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Abstract: In this paper, the performance of slender circular concrete columns strengthened with a novel 
hybrid system of longitudinal bonded fiber-reinforced polymer (FRP) prefabricated laminates and 
transverse FRP wraps is investigated. The idea is to improve the axial load carrying capacity of slender 
concrete columns by providing high modulus longitudinal carbon FRP (CFRP) laminates through enhancing 
the flexural stiffness of the column, and laterally support the longitudinal laminates to allow them function 
and not to buckle before reaching crushing. To provide lateral support for the longitudinal laminates glass 
FRP (GFRP) wraps were used which in addition enhances the strength of concrete through confinement. 
The system is investigated using an analytical-numerical model considering the second-order deformation 
of the slender columns. The model also considers nonlinearity in material and the confinement effects. The 
model is verified versus experimental test data for slender concrete columns wrapped with FRP. However, 
there is no test data for the hybrid longitudinal and wrapping FRP strengthening systems which is the main 
motivation for this study. A parametric study is also presented to propose an experimental program for the 
hybrid system. The proposed test matrix consists of three different load eccentricity-to-diameter ratios of 
0.1, 0.2, and 0.3 as well as three slenderness ratios of 22, 40, and 60 with two different longitudinal CFRP 
reinforcement ratios of 1.8% and 0.9%. The results of the parametric study show the effectiveness of the 
proposed system.  

1 INTRODUCTION 

Carbon fiber-reinforced polymer (CFRP) sheets have been widely produced by multiple manufacturers due 
to their acceptance in the rehabilitation od existing structures. The physical characteristics of CFRP 
laminates such as high tensile strength and modulus make them suitable for applications which requires 
an increase in the strength and stiffness of the existing flexural members by installing these sheets in the 
tensile side of them. Many researchers have been evaluated the strengthening performance of CFRP 
laminates on tensile side of concrete beams (Shahawy et al. 1996, Ashour et al. 2004). However, FRPs in 
compression are not popular to be used in structural members, because the contribution of FRP laminates 
and bars in load carrying capacity of compressive structural elements have been neglected by the design 
guidelines (CAN/CSA S806-12 2012, ACI 440.2R 2008, ACI 440.1R. 2017). On the other hand, there are 
researches that showed the capability of FRP laminates (Gajdosova and Bilcik 2013, Sadeghian and Fam 
2015, Khorramian and Sadeghian 2017) and FRP bars (Tobbi et al. 2012, Mohamed et al. 2014, 
Khorramian and Sadeghian 2017, Fillmore and Sadeghian 2018) in the enhancement of the strengthened 



 

   

ST13-2 

systems. Therefore, the study of the behavior of columns strengthened with FRP sheets is a discussing 
topic which requires more research specially in slender columns. 

The strengthening of slender concrete columns using high modulus bonded longitudinal laminates have 
been investigated by Sadeghian et al. (2015) using a numerical approach. They showed that the loading 
path of slender concrete columns, loaded eccentrically, can be improved drastically by using high modulus 
longitudinal laminates due to their additional stiffness which cause an increase in axial load carrying 
capacity of the column. On the other hand, to achieve this desired stiffness enhancement, the CFRP 
laminates must be survived from buckling phenomena to function properly. Khorramian et al. (2017) tested 
short rectangular concrete columns strengthened with longitudinal bonded CFRP laminates and observed 
bucking of longitudinal laminates at peak load with and abrupt drop in capacity after experiencing the 
ultimate load. In the same study, to support the columns partial Basalt wrapping of the concrete column 
strengthened with CFRP laminates showed to be effective to delay the buckling of laminates. This idea of 
buckling control allows the longitudinal laminates to last more and stiffen the system, which in turn, could 
influence the loading path of the slender columns and a gain in axial capacity. Moreover, the sudden break 
observed after buckling of longitudinal CFRP laminates can be concealed by the selection of a wrapping 
system that create confinement for the column, as well.  

External wrapping of concrete columns is a widespread strengthening technique which is believed to cause 
gain in axial load and bending moment capacities as well as causing ductility enhancement (Nanni and 
Bradford 1995, Hadi 2006, Sadeghian et al. 2010, Bisby and Ranger 2010). The combination of CFRP 
wrapping and longitudinal CFRP laminates for slender columns is a system that can take the advantage of 
both longitudinal stiffening elements and transverse elements with confinement and buckling support 
functions. Therefore, this study is designed to investigate the potential performance of slender circular 
concrete columns strengthened with longitudinal CFRP laminates and wrapped with GFRPs loaded under 
eccentric loads. 

