3. These refer to the peak concrete compressive strength of the confined
specimens, fe., and the corresponding strain, €cc, to the ultimate compressive strength, fccu80%
(corresponds to 20% drop in compressive strength fecugos =0.80-fcc) and the corresponding
strain, €ccu.80%. The compressive strength of the unconfined columns, fco, appears as well.
Table 3 includes values on the jacket confining effectiveness, Kcefr, which was calculated as
the ratio of the measured peak axial stress sustained by jacketed columns divided by the

corresponding measured concrete-core axial strength of the control columns [20]:

(fcc _pz'fsv)/(l_pz) A, A, A
ceff — ; p —_ : pcov zﬁ; pcore — Zcore 1
. (fco _Iol'f;_pcov'vﬁ’o,o)/locore ' Ag Ag Ag ( )

where Ay is the area of longitudinal reinforcement, A, is the gross area of the column’s cross
section, Acore the area of the concrete core, Acov the area of the concrete cover, fco and f.c are the
concrete compressive strength of the specimens before and after the application of the SRG
jackets at the testing period, fco,0 is the compressive strength of the unconfined concrete at the
testing period, fsy is the yield strength of longitudinal reinforcement and fs(<fsy) is the axial
stress at the failure axial strain of the control specimens which could be less than the yield

strength in case of elastic buckling of the reinforcement.
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The measured stress-strain plots for the subgroups of columns of Table 1 appear in Figs.

8(a)-(f). Each graph in these figures includes the axial stress-strain response as derived from

the load/displacement measurements for a group of three identical SRG specimens (with their

average) and the corresponding unconfined control specimens. For a better insight into the

effect of the various employed SRG jacket schemes, the obtained average stress-strain response

for either rounded or sharp corners specimens are plotted again in Figs. 9(a) and (b),

respectively. Furthermore, in order to focus on the effect of the shape of the cross section

(rounded or sharp corners) for the same type of SRG jacket, the relevant average stress-strain

response for fabric density 12X/low and 3X2/low is plotted again in Fig. 9(c) for comparison.
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Figure 8: Axial stress — strain curves of the tested columns.

In general, the application of a single layer of SRG jacket proved to be efficient in increasing

both the strength (by 19% to 43%, Table 3) and the strain capacity (by 281% and 544%, Table

3). Strength and strain increase are defined as (fce-feo)/fco and (€ccu-€co)/€co, rEspectively, with

€co=2%o0. Moreover, the SRG jackets resulted in delaying buckling of the longitudinal
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reinforcement. The application of single-layered SRG jackets with the 1 and 2 cords/cm 12X
and 3X2 fabrics to the specimens with rounded edges resulted in almost 100% increase of the
confining effectiveness compared to the corresponding unconfined specimens (Kcefr ranged
between 1.91 and 2.22, see Table 3). Kcefr was lower for the SRG specimens with sharp edges

(1.57 and 1.75 for the 12X and 3X2 single-layered SRG jackets, respectively, see Table 3).
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Figure 9: Average axial stress — strain curves of the tested columns.

As can be seen in Fig. 9(a) for the specimens with rounded edges, the 1 cord/cm density
SRG jackets resulted in strength increase corresponding to 43% and 28% for the R12X{ and
R3X20 sub-groups of columns, respectively, (Table 3). In case of the specimens with sharp
edges where the same density fabric was utilized, the average compressive strength increase is
19% and 29% for the S12X{ and S3X2( specimens, respectively (Fig. 9(b)). Although the 3X2
fabric has a higher tensile strength compared to the 12X fabric (17% higher as seen in Table 2),
the R3X2{ columns did not exhibit higher compressive strength when compared to the R12X(
columns. The opposite was observed for the specimens with the sharp edges where the S3X2(
columns resulted in 8.2% higher average compressive strength when compared to the S12X(
columns. This observation highlights the importance of the quality of bond developed between
the fabric and the mortar which is in direct relationship to the construction details of the SRG