2 NUMERICAL STUDY 

2.1 Model description 

In this section, the numerical model developed to investigate the behavior strengthened columns is 
explained conceptually including the axial load-bending moment interaction diagram as well as the loading 
path using an iterative process. It is noted that the model accounts for the nonlinearity in material and 
performs a second order nonlinear analysis for eccentrically loaded single curvature concrete columns. The 
material stress-strain relationships used in this study are presented in Figure 1. For modeling the 
unconfined concrete stress-strain curve, the formula suggested by Popovics (1973), and for the confined 
concrete the equation suggested by Lam and Teng (2003) was opted [Figure 1(a)]. The confined concrete 
materials have a parabola shape at the beginning, however, there is a hardening part for the confined 
concrete which continues to the ultimate axial compressive strain of confined concrete ( ) which is limited 
to a maximum of 0.01 mm/mm. The ultimate axial strain of unconfined concrete ( ) is considered as 0.003 
mm/mm per ACI 318 (2014). During the analysis, whenever concrete was in tension, the stresses 
considered to be zero. For steel rebar, a bilinear stress-strain relationship was considered both in tension 
and compression, where the elastic linear part follows by a plateau after the yield point [Figure 1(b)]. The 
material stress-strain relationship for longitudinal FRP elements is considered to be linear with the same 
modulus of elasticity in tension and compression [Figure 1(c)]. The compression strength of FRP in 
compression was assumed to be 75 percent of the strength in tension in the numerical model. 

The two major parts of the computer code are interaction diagram and loading path, and both of them 
requires the section analysis. The steps of the cross-sectional analysis are illustrated in Figure 2. Figure 
2(a) presents a circular concrete cross section including longitudinal steel rebar and CFRP strips and the 
GFRP wraps. The strain profile assumed to be linear so that the plane sections remain plane after 
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deformations and the strain remains compatible between each two adjacent fibers in a section [Figure 2(b)]. 
By assuming that the strain profile is determined, the stresses corresponding to each fiber can be found 
using the defined material relationships, and in turn by integration of these stresses over the area, the 
internal forces are determined [Figure 2(c)]. Then, the equilibrium between the internal and external forces 
of the section must be satisfied to check the validity of the strain profile assumption, and the strain profile 
must be adjusted for a defined axial load and an initial load eccentricity. 

 

Figure 1: Material relationships: (a) unconfined and confined concrete; (b) steel; (c) FRP 

 

Figure 2: Mechanism of cross sectional analysis: (a) cross section; (b) strain profile; (c) force Diagram 

To build the interaction diagram for a steel reinforced concrete column strengthened with longitudinal CFRP 
and wrapped with lateral GFRP, both unconfined and confined interaction diagrams are required. To find 
the unconfined interaction diagram, the strain at the ultimate compression fiber in the section must be equal 
to the ultimate axial strain of unconfined concrete ( ). Then, a sectional analysis must be performed by 
changing the depth of neutral axis [Figure 2(c)] to satisfy the equilibrium as well as finding the corresponding 
axial load and bending moments. The same procedure would be followed for the confined concrete, by 
using the confined concrete stress-strain relationship and setting the strain at the maximum compressive 
fiber to the ultimate axial compressive strain of confined concrete ( ). Once both confined and 
unconfined interaction diagrams are built, the combination of them produce the hybrid interaction diagram 
shown in Figure 3. Below the balance point of the confined concrete interaction diagram (where is called 
tension-controlled side in which the axial load is low while there are large eccentricities), the unconfined 
concrete is selected as hybrid interaction diagram while above that point the confined concrete was 
selected. Per ACI 440.2R (2017), the transition between the confined and unconfined interaction diagrams 
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is linear for the sake of simplicity, as shown in Figure 3. Another jump in the interaction diagram is at the 
eccentricity-to-diameter ratio of 0.1 at which the guideline (ACI 440.2R 2017) limit the effective strain in the 
FRP jacket to 0.004 mm/mm for higher eccentricities. It should be noted that for eccentricity-to-diameter 
ratios smaller than 0.1, the effective strain in the FRP jacket was considered as 55 percent of ultimate 
rupture strain of FRP in the hoop direction. As shown in Figure 3, the maximum allowable capacity of the 
column is considered as 80 percent of the ultimate axial column capacity when ties are used as transverse 
reinforcement, and 85 percent for the cases where spirals are used. The next part of the discussion 
dedicates to a proper algorithm for finding the loading path of the column which performs by changing the 
values of the load from zero up to the load at which the loading path intersects with interaction diagram. 

 

Figure 3: Schematic interaction diagram of FRP-wrapped concrete columns per ACI 440.2R (2017) 

Figure 4 illustrates the procedure used to find the loading path of the column using an iterative process, 
where similar approach used in the literature (Khorramian and Sadeghian 2017, Jiang and Teng 2012). 
The column is divided to a number of nodes along the length of the column and these nodes are allowed 
to move in the lateral direction. The boundary condition selected as pin-pin which allows the rotation of first 
and last node whiel their displacement must be zero. The initial eccentricity ( ), is the same for both ends 
to create the single curvature displacement profile. The main relationship in this process is considering the 
curvature fuction as the second derivative of the deflection of the column which leads to a relationship 
between desired displacement ( ) to the the displacement in the two other nodes displacement ( , 	) 
and the curvature at the adjacent node ( ) as presented in Figure 4. For using this relationship at each 
load step, two displacements are required for each nodes at every iteration. The displacement of the first 
node is set to zero to satisfy the first boundary condition, and the displacement of the second node is 
assumed so that the displacement of third node can be found requireing the curvature, which is derived 
from the moment-curvature diagram.  

In the kth load step, the moment at ith node ( ) is considered as the product of load ( ) and a summation 
of initial eccentricity and nodel displacement ( ). This moment is used as an input into the moment 
curvature diagram whose output is the curvature at the desired node. It should be noted that the moment 
curvature diagram is different for each load step. It can be determined by applying the same concept of 
using the section analysis as explained earlier (i.e. by changing the strain at the furthest compressive fiber 
and finding the depth of neutral axis which leads to equilibrium satisfaction for a set of predefined load and 
eccentricities). The mentioned process for finding the displacement at the third node is repeated to find the 
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displacement of all nodes. Then, the controlling condition is the satisfaction of the second boundary 
condition at the the other end of the column. If the displacement of the last node ( ) is close to zero, the 
displacements which were found at current load step are accepted, otherwise, the second nodal 
displacement is adjusted via an iteration so that the boundary condition of node n is satisfied. Afterwards, 
the whole process would be repeated for different load steps to build the complete loading path. Figure 5 
presents the monitoring picture of the iterative process during the run of the program. 

 

Figure 4: Iterative process algorithm for stablishing the loading path of slender columns 

 

Figure 5: A view of the monitoring screen of the computer model in MATLAB  
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There is a certain point in the analysis that is corresponding to the beginning of the descending branch of 
the loading path which is defined in a certain load step as the point at which the bending moments (due to 
displacement and initial eccentricity) are higher than the maximum moment capacity of the moment-
curvature of the section at that load step. it should be noted that by approaching to this point, the load steps 
must be reduced enough up to find the peak load. After the peak load, a descending branch might exist for 
the loading path if stability failure happens prior to material failure (i.e. slender columns or highly eccentric 
columns). To derive that part, the same procedure can be repeated by starting from the peak load and 
decreasing the load in some load steps and using iterative process. One critical key that makes this 
algorithm unique and different from other available approaches is that no displacement control approach is 
used in the descending branch. Instead, the curvature is controlled at each point to be higher than the 
curvature values experienced during the previous step which leads to a drastic run time reduction in 
comparison to displacement control approach.  

2.2 Model verification 

The model is verified for steel reinforced concrete columns confined with CFRP wraps tested by Tao et al. 
(2004) and modeled numerically by Jiang and Teng (2012). It should be noted that there is no test data for 
the hybrid system proposed in this paper for the developed code to be verified against. The tests were 
designed to consider the effects of FRP confinement on slender columns under eccentric loading by 
considering two slenderness ratios of 33.6 and 81.6 and four eccentricities of 0, 50, 100, and 150 mm. The 
concrete cross section was circular with a diameter of 150 mm where reinforced with four steel rebars with 
a diameter of 12 mm. To provide the specimens with confinement, one layer of CFRP wrap with a thickness, 
modulus of elasticity, and rupture hoop strain of 0.34mm, 255 GPa, and 0.0167mm/mm, respectively, was 
applied on the concrete surface. The verified load-displacement curve of the wrapped columns is shown in 
Figure 6. It should be noted that Jiang and Teng considered 7.5 mm additional eccentricity for FRP-confined 
specimens which was confirmed in an internal report by the same research group (Yu et al. 2004) and was 
considered in this verification as well. The graphs show a very goo agreement with experimental results, 
as well as Jiang and Teng theoretical model (Jiang and Teng 2012). As it can be seen in Figure 6, the 
model cannot predict large displacements as well as Jiang and Teng (2012) model can predict. The reason 
for latter issue is that the stress-strain curve used in this paper was adapted from ACI 440.2R (2017) which 
limits the strains to the larger value of 0.01 mm/mm and the maximum confined strain suggested by Lam 
and Teng (2003) in addition to limiting the hoop strain to 0.004 mm/mm for eccentricity-to-diameter ratios 
that are greater than 0.1 while Jiang and Teng (2012) used a refined confinement model (Teng et al. 2009). 
However, this issue does not have any effect of stiffness and strength prediction of the model. 