jacketing system discussed in Section 3.1.
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By comparing the increase in the average compressive strength achieved by employing the
1 cord/cm fabric as compared to the strength achieved by employing the 2 cords/cm fabric the
following observations can be made:
i) Employing the 1 cord/cm 12X fabric jacket (i.e. R12X{ specimens) the average compressive
strength increase is 43% whereas employing the denser (2 cords/cm) 12X fabric jacket (i.e.
R3X2m specimens) the corresponding increase is 32%. Thus, for this type of fabric the increase
of fabric density did not result in a further average compressive strength increase. Furthermore,
it can also be observed, that for specimen R12Xm_2(s) which exhibited a larger than the
average strength increase this was accompanied by the debonding mode of failure. It is
interesting to note that the other two specimens of this group (R12Xm) developed fracture of
the SRG jacket for strength values smaller than the corresponding value of specimen
R12Xm_2(s).
ii) Employing the 1 cord/cm 3X2 fabric jacket (i.e. R3X2{ specimens) the average compressive
strength increase is 28% whereas employing the denser (2 cords/cm) 3X2 fabric jacket (i.e.
R3X2m specimens) the corresponding increase is 38%. Thus, for this type of fabric the increase
of fabric density resulted, as expected, in a modest average compressive strength increase.
However, this increase was accompanied in all specimens of this group (R3X2m) with the
debonding mode of failure.

Both these observations lead to the conclusion that the increase in the fabric density for the
studied SRG jackets does not necessarily lead to an increase in the compressive strength. This
can be partly explained by the triggering of the debonding mode of failure, which was discussed
in Section 3.1 and was attributed to the imperfections related to the pre-bending of the denser
fabric jackets as well as the bond mechanism between the used matrix and the fabric, being also
affected by the size of the gaps. Therefore, for this type of SRG jacketing the increase in the

compressive strength is not controlled by the density of the fabric but rather from the quality
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and effectiveness of the bond between the cords of the fabric and the used inorganic matrix
together with all the construction details during the application of this jacketing.

When studying the effect of the cross-section shape (either with rounded or sharp edges) on
the measured average compressive strength (Table 3, Fig. 9(c)) the following observations can
be made. By comparing specimens R12X{ with S12X( it is seen that the sharp edges for this
type of SRG jacket lead to a 13.6% average compressive strength decrease. On the contrary, by
comparing specimens R3X2{ with S3X2( it is seen that the sharp edges specimens confined
with this type of SRG jacket exhibited an average compressive strength 4.7% higher than the
specimens with rounded edges. The use of the steel reinforced fabrics due to their lower axial
stiffness compared to that of the composite fabrics used in FRP jacketing results in rather low
stress concentration in the region of relatively sharp corners thus sustaining the effectiveness
of the confinement as the corner radius decreases. Additionally, the use of the cementitious
matrix provides stress smearing action at the corners. Further research is necessary to verify the
effect of the sharp corner on the increase of the compressive strength by SRG jacketing.

The plastic strain range of the confined specimens, when compared with the unconfined
control specimens, increased by 357%, when using the 1 cord/cm 12X and 3X2 fabrics, and by
544% when using the 2 cords/cm 12X fabrics (the R3X2m specimens were not considered due
to the debonding mode of failure). The strain increase for the SRG confined columns with the
sharp corner cross section shape is within the range of the values reported for the rounded corner
cross section columns (281% and 412% for the 12X and 3X2 fabric jackets, respectively, Table
3). It seems that the 12X fabric jackets applied to square cross section columns led to the most
unfavourable response (Fig. 9b).

The strain ductility ratios were calculated for those SRG jacketed columns that failed in
rupture as to further assess the confinement effectiveness of the applied SRG jacketing schemes

(Table 3). The strain ductility ratio, ., is defined as the ultimate strain, €, divided by the yield
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strain, &y (Fig. 10). The stress — strain curve was converted to a bilinear curve considering that
the linear branch of the bilinear curve intersected the experimental curve at 60% of the yield
stress and that the ultimate strain corresponds to a 20% drop from the peak load [16]. The area
below the bilinear curve is equal to the area below of the experimental curve. In cases where a
post-peak branch does not exist, the ultimate strain is defined by the last strain measurement in

the stress-strain curve.
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Figure 10: Bilinearization of the stress — strain response curve for strain ductility definition.