  

Figure 6: Verification of the model (current study) ageist the test data by Tao et al. (2004) and the model 
by Jiang and Teng (2012): (a) medium slenderness ratio, and (b) high slenderness ratio 
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3 RESULTS AND DISCUSSION 

In this section, a steel reinforced circular concrete column (diameter = 250 mm) strengthened with 
longitudinal CFRP laminates and wrapped with GFRP wraps was considered. For concrete material, the 
strength considered to be 40 MPa while for steel reinforcement the strength and modulus of elasticity were 
400 MPa and 200 GPa, respectively. The tensile strength and modulus of elasticity of longitudinal CFRP 
were 3267 MPa and 177.8 GPa, respectively. For longitudinal elements, 6-15M steel rebar with a cross 
sectional area of 200 mm2 and 32 rectangular CFRP strips with 28.8 mm2 were used to give the 
reinforcement ratios of 2.4% and 1.8% for steel rebars and CFRP strips, respectively. For transverse 
confining jacket, two layers of GFRP wraps with modulus of elasticity of 32 GPa, design rupture strain of 
0.0155 mm/mm, and a nominal thickness of 1 mm for each layer was considered. In the following 
subsections the effect of combined longitudinal CFRP and transverse GFRP system, called Hybrid system, 
is compared to the control specimen, which includes just reinforcing steel, and with the wrapped system by 
considering load eccentricity and slenderness ratio which is followed by a proposed test matrix. 

3.1 Parametric study 

Figure 7 presents the effect of longitudinal CFRP laminates and GFRP wraps in three load eccentricity-to-
diameter ratios of 0.1, 0.2, and 0.3 while the slenderness ratio was selected as 40 for all specimens. The 
interaction diagram shows a huge gain in all load eccentricities for Hybrid specimen in comparison to 
confined specimens. As the load eccentricity increases, the loading path tends toward the tension-control 
side of interaction diagrams. For e/D = 0.1, the confined specimen increased the capacity of the unconfined 
concrete. However, for e/D = 0.2, although the loading path could be continued longer, the code limitations 
limit the capacity to the interaction diagram of unconfined concrete while the Hybrid system expand the 
loading path due to the presence of longitudinal CFRP elements and intersects the interaction diagram 
above the balance point and can still take the advantage of confinement as well. For e/D = 0.3, albeit the 
Hybrid system the confinement effect is neglected, the longitudinal CFRP strips increased the unconfined 
interaction diagram and caused a considerable strength gain. In the latter case, the GFRP wraps are 
necessary to provide the support for the longitudinal CFRP strips and delay their buckling. The same 
observation can be seen in Figure 8 where three slenderness ratios of 22, 40, and 60 were examined. 
Again, it is observed that the confined specimens in high slenderness ratios are not effective due to 
interaction limitation while the interaction and loading path characteristics of Hybrid specimens considerably 
improved by adding the longitudinal CFRP strips.  

 

Figure 7: The effect of load eccentricities on performance of RC columns strengthened with wrapping 
system and proposed hybrid system 

0

1

2

3

4

0 50 100 150

A
xi

al
 L

o
ad

 (
M

N
)

Moment (kN-m)

Hybrid

Wrapped

RC

/ 0.1
40

0

1

2

3

4

0 50 100 150

A
xi

al
 L

o
ad

 (
M

N
)

Moment (kN-m)

Hybrid

Wrapped

RC

/ 0.2
40

0

1

2

3

4

0 50 100 150

A
xi

al
 L

o
ad

 (
M

N
)

Moment (kN-m)

Hybrid

Wrapped

RC

/ 0.3

Allowed

40



 

   

ST13-8 

 

Figure 8: The effect of slenderness ratios on performance of RC columns strengthened with wrapping 
system and proposed hybrid system 

3.2 Proposed test matrix  

Since this paper recognized the proposed hybrid system as an effective system for gain in strength and 
there is no test data available in the literature for this system, this paper proposes a test matrix to be 
considered for a comprehensive experimental as presented in Table 1. 