The use of the 2 cords/cm 12X fabric in the rounded corner columns provided 42% higher
strain ductility ratios when compared to the lower density 12X fabric (ue=3.57 vs 2.52 for
R12Xm and R12XU{, respectively, Table 3). In the same group of columns, wrapping with the
low density 3X2 fabric managed to increase ductility to the same levels as the denser 12X
fabric. The comparison between the average values of the strain ductility ratios for the same
type of SRG jackets when applied to sharp and rounded corner columns indicates that the sharp
corner columns presented a marginally higher ductility increase. This was also observed in

Reference [16].
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Table 3: Test results of R- and S-Group of columns.

Ultimate compr.

(Cn(iz)l(lll;n;fr}(;tiitlir(:)l Compli‘ess(i;/leps:)rength, strength, Strain, £ec Ultil;latzos;rain, Keett  fee/feo  Eccusos/eco’ Strain ductility,
e fecus0% (MPa) ccu80% He
value Mean/SDV value mean value mean value mean value mean
R_1 26.9 21.5 0.00343 0.00450 1.61
R 2 22.9 23.5/3.1 18.3 18.8  0.00395  0.00360  0.00502 0.00483 1.00  1.00 1.00 220  2.08
R_3 20.8 16.7 0.00342 0.00497 2.43
R12XC_1  (rupture) 33.7 26.9 0.00505 0.00807 2.46
RI12X( _2  (rupture) 344  33.7/0.56 27.5 26.9  0.00616 0.00563 0.00800 0.00914 222 143 4.57 195 252
R12XC_3  (rupture) 33.0 26.4 0.00567 0.01135 3.15
R12Xm_1  (rupture) 31.9 25.5 258  0.00577 0.00646  0.01108 2.73
R12Xm_2(s) (debonding) 34.7 ;’12'33{/21'2273; 27.7 0.00724 0.00754 0.01110 2‘10$ 1.328 6.44 - 3.57
0°/1. 24.85 0.00608% 0.01288% 1.99
R12Xm_3  (rupture) 30.2 24.2 0.00638 0.01467 4.41
R3X2¢ _1  (rupture) 32.0 25.6 0.00497 0.00905 2.89
R3X2( _2  (rupture) 203 30.1/1.65 234 24.4 0.00580 0.00493  0.00965 0.00916 191 1.28 4.58 3.34 3.29
R3X2( _3  (rupture) 29.0 24.1 0.00401 0.00880 3.63
R3X2m_1(s) (debonding) 32.0 25.6 0.00352 0.00659 - i
R3X2m_2(s) (debonding) 347  324/2.13 27.7 259 0.00530 0.00714 0.00740 5 q; 1.38 3.70 -
R3X2m_3(s) (debonding) 30.5 244 000531 000471 50849 ;
S_1 24.1 19.3 0.00418 0.00444 1.85
s.2 254 2447081 203 196 000355 000356 000522 000459 1.00 1.00 1.00 200 186
S_3 23.9 19.1 0.00296 0.00409 1.73
S12X0_1  (rupture) 30.2 24.1 0.00395 0.00759 271
S12X0¢ _2  (rupture) 28.5 29.1/0.98 22.8 233 0.00589 0.00475 0.00711 0.00761 1.57 1.19 3.81 2.65 270
S12X¢ _3  (rupture) 28.5 22.8 0.00442 0.00815 2.75
S3X20 _1 (rupture) 30.4 243 0.00572 0.01123 3.79
S3X20 2 (rupture) 310 315/142 2438 252 0.00650 000549 001110 001024 175 129 5.12 417 362
S3X20_3  (rupture) 33.1 26.4 0.00424 0.00840 2.90

# A common value for &, equal to 2 %o is considered in order for the &ccu 0% values of columns to be compared, $ average from R12Xm_1, R12Xm_3.
The symbol (s) signifies the columns that failed due to debonding of the SRG jacket. The rupture mode of failure signifies the fracture of parts of the SRG jacket.
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4. Analysis of the test results

4.1 Confining pressure exerted by the SRG jacket

Similar to the FRP jacketing [20, 21], the average confining pressure exerted by the SRG
jacketing system when applied to RC members is obtained as the average lateral stress

developing in the two principal directions of the cross section as:

_ 1 SRG SRG 1 st st _ 1 SRG SRG st st st
O-laz,ave - E(O-laz,x + alat,y ) +E(alaz,x + alat,y ) - 5 a ' pv : Ef : gs,eﬂ ta - pv : fy (2)
SRG confinement stirrup confinement SRG confinement stirrup confinement

where Eris the modulus of elasticity of the SRG jacket and &;pefris the effective tensile strain
that develops in the jacket near failure which may occur either by debonding or rupture,
whichever prevails [21]. The steel fabric is considered to have an equivalent thickness, teq, per
unit width [15]. The first and second part of Eq. (2) correspond to the contribution of the SRG
jacket and stirrups, respectively. The subscripts x and y denote transverse pressure in the two
principal directions of the cross section. p,>R¢(=2teq(b+d)/(bd)) is the volumetric ratio of the
SRG reinforcement and p,* the volumetric ratio of stirrups. The terms a5%S and o' are the
confinement effectiveness factors for the SRG jacket and stirrup contribution, respectively. The
term o*(=an"as) defined according to EC8-Part I [22] was estimated equal to 0.013 for the
@6/200 stirrups. The low value of o™ indicates the negligible confinement effect of small bar

diameter placed at sparse stirrup arrangement. The a5 is defined as [23] (Fig. 11):

2 2
:1_(b—2r) +(h—2r) 3
3A,(1-p)

RG

where b, h are the width and height of the cross section, r is the corner radius, A¢is the cross
sectional area and pj is the percentage of the longitudinal reinforcement. The square columns
with rounded edges (r=25 mm) had a%8¢=0.70, whereas in the square columns with the sharp

edges (r=0) only one third of the cross section is well-confined (i.e. a>8¢=0.32).
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Figure 11: Confined and unconfined regions in SRG confined rectangular RC cross section

For a better understanding of the effect of the various jacketing systems tested herein, the

lateral confining pressure, G, 1S normalized to the compressive strength of the unconfined

concrete, fcoo (=19.4 MPa). Three levels of confinement are identified corresponding to the low

density 12X and 3X2 (i.e. 1 cord/cm) SRG jacketed specimens with sharp edges (G1a/fco,0=0.03),

the low and medium (i.e. 2 cords/cm) density 12X and 3X2 SRG jacketed specimens with

rounded edges (low density jackets: Gla/fco,0=0.06 and medium density jackets Gia/fco0=0.11).

The average values of the normalized lateral confining pressure, cia/fco,0, are plotted again the

corresponding average values of the normalized experimental compressive strength,

(fee/feo,0)*P, and the experimental values of the axial strain at 20% post-peak strength loss,

€ccu,80%, 1N Figs. 12(a) and (b), respectively.

2.00 0.020
g

1.80 A ;: 0.016 1
5

1.60 - [ ] 0.012

1.40 1 0.008 1

1.20 A 0.004 1

Glat/fco,o
1.00 0.000

0.00 0.02 0.04 0.06 0.08 0.10 0.12

(accu,SO % )EXP

Ola t/ fco 0

0.00 0.02 0.04 0.06 008 0.10 0.12

® Rounded

B Square

Figure 12: (a) (fec/feo)™ versus (Gla/feo) and (b) &ccugos versus (olaf/feo) for the columns that