Table 1: Proposed experimental test matrix 

No. 
Specimen 

ID 

Longitudinal reinforcement GFRP 
Wrapping

ρ (%) λ  e/D 
Reinforcement 

code Steel CFRP 

1 W1 6-15M - 2 layers - 22 0.2 Wrapped 

2 H1 6-15M 32 - 24x1.2 mm 2 layers 1.8 22 0.2 Hybrid 

3 W2 6-15M - 2 layers - 40 0.1 Wrapped 

4 H2 6-15M 32 - 24x1.2 mm 2 layers 1.8 40 0.1 Hybrid 

5 RC 6-15M - - - 40 0.2 Control 

6 W3 6-15M - 2 layers - 40 0.2 Wrapped 

7 H3 6-15M 16 - 24x1.2 mm 2 layers 0.9 40 0.2 Hybrid 

8 H4 6-15M 32 - 24x1.2 mm 2 layers 1.8 40 0.2 Hybrid 

9 H5 6-15M 32 - 24x1.2 mm 2 layers 1.8 40 0.3 Hybrid 

10 H6 6-15M 32 - 24x1.2 mm 2 layers 1.8 60 0.2 Hybrid 

Note: λ = slenderness ratio; ρ = longitudinal CFRP reinforcement ratio; e/D = eccentricity ratio 

Since the focus of this proposed test matrix is to investigate the effect of combined longitudinal and 
transverse strengthening experimentally, most of the suggested columns are hybrid. Three different load 
eccentricity-to-diameter ratios of 0.1, 0.2, and 0.3 as well as three slenderness ratios of 22,40, and 60 with 
two different longitudinal CFRP reinforcement ratios of 1.8% and 0.9% are proposed. However, most of the 
specimens are built with the slenderness ratio of 22 and with the load eccentricity-to-diameter ratio of 0.2 
because of the results of the parametric study that showed this values as the most distinguishing values. 
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3.3 Proposed test set-up 

The proposed test set-up is shown in Figure 9. The concrete column is eccentric compression loading which 
is provided by two “Pin” as shown in the Figure 9. The “Pin” includes two steel plates and an steel cylinder 
in between is free to rotate and provide the pin-pin boundary conditions. The whole system is supported by 
two supports that can be made of concrete or steel and can be designed for the ultimate capacity of the 
actuator. In addition, a “Guide” must be designed to make sure that the stroke travels properly and to 
minimize the accidental eccentricities. For instrumentation, the mid-height lateral deflection of the column 
can be obtained using proper measurement devices. It is useful to install strain gauges on longitudinal 
CFRP strips, steel bars, and on the hoop direction of the GFRP wraps. 

 

Figure 9: Proposed set-up for testing large-scale slender RC columns strengthened with the hybrid FRP 
system 

4 CONCLUSION 

This paper investigated the potential of a new hybrid strengthening system consisted of longitudinal 
prefabricated CFRP laminates and transverse GFRP wraps externally applied on circular steel-reinforced 
concrete columns. An analytical-numerical model was developed considering the nonlinearity in materials 
and second-order effects. The model was verified against the experimental test data for a set of test data 
on slender concrete columns wrapped with FRPs. However, there is no experimental test data for the hybrid 
system. A parametric study performed using the model proposed in this study to evaluate the effectiveness 
of the hybrid system by variation of slenderness ratio and load eccentricity. It was observed that the hybrid 
system increased the load carrying capacity of slender columns in all cases much more than the wrapping 
system. The GFRP wrapping was assumed to control the buckling of the longitudinal CFRP laminates as 
well as functioning as a confinement element. The effectiveness of the proposed hybrid system needs to 
be verified against test data. A test matrix was proposed to be studied in an experimental program. The 
authors are establishing an advance testing setup at Dalhousie University to perform the experimental 
program in the near future. It should be noted that the current research is performed for circular cross 
section and for rectangular cross sections, more studies are required specially on the combination of 
confinement effect and longitudinal CFRP reinforcing elements. 
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