failed due to rupture.
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As is shown in Fig. 12(a), the difference in strength increase expressed by (fee/fco,0)*?
between the alternative jacketing schemes is marginal. Thus, in case of the low density fabrics
(1 cord/cm) the specimens with the sharp edges resulted in 5.5% lower strength compared to
the specimens with rounded edges. Moreover, the medium density (2 cords/cm) SRG jackets
when applied to the square columns with rounded edges seem to be equally effective with the
low density ones. This is related to the quality of the bond developed between the medium
strength steel cords when immersed in the inorganic matrix as discussed above. The results
related to eccu80% indicate a marginal difference between the square columns with rounded and
sharp edges. The &ccu,80% reached by 40% higher value in case of the medium density fabric (2
cords/cm). The observations related to the medium density fabric should be seen with caution
due to the small number of RC columns tested.

From the preceding discussion, it is evident that the low axial stiffness of the 1 cord/cm SRG
systems used in this study results in rather low stress concentration in the region of relatively
sharp corners thus sustaining the effectiveness of the confinement as the corner radius
decreases. Furthermore, the use of the cementitious matrix provides stress smearing action at
the corners. This observation is in accordance with the findings of a previous study related to
influence of the cross section shape on the behavior of SRG-confined prismatic concrete

members [16].

4.2 Effectiveness of the SRG system in delaying buckling of the longitudinal steel bars

In the present experimental investigation, the application of SRG jackets to RC columns with
sparsely spaced stirrups managed to delay but not to preclude buckling of compression
reinforcement. According to the mechanics of longitudinal bars embedded in concrete prismatic
members, when the bar reaches critical conditions (i.e. instability), it bends laterally to maintain
compatibility with the increasing axial strain of the supporting concrete core [3]. Therefore, the

concrete core becomes overstressed and crushing occurs. The critical axial compression
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concrete strain of the SRG confined columns is in direct relationship with the mobilized lateral
confining pressure. At the same time, the longitudinal bar buckles symmetrically at a stress fi crit

which is related to the available s/Dy ratio [10, 20, 24, 25]:

D b fr,crit (4)

where s is the stirrups spacing (unsupported length) and Dy is the bar diameter of the
longitudinal reinforcement. E; could be either the tangent modulus of steel at the stress level

considered, Ex [24], or the double modulus of elasticity, E; [25], defined as (Fig. 13(a)):

-1
fu_fv gu_gvcrit ’ -
Ehi =p J = ; p= Ehg €y €y (53.)
gu_gy gu_gh fu_fy
4'E‘ 'Esec
E=— e (5b)

(VE +E.)

The strain values at yielding, at the end of the yielding plateau and ultimate, €y, €n and &y,
along with the stress values at yielding and ultimate, fy and fu, for the longitudinal reinforcement
used in this study appear in Fig. 13(a). The term & it corresponds to the axial strain at which
the bar becomes unstable.

The compressive strain ductility, s, is plotted against the s/Dy ratio for the stress-strain law
of the longitudinal bars used in the tests following the two different definitions of the modulus
of elasticity in Fig. 13(b) (For more details, see the References [10, 20, 21]). The critical
buckling strain, &scrit, for much lower s/Dy ratios (roughly equal to 7 and 11 depending on the
definition of the elastic modulus, E;) than the one used in the experiments corresponds to two
times the yielding strain of steel (i.e. strain at the end of the yielding plateau) (Uescric=2, Fig.

13(b)).

21



A
f Eho Eni 10
! " 59 ®  Rounded square -SRG confined
s,crit oo -‘/- — 1 L Rounded square - Control
' 7\ H T8 Sharp square - SRG confined
f -7 v £=0.0029 | S
y Lo 1 y= : = 7 Sharp square - Control
' S0 £=0.0058 : 5 6 -
1
! P =004 : I
H H ! f | =5 1
H H ! v=555MPa i
! ' f,=629MPa | 4
1 1 : ! 3
: b :
E o I : : 2 deeoooses s NN A ¢ ¢ ¢ 0 s ossssssssssssd

S 1 | \

! ! 1 \ 1 e ) o
(a) V& Ve 1 Eerit g, ro& (b 0 Hee "

. > T T T T T T

Figure 13: (a) Stress — strain diagram and (b) Compressive strain ductility, e, versus stirrup

spacing s/Dy for the longitudinal reinforcement used in the tests.

The experimental values of the compressive strain ductility, [, for the control and the SRG
jacketed column specimens corresponding to s/Dp=20 that failed due to rupture of the fabric
appear in Fig. 13(b). The control columns failed with an average value of . equal to 1.64 and
1.73 for the sharp and rounded corner columns, respectively (see Fig. 13(b)). It seems that the
longitudinal reinforcement just after yielding could not carry any further load, resulting thus to
concrete core overload which led to instant failure.

SRG confinement increased the pc values attained by the substandard RC columns to values
ranging from 2.55 to 4.03 and from 2.84 and 5.26 for the SRG confined columns with sharp
and rounded corner edges, respectively (Fig. 13(b)). The SRG jackets prohibited the premature
instability of the longitudinal reinforcing bars and postponed the occurrence of their buckling
at higher strain levels thus resulting to an increased compressive strength capacity of the
concrete core. Rupture of the steel fabric occurred immediately upon the longitudinal
reinforcement became unstable owing to the localized stress concentrations in the mid-distance

between successive stirrups.
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5. Conclusions

An experimental investigation was carried out in order to study the efficiency of SRG jackets

in delaying bar buckling in substandard RC columns subjected to uniaxial compression. Single-

layered SRG jackets were applied to 18 out of the 24 RC columns designed to be susceptible to
premature buckling. The shape of the cross section was square with either sharp or rounded
edges. The alternative jacket schemes were differentiated as to the density of the fabric (1 and

2 cords/cm) and type of cords (12X and 3X2). The following conclusions are drawn:

a) All columns failed due to bar buckling independently of the shape of the cross section.
Rupture of the fabric was the dominant mode of failure of the specimens with the low density
fabric (1 cord/cm), which occurred at height equal to the stirrup spacing with progressive
fracture of the individual steel cords. The debonding mode of failure was observed in the
majority of the medium density (2 cords/cm) SRG jackets mainly due to imperfections
related to the pre-bending of the fabric to form the steel cage as well as to difficulties in the
penetration of the mortar through the small size of the gaps between the steel cords. These
factors should be considered in the construction of this type of jacketing for prototype
structural elements when employing steel cages with high axial stiffness.

b) Confinement of RC columns having sparse transverse reinforcement (s/Dp=20) with single-
layered SRG increased compressive strength and deformation capacity from 19% to 43%
and from 270% to 544%, respectively. The average strain ductility was increased from 2.5
to 3.6.

¢) The comparison between the average values of the strain ductility ratios for the same type
of SRG jackets when applied to sharp and rounded corner columns indicated that the sharp
corner columns presented a marginally higher ductility increase.

d) It was shown that in case of steel fabrics with low axial stiffness, the effectiveness of the

SRG confinement is smaller for sharp specimens than for specimens with rounded edges.
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However, the effect of the sharp or rounded edges on the increase of the compressive strength
by SRG jacketing needs further research.

e) The increase in the fabric density for the studied SRG jackets does not lead to an increase in
the compressive strength. This can be partly explained by the triggering of the debonding
mode of failure. For this type of SRG jacketing the increase in the compressive strength is
not controlled by the density of the fabric but rather from the quality and effectiveness of the
bond between the chords of the fabric and the used inorganic matrix together with all the
construction details during the application of this jacketing.

f) The application of SRG jackets to RC columns with sparsely spaced stirrups managed to
delay but not to preclude buckling of compression reinforcement. The compressive strain
ductility increases from 2.6 to 5.3.

g) The SRG jacketing is a promising confinement technique that can modify the response of
old-type RC columns with substandard detailing from one of low ductility to one of moderate
ductility. Further research should focus on the effect of multiple layers of different density
in conjunction with the examination of a range of geometric and material properties of the

SRG jackets.
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